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ABSTRACT 

We are developing methods to quantify antibody 
interactions that include a quartz crystal micro-
balance (QCM) system to measure, on a mo-
lecular basis, the interaction of p53 and anti-p53 
antibodies. Previously, as a model system, we 
developed a measurement device consisting of 
p53 protein (human wild type), characterized by 
mass spectroscopy and immobilized at various 
concentrations on a glass slide. The device is 
designed as a control to be used with immuno-
histochemical (IHC) assays that incorporate com- 
mercially available anti-p53 antibodies and probes. 
In the current study, p53 protein is covalently 
immobilized on a silicon dioxide-coated quartz 
crystal and the resonance frequency shift is 
followed in-situ. The functionalized sensor is 
then incubated with the anti-p53 antibody, which 
provides a direct gravimetric measure of the anti- 
body-antigen binding. This previously described 
method allows the comparison of the surface im- 
mobilized protein concentrations with estimates 
obtained by fluorescence measurement. The p53 
functionalized QCM system offers an indepen- 
dent measure of surface immobilized protein con- 
centration and is essential in development of 
our IHC calibration prototypes. These results 
provide a benchmark for comparing antibody 
systems that may be used in developing other 
molecular diagnostic assays such as immuno-
cytochemical analysis and the detection of bio- 
marker proteins in blood and urine. 
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1. INTRODUCTION 

Antibody reagents are used in a wide range of immu-
nochemical methods such as ELISA, microscopy and 
flow cytometry. In immunohistochemistry (IHC), for ex- 
ample, the use of fluorophore-labelled antibodies is par-
ticularly useful in localizing target proteins and identify-
ing cellular structures that contain these proteins. Since 
IHC involves a specific antigen-antibody reaction, it has 
an apparent advantage over traditionally used staining 
techniques that identify only a limited number of pro-
teins and tissue structures. A critical problem in the use 
of IHC, however, has been the lack of universally ac-
cepted reference methods and materials. Such standards 
would be valuable tools that could expedite the accep-
tance and translation of biomarkers, such as telomerase 
and p53, for clinical use. Previously, we have shown that 
flow cytometry in combination with fluorescence mi-
croscopy can be used to evaluate antibody reagents used 
for telomerase detection [1]. In the current study, we 
compared three different monoclonal antibodies (clones: 
BP53.12, PAb 1801 and DO-1) for their ability to detect 
p53 in HT1080 cells. Both visible microscopy (diamino-
benzidine probe) and the flow cytometry (AlexaFluor 
488 probe) showed significant increases in staining in-
tensity compared to controls without the primary anti-
body (Supplementary data). This demonstrated that the 
antibodies used in this study were active using IHC 
methods commonly used in clinical research. However, 
quantification of these assays requires direct measure-
ment of the concentration of the surface bound p53 and 
the antibodies. For this we have developed a model sys-
tem for characterizing p53 antibodies using a quartz 
crystal microbalance (QCM) [2]. Our application of the 
previously described QCM method [3,4] provides inde-
pendent quality control of the reagents used in IHC with 
particular regard to the antibody sensitivity and specific-
ity [5]. To validate this use of the QCM, we compared 
our QCM measurements with those of flow cytometry 
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and IHC. 

2. MATERIALS AND METHODS 

2.1. Materials 

Dulbecco’s phosphate buffered saline (PBS) without 
calcium and magnesium, (Gibco, Cat. 14190) was used 
to prepare all protein solutions, antibody dilutions, and 
buffer washes of the quartz crystal. A commercial prepa-
ration of recombinant wild-type human p53 protein was 
obtained from Protein one, Inc. (Bethesda, MD). The 
preparation was previously characterized by 2-D chro-
matography and mass spectrometry [6]. Three mouse 
monoclonal anti-p53 antibodies were used (described in 
Table 1). Clone BP53.12 was obtained from Zymed La-
boratiories, Invitrogen, Inc., Clone PAb 1801 was obtain- 
ed from EMD Biosciences Inc. and clone DO-1 was ob-
tained from Calbiochem, Inc. 

