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Abstract We have developed a method of food sample

preparation for gamma spectrometry involving the use of

tetramethylammonium hydroxide (TMAH) and/or enzymes

such as a-amylase or cellulase for sample homogenization.

We demonstrated the effectiveness of this method using

food matrices spiked with 60Co, 131I, 134,137Cs, and 241Am

radionuclides, homogenized with TMAH (mixed salad,

parmesan cheese, and ground beef); enzymes (a-amylase

for bread, and cellulase for baked beans); or a-amylase

followed by TMAH (cheeseburgers). Procedures were

developed which are best compromises between the degree

of homogenization, accuracy, speed, and minimizing lab-

oratory equipment contamination. Based on calculated

sample biases and z-scores, our results suggest that

homogenization using TMAH and enzymes would be a

useful method of sample preparation for gamma spec-

trometry samples during radiological emergencies.

Keywords Gamma spectrometry � Radiological

emergency � Food contamination � Sample

homogenization � Tetramethylammonium hydroxide �
Volatilization of 131I

Introduction

Ingestion of radionuclides is a major pathway for delivery

of a committed radiation dose to a population in incidents

involving ionizing radiation. The radionuclides may

involve fission products in severe nuclear reactor accidents,

such as at Chernobyl [1] or Fukushima [2, 3], or radionu-

clides of concern such as actinides [4] in a radiological

bomb or intentional contamination scenarios.

Laboratory-based quantification of radionuclides in food

samples depends on types of radiation measured. In cases

of alpha and beta radiation, total sample decomposition is

necessary using chemical digestion, followed by liquid

scintillation [5] or gas proportional counting [6]. Micro-

wave digestion [7] has been used as a sample digestion

method for ICP-MS of radionuclides [8] and for alpha/beta

radioactivity [9]. It is not suitable for gamma spectrometry

of voluminous samples, the method studied here, because it

is limited to samples sizes of *1 mL. These methods are

not capable of decomposing refractory radionuclide parti-

cles formed during an explosion,which would require the

use of chemical fusion techniques followed by alpha

spectrometry [10]. The methods of total sample decom-

position are limited by sample size ranging from a few

grams in case of microwave digestion to less than 100

grams for other methods.

Owing to their penetrating nature, gamma-emitting

radionuclides can be measured directly in large food

samples [11]. However, sample inhomogeneity is an

important factor in gamma spectrometry because it affects

counting efficiency and thus measurement accuracy

[12, 13]. Sample inhomogeneity is related to distribution of

radionuclides in food as well as food physical form.

Radionuclide(s) entering the food chain can largely be

considered homogeneous within the matrix. In early stages
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of nuclear accidents, however, foods may be unevenly

contaminated through dry deposition of hot particles or wet

deposition of aerosols from the atmosphere. Hot particles

may be atmospheric aerosols, fly ash particles from fires, or

refractory particles from explosions that contain attached

or incorporated radionuclides.

Therefore, homogenization is an important considera-

tion when preparing samples for gamma spectrometry

analysis. Methods of homogenization commonly used for

food samples during a radiological emergency have a

number of limitations. Although chopping and blending of

food with a food processor are rapid and simple, these

methods may only reposition hot particles within the

sample and may not ensure complete sample homoge-

nization. Food blending has drawbacks including difficulty

of processing dry and hard food products as well as con-

tamination of the blender and accessories, which must be

decontaminated and verified before re-use. Also, storage of

a large number of blenders and accessories may not be

feasible if laboratory space is limited. These problems limit

the number of samples that could be processed during a

radiological emergency. Total decomposition of food

samples using acid digestion is equally impractical because

it requires prohibitive amounts of concentrated acid for

larger samples, and microwave digestion of food samples is

also impractical due to its small sample handling capacity.

To overcome these limitations, we have developed an

alternative method for homogenization of food samples for

gamma spectrometry analysis using tetramethylammonium

hydroxide (TMAH) to solubilize proteins and enzymes to

digest carbohydrates and cellulose in food. The proposed

method provides an intermediate level of homogenization

between that of the two extremes of mechanical blending

and total decomposition; the limitations of both have been

described above. The goal of our work is to develop a

method that is relatively rapid, provides reasonable sample

throughput, limits the laboratory and equipment contami-

nation issues, suppresses loss of volatile fission products,

and is able to solubilize particles resulting from release of

volatile radionuclides in aerosol form during a nuclear

accident, with the exception of refractory particles. This

proposed method is suitable for use during a nuclear

emergency with improved measurement accuracy.

The accuracy of results for contaminated foods during a

nuclear emergency is important for radiation dose risk

assessment by decision makers. The regulatory guidelines

vary internationally and may depend on the data quality

objectives for specific incidents as discussed with respect

to the Chernobyl and Fukushima nuclear accidents [3]. In

the U.S., the Food Emergency Response Network (FERN)

[14] joined by local, state, and Federal food-testing labo-

ratories is tasked with responding to radiological emer-

gencies involving contamination of food. The permissible

levels of radioactivity in food are defined by the Food and

Drug Administration (FDA) in terms of Derived Inter-

vention Level (DIL) [15]. For instance, the values of DILs

for gamma emitters are 170 Bq kg-1 for 131I and

1200 Bq kg-1 for combined 134,137Cs. The DIL is

2 Bq kg-1 for combined alpha emitters238,239Pu and
241Am. The latter is of interest to this work since 241Am

can be determined by gamma spectrometry using the

59.6 keV gamma ray [16]. In this work we report results of

homogenization using 60Co, 131I, 134,137Cs, and 241Am. The

combination of homogenization with gamma spectrometry

described here should enable detection of these radionu-

clides at levels at least as low as DILs in a reasonable

counting time.

