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Abstract

We present here microwave-based modifications of standard protein assays that dramatically reduce the
time required to determine protein concentrations. Typical protein determinations involve incubation times
ranging from 15-60 min. Microwave irradiation of specimens reduces this time requirement to 10-20 s
without compromising accuracy or reliability. The remarkable speed with which protein determinations may
be carried out using microwave enhancement greatly simplifies general laboratory procedures that depend on
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1. Introduction
In this work, we describe modifications of
existing protein assays that take advantage of
microwave irradiation to reduce assay incubation
times from the standard 15-60 min down to just
seconds (7). Adaptations based on two standard
protein assays will be described:

1. The classic method of Lowry et al. (2), which
involves intensification of the biuret reaction
through the addition of Folin-Ciocalteau phe-
nol reagent; and

2. The recently developed method of Smith et al.
(3), which involves intensification of the biuret
assay through the addition of bicinchoninic
acid (BCA).

Performing incubations in a 2.45-GHz micro-
wave field (i.e., in a microwave oven) for 10-20 s
results in rapid, reliable, and reproducible protein
determinations. We have provided here back-
ground information concerning protein assays in
general and the microwave enhanced techniques
in particular. The use of microwave exposure as
an aid in the preparation of chemical and biologi-
cal samples is well established; interested readers

are directed to Kok and Boon (4) for excellent dis-
cussions concerning the application of microwave
technologies in biological research.

1.1. Protein Estimations

There are several spectrophotometric techniques
commonly used for the estimation of proteins.
Generally, methods of protein estimation involve
detection based on: :

1. Absorption of light by the amino acid side
chains or peptide bonds of the protein;

2. Interaction of a specific compound with chemi-
cal moieties in the protein forming an optically
detectable compound; or

3. Production of a detectable reaction product
owing to the presence of protein.

The method of Warburg and Christian (5) takes
advantage of the absorption of UV light by the
amino acid constituents of proteins, especially
tyrosine and tryptophan. The concentration of
protein may be determined in the presence of con-
taminating nucleic acids by comparing absor-
bance values at 260 and 280 nm determined for
unknown samples with those determined for
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known standards of purified yeast enolase and
nucleic acid. As an example, a pure preparation
of protein will have a Aygg/Ay¢ ratio of 1.75, and,
for a 1-cm cuvet, the protein concentration (in
mg/mL) will be equivalent to the Aygy X 1.118
(see ref. 6). This method is simple and extremely
rapid; however, it is based on the assumption that
all proteins possess the same extinction coeffici-
ent as the standard protein. The results are, there-
fore, potentially misleading, and the technique
may be best suited to estimations of relative quan-
tities in similar preparations.

The method of Bradford (7) is based on the
binding of a specific dye (Coomassie brilliant
blue) to proteins in solution. Dye binding results
in a colorimetric change, and the amount of pro-
tein can be estimated spectrophotometrically
based on the absorbance of the resulting solution.
This assay is rapid; however, its sensitivity is
somewhat limited. Additionally, the dye:protein
interaction is not specific and is influenced by the
net charge of specific amino acid residues. Also,
the presence of other compounds, including some
detergents commonly used in protein prepara-
tions, may result in substantially inaccurate pro-
tein estimations.

Other methods are based on the well-known
biuret reaction (8). In the biuret reaction, CuSOy,
is prepared in a Rochelle salt solution at alkaline
pH. When combined with proteins or amino acids,
this reagent changes color, and concentrations
may be estimated based on the absorbance at 550
nm of the resulting solution. Several modifica-
tions of the biuret reaction are in general use,
including the method of Lowry et al. (2; Note 1)
and the method of Smith et al. (3; Note 2). These
adaptations increase the detectability of the
reduced copper ions through the addition of Folin-
Ciocalteau phenol reagent or BCA, respectively.

The biuret-based assays are sensitive, accurate,
and relatively simple to perform; however, they
require on the order of 1/2-1 h to complete. In
some instances, this time requirement and the
delays it can cause may compromise the overall
efficiency of experimental or diagnostic proce-
dures. We have shown that exposure of samples
in biuret-based assays to microwave fields gener-
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ated in household microwave ovens results in a
dramatic reduction in the time required to perform
routine protein assays (/).