2.2. Quartz Crystal Microbalance: Crystal 
Surface Preparation 

The Quartz crystal experiments were performed using 
1 inch AT-cut, 5 MHz resonant frequency quartz crystals 
(Tangydyne Inc.). The crystal surfaces were sputtered 
with a 70 nm SiO2 layer to imitate the surface of the 
glass slides used in our previous study [6]. While the 
molecular structure of the sputtered SiO2 film may not be 
identical to the commercial glass slide surface, we were 
able to utilize a similar protein attachment protocol using 
silanization and amide linkage through glutaraldehyde. 
Prior to derivatization, the crystals were immersed in 
anhydrous acetone (Aldrich) for 24 h, followed by im-
mersion into 2% (v/v) 3-aminopropyltriethoxysilane (Sig- 
ma-Aldrich) acetone solution for 1 min. The crystals 
were repeatedly rinsed in acetone and deionized water 
and exposed for 1 h in 1% glutaraldehyde (EMS Inc.) 
solution in phosphate buffered saline (PBS). Silanized 
crystals were stored immersed in PBS for several hours 
prior to mounting them in the microbalance crystal 
holder. 

2.3. Quartz Crystal Microbalance: Apparatus 

Surface-derivatized crystals were mounted in a Teflon 
crystal holder of Stanford Research Systems QCM200 
quartz microbalance device with one crystal face exposed 
to solution (see Figures 1(a) and (b)). A Teflon flow 
through cell (internal volume 125 μL, SRS Inc.) was 
totally immersed in the thermostated water bath (Lauda 
E100) that maintained crystal temperature at 25 ± 0.1˚C. 
Solutions were continuously pumped through the cell at 
20 μL/min using 1 mL glass syringes (BD) mounted in the 
syringe pumps (KD Scientific). Flow cell inputs were 
controlled by the HPLC valve (Rheodyne 7000). Both 

Table 1. p53 antibodies used for IHC and QCM comparisons. 

Clone Epitope (aa)a Isotype 
Concentration 

(mg/mL)b 

BP53.12 18 - 30 IgG2a 0.12 

PAb 
1801 

46 - 55 IgG1 0.2 

DO-1 21 - 25 IgG2a 0.1 

aThe epitope amino acids (aa) for each of these antibodies were in regions of 
the human wild-type p53 molecule, previously known to not be affected by 
mutation (Package Inserts: Zymed Laboratories; EMD Biosciences, Inc. and 
Calbiochem Inc.); bOriginal stock concentration before dilution in PBS. 

 

 
(a) 

 
(b) 

Figure 1. The quartz crystal microbalance (QCM) system. (a) 
Diagram of the system showing the controller box, the crystal 
housing, the temperature controlled water bath and the syringe 
pump and valve switching assembly; (b) Enlarged image of the 
flow cell with the gold-plated quartz crystal. 
 
oscillator resonant frequency (F) and series resistance (R) 
were recorded during the injection cycles with 10 s inte-
gration. 

2.4. Quartz Crystal Microbalance: Protocol 

The flow-through cell was flushed with PBS until sta-
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ble frequency and resistance readings were achieved. 
Following temperature equilibration in a flowing buffer 
solution, the 10 μg/mL p53 protein solution in PBS was 
injected into the cell while changes in resonant frequency 
(ΔF) and series resistance (ΔR) relative to their initial 
values in the buffer were measured. Typically, fre-
quency and resistance reached their plateaus in about 30 
min to 40 min after which buffer was pumped through 
the cell for about 1 h to remove the weakly adsorbed 
protein from the crystal surface. Next, the covalently 
surface-attached p53 was allowed to bind the primary 
antibody by flowing 10 μg/mL anti-p53 antibody solu-
tion through the cell, followed by a PBS buffer flush. 
After reaching a frequency plateau, the secondary anti-
body was then flowed through the cell, followed by an 
additional PBS buffer wash. The complete sequence of 
p53 protein and primary and secondary antibody addi-
tions and PBS washes was repeated several times to 
obtain mean and standard deviation values of resonant 
frequency and series resistance. 