Properties of TMAH and enzymes

Proteins, carbohydrates, and cellulose are major compo-

nents of foods. When attempting total decomposition, the

solubilization of each of these components must be

approached in a different way.

TMAH is a reagent known to successfully solubilize

proteins [C. Palmer, private communication], and has been

used to extract trace elements for analysis by inductively

coupled plasma mass spectrometry (ICP-MS) from a wide

range of sample types, including elements such as I, K, Mg,

Mn, Na, and Zn from food samples such as milk powder,

egg powder, bovine liver, and mussels [17, 18] and mul-

tiple elements from botanical samples and human hair

[19, 20]. TMAH allows rapid processing of large batches of

samples, with the total processing time for some tissues as

short as 30 min. Homogenization using TMAH also

requires less dilution than other methods, potentially

allowing for larger amounts of sample to be processed, and

occurs at relatively low temperatures, minimizing losses of

volatile elements [7]. Although for some applications

TMAH is used to extract elements by leaching [7, 19], we

used TMAH to homogenize the sample matrix for accurate

determination of gamma radioactivity. One drawback of

TMAH is its toxicity: TMAH is highly alkaline (pH[ 13)

and can cause cardiac arrest, especially at higher concen-

trations [21].

Enzymes can effectively homogenize samples contain-

ing carbohydrates such as starch and have multiple

advantages over chemical digestion [22], including safety

for human health and the environment. Starch is a polymer

of glucose units that comes in two forms: strands of up to

6000 glucose units joined by a-(1,4)-glycosidic bonds, and

complex structures consisting of chains of 10–60 glucose

units connected by a-1,4 linkages with branches attached

by a-1,6 linkages [23]. a-amylases cleave both forms at a-

(1,4)-glycosidic bonds, resulting in smaller oligosaccharide
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chains [22, 23]. Cellulose, a major component of plant

tissues, is composed of tough microfibrils consisting of

cellobiose, a disaccharide with two glucose units linked by

b-(1,4)-glycosidic bonds. Cellulose has a crystalline

structure that is highly resistant to digestion [24]. The

enzymes that digest cellulose, termed cellulases, are actu-

ally a mixture of enzymes with distinct roles that include

cleaving internal regions of cellulose fibers; releasing cel-

lobiose from the termini of cellulose chains and converting

intermediate-size chains to disaccharides and monosac-

charides; and hydrolyzing cellobiose and other short chains

to glucose units [25]. We used a-amylase to rapidly

homogenize starch in samples consisting mainly of grains

(white bread, bagels) and in composite meals (cheese-

burger with bun, chicken pot pie) prior to addition of

TMAH. We homogenized baked beans using cellulase

alone.

Experimental

Food samples

All food used in these experiments was purchased at local

grocery stores, and included baked beans, bananas,

cheeseburgers, chicken pot pie, ground beef, hamburger,

hot dogs, mixed salad, olives, Parmesan cheese, peanuts,

plain bagels, potato chips, turkey sandwich with cheese and

lettuce, and white whole wheat bread.

Chemicals, enzymes and conditions

TMAH (25 w/v% in aqueous solution) was obtained from

Alfa Aesar (part of Thermo Fisher Scientific, Suwanee,

GA, USA). For samples treated with TMAH only, TMAH

was added to a final concentration of 6.25% (w/v). For

samples treated with a-amylase followed by TMAH,

TMAH was added to a final concentration of 2% (w/v).

Enzymes used for homogenization included a-amylase

from Bacillus subtilis and cellulase from Aspergillus niger

(both supplied by MP Biomedicals, LLC, Solon, OH, USA;

distributed by Thermo Fisher Scientific). Both enzymes

were added dry to food samples and used at a final con-

centration of 10 g L-1. a-amylase, with a nominal pH

range of 5-7 and temperature range of 60–80 �C, was used

without buffer at 70 �C for 30–60 min. Cellulase has a

nominal optimal pH range of 4.2–5.2. Except for samples

spiked with 131I, we added sodium acetate buffer (pH 5.2;

0.021 M acetic acid and 0.079 M sodium acetate made

from sodium acetate trihydrate) at 10% final concentration

to samples before digestion with cellulase for *60 min at

40 �C. To prevent volatilization of 131I in acidic conditions

[26–28], for samples spiked with 131I we added sodium

thiosulfate buffer adjusted to pH[ 7.0 containing iodine

carrier. The buffer composition was 0.5 M sodium thio-

sulfate, 1 mM sodium iodide, adjusted to pH[ 7.0 with

sodium carbonate at *10% (v/v) final concentration.

Radionuclides

Reference standard solutions containing 60Co, 131I,
134,137Cs, and 241Am radionuclides traceable to the

National Institute of Standards and Technology, Gaithers-

burg, MD, USA, were procured from Eckert and Ziegler

Analytics, Atlanta, GA, USA. The standards with carriers

were diluted to desirable activity concentrations and were

used to spike food samples.

