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Introduction
For low protein concentrations containing biological samples, 

especially intended for proteomic studies, protein enrichment is a 
critical step to obtaining sufficient quantities. There are several methods 
for protein enrichment and purification [1-3], however, each method 
has its own limitation. When lyophilization’s method or filtration 
method is used to concentrate a protein, they may also concentrate 
non-proteinaceous elements [4]. The dialysis method may remove 
interfering elements, but it cannot concentrate proteins [3,4]. A recent 
method using a spin filter unit [5] allows the separation of the proteins 
from interfering elements such as salts, SDS, and lipids [3]. However, 
this method has its own limitations including subsequent sample loss 
(yield 44%) especially when less than 50 µg of the protein sample is 
analyzed [6].

The use of organic reagents for protein precipitation is common 
during sample preparation prior to proteome analysis [7-11]. These 
agents remove interfering elements such as similar polysaccharides or 
natural products (tannins, alkaloids, pigments) [4,12,13]. Among these 
organic reagents, 2,2,2-trichloroacetic acid (TCA) is the most widely 
used chemical for protein precipitation, and TCA-mediated protein 
precipitation is also independent of the physico-chemical properties of 
proteins [14-17]. However, the use of commonly final concentrations 
(10% w/v or 20% w/v) of TCA solution was not successful in 
precipitating low amounts of protein (0.02-0.03 mg) in an aqueous 
protein solution [4,18]. Moreover, the use of higher concentrations 
of TCA can also degrade the quality of the sample [16,17]. Thus, it is 
extremely important to identify the optimal concentration of TCA that 
precipitates both a low (<0.02 mg/mL) and a high amount of protein 
(2-20 mg/mL) in an aqueous solution while simultaneously allowing 
protein free supernatant analysis of any analyte interfering with the 

protein at higher concentration. The motivation for this study came 
for the need for better bioanalytical method for microbicide analysis in 
simulated human body fluid while avoiding the interference between the 
absorbency of both drug and proteins present in these biological fluids. 
In this study, it is hypothesized that response surface methodology, [19-
23], can be used to identify the optimal concentration of TCA needed 
to solve this problem. To test this hypothesis, Bovine serum albumin 
(BSA), a well-characterized protein with a PI 5.6, was selected as model 
protein [16]. BSA is a globular unglycosylated serum protein, and the 
most abundant serum protein [24] with a molecular weight of 65,000 
Daltons. The general structure of serum albumin is an α-helix that acts 
as a protein transporter for steroids, fatty acids, and thyroids hormones 
[25,26]. Tenofovir, which is a nucleotide analogue reverse transcriptase 
inhibitor used for the treatment of HIV infections, is used as a model 
analyte [27]. This hypothesis is tested with supporting biochemical and 
spectral analysis (e.g. BCA assay), proteomic analysis (SDS PAGE), and 
visual analysis of protein pellets.

Materials and Methods

Trichloroacetic acid solution (6.1 N), and bovine serum albumin 
(BSA), were purchased from Sigma-Aldrich (St Louis, Missouri, 
USA). All percentages of w/v TCA mentioned below are the final 
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Abstract
For low protein concentrations containing biological samples (in proteomics) and for non proteinaceous com-

pound assays (in bioanalysis), there is a critical need for a simple, fast, and cost-effective protein enrichment or pre-
cipitation method. However, 2,2,2-trichloroacetic acid (TCA) is traditionally used for protein precipitation at ineffective 
concentrations for very low protein containing samples. It is hypothesized that response surface methodology, can 
be used to systematically identify the optimal TCA concentration for protein precipitation in a wider concentration 
range. To test this hypothesis, a central composite design is used to assess the effects of two factors (X1 = volume 
of aqueous solution of protein, and X2 = volume of TCA solution 6.1N) on the optical absorbance of the supernatant 
(Y1), and the percentage of protein precipitated (Y2). Using either bovine serum albumin (BSA) as a model protein 
or human urine (with 20 ppm protein content), 4% w/v (a saddle point) is the optimal concentration of the TCA solu-
tion for protein precipitation that is visualized by SDS-PAGE analysis. At this optimal concentration, the Y2-values 
range from 76.26 to 92.67% w/w for 0.016 to 2 mg/mL of BSA solution. It is also useful for protein enrichment and 
xenobiotic analysis in protein-free supernatant as applied to tenofovir (a model HIV microbicide). In these condi-
tions, the limit of detection and limit of quantitation of tenofovir are respectively 0.0014 mg/mL and 0.0042 mg/mL. 
This optimal concentration of TCA provides optimal condition for protein purification and analysis of any xenobiotic 
compound like tenofovir.
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concentrations of TCA in solution after the addition of a known volume 
of the above TCA solution (6.1 N). Caution: TCA can cause chemical 
burns and is harmful if inhaled. All the proteins solutions are made in 
deionized water, and the stock solution of BSA has a concentration of 
2 mg/mL if not mentioned. Fresh human urine sample (total protein 
content = 20 ppm) is received from the University of Missouri Kansas 
City’s student health and wellness in a sterile device. 