3. RESULTS 

3.1. Characterization of p53-p53 Antibody 
Interaction Using the Quartz Crystal 
Microbalance System 

Our primary objective in this study was to measure the 
surface concentrations of the attached p53 and corre-
sponding antibodies, used in our IHC device for quanti-
fication, by monitoring the resonant frequency shift of 
the quartz crystal resulting from the added surface mass. 
This provided a physical view of the binding reactions 
that occur in this multi-step assay system which could 
be used for their quantification. In addition, we have 
also monitored the crystal series resonance resistance 
that is indicative of the adsorbed film viscoelastic prop-
erties [7]. 

Figures 2(a) and (b) summarize the time course of the 
frequency and resistance parameters observed during the 
adsorption of the p53 protein, the mouse primary anti 
p53 and the goat secondary anti IgG antibodies, as they 
are used in our development of an IHC device for quan-
tification [6]. All the proteins cause an initial rapid de-
crease in the crystal resonant frequency and a rise in se-
ries resistance. Subsequently, a slower frequency de-
crease is accompanied by a drop in series resistance that 
eventually leads to system saturation. 

Saturation values, after the PBS wash, were used to 
estimate the protein surface concentration using Sauer-
brey’s Equation: 

Δ – ΔfF = C m                (1) 

where ΔF is the observed change in frequency in Hz, cor-
rected by the addition of ΔFvisc, a correction term due to  

 
(a) 

 
(b) 

 
(c) 

Figure 2. Timecourse of protein-induced changes in quartz 
crystal frequency and resistance. (a) Complete timecourse of 
frequency changes that occur with the introduction (shown by 
arrows) of the p53 protein, followed a PBS buffer wash, then 
followed by primary mouse anti-p53 Ab, followed by another 
PBS buffer wash and finally followed by a fluorescent labeled 
secondary goat anti-mouse IgG Ab and PBS buffer wash; (b) 
Timecourse of changes in quartz crystal series resistance; (c) 
Comparison of the series resistance and frequency ratio pro-
duced by the p53, primary and secondary antibody binding. 
ΔR/ΔF values are directly compared for the p53 protein, the 
BP53.12 primary and the secondary antibodies. 
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change in the adsorbed protein film viscoelasticity (see 
Discussion). Cf is the sensitivity factor for the crystal 
(56.6 Hz/μg–1 cm2 for a 5 mHz AT-cut quartz crystal at 
room temperature) and Δm is the change in mass per unit 
area in μg/cm2 [8]. This estimate assumed a coverage by 
spherical molecules and subtracting 30% from the total 
signal due to protein-bound water [9]. 

Coverage values for the mouse BP53.12 primary and 
the goat secondary antibodies resulting from the satura-
tion frequency changes are given in Table 2. Table 2 
shows the normalized mass change that occurs using the 
BP53.12 anti-p53 primary Ab for each of the bound pro-
teins (p53, anti-p53 primary Ab, anti-IgG secondary Ab), 
calculated from the measured change in resonant fre-
quency of the quartz crystal. It also shows the number of 
moles bound, based on the relative molecular mass of 
each protein. The antibody binding stoichiometries are 
also given in Table 2 (ratio of primary antibody to p53 
protein and the ratio of secondary antibody to primary 
antibody. 

Coverage values obtained for three anti-p53 antibody 
types are compared in Table 3. Table 3 shows the num-
ber of moles bound for each of the primary and secon-
dary antibodies. Based on these values the ratios of the 
primary antibody to p53 protein and the secondary anti-

body to primary antibody were calculated, also shown in 
Table 3. 

4. DISCUSSION AND CONCLUSIONS 

In a previous report, we described a measurement de-
vice that could be used for quality control to assess the 
reproducibility and accuracy of IHC measurements [6]. 
The device consists of p53 protein, immobilized on a 
glass slide. In this previous study we assessed the use of 
this method in the IHC analysis of p53, for which many 
commercial antibodies are available. In these previous 
measurements, the reactivity of the immobilized p53 was 
tested spectroscopically using commercially available 
IHC antibodies and probes, commonly used for micro-
scope imaging. We concluded that this method would 
allow users in various research and diagnostic labs to 
compare results using a device that is known to contain a 
specified amount of the correct target antigen, p53. How- 
ever, further analysis was required to establish accurate 
surface protein concentrations and reproducibility. To 
this end, we have utilized in the current study a quartz 
crystal microbalance system to determine the surface 
concentration of p53 and to assess the antibody binding 
activity. 