Gamma spectrometry and analysis

We used four high-purity p-type germanium (Ge) gamma

detectors, provided by Canberra Industries, Meriden, CT,

USA, to measure spiked samples and method blanks for

this study. The laboratory codes for the detectors are: GE03

and GE08 (Models GC10020, 102% relative efficiency at

1332.5 keV), GE09 (Model GC13021, 134% efficiency),

and GE11 (Model GC8021, 79% efficiency). GE03, GE08,

and GE09 were used for all spiked samples and method

blanks, while GE11 was used for counting method blanks,

only, in our detectability study. All detectors were cali-

brated using a traceable mixed gamma standard (Eckert

and Ziegler Analytics) as described elsewhere [29].

Acquisition of gamma spectra was accomplished with

the Lynx Digital Spectrum Analyzers (Canberra) using

Genie 2000 software (Canberra). Gamma peak fitting was

accomplished with Genie’s VMS Standard Peak Search

algorithm. The energy lines used for analysis were 604.7

and 795.9 keV for 134Cs; 661.7 keV for 137Cs; 1173.2 and

1332.5 keV for 60Co; 364.5 keV for 131I; and 59.5 keV for
241Am. We used the average activity of the two energy

lines for 134Cs and 60Co. For 241Am, Genie’s Interactive

Peak Fit algorithm gave better results owing to the

Compton distribution to the left of the 59.5 keV peak. Two

counting geometries were used for the study depending on

the sample size: 0.5 and 1.4 L Marinelli beakers [30] (Ga-

Ma & Associates, Ocala, FL, USA). We sealed 1.4-L

Marinellis with Phenoseal [31], and 0.5-L Marinellis with

electrical tape. The density and coincidence (cascade)

summing corrections for these geometries were calculated

using the Monte Carlo simulation code GESPECOR ver-

sion 4.2 [32] (CID Media GmbH, Hasselroth, Germany).

Activity reporting

To compare samples homogenized with TMAH/enzymes

versus blended samples (as described below), some results
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are reported in units of specific activity (Bq kg-1).

Otherwise, results are reported as total activity of the

sample (Bq). This is straightforward for samples homoge-

nized using mechanical means. If the original sample is

aliquoted, only the aliquot mass is measured for specific

activity reporting. For total activity reporting, both total

mass and aliquoted mass are measured, and aliquot factor

(a fraction of original sample used for analysis) is calcu-

lated. For sample homogenization with TMAH and

enzymes, the situation is more complicated because addi-

tion of these agents and water usually results in a larger

final sample. In this case, final sample mass is also mea-

sured for the geometry actually counted on a Ge detector,

which is required for the density corrections. We report

original sample masses in the text regardless of the

reported activity unit.

Comparison of recovery and detection of activity

using TMAH homogenization vs. blending

To evaluate the efficacy of homogenization using TMAH

for recovery and detection of gamma activity, we prepared

samples of identical matrices for TMAH homogenization

and blending, spiked with 134,137Cs and 60Co. Figure 1

illustrates homogenization of a mixed salad sample using

TMAH as well as blending. The sample (340 g) was

transferred to a 1.0 L beaker with a line marked at the

target volume of 0.5 L (see Fig. 1a). Containers and

implements were rinsed with 0.1 M HNO3 to ensure

complete transfer.

TMAH solution (*one-fourth of sample weight) was

added to the sample. For denser and less moist samples

such as Parmesan cheese and ground beef, 100–200 mL

water (*one-third of sample weight) was added to enable

stirring. Liquid was worked into the sample using a spatula,

a magnetic stir bar was added, and the sample was placed

on a hot plate with magnetic stirring (Fig. 1b). The sample

was heated with stirring at *90 �C for *50 min until

mostly digested. Complete homogenization of vegeta-

bles required heating briefly to boiling, which resulted in

some sample foaming (see Fig. 1c). Water was added to

the hot sample to approach the desired volume to fit the

calibrated counting geometry. The sample was stirred to

cool down for *30 min before transfer to a 0.5-L Mar-

inelli beaker (Fig. 1d). A small amount of additional water

was used to complete sample transfer. Total processing

time for a batch of 1–3 samples homogenized using TMAH

was *1.5 h.

An identical-size portion of mixed salad was blended

(Fig. 1e). Blending was performed using a 14-cup Cuisi-

nart Elite Collection Food Processor and accessories

(blender bowls and a stainless steel chopping/mixing blade;

Cuisinart, East Windsor, NJ, USA). For the blended sam-

ple, the total weight of the sample was recorded, and the

sample was transferred to a 0.5 L Marinelli beaker. The

final sample weight was recorded. If required, an aliquot

a c

d

b

e

Fig. 1 Homogenization versus

blending of mixed salad

samples. a Spiked sample in a

beaker. b Sample after addition

of TMAH solution. c Sample

after heating with stirring at

90 �C for *50 min, then

heating to boiling; note that

foaming occurs. d Fully

homogenized sample after

transfer to a 0.5 L Marinelli

beaker for counting.

e Equivalent sample after

blending
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factor was calculated to determine the sample’s total

activity.

Homogenization using enzymes alone

or in combination with TMAH

We demonstrated the efficacy of chemical and/or enzy-

matic homogenization for recovery and determination of

activity for gamma spectrometry using matrices spiked

with 134,137Cs, 131I and/or 241Am. We used white bread for

homogenization using a-amylase, only; cheeseburgers for

homogenization using a-amylase followed by TMAH; and

baked beans for homogenization using cellulase, only. To

establish detection limits for our methods, we determined

minimum detectable activities (MDAs) for method blanks

consisting of the matrices described above.