1.2. Microwave Assay

Household microwave ovens expose materials
to nonionizing electromagnetic radiation at a fre-
quency of about 2.45 GHz (i.e., 2.45 billion oscil-
lations/s). Such exposures have been applied to a
myriad of scientific purposes including tissue
fixation, histological staining, immunostaining,
PCR, and many others. The practical and theo-
retical aspects of many microwave techniques are
summarized by Kok and Boon (4), and the reader
is directed to this reference for excellent discus-
sions concerning general procedures and theoreti-
cal background.

Microwave ovens are conceptually simple and
remarkably safe devices (see Note 3). Typically,
a magnetron generator produces microwaves that
are directed toward the sample chamber by a wave
guide. The beam is generally homogenized by a
“mode-stirrer,” consisting of a reflecting fan with
angled blades that scatter the beam as it passes.
The side walls of the chamber are made of a
microwave reflective material, and the micro-
waves are thereby contained within the defined
volume of the oven (see Note 4). Specimens irra-
diated in a microwave oven absorb a portion of
the microwave energy depending on specific
interactions between the constituent molecules of
the sample and the oscillating field.

As microwaves pass through specimens, the
molecules in that specimen are exposed to a con-
tinuously changing electromagnetic field. This
field is often represented as a sine wave with
amplitude related to the intensity of the field at a
particular point over time and wavelength related
to the period of oscillation. Ionically polarized mol-
ecules (or dipoles) will align with the imposed
electromagnetic field and will tend to rotate as the
sequential peaks and troughs of the oscillating
“wave” pass. Higher frequencies would, there-
fore, tend to cause faster molecular rotations. At a
point, a given molecule will no longer be able to
reorient quickly enough to align with the rapidly
changing field, and it will cease spinning. There
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exists, then, a distinct relationship between micro-
wave frequency and the “molecular-size” of the
dipoles that it will affect. This relationship is
important, and at the 2.45-GHz frequency used in
conventional microwave ovens, only small mol-
ecules may be expected to rotate; specifically,
water molecules rotate easily in microwave ovens
but proteins do not (Note 5).

For most microwave oven functions, a portion
of the rotational energy of the water molecules in
a sample dissipates as heat. Since these molecular
rotations occur throughout exposed samples,
microwave ovens provide extremely efficient
heating, and the effects of microwaves are gener-
ally attributed to changes in local temperature. At
some as yet undetermined level, however, micro-
wave exposure causes an acceleration in the rate
of reaction product formation in the protein assays
discussed here. This dramatic acceleration is
independent of the change in temperature, and our
observations have suggested that microwave-
based heating is not the principal means of reac-
tion acceleration.

1.3. Microwave Enhanced
Protein Determinations

Modifications of the procedures of Lowry (2)
and Smith (3) to include microwave irradiation
result in the generation of linear standard curves.
Figure 1 illustrates typical standard curves for
examples of each assay using bovine serum albu-
min (BSA). Both standard curves are linear across
a practical range of protein concentrations.

One interesting difference between the two
microwave enhanced assays concerns the rela-
tionship between irradiation time and assay sensi-
tivity. In the DC Protein Assay, a modification of
Lowry’s (2) procedure supplied by Bio-Rad Lab-
oratories, Inc. (Hercules, CA), illustrated in Fig.
1, a colorimetric end point was reached after 10 s
of microwave irradiation; no further color devel-
opment occurred in the samples. This end point
was identical to that achieved in a 15-min room
temperature control assay.