Method of protein precipitation

First, 6.1 N TCA solution, is added to the microcentrifuge tube 
containing the aqueous solution of protein. Second, the mixture is 
vortexed for 30 seconds at high speed using a vortex-genie 2 model 
G-560 purchased from Scientific Industries, Inc. (Bohemia, New 
York, USA). Third, the microcentrifuge tubes are placed in VWR 18R 
refrigerated microcentrifuge (VWR, Radnor, PA) with a temperature 
of 4°C or in ice for 15 minutes. The protein solutions (typically, 880.6 
– 1559.4 µL) are then pelleted down by centrifugation at 14, 000 rpm 
for 15 minutes. Finally, the pellets are separated carefully from the 
supernatant upon removal of each microcentrifuge tube from the 
refrigerated microcentrifuge. 

Determination of the absorbance of the supernatant at 280 nm

For each absorbance measurement at 280 nm, the volume of 
the supernatant used is 1.3 mL, which is a mixture of the volume of 
the supernatant from each experiment (0.65 mL) and its identical 
replicated experiment (0.65 mL). The concentration of the protein 
left in the solution can be determined using the molar extinction 
coefficient of BSA. Deionized water is used as a blank in all readings 
of the absorbance. All UV measurements are carried out in triplicate 
on a Genesy 10 Bio Model UV-Vis spectrophotometer from Thermo 
Electron Corporation (Wisconsin, USA). The standard curve of the 
TCA absorbance (Y), made in deionized water at 280 nm, is Y = 0.01X 
(R2 = 0.9999), and X = % w/v TCA. 

Bicinchoninic acid (BCA) method

The protein pellets are dissolved in buffer S1 for 15-20 minutes 
under continuous agitation with the above vortex-genie 2 model 
G-560 as shown in Scheme 1. The steps for the BCA assay are shown in 
Scheme 1, when the initial concentration of BSA is 2 mg/mL. Protein 

solution S (1 mL) is added directly to 1 mL of the BCA solution when 
the initial concentration of the BSA is in the range 0.008-0.04 mg/mL, 
considering the linearity working range used currently is 0-0.012 mg/
mL. For human urine, after the protein precipitation step, the pellets 
are washed with deionized water, before addition of the buffer solution 
prior to solubilization.

A critical step in the process requires that the volume of buffer 
S1 added to the pellet must be equal to the initial volume of protein 
added to the microcentrifuge tube to ensure the same treatment, and to 
accurately estimate the amount of proteins precipitated. This is shown 
in equation 1:

  
100amount of proteins precipitatedPercentageof proteins precipitated

total amount of proteins
= ×

 	
						                  (1)

The standard curve for protein absorbance (y) at 562 nm using 
BCA assay is y = 0.09557 x +0.0372 (R2 = 0.996), x = final concentration 
of protein in solution.

SDS-PAGE method

Three hundred and fifty microliters from the remaining protein 
solution dissolved in the above buffer (buffer S1) is mixed with 0.350 
mL of the sample buffer [28] and then heated at 98.5°C to denature the 
proteins prior to electrophoresis for 5 min. The denatured proteins are 
then run in a gradient of 4-12% sodium dodecyl sulfate-polyacrylamide 
gel (SDS-PAGE) for identification by electrophoresis [28]. A volume 
of 0.01 mL of the sample is loaded into the gel, and the proteins are 
stained with Brilliant blue R, which was purchased from Sigma-Aldrich 
(St Louis, Missouri, USA).

Optimum concentration of TCA using central composite design: 
Central composite design (CCD), with five coded levels (Table 1), is 
used to elucidate the true optimal concentration of the TCA required 
for protein precipitation. The 13 experiments represent a CCD with 
22 full factorial designs, four axial points, and a center point with 4 
replications (Table 1). The mathematical model that derives from such 
a CCD is expressed as the following second-order polynomial equation:

2
0 i i ii i ij i jy x x x xβ β β β= + + +∑ ∑ ∑                      (2)
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Scheme 1: BCA assay step.
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Where, y is the predicted response or dependent variable 
(absorbance of supernatant or percentage protein precipitated), β0 
is the y intercept term, βi is the linear coefficient, βii is the quadratic 
coefficient, βij is the interactive coefficient, and xi and xj are the coded 
variables.