Homogenization of white bread using a-amylase, only

Bread (*500 g) was torn into pieces and transferred to a

tared 2 L beaker with a line marked at the target volume of

1.4 L. The bread pieces were pressed down to the 1.4 L

line. Water (*0.8 L) was added to a total sample volume

of *1.3 L and worked in with a spatula. For spiked sam-

ples, previously prepared spikes were added to the bread

mixture along with a stir bar. The spike containers and caps

were rinsed several times with *3 mL deionized water,

and the rinses were added to the bread mixture. To mini-

mize volatilization of 131I and enhance activity recovery,

buffer containing 0.5 M sodium thiosulfate [27] and 1 mM

iodine carrier were added. The beaker was warmed on a

heating block before addition of 5 g of a-amylase. The

enzyme was worked into the bread mixture with a spatula,

and the mixture was stirred for 2–5 min. The samples were

heated with magnetic stirring for 30–60 min. A small

amount of additional water was added for complete transfer

to a 1.4 L Marinelli beaker for counting. Total processing

time for a batch of 1–3 samples was *1.5 h.

Homogenization of cheeseburgers using a-amylase
followed by TMAH

Frozen cheeseburgers were thawed and allowed to reach

room temperature. A portion of *500 g was used for each

cheeseburger sample. Cheeseburgers were processed sim-

ilarly to white bread, except that *0.6 L water was added

for a total sample volume of *1.1 L. After a-amylase

digestion was complete, TMAH solution was added

(*10% of total sample volume). The sample was heated at

90 �C for 30–60 min, cooled, and transferred to a 1.4 L

Marinelli beaker. The total processing time for a batch of

1–3 samples was *3 h.

Homogenization of baked beans using cellulase, only

For baked beans, which contain sufficient liquid for

homogenization, we used *500 g of sample and added

only sodium acetate buffer (see Section ‘Chemicals,

enzymes and conditions’) at 10% of final volume. For

samples spiked with 131I, we used sodium thiosulfate buffer

as described above, having first confirmed that the cellulase

enzyme worked efficiently at pH 7.5 using tris(hydrox-

ymethyl)aminomethane (Tris) buffer (1 M Tris

Hydrochloride buffer (Thermo Fisher Scientific) at 5–10%

final volume). Beans were processed as described for bread

with a-amylase, except that samples were heated at 40 �C
for *1 h. If any bean fragments were visible, we heated

samples briefly until boiling, then cooled them by stirring.

After processing, the sample was transferred to a 0.5 L

Marinelli beaker for counting. Total processing time for a

batch of 1–3 samples was *1.5 h.

Amount of liquid needed for sample processing

To enable stirring of samples, which is required for

homogenization using TMAH and enzymes, foods with

low water content such as bread and cheeseburgers require

addition of water, sometimes in a quantity equal to or

greater than sample mass. Because it is preferable to add

just enough liquid to rapidly and thoroughly homogenize

samples, we performed a small study to determine the

minimum amount of TMAH solution and/or amylase

solution, with or without buffer, needed to homogenize a

variety of foods (See Table 1).

Small portions of food (10–100 g) were placed in small

glass beakers and dried in a drying oven for *24 h at

60 �C. From the sample weight loss due to drying, food

water contents were calculated and are given in column 2

of Table 1. When small samples are homogenized with

TMAH or enzyme liquid solutions, stir bars are relatively

large in comparison to sample mass and less liquid is

needed than for larger samples. Therefore, the ratio of

liquid required for homogenization of these samples (col-

umns 3 and 4 of Table 1) represents a minimum amount.

For small samples, all but the driest foods such as peanuts

and potato chips could be homogenized with 10–25% of

liquid. Addition of 75% TMAH by volume was necessary

to homogenize peanuts. Addition of 70% solution by

weight was necessary to homogenize potato chips with a-

amylase. As samples become larger, even large stir bars are

not effective without addition of larger amounts of water.

For our studies with spiked samples, we used volumes

appropriate for calibrated geometries that would

allow *500 g of sample, a sample size at which low levels

of activities can be detected. For baked beans, liquid was

added solely to allow buffering of the sample to desired pH
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and for stabilization of iodine. For bread and cheeseburg-

ers, we added liquid to *65% of sample weight. For both

these matrices, *500 g was the largest amount of sample

that could be homogenized and fit into a 1.4 L Marinelli

beaker. The minimum amount of liquid was *0.6 L, and

this needed to be worked in thoroughly with a spatula.

Stirring with a spatula was required for *2–5 min, until a-

amylase began to work and uninterrupted magnetic stirring

was possible.

Results and discussion

Method development

In preliminary experiments, we used a 25% (w/v) solution

of TMAH in water to solubilize samples of meat and fish

using conditions developed previously [18]. We initially

used small amounts of sample (10–100 g) in glass beakers

on a magnetic stirring hot plate with vigorous stirring, with

a 4:1 sample:TMAH ratio for a final concentration of

TMAH of 6.25% (w/v). TMAH readily homogenized

meats and fish within the target time of 1 h at 90 �C.