The BCA™ Protein Assay, a version of Smith’s
assay (3) supplied by Pierce Chemical Co. (Rock-
ford, IL), afforded some flexibility in assay sensi-
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Fig. 1. Typical standard curves for microwave
Lowry and BCA assays. Standard curves were gen-
erated with microwave protocols using BSA
(Sigma) dissolved in water. BSA samples in 100-
ML vol were prepared in triplicate for each assay
and were combined with reagent as described in
Notes 1 and 2. Tubes and a water load (total vol
100 mL, see Note 7) were placed in the center of a
microwave oven. Samples for the Lowry assay were
irradiated for 10 s; samples for the BCA assay were
irradiated for 20 s. Results in A show a linear stan-
dard curve generated using a microwave Lowry
assay. Results in B show a linear standard curve
generated using a microwave BCA assay. Values
presented are means + SD.
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Fig. 2. Effect of Increasing microwave irradiation
time on the BCA assay. Three amounts of BSA
(Sigma) were prepared in water: 10 pg/tube (O), 8 pug/
tube (A), 2 pg/tube (O). Each time point was deter-
mined from triplicate samples in a single irradiation
trial with the water load replaced between determina-
tions. Each assay time resulted in the generation of a
linear standard curve; the slope of each standard curve
increased as a function of irradiation time. Values were
normalized to the 5-s time point and presented as
means + SD.

tivity because the formation of detectable reaction
product was a function of the duration of micro-
wave exposure. Figure 2 shows the rate of reac-
tion product formation for three different
concentrations of BSA as a function of microwave
exposure in a BCA assay. Absorbance values
increased for each BSA concentration as a second
order function of irradiation time. A linear stan-
dard curve could be generated from BSA dilutions
that were irradiated for any specific time; longer
irradiation times yielded more steeply sloped
standard curves. In practice, then, the duration of
microwave exposure can be selected to correspond
to a desired sensitivity range with longer times
being more suitable for lower protein concentra-
tions. In contrast to the DC Protein Assay, the BCA
microwave procedure described here is more sensi-
tive than a standard, room temperature assay, and
we have used it for most applications (see Note 6).
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Fig. 3. Comparison of microwave irradiation with
incubation at elevated temperature. (A) The change
in temperature of BCA assay samples containing
bovine serum albumin (BSA, Sigma). Temperatures
reached 51°C during a typical 20-s irradiation. Since
the assays are carried out in an open system, tempera-
tures near 100°C would cause sample boil-over and
should be avoided. (B) Development of reaction
product under three different conditions: microwave
irradiation ([]), incubation at 51°C (A), and incuba-
tion at 25°C (O). Incubation at 51°C, the maximal
temperature reached during a 20-s irradiation, did not
mirror microwave irradiation.

Figure 3 illustrates that the dramatic effects of
microwave exposure cannot be mimicked by
external heating. These results are surprising since
microwave effects are generally attributed to
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increases in temperature. It is not clear at what
level(s) microwaves interact with the biochemi-
cal processes involved in protein estimation; how-
ever, the acceleration is possibly related to an
alteration in solvent/solute interactions. As the
solvent H,O molecules rotate, specific structural
changes may occur in the system such that inter-
actions between solvent and solute molecules (or
among the solvent molecules themselves) tend to
enhance the chemical interactions between the
protein and the assay components to accelerate the
rate of product formation. For example, water
molecules rotating in a microwave field may no
longer be available to form hydrogen bonds
within the solvent/solute structure. Clearly, the
nature and mechanism of nonthermal microwave
effects need to be studied further.

2. Materials

2.1. Lowry Assay

Lowry reagents are available from commercial
sources (see Note 1). Assay reagents were rou-
tinely purchased from Bio-Rad Laboratories in
the form of a detergent-compatible Lowry kit (DC
Protein Assay). Assay reactions were typically
carried out in polystyrene Rohren tubes (Sarstedt,
Inc., Newtown, NC). Tubes were placed in a plas-
tic test tube rack at the center of a suitable micro-
wave oven (see the following) along with a beaker
containing approx 100 mL of H,O (see Note 7).

2.2. BCA Assay

BCA protein reagent is available from commer-
cial sources (see Note 2). Assay reagents were
routinely purchased from Pierce Chemical Co. in
the form of a BCA * Protein Assay kit. As with the
Lowry assay, reactions were typically carried out
in polystyrene Rohren tubes (Sarstedt). Tubes
were placed in a plastic test tube rack at the center
of a suitable microwave oven (see the following)
along with a beaker containing approx 100 mL of
H,O (see Note 7).