Two independent variables (Table 1) are chosen based on preliminary 
screening studies, and the level of the two factors are chosen based on 
a steepest descent (ascent) method [29,30]. The protein concentration 
was 20 mg/mL in a mixture of human semen fluid simulant (HSFS) and 
human vaginal fluid simulant (HVFS). The volume ratio HSFS/ HVFS 
was 4/1(Tables S1 and S2, shown in Supplementary file), [31,32].

Table 1 shows the independent variables in physical units, with 
their associated coded values as well as the dependent variables. The 
second order model can be written in matrix notation as follows [33]: 

ˆˆ ' 'y x b x Bxβ= + +                                                                       (3) 

Where,
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x′ is the transpose of x,

Moreover, the eigenvalues {λi}, or characteristics roots of the 
matrix B, gives the nature of the response surface. The optimum point 
is maximum, minimum, or saddle point if {λi} are respectively positive, 
negative, or have different signs [33].

Application to production of protein-free supernatant for 
tenofovir analysis: Once the optimum concentration of TCA is found 
using the above CCD, the following method is used to analyze a model 
HIV microbicide, tenofovir TNF (0.01 mg/mL) interference with drug 
release in simulated body fluid containing bovine serum albumin, 
BSA (20 mg/mL) solution in comparison to the commonly used 
concentration of TCA for protein precipitation (10% w/v, 20% w/v). 

Briefly 0.020 mL of a stock solution of TNF (0.7 mg/mL) is added 
into three different microcentrifuge tubes containing 1.324 mL, 1.240 
mL and 1.030 mL of BSA solution (20 mg/mL), respectively. Next 
0.056 mL, 0.140 mL and 0.350 mL of TCA solution 6.1 N are added 
into the (BSA + TNF) mixture so that the final concentration of TCA 
are respectively 4% w/v, 10% w/v and 20% w/v. The final concentration 
of TNF is 0.01 mg/mL in each final mixture. Finally the protein is 
precipitated as described above and the absorbance of the supernatant 
is recorded by optical scanning between 240-290 nm. Finally, the 
absorbance of the supernatant is compared to the absorbance of 

aqueous solutions of TCA (4%, 10% and 20%). The standard curve of 
the aqueous solutions of TCA and TNF absorbance (Y) recorded at 260 
nm, is respectively Y (TCA) = 0.1702X – 0.0066 (R2=0.9997), and X = % 
w/v of TCA concentration; Y(TNF) = 0.0461x + 0.0045 (R2=1), x=TNF 
concentration (µg mL-1).

As suggested by ICH guideline (Q2B), validation of analytical 
procedures, the limit of detection (LOD) and limit of quantitation 
(LOQ) can be determined as follow: 

LOD = 3.3 σ/S					                   (4)
LOQ = 10 σ/S		                                       	               (5)
Where, σ is the standard deviation of the blank and S is the slope 

of the calibration of the analyte. The estimate of σ is carried out by 
measuring the absorbance of the supernatant (n = 5) after precipitation 
of the protein without TNF (analyte of interest). The absorbances of 
the blanks are 0.671 ± 0.019 (σ = 0.019) and 1.605 ± 0.047 (σ = 0.047) 
for 4%w/v and 10% w/v TCA when deionized water is used to setup 
the baseline, respectively. Using the above blank to setup the baseline, 
the standard curves (Figure S1 shown in Supplementary file) are Y = 
0.045X - 0.0086 (R2 = 0.9976) (S = 0.045) and Y = 0.0383X - 0.0181 (R2 = 
0.9952) (S = 0.0383), respectively when the protein is precipitated with 
4% w/v TCA and 10% w/v TCA, where, Y and X are the absorbance 
recorded at 260 nm and the concentration (0.002-0.020 mg/mL) of 
TNF, respectively.

Statistical analysis

The statistical analysis was performed using JMP software version 
10 (SAS Institute, Cary, NC). Polynomial equations of the response 
values of absorbance of the supernatant at 280 nm (Y1), and the 
percentage of precipitated protein (Y2), are derived from the total result 
of 13 runs in the above CCD design. Analysis of variance (ANOVA) 
is performed to ensure the model fit. Experimental variables that 
significantly affect these responses are identified through a Pareto chart. 
A theoretical optimum condition is obtained by setting the maximum 
desirability of maximum protein precipitation yield. A student t-test is 
used for the checkpoint analysis, and a P-value below 0.05 is considered 
statistically significant and warrants the rejection of the null hypothesis.