However, some food matrices such as composite meals

were not readily homogenized using TMAH, which led us

to attempt the use of enzymes with some types of food. For

example, when we attempted homogenization of chicken

pot pie (Fig. 2a), swelling of starch prevented stirring of

the sample and resulted in incomplete homogenization (see

Fig. 2d). The wheat crust component of chicken pot pie

swelled during heating and adhered to the beaker, pre-

venting the stir bar from turning. However, prior to adding

TMAH, addition of a-amylase solution and heating with

stirring at 70 �C for 30-60 min broke down the wheat crust

to a smooth liquid (Fig. 2b). We found that tougher veg-

etables such as the peas and carrots contained in chicken

pot pie were successfully homogenized by briefly heating

the sample to boiling at the end of the TMAH treatment

period. These steps resulted in complete homogenization of

the sample (Fig. 2c). This encouraging result led us to the

development of additional homogenization methods using

enzymes, including the use of a-amylase only, for foods

with high starch content such as bread and bagels, as well

as cellulase for vegetables with high cellulose content such

as beans.

Detection limits

We performed a detectability study to establish the suit-

ability of our methods for rapid analysis of emergency food

samples. We determined minimum detectable activity

(MDA) values for four radionuclides (131I, 134,137Cs, and
241Am) using method blanks consisting of three matrices

(baked beans, white bread, and cheeseburgers) homoge-

nized using a-amylase or cellulase alone, or in combination

with TMAH. MDA is defined as the Currie’s Detection

Limit [33] in this context, expressed in Bq kg-1. We

measured two sets of the abovementioned matrices for 10,

100, and 1000 min using two different Ge detectors for a

total of six measurements per sample. Figure 3 shows the

results of the detectability study, presented as the average

MDA for three matrices. Since the sample masses varied

between the matrices from *0.5 to *1.4 kg, we normal-

ized MDA values to a sample mass of 0.5 kg before

averaging them.

Table 1 Liquids needed for homogenization of foods based on water content

Food type Food water content

(%)a
Amylase solution needed (% total sample

volume)b
TMAH solution needed (% total sample

weight)c

Banana 21.2 Not studied 20

Olives 23.3 Not studied 25

Hot dog 18.0 Not studied 25

Turkey sandwich, cheese and

lettuce

14.0 25 10

Hamburger, meat patty only 13.2 25 Not studied

Hamburger, bun and cheese 12.3 25 25

Plain bagel 9.3 20 Not studied

Peanuts 0.6 Not studied 75

Potato chips 0.5 70 Not studied

a (Difference in weight before and after drying)/total weight 9 100
b 10 g L-1 water solution of amylase
c 25% water solution of TMAH
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The results show that, for medium energy gamma

emitters 131I and 134,137Cs, MDAs were lower for GE09,

with a relative efficiency of 134% at 1332.5 keV, than for

GE11, with a relative efficiency of 79%, as expected.

These MDAs are well below the FDA DIL values of

170 Bq kg-1 for 131I and 1200 Bq kg-1 for combined
134,137Cs [14], even for measurements as short as 10 min.

The MDAs for 241Am are lower for GE11 than for

GE09, owing to a thinner Ge dead layer (0.4 and 1.5 mm,

respectively, for these p-type detectors) resulting in lower

efficiency of GE09 for the 59.5 keV gamma transition from
241Am. The MDAs are 12–15 Bq kg-1 for 10 min count-

ing, 4–5 Bq kg-1 for 100 min counting, and

1.2–1.5 Bq kg-1 for 1000 min counting. The MDAs for

1000 min counting are ten times lower than for 10 min

counting, satisfying the rule of square root of the ratio of

counting times H(1000/10), consistent with the previous

studies [34, 35].

The FDA provides a combined DIL of 2 Bq kg-1 for
238,239Pu and 241Am, because both are alpha emitters. In

this study, however, only 241Am is measured by gamma

spectrometry, which would not be sensitive enough to

measure 238,239Pu. Reaching an MDA of exactly 2 Bq kg-1

would require 360 min and 560 min counting on GE11 and

GE09, respectively. A better approach would be to use an

n-type Ge detector, which is sensitive to low gamma

energies.

The MDAs determined in this work were measured from

method blanks. The presence of other radionuclides of high

activity in the samples would considerably worsen these

MDAs owing to an increased background continuum in

gamma spectra caused by Compton scattering of gamma

radiation.

b

c d

a

Fig. 2 Starch homogenization

with a-amylase and TMAH.

a Chicken pot pie with chicken,

vegetables, gravy, and wheat

crust. b Sample after digestion

with a-amylase. c Sample

treated with TMAH after

amylase digestion. d Another

equal-weight sample treated

with TMAH only (arrow

indicates undigested starch)

Fig. 3 Detectability study. Y-axis shows MDA averaged over three

matrices (white bread, cheeseburgers, and baked beans) prepared

using enzymatic and chemical homogenization. X-axis shows results

for two detectors (GE09 and GE11; 134 and 79% efficiency,

respectively) by radionuclide for three count times (10, 100 and

1000 min). Uncertainties are given at 1 r. Error bars show standard

error of the mean (standard deviation divided by the square root of the

number of samples)
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Comparison of homogenization versus blending