3. Method
3.1. Sample Preparation

Sample preparation should be carried out as
specified by the manufacturers. Generally,
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samples are solubilized in a noninterfering buffer
(see Note 5) so that the final protein concentra-
tion falls within the desired range (see Note 6).
Samples should be either filtered or centrifuged
to remove any debris prior to protein determina-
tion. Place 100 pL of each sample and of a series
of standard protein dilutions into separate poly-
styrene Rohren tubes. Place these tubes at even
intervals into a plastic test tube rack. For a Lowry
assay (described in Note 1), add 500 uL of the
assay stock solution (a combination of Reagents
I and II) to each tube; mix well and add 4 mL of
Reagent III. For a BCA assay (described in Note
2), prepare the assay stock solution by combining
50 mL of Reagent I with 1 mL of Reagent II; add
2.0 mL of assay stock solution to each standard
and sample tube. The test tube rack containing all
samples and standards should be placed into the
center of the microwave chamber.

3.2. Selection of Microwave Oven

Microwave ovens differ substantially in their
suitability for these assays. Desirable attributes
include fine control of irradiation time, a chamber
size large enough to easily accommodate the
desired number of samples, and a configuration
that results in a homogenous field of irradiation
so that all samples within the central volume of
the oven receive a uniform microwave dose (Note
4). Samples should be placed in a nonmetallic test
tube rack in the center of the oven. A volume of
room temperature water is included in the oven
chamber as well so that the total amount of fluid
(samples + additional water) is constant from one
assay to another (Note 7).

3.3. Sample Irradiation

Once the samples are placed into the center of
the microwave chamber, close the door and irra-
diate the samples. Using the DC Protein Assay , a
10-s irradiation was optimal as a replacement for
the standard 15-min incubation. Using the BCA*
Protein Assay, a 20-s irradiation has proved
adequate in most situations. We have found it
most convenient to use the highest setting on the
microwave oven and to control exposure using an
accurate timer.
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3.4. Reading
and Interpreting Assay Results

After irradiation, the absorbance of each sample
and standard should be determined spectrophoto-
metrically. Samples from Lowry assays should be
read at 750 nm and samples from BCA assays
should be read at 562 nm. A standard curve of
absorbance values as a function of standard protein
concentration can be generated easily and used to
determine the protein levels in the unknown
samples. It is recommended that standard curves be
generated along with each assay to avoid any dif-
ficulties that may arise from differences in
reagents or alterations in total microwave exposure.

4. Summary
In summary, the microwave BCA protein assay
protocol is as follows:

1. Combine samples and BSA standards with
BCA assay reagent in polystyrene tubes;

2. Place samples into an all plastic test tube rack
in the center of a microwave oven along with a
beaker containing a volume of room tempera-
ture water sufficient to make the total volume
of liquid in the chamber 100 mL;

3. Irradiate samples for 20 s on the highest micro-
wave setting; and

4. Measure A, for each sample and determine
protein concentrations based on a BSA calibra-
tion curve.

The microwave Lowry assay protocol is virtu-
ally identical:

1. Combine samples and Lowry assay reagents in
polystyrene tubes;

2. Place samples into an all plastic test tube rack
in the center of a microwave oven along with a
beaker containing a volume of room tempera-
ture water sufficient to make the total volume
of liquid in the chamber 100 mL;

3. Irradiate samples for 10 s on the highest micro-
wave setting; and

4. Measure A,5, for each sample and determine
protein concentrations based on a BSA calibra-
tion curve.

Microwave protein assays are suitable for all
situations where standard assays are presently
used. The ability to determine accurate protein
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concentrations in so little time should greatly
facilitate routine assays and improve efficiency
when protocols require protein determination at
multiple intermediate steps. Similar microwave
techniques have also been applied as time-saving
and efficiency-enhancing procedures by several
authors (see ref. 4). We have used microwave assays
to generate chromatograms during protein purifi-
cation and for general protein determinations
(e.g., before electrophoretic analysis). The assays
consistently yield reliable results that are compa-
rable to those obtained by standard protocols. The
modifications we present here are very easily
adapted to most commercially available micro-
wave ovens and, in the case of the BCA assay,
can be adjusted to cover a wide range of protein
concentrations. Since the duration of the assays is
so short, it is possible to try several irradiation
times and water loads to select the specific condi-
tions required by the particular microwave and
samples to be used. Microwave enhanced protein
estimations should prove to be extremely useful
in laboratories currently doing standard Smith (3)
or Lowry (2) based protein determinations.