 
Table 2. Resonant frequency change (ΔF) and protein coverage calculated from ΔF saturation values. 

Protein 
ΔF, Hza Estimate 
for Full Coverage 

ΔF, Hzb  
Measured 

Coveragec μg/cm2
Coveraged  

Fraction of 
Monolayer 

Coveragee,f 
moles/cm2 × 10–12 

Ratiof  
Primary, Mouse 

Ab IgG: p53 

Ratiof  
Secondary Goat 

Ab IgG: IgG 

p53 36 - 50 26.5 (5.9) 0.47 (0.11) 0.6 (0.14) 8.6 (0.78)   

Primary Mouse Ab 
Anti-p53 IgGf 

55 - 74 19.7 (3.1) 0.34 (0.06)  1.6 (0.3) 0.18 (0.06)  

Secondary Goat Ab 
Anti-Mouse IgGf 

55 - 74 40.53 (9.3) 0.72 (0.15)  3.27 (0.44)  2.1 (0.35) 

aΔF estimates for a full monolayer coverage was obtained from Sauerbrey’s relation: ΔF = –56.6 Hz/μg–1
 cm2 × Δm, assuming coverage by spherical molecules 

(density ρ = 1.33g/cm3 Giamblanco et al. [17]) and the following protein diameters: p53 = 6.82 nm; IgG = 28 nm. ΔF range results from possible shape 
non-sphericity and uncertainties with protein associated water; bΔF mean and standard deviation values were experimentally determined using QCM. Numbers 
in parenthesis are one standard deviation, n = 3; cCoverage and standard deviation values (parenthesis) were determined using measured values of ΔF; dCover-
age fraction and standard deviation values were determined using measured ΔF and monolayer estimate; eCoverage and standard deviation values (parenthesis) 
were calculated by converting the measured surface protein mass into molecular number units using the following relative molecular masses p53 = 55 kDa, IgG = 
220 kDa; fAverage values obtained using data from all three primary anti-p53 antibody types. 

 
Table 3. Coverage and relative protein concentrations of the anti-p53 antibodies. 

Primary Anti-p53 Ab Coverage, μg/cm2a Coverage, moles/cm2b × 10–12 Ratio Primary Ab IgG: 
p53c 

Ratio Secondary Ab IgG: 
IgGc 

BP53.12 0.35 (0.11) 1.55 (0.5) 0.18 (0.05) 2.1 (0.5) 

PAb 1801 0.39 (0.09) 1.74 (0.4) 0.20 (0.03) 1.9 (0.4) 

DO-1 0.29 (0.08) 1.29 (0.2) 0.15 (0.03) 2.4 (0.5) 

aMean and standard deviation values for each antibody were calculated from experimental values of ΔF. Numbers in parenthesis are based on one standard 
deviation, n = 3; bCoverage mean and standard deviation values (parenthesis) were calculated by converting the measured surface protein mass into molecular 
number units using the following relative molecular mass: IgG = 220 kDa; cMean and standard deviations (parenthesis) were calculated separately for each of 
the three anti-p53 antibody types. 
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The quartz crystal microbalance has been shown pre-

viously to provide important gravimetric data required to 
evaluate protein surface concentrations and to evaluate 
antibody sensitivity and specificity [10]. The method can 
also yield information on the adsorbed film viscoelastic 
properties due to vibrational losses within protein film 
caused by the shear motion of the quartz crystal surface 
[9]. Limits of Sauerbrey’s equation applicability to the 
protein films were investigated in the early study by 
Hook et al. [9]. It was concluded that linear relation be-
tween the QCM resonant frequency drop and added 
crystal mass holds for viscoelastic films when their 
thickness is significantly less than the extinction depth 
(≈250 nm) of the shear wave excited by the QCM crystal 
[9]. Later studies, where the adsorbed protein mass was 
calculated from several independent measurements [7, 
11-13] determined that Sauerbrey’s equation is a good 
approximation when changes in dissipation values are 
low, less than 10–6/5 Hz of ΔF [14]. In our experiments 
the dissipation losses ΔD were monitored by measuring 
the QCM series resistance R (1 Ohm in R equals to 10–6 
shift in ΔD, [9]). Given that we recorded values smaller 
than 5.4 Ohms (see Figure 2(b)), and the highest ob-
served ΔD/ΔF did not exceed 10–6/10 Hz, application of 
Sauerbrey’s relation is justified to estimate the adsorbed 
protein mass. Nevertheless, we adjusted our ΔF satura-
tion values due to small changes in dissipation as sug-
gested by Shen et al. [15]. It should be noted that each of 
our measurements of ΔF is taken after a thorough wash 
of the bound protein with buffer, where ΔR is minimized 
(see Figure 2(b)). Here, the corrected ΔF is estimated 
from: 

