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Abstract
Determination of microgram quantities of protein in the Bradford Coomassie brilliant blue assay is accomplished by measurement of absorbance at
590 nm. This most common assay enables rapid and simple protein quantification in cell lysates, cellular fractions, or recombinant protein samples,
for the purpose of normalization of biochemical measurements. However, an intrinsic nonlinearity compromises the sensitivity and accuracy of this
method. It is shown that under standard assay conditions, the ratio of the absorbance measurements at 590 nm and 450 nm is strictly linear with
protein concentration. This simple procedure increases the accuracy and improves the sensitivity of the assay about 10-fold, permitting
quantification down to 50 ng of bovine serum albumin. Furthermore, the interference commonly introduced by detergents that are used to create the
cell lysates is greatly reduced by the new protocol. A linear equation developed on the basis of mass action and Beer's law perfectly fits the
experimental data.

Protocol

Linearization of the Bradford protein calibration graph:

The Coomassie brilliant blue protein assay, commonly known as the Bradford assay 1, is widely used because of its rapid and convenient protocol
as well as its relative sensitivity. Unfortunately, there is a large degree of curvature over a broad range of protein concentrations (Fig. 1).
Therefore, only a narrow range of relatively high protein concentrations, 2-10 mg/ml BSA, is used for the calibration graph, which then better fits
linear regression (Fig. 1, green). However, the nonlinearity requires protein concentration of the unknown samples to fall within the limited range
of the calibration graph in order to avoid a large error, and it also reduces the accuracy within the limited range. The nonlinearity presents a
serious problem in particular when microgram amounts of protein are not available, and it often requires multiple dilutions of the unknown
samples.

As noted in the original Bradford paper, "the source of the nonlinearity is in the reagent itself since there is an overlap in the spectrum of the two
different color forms of the dye." 1. In fact, three forms of the Coomassie brilliant blue dye are in acid-base equilibrium at the usual acidic pH of the
assay 2. The red, blue, and green forms have absorbance maxima at 470, 590, and 650 nm, respectively (Fig. 2). The blue is the form that binds
the protein, forming a complex that intensely absorbs light at 594 nm 3, 4 (Fig. 2). Bradford also noted that "the background value for the reagent is
continually decreasing as more dye is bound to protein" 1 (Fig. 3). Therefore, we attempted to calculate the reduction of the 590 nm background
as increasing protein quantities are added, by measuring the change of absorbance at 450 nm, where the protein-dye complex does not absorb.
We found that the decreasing background partially, but not fully, accounts for the nonlinearity (Fig. 4).

We then hypothesized that the decrease in free dye concentration produces another distortion of the linear response, because as protein-dye
binding is in equilibrium 5, complex formation depends not only on the concentration of the free protein, but also on that of the free dye (Fig. 5).
Taking into account both issues related to the variable concentration of the free dye, we developed a mathematical equation that describes a
linear relationship between protein concentration and the ratio of absorbance measurements, 590 nm over 450 nm (Fig. 6). A detailed description
of the theoretical and experimental study can be found in our 1996 publication in Analytical Biochemistry 6. The mathematical equation was
experimentally tested and found to yield a linear calibration curve over the entire protein concentrations range (Fig. 7). Furthermore, the equation
was validated also by an independent determination of the correct pH-dependent value of the Y-axis intercept 6.

Detailed protocol for the improved Bradford protein assay, using a microplate absorbance
reader:
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1. Prepare a 0.1 mg/ml stock solution of the standard, bovine serum albumin. Any other standard may be chosen, but note that the same
standard must be used in all experiments.

2. Dilute the unknown samples in deionized water. Aim to 5-50 μg/ml. Yet, higher or lower protein concentrations are acceptable, since there is
no apparent limit for the linear range of the assay. However, the measurement must be within the linear range of the absorbance reader.

3. Dilute the Bradford reagent (Bio-Rad) 2.5-fold in deionized water.
4. Add 0 and 10-50 μl of BSA stock solution to triplicate wells (creating a 0-5 μg BSA calibration curve). Complement with deionized water to

reach 100 μl/well.
5. In different wells, add 100 μl of unknown sample in triplicates. Several concentrations of the unknown sample may be used to increase

accuracy.
6. Add 100 μl of the diluted Bradford reagent to all wells. Total volume is 200 μl/well.
7. Wait at least 5 min, but not more than 60 min for color development.
8. The Blank must be 200 μl of deionized water (and not the zero protein dye well).
9. Measure the absorbance at 590 nm and at 450 nm.
10. Prepare a calibration graph by dividing the net absorbance values at 590 nm and at 450 nm. Note that the zero protein (dye only) value

should be included as a data point (Fig. 8).
11. Calculate the concentration of the unknown sample based on the linear equation of the calibration curve (Fig. 9).
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Representative Results:

Unlike the absorbance at a single wavelength of 590 nm, the ratio of absorbance values, 590 nm over 450 nm, is linear with protein concentration
(Fig. 10).

The protein concentration of the unknown sample may be simply calculated using the linear equation of the calibration curve (Fig. 10, equation).

However, increased accuracy is obtained by measuring several unknown sample dilutions. To this end, prepare two graphs. The first is a
calibration graph for the standard with μg protein on the X axis (Fig. 11, right). The second graph is for the unknown sample, with μl of the original
undiluted sample on the X axis (Fig. 11, left). The dye only value should be included in both graphs (Fig. 11). The protein concentration of the
unknown sample is derived by dividing the slopes of the unknown sample and the standard (Fig. 11, equation).

Figure 1. Conventional Bradford calibration graph. The linear range is represented by green symbols.

Figure 2. Spectra of the protein-dye complex and of the dye alone.
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Figure 3. Protein-dye equilibrium.

Figure 4. Reduction of the correct calculated background partially decreases nonlinearity.

Figure 5. Protein-dye equilibrium.
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Figure 6. Mathematical basis for the linearization of the Bradford protein assay.

Figure 7. Linearization of the Bradford calibration graph.

Figure 8. Calculation of the absorbance ratio values.

Figure 9. A linear Bradford calibration graph.
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Figure 10. Linearization of the Bradford calibration graph.

Figure 11. Unknown sample- concentration calculation.

Discussion
The Bradford protein assay is popular due to its ease of performance and relative sensitivity. The linearization over the entire protein
concentrations range obtained by the protocol presented here further simplifies the assay, as the unknown samples do not need to fall within the
range of the calibration graph.

Importantly, the improved protocol further provides the following advantages over the original Bradford protocol:

The absorbance peaks of the protein-dye complex and the free red dye form are at 594 and 470 nm, respectively. It is recommended to measure
the absorbance at 590-600 nm, to achieve maximal sensitivity to protein concentration change, and at 450-485 nm, to ensure linearization.

Due to the optical path length consideration, higher accuracy may be achieved in a 1 ml assay where cuvettes are placed in a regular
spectrophotometer, rather than a microplate reader. In that case, scale-up the volumes 5-fold.

It is absolutely mandatory that deionized water will be used as blank. A linear calibration curve can not be obtained if the zero protein standard
dye-containing sample is used as blank.
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1. Increased accuracy.
2. The sensitivity is increased by approximately one order of magnitude, making it possible to determine as little as 50 ng BSA in the microplate

assay 6.
3. The improved sensitivity enables protein quantification in the presence of detergents. With the original Bradford protocol, the interference by

detergents typically used for cell lysis would often result in a diminished response to protein. The improvement of sensitivity by one order of
magnitude enables dilution of the samples up to a point where the interference by detergents is eliminated. Please note that the standard
samples should contain the same detergent composition and concentration as in the diluted unknown samples.
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