5. Notes

1. The method of Lowry et al. (2) involves three
basic reagents. Reagent I is a 2% solution of
Na,CO;in 0.1NNaOH, Reagent I is a 0.5% solu-
tion of CuSO,-5H,0 in 1% sodium/potassium tar-
trate (Rochelle salt, NaKC,H,O4-4H,0), and
Reagent III is Folin-Ciocalteau phenol reagent.
The preparation of Folin-Ciocalteau reagent is
described in Dawson et al. (9): combine 100 g of
Na,WO,-2H,0 with 25 g of NaMo00,-2H,0 in
700 mL H,O, add 100 mL concentrated HCI
and 50 mL 85% H;PO,, and reflux for 10 h;
add 150 g Li,SO,, 50 mL H,0, and about 250
mL Br,; boil for approx 15 min (to remove
excess Bry); after cooling, add H,O to 1L and
filter through Whatman (Maidstone, UK) #1
paper; store in the refrigerator; prior to use,
dilute with water to make a 1M acid solution.
To perform the assay, combine 50 mL of Rea-
gent I with 1 mL of Reagent II to prepare an
assay stock. To 5ml of assay stock, add 1 mL
of protein solution containing 25-500 mg of
protein. Mix well. Add 0.5 mL of Reagent III
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and vortex immediately. After 30 min, read the
absorbance at 750 nm, and compare the mea-
sured value to a suitable (not necessarily lin-
ear) standard curve generated from known
protein solutions.

The authors suggest that commercial

reagents be used for routine protein estimations
by the Lowry method. Kits are available from a
variety of sources including Sigma Chemical
Co. (St. Louis, MO), Bio-Rad Laboratories, and
Pierce Chemical Co. These kits have the advan-
tages of better reagent stability, improved assay
compatibility, and a reduced number of steps
involved. A few caveats should be noted. For
example, solutions of different proteins at the
same absolute concentration may result in dif-
ferent absorbance values owing, in part, to their
amino acid compositions. Also, several com-
monly used biochemical reagents interfere with
the assay. Users are directed to the manufactur-
ers for specific information concerning the
various reagent formulations. It should be
pointed out that extended microwave irradia-
tion of samples in the DC Protein Assay should
be avoided as it may result in precipitation of
some assay components.
. The method of Smith et al. (3) involves two aque-
ous reagents. Reagent I is a solution of 1%
bicinchoninic acid (BCA), 2% Na,CO;-H,0,
0.16% Na,C,H,O¢2H,0, 0.4% NaOH, and
0.95% NaHCO; adjusted to pH 11.25. Reagent II
is 4% CuSO,4-5H,0. To perform the assay, S0 mL
of Reagent I is combined with 1 mL of Reagent I
to form an assay stock. The assay stock is com-
bined with a protein solution in a 20-1 ratio (e.g.,
2 mL assay stock for 100 mL of protein for a
standard spectrophotometer cuvet, or 200 mL
assay stock for 10 mL of protein for a 96-well
microtiter plate). Three standard assay incuba-
tions are recommended by Pierce: 2 h at room
temperature, 30 min at 37°C, and 30 min at 60°C.
The assay incubation selected depends, in part,
on the desired sensitivity.

Although the preparations involved are
much simplified for the Smith/BCA assay com-
pared to the Lowry/Folin-Ciocalteau-phenol
assay, the authors still suggest that commercial
reagents be used for routine protein estima-
tions. A variety of kits are available from Pierce
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that allow considerable latitude in assay design.
A few caveats should be noted. For example,
solutions of different proteins at the same
absolute concentration may result in differ-
ent absorbance values owing, in part, to their
amino acid compositions. Also, several com-
monly used biochemical reagents interfere with
the assay. Users are directed to the manufactur-
ers for specific information concerning the
various reagent formulations.