obs viscΔ Δ ΔF = F + F             (2) 

where ΔFobs is the experimentally observed QCM reso-
nant frequency change saturation value, ΔFvisc is the cor-
rection term due to change in the adsorbed protein film 
viscoelasticity. The magnitude of ΔFvisc was estimated 
from resonant frequency and series resistance (ΔR) 
measurements in glycerol/water solutions with varying 
viscosity from: 

viscΔ – ΔF = K R              (3) 

where K = 1.88 Hz·Ohm–1 is an instrument specific con-
stant. 

Furthermore, the R change during the protein adsorp-
tion can provide additional insight into the film structure 
evolution. The ΔR vs ΔF (Figure 2(c)) reflects the evo-
lution of the protein film mechanical properties during 
different adsorption stages. A higher ΔR/ΔF slope indi-
cates larger added dissipation per added unit mass, in 
other words, a softer protein film [9]. All investigated 
proteins initially have shown positive ΔR vs ΔF slopes 
(Figure 2(c)) that gradually transitioned into lower (p53) 

or negative (anti p53 and goat anti IgG) slopes approxi-
mately halfway in the adsorption process. Such behavior 
is consistent with a two-phase absorption when film is 
becoming more rigid with increased coverage. The first 
absorption phase coincides with the initial rapid F drops, 
following protein injection (Figure 2(a)), while subse-
quent slow equilibration is responsible for the second 
phase. Curiously, the steepest slopes were recorded for 
p53 adsorption, followed by the anti-p53 IgG and goat 
anti-IgG (Figure 2(b)). Several models were considered 
to explain R/F ratio variation during protein adsorp-
tion and include protein conformational transition after 
adsorption [16,17], changes in the protein film hydration 
[9] and protein intermolecular interactions [18]. Our data 
is consistent with protein reorientation and conforma-
tional changes due to formation of the amide (p53) and 
antibody antigen bonds. According to this model, in-
crease in antibody protein coverage may lead to molecu-
lar cross linking which would result in surface film stiff-
ening as indicated by R decreases (Figure 2(c)). More-
over, the ratio of anti-p53 IgG/p53 protein in the film 
(median value for the three antibody types = 0.18, see 
also Tables 2 and 3) suggests that one antibody molecule 
could be attached to several surface p53 proteins effec-
tively cross linking them [19]. Hook et al. [7] have 
shown earlier that protein film cross linking leads to a 
more rigid and compact film as reflected by lower values 
in the energy dissipation parameter D. On the other hand, 
the lower ratio of p53 antibody binding may also be due to 
steric hindrance of the exposed p53 protein epitopes. De-
naturation of the p53 protein may also contribute to this. 

Figure 3 is a diagram of the successive layers of p53 
protein, primary anti-p53 antibody and labeled secondary 
anti-IgG antibody that we have characterized on our 
 

 

Figure 3. Diagram of the successive layers of p53 protein, 
primary anti-p53 antibody and labeled secondary anti-IgG an-
tibody. The quartz crystal, the gold, and the silicon dioxide 
layers are shown below the immobilized proteins (see Materials 
and methods). 