Results and Discussion

Result of CCD

Table 2 shows the results of the absorbance of the supernatant and 
the percentage of the proteins precipitated using BCA assay obtained 
from the 13 experiments along with the final concentration % w/v TCA 
in solution.

The second order polynomial models as a result of the central 
composite design model are:

Y1 = 0.050 - 0.001 X1 - 0.115 X2 - 0.012 X1X2 - 0.045 X1
2 + 0.131 X2

2               (6)	
							                     
Y2 = 80.51 - 0.107 X1 + 6.692 X2 + 7.237 X1X2 + 3.906 X1

2 - 4.011 X2
2         (7)	

Independent variables Level
Coded values -1.414 -1 0 +1 +1.414
X1 = Volume of protein 2 mg/mL solution (µL) 880.6 980.0 1220.0 1460.0 1559.4
X2 = Volume of 6.1 N TCA solution (µL) 11.7 20 40 60 68.3

Dependent variables

Y1= Absorbance of the supernatant recorded at 280 nm
Y2 = Percentage of protein precipitated (% w/w)

Table 1: Independent variables and their level in central composite design and dependent variables.
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Where Y1 is the absorbance of the supernatant; Y2 is the percentage 
of protein precipitated; and X1 and X2 are the coded independent 
variables. Based on the above Equations 4 and 5, the vector b and the 
matrix B values are shown below:

0.001 0.045 0.006
( 1) , ( 1)

0.115 0.006 0.131
b Y B Y

− − −   
=    − −   

	                 (8)

0.107 3.906 3.619
( 2) , ( 2)

6.692 3.619 4.011
b Y B Y

−   
=    −   

	                (9)

The matrix B (Y1) has two real eigenvalues of opposite signs, 
indicating that the optimal solution to this optimization problem is a 
saddle point: {λi} = {-0.045, 0.131}. The matrix B (Y2) also has two real 
eigenvalues of opposite signs, indicating that the optimal solution is 
also a saddle point: {λi} = {-5.416, 5.311}.

Table 3 shows the ANOVA results to check the significance of the 
model parameters for both mathematical models that derived from the 
experimental design.

Table 4 shows the lack-of-fit test to check the mathematical models 
adequacy. In other words, this test allows assessment if both equation 
models for Y1 and Y2 can adequately predict the absorbance of the 
supernatant and the percentage of protein precipitated, respectively.

The ANOVA results for the regression coefficients show that the 
regression coefficients for the model Y2 are significant considering 
95% F distribution. The lack-of-fit test also shows that the model Y2 
adequately fit the data and can predict the percentage of protein 
precipitated (Table 4). The protein absorbency recorded at 280 nm is 
reproducible, but the model Y1 cannot be used to adequately predict 
the final absorbance of the supernatant based on the lack-of-fit test [34] 
(Table 4). Moreover, the response surface and the contour plots, which 
derived from the CCD, are used to characterize the shape of the surface 
and can locate the optimum using computer software [33] (Figure 1).

Checkpoints analysis for the prediction of model Y2

The second order statistical model (Y2) is checked in triplicate with 
two random points with respective (X1, X2) values of (-0.5, -0.5) and 
(+0.5, +0.5), in addition to the theoretically optimal point (+0.6, +1) 
shown in (Table 5). Bias for the fitted model (Y2) is computed using the 

following equation (Equation 9):

% 100Predicted value observed valueBias
observed value

−
= × 	          (10)

The results of the checkpoints analyses show that the predicted and 
measured values of the percentage proteins precipitated are statistically 
insignificant considering a 95% student’s t-distribution. The predicted 
percentage of protein precipitated (Y2), and the measured Y2 values, 
are statistically insignificant if the p-value (p) is greater than 0.05 using 
the student’s t-test. For checkpoint #1, the result is t = -1.78, degree of 
freedom (df) = 2, and p = 0.11. For checkpoint #2, t = -2.21, df = 2, and p 
= 0.08. For checkpoint #3, t = 2.26, df = 2, and p = 0.92. Thus, the model 
Y2 can accurately predict the Y2 values for a given volume of aqueous 
solution of BSA solution, and a given the volume of TCA solution 6.1N 
within the experimental design space. The Y2 values depend mainly 
on the volume of TCA and the interaction between both the volume 
of the protein solution and the volume of TCA (Figure 2). Based on 
the prediction profiler (Figure 3), the optimal percentage w/v of TCA 
in solution required to precipitate the maximum amount of protein in 
aqueous solution is 4.22% w/v TCA (rounded to 4% w/v). Using 4% w/v 
TCA, the percentage protein precipitated is 87.96 ± 1.55% w/w (n = 5).