A number of factors related to the method used for sample

homogenization might affect recovery and accurate deter-

mination of activity, including sample homogeneity,

volatilization of radionuclides, sample loss during pro-

cessing, or other effects related to the complex chemistry

of food. To demonstrate that recovery and determination of

activity are not adversely affected by chemical homoge-

nization, we performed a direct comparison of homoge-

nization versus blending using a group of samples

including mixed salad spiked with 134,137Cs, as well as

Parmesan cheese and ground beef spiked with 60Co. We

prepared three samples by blending, one of each matrix,

and five samples by chemical homogenization (three mixed

salad and one each of Parmesan cheese and beef). For these

samples, spikes were added before processing or addition

of water or buffer. Sample masses ranged from 0.35

to *1 kg. Table 2 compares activities and biases calcu-

lated from measured and known activities of samples

prepared by blending or TMAH homogenization. z scores

were computed to facilitate comparisons. Specific activities

are given either for one sample or for the average of three

samples of each matrix, counted on two detectors for

100 min. Bias is defined as a % deviation from known; the

z-score is defined as the difference between the measured

and known activity divided by the square root of the sum of

variances at 95% confidence level. For each matrix, the

average bias and z-score are lower for samples

homogenized with TMAH than for samples prepared by

blending (bias ?0.40% and -3.82% for TMAH homoge-

nization and blending, respectively; z-score: ?0.14 and

-1.03 for homogenization and blending, respectively). All

samples for homogenization and blending were treated

similarly in terms of matrices, radionuclides, measure-

ments, calculations, density corrections, etc. Blending

often results in paste-like sample consistency, whereas

homogenization samples are dense liquids. Therefore, we

attribute larger statistical bias for blending in this work to

incomplete mixing and/or larger sample losses when

transferring between containers. Losses during sample

transfer can be minimized in chemical or enzymatic

homogenization by rinsing containers and adding the rinse

liquid to the sample.

Efficacy of homogenization using enzymes alone

or in combination with TMAH for recovery

and detection of gamma activity

To demonstrate the efficacy of homogenization using

enzymes alone or in combination with TMAH, we pro-

cessed a group of samples spiked with 134,137Cs, or 131I and
241Am. We used a variety of matrices including white

whole wheat bread (homogenized using a-amylase, only),

cheeseburgers (homogenized using a-amylase followed by

TMAH) and baked beans (homogenized using cellulase,

only). We prepared three samples of each matrix (white

bread, cheeseburgers and baked beans) for each spike set

Table 2 Measured and known specific activities (see experimental) of spiked samples homogenized using solubilization with TMAH or

blending

Sample (N) TMAH solubilization Blending

Measured activity

(Unc.)

Known activity

(Unc.)

Bias z-

score

Measured activity

(Unc.)

Known activity

(Unc.)

Bias z-

score

(Bq kg-1) (Bq kg-1) (%) (Bq kg-1) (Bq kg-1) (%)

Mixed salad
134Cs

(3,1)

225.1 (6.7) 230.7 (6.1) -2.43 -0.63 222.5 (7.3) 231.3 (6.1) -3.78 -0.93

137Cs

(3,1)

270.9 (8.0) 272.7 (5.7) -0.66 -0.18 268.4 (9.1) 273.4 (5.7) -1.82 -0.47

Parmesan cheese
60Co

(1,1)

180.9 (4.9) 178.7 (4.1) ?1.24 ?0.35 164.3 (4.5) 174.0 (4.0) -5.56 -1.63

Ground beef
60Co

(1,1)

185.2 (4.5) 179.0 (4.3) ?3.44 ?1.00 172.9 (5.4) 180.4 (4.8) -4.13 -1.08

Average ?0.40 ?0.14 -3.82 -1.03

Measured activities are averages for two Ge detectors

Activities for 134Cs and 60Co represent averages of two gamma energy lines

N number of samples (TMAH digestion, blending), Unc. Uncertainty (95% confidence level)
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(134Cs and 137Cs (set I), and 241Am and 131I (set II)) for a

total of 18 samples. For these samples, spikes were added

to *500 g of sample after addition of water and buffer;

total activity was used for calculations and no aliquot factor

was needed. Total activities given in Table 3 are averages

for three samples of each matrix, counted on two or three

detectors for 50–100 min. Bias and z-scores calculated

from measured and known activities are also given in

Table 3.

Matrix effects on recovery and detection of activity were

not significant (P[ 0.37 for bread vs. cheeseburgers, bread

vs. baked beans, and baked beans vs. cheeseburgers using

Student’s T test). The average bias and z-score for samples

processed using homogenization methods for the three

matrices combined are -1.58% and -0.55, respectively.

They are comparable to our previous results for homoge-

nization with TMAH, only (see Table 2). Overall, for

samples homogenized using TMAH and/or enzymes in

Tables 2 and 3, the bias was -1.01 ± 2.11 and the z-score

was -0.58 ± 1.25%.

An important aspect of analysis during a possible

emergency response is to retain volatile fission products

such as Cs and in particular I isotopes. There is no evidence

of significant loss of 131I to volatilization during processing

of our samples, because biases are -0.49, -0.48, and

-2.0% and |z-score|\ 1 for the three matrices in Table 3.

Similarly, the data from Tables 2 and 3 indicate that no

significant loss of 137Cs occurred. In contrast, the biases for

134Cs are larger and z-scores\-1 in Table 3. Since both

Cs isotopes behave chemically the same, within the scope

of the experiments performed, we attribute larger biases

and z-scores for 134Cs to incomplete correction for coin-

cidence summing effects. However, it is possible that

errors in diluting or pipetting the 134Cs standard may have

contributed to the bias.