Copyright © 2012 SciRes.                                                                    OPEN ACCESS 



D. H. Atha, V. Reipa / Journal of Biophysical Chemistry 3 (2012) 211-220 216 

QCM system. It includes the gold, the silane, and glu-
taraldehyde crosslinking layers used to immobilize these 
proteins. The diagram illustrates some of the major 
sources of variability that are found in such multi-step 
antibody systems used in IHC. A major source of vari-
ability can be found in the conformation changes that can 
occur in the target antigen (p53) as a result of environ-
mental effects of various tissue treatment protocols for 
paraffin removal, rehydration, antigen retrieval, etc. An-
other source of variability can come about from the 
various primary and secondary antibodies used to detect 
the antigen. These of course can be designed to target 
different regions of the antigen which may be exposed to 
differing degrees depending on the tissue treatment pro-
tocols. In addition, the antibodies may be mono or poly-
clonal. The diagram illustrates how the polyclonal sec-
ondary antibody may bind to many different regions of 
the primary antibody and with a higher stoichiometry 
(IgG:IgG) than observed with the monoclonal primary 
antibodies (mean value = 2.1, see also Tables 2 and 3). 
Lastly, the particular label that is used on the secondary 
antibody is subject to changes in emission quantum yield, 
depending on environmental conditions. 

As a preliminary characterization of the three anti-p53 
antibodies that we have selected in our study, we have 
shown by IHC and flow cytometry that these antibodies 
will bind to p53 in cultured HT1080 cells (Supplemen-
tary data, Figures S1 and S2). In addition, we have shown 
using IHC and by Western Blot that the extent of this 
antibody binding is significantly reduced when the cells 
are treated with cycloheximide that is known to arrest the 
production of p53 (Supplementary data, Figures S3 and 
S4). To use any of these antibodies in development of a 
device for the quantification of IHC would require a 
complete characterization of their binding activity and 
stoichiometry. A device for quantification of IHC would 
also require a uniform layer of well-characterized target 
antigen of which the concentration has been accurately 
determined. To address this problem we have used a 
QCM system to provide a quantification of the target p53 
antigen and subsequent antibody binding reactions that 
previously we could only roughly estimate by direct op-
tical absorption and subject to assumptions in the char-
acteristics of the protein surface layers. We have shown 
that this method will yield relative p53 antibody binding 
activities that are consistent with qualitative methods 
using flow cytometry and IHC (Supplementary data). For 
example, the primary antibody #2 (PAb 1801) shows a 
higher relative fluorescent intensity by flow cytometry 
(Supplementary data, Figure S2(b)), which is in agree-
ment with the higher relative primary Ab IgG:p53 bind-
ing ratio shown in Table 3. 

A tissue sample undergoing IHC analysis would re-
main susceptible to uncertainties in the conformation and 

accessability of the target antigen, as described above. 
However, a device for quantifying IHC would provide a 
calibration, depending on the labeled secondary antibody, 
that is defined by the coverage concentration and stoi- 
chiometry, as measured by the QCM system. Despite the 
variabilities of a multi-step antibody system, as described 
above, we have shown that the QCM can provide a use-
ful estimate of the activity and stoichiometry of a spe-
cific antigen-antibody system that will be required for 
quantifying IHC measurements. In addition to IHC, the 
methods we have developed in the current study might 
also be used to compare the purity and activity of anti-
body systems used in other molecular diagnostic assays, 
such as immunocytochemical analysis and the detection 
of biomarker proteins in blood and urine [20,21]. 

5. DISCLAIMER 

Certain commercial equipment, instruments and mate-
rials are identified in order to specify experimental pro-
cedure which does not imply recommendation or en-
dorsement by NIST. 
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Supplementary Data 

1. MATERIALS AND METHODS 

1.1. Cell Culture 

Stock cultures of HT1080 human fibrosarcoma cells 
(ATCC, Manassas, VA, USA) were grown at 37˚C, 5% 
CO2 (v/v, volume fraction) and 95% relative humidity in 
minimal essential medium (Gibco, Carlsbad, CA), 10% 
(v/v) fetal bovine serum, FBS (Gibco), 1% (v/v), peni-
cillin-streptomycin (100 units/mL, and 100 μg/mL). Cells 
for imaging were grown on fibronectin coated slides (1 h 
@ room temp 25 mg/mL fibronectin in Dulbecco’s phos- 
phate buffered saline, PBS (Gibco) to approximately 
4000 cells/cm2. Cells treated with cycloheximide (CHI) 
were treated for 2 h at 30 μg/mL. Cells were fixed in 
cold formaldehyde (4% v/v in PBS) for 5 min, extracted 
with 0.2% (v/v) Triton X-100 in ice-cold stabilizing 
buffer for 5 min to permeabilize the cell membrane, and 
blocked in 5% (v/v) FBS for 1 h. 