SDS PAGE analysis

 Figure 4 shows the intensity of the coomassie-stained protein band 
on the SDS gel for protein recovered in pellets after the precipitation 
phase. The intensities of the band are in agreement with the percentage 
of protein precipitate measured by the BCA assay. The orders of the 
lane are the points of the experimental design 1-9 (Table 2). Lanes 10-
11 show the band intensity for commonly used concentrations of TCA 
for protein precipitation; respectively 10% w/v TCA and 20% w/v TCA.

Effect of TCA concentration on the percentage precipitated 
protein for lower concentration of proteins solution

Figure 5 shows the percentage of protein precipitate when the 
initial concentration of protein is within the range 0.008-0.040 mg/mL. 
The volume of protein solution used equals to 1 mL and the optimal 
concentration 4% TCA found from the experimental design is used to 
precipitate the proteins.

Figure 6 shows the precipitate of proteins based on the final 
concentration of TCA solution used and the initial concentration of 
protein in solution. When the initial concentration of proteins is very 

Experiment
Level of Controlled variables in Coded Form Absorbance of the supernatant at 280 nm Percentage of protein precipitated (w/w)

% w/v TCA
X1 X2 Y1 Y2

1 -1 -1 0.033 84.1 2.00
2 -1 +1 0.062 81.67 5.77
3 +1 -1 0.067 66.15 1.35
4 +1 +1 0.049 92.67 3.95
5 -1.414 0 0.049 85.43 4.35
6 +1.414 0 0.037 89.74 2.50
7 0 -1.414 0.725 61.34 0.95
8 0 +1.414 0.065 82.16 5.30
9 0 0 0.049 80.2 3.18
10 0 0 0.054 82.11 3.18
11 0 0 0.052 82.01 3.18
12 0 0 0.046 75.14 3.18
13 0 0 0.049 83.10 3.18

14 replicates centers points 
Table 2: Central composite design showing independent variables with measured responses.

 1
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low, between 0.024 mg/mL (total sample volume = 1mL) and 0.100 mg/
mL (total sample volume = 1 mL), there is no precipitation of protein 

when the final concentrations of TCA used are 10% w/v (Figure S2 
shown in Supplementary file) and 20% w/v TCA (Figure S3 shown in 

Response Source DFa SSb MSc F-ratiod R2

Y1

Model 5 0.253 0.051 2.125 60.28

Error 7 0.167 0.023 Prob>F

Total 12 0.420 0.177

Y2

Model 5 818.630 163.730 16.446 92.15

Error 7 69.690 9.960 Prob>F

Total 12 888.32 0.001

adegree of freedom
bSum of Square
cMean sum of square
dModel MS/error MS

Table 3: Results of ANOVA analysis for the statistical model parameters for the absorbance of the supernatant (Y1), and the percentage of the protein precipitated (Y2).

Table 4: Lack-of-fit test analysis to check the model adequacy predicting the absorbance of the supernatant (Y1), and the percentage of protein precipitated (Y2).

adegree of freedom
bSum of Square
cMean sum of square
dModel MS/error MS

Response Source DFa SSb MSc F-ratiod

Y1

Lack-of-fit 3 0.167 0.055 5857.55
Pure error 4 0.000 0.023 Prob> F

Total error 7 0.167 <0.0001

Y2

Lack-of-fit 3 29.240 9.745 0.964
Pure error 4 40.450 10.112 Prob>F

Total error 7 69.687 0.491
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Figure 1: Three-dimensional responses surface (A1), and contour plot (A2) showing the supernatant absorbance data (A) and those of the percentage of protein 
precipitated (B1 and B2) as a function of volume of protein solution and volume of TCA solution. The intersections of the two orthogonal lines, in figures (A2), and 
(B2) are the saddle point. 
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Checkpoint # X1 X2 Measured (Y2) % w/w Predicted (Y2) % w/w Bias
1 -0.5 -0.5 84.62 (± 4.46) 79.00 -4.65
2 +0.5 +0.5 88.91 (± 2.03) 85.59 -4.36
3 +0.6 +1 86.92 (± 1.24) 88.88 +2.22

Table 5: Checkpoints experiments comparing measured and predicted percentage of protein precipitated.