The biases and z-scores for 241Am in Table 3 reveal no

significant losses of this radionuclide during sample pro-

cessing. However, we observed biases of 25.2, 22.1, and

21.9% for three individual samples, despite use of Inter-

active Peak Fit. Owing to a low gamma energy of

59.5 keV, this radionuclide appears to be extremely sen-

sitive to effects of geometry and positioning [12]. Settling

of 241Am from solution in samples of orange juice was

observed during the FERN Menu2010 radiological exercise

[36]. It is, therefore, possible that these high biases were

due to settling of Am and depositing on the internal section

of Marinelli beaker close to the Ge detector, thereby

increasing the efficiency of gamma detection. Neverthe-

less, these effects were not observed for most of the sam-

ples. Consequently, the three results were considered

outliers and were not included in the averages in Table 3.

Table 3 Measured and known

total activities (see

Experimental) of spiked

samples, using digestion with

enzymes alone, or in

combination with TMAH

Sample (N) Total activity (Unc.) Known activity (Unc.) Bias z-score

(Bq) (Bq) (%)

White bread
134Cs (3) 109.8 (2.7) 113.0 (2.0) -3.13 -1.08
137Cs (3) 106.8 (2.6) 108.98 (0.87) -2.26 -0.94
131I (3) 392 (13) 394.2 (2.0) -0.49 -0.15
241Am (3) 583 (27) 584 (13) ?2.50 ?0.47

Cheeseburgers
134Cs (3) 120.8 (2.8) 124.2 (2.2) -3.01 -1.08
137Cs (3) 119.1 (2.7) 119.82 (0.96) -1.00 -0.44
131I (3) 293.8 (9.8) 295.7 (2.1) -0.68 -0.21
241Am (3) 561 (24) 584 (13) -0.44 -0.08

Baked beans
134Cs (3) 129.9 (3.8) 135.7 (2.4) -4.73 -1.52
137Cs (3) 128.4 (2.8) 130.9 (1.1) -2.19 -0.88
131I (3) 583 (21) 591.4 (1.9) -2.00 -0.59
241Am (3) 558 (25) 559.6 (13) -0.37 -0.08

Average -1.58 -0.55

Measured activities for 134,137Cs represent averages for two Ge detectors, while activities for 131I and
241Am represent averages for three detectors

Activities for 134Cs represent averages of two gamma energy lines

N number of samples, Unc. Uncertainty (95% confidence level)
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Summary and conclusions

We have demonstrated that homogenization using TMAH

and enzymes can provide a useful alternative to commonly

applied methods of food sample preparation for gamma

spectrometry during a radiological emergency, enabling

recovery and accurate determination of gamma activity.

The method retains fission products such as Cs and I iso-

topes that are volatile in some circumstances, making it

useful in emergencies involving nuclear reactor accidents.

The TMAH/enzymatic digestion described here fills the

void between two extremes: mechanical homogenization

and total sample decomposition, therefore avoiding some

deficiencies of both.

TMAH/enzymatic digestion provides better homoge-

nization than mechanical mixing, chopping or blending,

and can accommodate dry samples. It cannot provide total

sample decomposition like that achievable with acidic/

peroxide digestion or fusion. The main advantage of

TMAH/enzymes is that they can homogenize large sam-

ples. In this work we used samples up to about 0.5 kg;

however, larger samples can be handled as well which

would require larger counting containers. This constitutes

an essential advantage over total sample decomposition

methods, which can handle samples up to 100 g (and

usually less). Use of larger samples increases sensitivity of

radioactivity detection and, therefore, affords the opportu-

nity to decrease counting time for better sample throughput

in an emergency, as well as allowing for a better averaging

of radioactivity over sample size for accurate risk

assessment.

The TMAH/enzymatic homogenization method also

enables good control of sample volume because the final

volume can be increased by adding more liquids, or

decreased by evaporation. Ability to arrive at a desired

target volume is important for gamma spectrometry in

order to use the largest amount of sample that will fit

calibrated geometries. The total processing time per sam-

ple, excluding counting, ranges from about 1.5 h for

TMAH, only, to about 3 h for enzymes plus TMAH

combined. This is longer than mechanical homogenization

and shorter than total sample decomposition. Several

samples can be processed simultaneously by a skillful

analyst. The methods developed in this work allow for

efficient contamination control during a radiological

emergency. The contamination is confined to beakers used

to process individual samples, which can be put aside and

cleaned at a later time. Conversely, blenders require

decontamination after every sample which limits the

throughput.

We did not directly investigate how TMAH/enzymatic

digestion attacks aerosol particles. However, since these

agents are aggressive enough to have successfully leached

and extracted several elements from food and biological

materials in analytical chemistry [17–20, 22], one can infer

that radionuclides could be dissolved from fresh aerosols.

Thus TMAH/enzymatic digestion is expected to provide

better homogenization of fresh aerosols than purely

mechanical procedures. However, the methods developed

here would not be useful for decomposing refractory par-

ticles, which would require treatments that are not suit-

able for gamma spectrometry analysis of food.

Homogenization using enzymes and TMAH under the

conditions described in this paper does not create a clear

solution, as depicted in Figs. 1d and 2c. Instead, a semi-

colloidal suspension of digested organic polymers is

formed. Some settling of digested bread occurred after

preparation, with a small layer of water appearing at the top

of the container. However, measurements can be usually

completed before this settling occurs so it does not affect

the results. We observed that bread samples began to spoil

and evolve gases within a few days after processing, pre-

senting a danger that the Marinelli container might burst,

and leading to contamination. Heating the sample to boil-

ing delayed spoilage for a week or longer. It is, therefore,

imperative to count the samples as soon as practical after

filling the counting container.