. Although microwave radiation is nonionizing,

precautions should be taken to avoid direct
irradiation of parts of the body. Microwaves
can penetrate the skin and cause significant tis-
sue damage in relatively short periods of time.
Most contemporary microwave ovens are
remarkably safe and leakage is unlikely; how-
ever, periodic assessment of microwave con-
tainment within the microwave chamber should
be carried out. Perhaps more dangerous than
radiation effects are potential problems caused
by the rapid heating of irradiated samples. Care
should be taken when removing samples from
the microwave chamber to avoid getting burned,
sealed containers should not be irradiated as
they may explode, and metal objects should be
excluded from the chamber to avoid sparking.
Users should consult their equipment manuals
and institute safety offices prior to using micro-
wave ovens. A detailed discussion of micro-
wave hazards is included in ref. 4.

. Microwave ovens use a nominal frequency of

2.45 GHz. The energy put into the microwave
chamber is actually a range of frequencies
around 2.45 GHz. As the waves in the oven
reflect off of the metal chamber walls, “hot”
and “cold” spots may be set up by the construc-
tive and destructive interference of the waves.
The positions of these “hot” and “cold” spots is
a function of the physical design of the oven
chamber and the electrical properties of the
materials contained in the oven. The uneven-
ness of microwave fields can be minimized by
mode stirring (see the preceeding), appropriate
oven configuration, or by rotating the specimen
in the chamber during irradiation. If the design
of a particular microwave oven does not pro-
vide a relatively uniform irradiation volume, it
may not be useful for the assays outlined here.
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The suitability of a particular microwave

oven may be tested easily using a number of
tubes with known concentrations of protein.
Uneven irradiation patterns will be detected by
significant differences in the color development
for a given protein concentration as a function
of position within the oven chamber. We have
had success with several microwave ovens
including a 0.8 cu ft, 600W, General Electric
oven, model JEM18F001 and a 1.3 cu ft, 650W,
Whirlpool oven, model RIM7450.
The frequency used in household microwave
ovens is actually below the resonance frequency
for water. Above the 2.45 GHz used in household
microwave ovens, water molecules are capable
of rotating faster and of absorbing substantially
more microwave energy. Too much absorption,
however, is undesirable. It is possible that the
outer layers of a sample may absorb energy so
efficiently that the interior portions receive sub-
stantially less energy. The resulting uneven
exposure may have adverse effects.

It is important to note that molecules other
than water may absorb microwave energy. If a
compound added to a microwave enhanced
assay absorbs strongly near 2.45 GHz, uneven
sample exposures may result because of the
presence of the compound. In addition, com-
pounds that are degraded or converted during a
microwave procedure, or compounds that have
altered interactions with other assay compo-
nents during irradiation, may substantially
affect assay results. Although it may be pos-
sible to predict which materials would interfere
with a given assay by considering the relevant
chemical and electrical characteristics of the
constituent compounds, potential interference
is most easily assessed empirically by directly
determining the effects of a given additive on
the accuracy and sensitivity of the standard
microwave assay.

Assay sensitivity may be improved by increas-
ing irradiation time. The time required may be
determined quickly by using BSA test solutions
in the range of protein concentrations expected
until desirable Asg, values were obtained. By
increasing microwave exposure time, it is pos-
sible to substantially increase assay sensitivity
while keeping irradiation times below 60 s. The
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ease with which sensitivity may be adjusted
within extremely short time frames places the
microwave BCA assay among the quickest,
most flexible assays available for protein
determinations.

. The addition of a volume of water to the micro-

wave chamber, such that the total volume con-
tained in the microwave chamber is constant
from one assay to the next, allows irradiation
conditions to be controlled easily from assay to
assay. The additional water acts as a load on the
oven and absorbs some of the microwave energy.
Since the total amount of water remains constant
from one assay to the next, the amount of energy
absorbed also remains constant. The time of irra-
diation, therefore, becomes independent of the
number of samples included in the assay.
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