A

Sorted Parameter Estimates
Term                         Estimate    Std Error      t Ratio                                                             Prob>[t] Term                          Estimate     Std Error      t Ratio                                                             Prob>[t]
X2*X2                   0.1309375    0.058558       2.24
X2(20,60)            -0,115298    0.054605      -2.11
X1*X1                    -0.045063   0.058558      -0.77
X1*X2                       -0.01175   0.077224      -0.15
X1                            0.0005037  0.054605        0.01

X2                           6.6917408   1.115534         6.00
X1*X2                           7.2375   1.577603         4.59
X2*X2                            -4.011   1.196277        -3.35
X1*X1                           3.9065   1.196277          3.27
X1                            -0.106842   1.115534       -0.10

0.0604
0.0726
0.4667
0.8834
0.9929

0.0005*
0.0025*
0.0122*
0.0138*
0.9264

Sorted Parameter Estimates

B

Figure 2: Pareto chart showing the effect of the independent variables (X1, volume of protein solution; X2, volume of TCA solution), on the absorbance of the 
supernatant recorded at 280 nm and the percentage of protein precipitated using BCA assay. Sorted parameter estimates and their corresponding t-ratio are shown 
on the horizontal-axis. Bars extending beyond the vertical line indicate values reaching statistical significance (α = 0.05). 
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Figure 4: SDS-PAGE analysis of BSA precipitation by TCA. Lane: 1, 2.00% TCA; 2, 5.78% TCA; 3, 1.35 % TCA; 4, 3.95%w/v TCA; 5, 4.35% TCA; 6, 2.50% TCA; 7, 
0.95% TCA; 8, 5.30% TCA; 9, 3.18% TCA; 10, 10.00 %TCA; 11, 20.00% TCA.
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Supplementary file), respectively. However the precipitation of protein 
is observed when the final concentration of TCA is 4% w/v TCA (Figure 
S4 shown in Supplementary file).

Application to supernatant “clarification” for tenofovir analysis

Figure 7B shows that the optimal concentration can be used to 
dramatically reduce the interference between BSA (20 mg/mL) and 
TNF while the commonly used concentration (20% TCA) (Figure 7A) 
is unable to reduce the interference.

The LOD and LOQ obtained using 4% w/v TCA are respectively, 
0.0014 mg/mL and 0.0042 mg/mL. The LOD and LOQ also obtained 
using 10% w/v TCA are 0.0041 mg/mL and 0.0123 mg/mL respectively. 
Using 20% TCA, due to strong absorbance of the media, the absorbance 
of TNF cannot even be recorded as shown in Figure 7A.

Application to the precipitation of protein in human urine,

Figures 8, S5 and S6 (shown in Supplementary file) show the 
effectiveness of 4% w/v TCA for protein precipitation in fresh human 
urine containing low amount of protein. It clearly appears that 100% 
w/w of proteins are pelleted using 4%TCA, whereas the percentage is 
∼50% w/w using 20% TCA.

Discussion
In this study, the optimal concentration of TCA required for 

maximal precipitation of both high (2-20 mg/mL) and low amounts of 
protein in aqueous solution (0.008-0.04 mg/mL) is determined using 
response surface methodology (RSM) with supporting biochemical, 
proteomic analysis, and visual data and evidence (Figure S7 shown in 
Supplementary file). The thorough RSM analysis clearly shows in Figure 
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0.000 A    deionized water
0.472 A    TNF (10 µg mL-1)  made in water
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1 that the stationary point of TCA-mediated protein precipitation is a 
saddle point. The precipitation of protein by TCA is specifically due to 
two properties, the acidity of TCA and the trichloro moiety that bear 
that molecule [16,17]. Molten globule’ or ‘A-state(s)’ (a “thermodynamic 
state, clearly different both from the native state and the denatured 
state of the protein), is a type of partially folded protein state [35]. The 
‘A-state’ of protein is prone to stickily aggregate [16]. It is demonstrated 
that the precipitation of protein by TCA is governed by the formation 

of the sticky aggregation-like ‘A-state’ [16].