In our experimental conditions, with final concentrations

of stable cobalt carrier in the range of 3–5E-7 M, 60Co

might be expected to precipitate as Co(OH)2 even in the

absence of TMAH at a pH of *6. Other investigators have

shown that TMAH can stabilize emulsions and suspensions

by adsorbing to and complexing with particles [37–40].

Successful stabilization of experimental thermodynami-

cally stable oil/water emulsions requires quaternary

ammonium salts such as TMAH which can hydrolyze oil,

which then becomes amphiphilic, resulting in lowered

surface tension of the oil/water interface [37]. Adsorbed

TMAH can stabilize oil/water emulsions by contributing

electric charges to particles such as magnetite and cobalt

ferrite, preventing their transfer to the oil phase [38]. This

mechanism may have special relevance to food samples

such as Parmesan cheese and ground beef, which contain

large amounts of fat. In the production of ceramics such as

barium zirconate and silicon nitride, the nitrogen in TMAH

may enhance the stability of suspensions by adsorbing to

the surface of particles and forming a complex that helps to

keep the ions in solution [39, 40]. These mechanisms may

help to explain why our 60Co spiked samples showed no

evidence of precipitation in TMAH-treated samples. The

tendency of TMAH to stabilize ions in suspension may be

advantageous in preparing samples for gamma

spectrometry.

Safe handling of TMAH is a cause of concern due to its

toxicity and high pH. Neutralization of TMAH after sample
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homogenization with hydrochloric acid might improve

safety by preventing burns that could promote contact of

TMAH with the bloodstream. However, a preferred option

is to boil samples containing TMAH at high temperature in

a fume hood, as TMAH is stable only to 125 �C and is

completely denatured at 200 �C. When samples are heated

to high temperatures to decompose TMAH, strong-smel-

ling toxic fumes of nitrogen oxides and ammonia are

generated [41]. A strong fishy odor remains in the sample

after being subjected to high heat. Heating above boiling

(the solution temperature reaches *105 �C) causes foam-

ing of samples similar to that seen with nitric acid

digestion.
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Enzymatic digestion and ultrasonication: a powerful combination

in analytical chemistry. Trends Anal Chem 23:654–663

23. Miguel ASM, Martins-Meyer TS, da Costa Figueiredo ÉV, Paulo
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MM, Moreira SRD (2009) Fast methodology for time counting

optimization in gamma-ray spectrometry based on preset mini-

mum detectable amounts. J Radioanal Nucl Chem 281:283–286

35. Shweikani R, Hasan M (2015) Determination of the optimal

measurement counting time and detection limit for gamma-ray

spectrometry analysis. Accred Qual Assur 20:501–504

36. Menu2010—A Radiological Capability and Capacity Inter-Lab-

oratory Comparison Exercise. After Action Report, FERN,

WSDOH, NYSDOH, WSLOH, TDSHS, MDHMH, October

2010. (Available from the Laboratory of Inorganic and Nuclear

Chemistry, Department of Environmental Health Sciences,

Wadsworth Center, New York State Department of Health,

Empire State Plaza, Albany, NY 12201-0509, USA)

37. Kraft DJ, de Folter JWJ, Luigjes B, Castillo SIR, Sacanna S,

Philipse AP, Kegel WK (2010) Conditions for equilibrium solid-

stabilized emulsions. J Phys Chem B 114:10347–10356

38. Sacanna S, Rossi L, Philipse AP (2007) Oil-in-water emulsifi-

cation induced by ellipsoidal hematite colloids: evidence for

hydrolysis-mediated self-assembly. Langmuir 23:9974–9982

39. Moreno R, Salomoni A, Mello Castanho S (1998) Colloidal fil-

tration of silicon nitride aqueous slips. Part I: optimization of the

slip parameters. J Eur Ceram Soc 18:405–416

40. Boschini F, Rulmont A, Cloots R, Moreno R (2005) Colloidal

stability of aqueous suspensions of barium zirconate. J Eur Ceram

Soc 25:3195–3201

41. Tetramethylammonium hydroxide. PubChem Open Chemistry

Database, National Center for Biotechnology Information, U.S.

National Library of Medicine, https://pubchem.ncbi.nlm.nih.gov/

compound/tetramethylammonium_hydroxide. Accessed Aug

2017

870 J Radioanal Nucl Chem (2017) 314:859–870

123

http://www.osti.gov/scitech/servlets/purl/7239037/
https://pubchem.ncbi.nlm.nih.gov/compound/tetramethylammonium_hydroxide
https://pubchem.ncbi.nlm.nih.gov/compound/tetramethylammonium_hydroxide

	Homogenization of food samples for gamma spectrometry using tetramethylammonium hydroxide and enzymatic digestion
	Abstract
	Introduction
	Properties of TMAH and enzymes
	Experimental
	Food samples
	Chemicals, enzymes and conditions
	Radionuclides
	Gamma spectrometry and analysis
	Activity reporting
	Comparison of recovery and detection of activity using TMAH homogenization vs. blending
	Homogenization using enzymes alone or in combination with TMAH
	Homogenization of white bread using alpha -amylase, only
	Homogenization of cheeseburgers using alpha -amylase followed by TMAH
	Homogenization of baked beans using cellulase, only

	Amount of liquid needed for sample processing

	Results and discussion
	Method development
	Detection limits
	Comparison of homogenization versus blending
	Efficacy of homogenization using enzymes alone or in combination with TMAH for recovery and detection of gamma activity

	Summary and conclusions
	Acknowledgements
	References