The percentage of proteins that precipitate varies from 76.29 to 
92.67% w/w when the BSA concentration is in the range of 0.016-2 mg/
mL. Figure 5 and Table 2 show the percentage of protein precipitated 
for high and low amounts of aqueous solution of proteins, respectively. 
The precipitation of protein by TCA may be divided into two phases 
based on TCA concentration. When, the TCA concentration is less 
than 2% w/v, the protein precipitation is incomplete. In the second 
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phase, as long as the concentration of TCA is greater than or equal to 
2% w/v, more than 80% w/w of the protein is precipitated (Table 2). 
However, some traces of proteins are left in solution as shown by the 
absorbance recorded at 280 nm (Table 2), which is slightly above TCA 
absorbance alone. When the concentrations of TCA are 10% w/v and 
20% w/v, respectively, 88.0% w/w and 84.9% w/w of the proteins in 
relatively higher concentrations (2 mg/mL) are precipitated. It is clear 
that the amount of protein precipitated is equally high (in comparison 
to that obtained with lower TCA concentration, (Figures 6, S8 and S9), 
but the increase of the concentration of TCA away from 4% w/v does 
negatively affect the outcome of the protein precipitation in many ways. 
For instance, the addition of TCA to relatively lower concentrations of 
protein solutions (less than or equal to 0.024 mg/mL and 0.1 mg/mL) in 
1mL of BSA aqueous solution, so that the final concentrations of TCA 
are respectively 10% w/v and 20% w/v in the mixture, does not result 
in precipitation of protein (Figures 6, S2 and S3). In previous studies, 
it was reported that the addition of 20% w/v TCA to urine containing 
a low concentration of protein did not result in protein precipitation 
[18]. Moreover, it was reported that the amount of the total protein 
must be observed beyond 0.020-0.030 mg to observe the obvious 
precipitation of the protein [14]. However, this study shows that there 
are indeed obvious precipitations of protein when the total amount of 
protein is 0.016-0.020 mg for a total volume of 1 mL using 2-4% w/v 
TCA solution (Figures 5 and S4). It was reported in another study that 
when the final concentration of TCA is greater than or equal to 50-
60% w/v, most of the protein remains in solution after the addition of 
TCA [16,17]. The limit of detection of the BCA assay is 0.0005 mg/
mL. Thus, as low as 0.002 mg/mL, BSA is detected by the BCA assay, 
when the concentration of TCA used is within the range 2-4% TCA 
w/v, but it remained to be confirmed based on the limit of the current 
method based on visual inspection of pellets. There is a possibility of 
loss of the significant proportion of the pellets during the removing of 
the supernatant; especially when they are invisible to the naked eye at 
a relatively lower concentration of protein (<0.012 mg/mL). Thus, it is 
clear that higher concentration of TCA (far away from the stationary 
point of TCA mediated protein precipitation) is the ultimate reason 
why a low amount of protein in aqueous solution usually fails to 
precipitate in aqueous solution after the addition of TCA (Figure 6). The 
physicochemical explanation to the fact that higher TCA concentration 
fails to precipitate at a low protein concentration may be ascribed to 
TCA-specific physicochemical properties (density, surface tension, and 
polarizability). For example, the relatively high density of TCA (1630 
mg/mL) may hinder relatively smaller pellet deposition at higher TCA 
concentrations for lower protein concentrations.

Moreover the use of higher TCA concentrations (typically 30% 
w/v) is not only the waste of TCA, but also it negatively affects the 
quality of the sample with low recovery [16,17]. However, when the 
protein concentration is around the optimum point, it maintained its 
‘A-state’ [16]. For example, cardiotoxin analogue III (CTX III), a protein 
with pI’s 9.38 with a well-known all-β-sheet protein conformation, 
maintained its native ‘A-state’ structure when treated with a TCA 
concentration below 3% w/v, while it is completely in its unfolded state 
when treated with 45% w/v TCA [16].

A recent study has shown that the maximum amount of precipitated 
protein is obtained when the concentration of TCA is between 5-40% 
w/v [17]. But in that study, the use of 15-45% w/v TCA was suggested 
for the precipitation of proteins [17]. A close comparison of the 
intensity of the coomassie-stained protein band on the SDS gels of this 
previous study clearly suggests that the maximum amount of protein 
precipitated is already reached with 5% w/v TCA. Thus, the result of 

these previous studies clearly supports our current experimental design 
outcome that the optimal concentration of TCA for the precipitation 
of protein is 4% w/v based on BCA assay. Moreover, consistent with 
previous studies, there is no difference among the intensities of the 
coomassie-stained protein band on the SDS gels (Figure 4). Using 0.008 
mg/mL of BSA solution, 59.99% w/w of the protein is precipitated with 
4% w/v TCA. But the percentage of precipitated protein might improve 
if a more advanced method, with higher resolution for the visualization 
of pellets, can be used to separate the pellet from the supernatant. 

All the above method of precipitation of protein was done in 
deionized water or in simulated diluted biological fluid. We have tried 
to validate the effectiveness of 4% TCA for precipitation of protein in 
fresh human urine (within 2 hour after collection) in a sterile device 
with no dilution, where the concentration of protein was 20 ppm based 
on microalbumin assay. As shown in Figures 8 and S5, both 20% TCA 
and 4% TCA are effective in the precipitation of protein in fresh human 
urine containing as low as 20 ppm. The amount of protein precipitated 
was almost 100% w/w with 4% TCA whereas the amount of protein 
precipitated using 20% TCA was only 50% w/w based on BCA assay. 
The plausible explanation could be the synergic action of both TCA 
and the presence of acid and organic reagent such as acetone in human 
urine [36].

 A previous study compared the effectiveness of gold nanoparticle 
to TCA for the enrichment of low protein concentrations containing 
biological samples [18]. That study also demonstrated that TCA (20% 
w/v) was inefficient in enrichment for low amount of protein containing 
biological sample. These analyses were based on visual analysis of 
protein pellets. For a total protein of 8 µg, it was quite impossible to see 
any eventual pellet with the naked eye, whereas gold nanoparticle might 
have helped increase the size of the complex protein-gold nanoparticle. 
However based on the BCA assay in this study, 4% w/v TCA is efficient 
for the precipitation of low protein concentration made in deionized 
water (Figure 5) up to 8 ppm for a total volume of 1 ml, but it was quite 
impossible to see the pellet deposition because of the limitation of the 
naked eye. Moreover, in the screening study, this optimal concentration 
4% w/v can precipitate low protein concentration containing fresh 
human urine for a total volume of 10 mL as shown in Figure S6. This 
outcome is consistent with the result of the experimental design data. 
As shown in Figure 2, the terms that significantly affect the precipitation 
of protein are the volume of TCA (X2) and the interaction between the 
independent variables (X1X2). 

Finally, 4% w/v was efficient for the precipitation of protein up to 
20 ppm (V=1 mL) both made in deionized water or in real fresh human 
urine. TCA(20% w/v) is unable to precipitate low protein concentration 
below 100 ppm made in deionized water, but amazingly it works for 20 
ppm protein concentration in real fresh human urine. The discrepancy 
observed remained to be elucidated in future studies. Proteomics 
analysis have shown that human urine contains a total of 67 protein 
forms of 47 unique proteins were identified, including transporters, 
adhesion molecules, complement, chaperones, receptors, enzymes, 
serpins, cell signaling proteins and matrix proteins [37]. These facts 
suggest the potential application of this optimal condition to wide 
variety of protein enrichment scenarios.

This method is successfully applied for (TNF), a model microbicide, 
and analysis in a mixture of BSA solution (20 mg/mL). As shown in 
Figure 7A, it is impossible to quantify TNF (final concentration 0.01 
mg/mL) when either present into BSA solution (20 mg/mL) or present 
in the supernatant free protein when protein is precipitated with 20% 
w/v TCA using the above UV spectrophotometric. However, as shown 
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in Figure 7B, the absorbance of the supernatant free protein using 4% 
w/v TCA is similar to the absorbance of 4% TCA made in water which 
consistent with the result of the CCD further confirming complete 
protein removal from the media. The final absorbance of the supernatant 
is basically that of the residual 4% w/v TCA initially introduced for the 
purpose of protein precipitation. The LOD and LOQ obtained using 
4% w/v TCA are significantly lower than those obtained using 10% w/v 
TCA. This suggests that the method for determination of TNF using 
4% TCA is more sensitive than that using 10%TCA [38,39]. Moreover, 
the extent of tenofovir binding is not concentration-dependent and less 
than 1% and 7.2% bound in human plasma and serum, respectively 
[40]. This fact would enable better estimate of this drug or similar drug 
level in such biological matrixes after protein precipitation.

Conclusions
This study demonstrates for the first time that response surface 

methodology can be used to identify the stationary point of TCA-
mediated protein precipitation. The optimal concentration of TCA 
(a saddle point) required to precipitate both low (<0.02 mg/mL) and 
concentrated aqueous protein solutions (2-20 mg/mL) and urine 
sample is a 4% w/v TCA. This finding is important because (1) low 
amount (2-5 times less) of TCA are required, (2) the use of optimal TCA 
concentration is fast and cost effective (3). This optimal concentration 
exhibits unprecedented and tremendous advantageous either for 
protein enrichment or for the analysis of xenobiotic such as tenofovir 
in supernatant free protein.
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