1.2. Microscopy 

Fixed cells were incubated with mouse monoclonal an-
tibodies described in Table 1 (clones: BP53.12, Zymed Inc., 
PAb 1801 and DO-1, EMD Biosciences, Inc.) diluted 1:50 
(v/v) in PBS, 1% bovine serum albumin (BSA); after rins-
ing, followed by a 30 min incubation with biotin conjugated 
rabbit anti-mouse secondary antibody, 15 min incubation 
with streptavidin conjugated horse radish peroxidase (HRP), 
followed by a 10 min incubation with diamino benzamidine 
(DAB) and hydrogen peroxide (Ventana, Inc. i-view re-
agents). Images were taken using an Olympus BH2-RFCA 
microscope and Photometrix Quantix camera and a Zeiss 
Axiovert S100 microscope and Sony DSC-S75 camera. 

1.3. Flow Cytometry 

Cells were harvested by trypsinization, centrifuged at 
200 xg for 5 min and permealized and fixed in 4 mL of 
cold formaldehyde (4% v/v in PBS) for 30 min. After 
fixing, the cells were centrifuged at 200 xg for 10 min 
and re-suspended in 0.2% Triton X-100 in ice-cold PBS. 
The fixed cells were blocked in 3% BSA, 5% goat serum 
in PBS for 1 h. For staining, the cells were incubated 1 h 
with mouse monoclonal antibodies against p53 diluted 
1:100 (v/v) in 3% BSA in PBS, followed by 1 h incuba-
tion with AlexaFluor-488 labeled secondary antibody, 
(Molecular Probes) diluted 1:200 (v/v) in 3% BSA in 
PBS containing 5% goat serum. The cells were centri-
fuged, re-suspended in cold PBS and analyzed with a 
Coulter Epics XL flow cytometer (Beckman Coulter, 
Fullerton, CA), equipped with a 15 mW output laser 
tuned to 488 nm. The fluorescence was collected after a  

525/40 nm band pass filter. Samples were gated on for-
ward scatter vs side scatter to exclude debris and clumps 
and to select cell populations of interest; 10,000 events 
were collected for each sample. 

2. RESULTS 

2.1. Comparison of Three Monoclonal  
Primary Antibodies by Microscopy and 
Flow Cytometry 

In Figure S1 is shown color images of HT1080 cells 
comparing three monoclonal primary p53 antibodies 
(Table 1) used in the chromagenic DAB staining proce-
dure. The images are compared to the control obtained in 
the absence of primary antibody. All three antibodies 
produced enhanced (reddish) staining of the nuclei when 
compared to the control. This indicated that all three of 
our monoclonal antibodies were active when tested us-
ing IHC of cultured cells. 

In Figure S2(a) the three monoclonal antibodies are 
compared by flow cytometry using a fluorescent labeled 
secondary antibody. As shown by the comparison of 
mean intensities in Figure S2(b), the three antibodies all 
show enhanced staining when compared to the control 
using IgG. Using only the secondary antibody produced 
an even lower degree of staining. This result again showed 
that our monoclonal antibodies were active against a po- 
pulation of cultured cells. 

2.2. Microscopy of HT1080 Cells— 
Comparison of Three Monoclonal  
Primary Antibodies in the Presence and 
Absence of Cycloheximide 

In Figure S3 is shown monochrome images of 
HT1080 cells comparing three monoclonal primary p53 
antibodies used in the chromagenic DAB staining pro-
cedure. The images are compared to the control obtained 
in the absence of primary antibody. All three antibodies 
were similar in their enhanced staining of the nuclei 
when compared to the control. Next is shown correspond- 
ing monochrome images of HT1080 cells cultured for 2 
h in the presence of CHI. Previous studies haveshown 
that cycloheximide can be used to suppress protein ex-
pression in cultured HT1080 cells, with essentially com-
plete reduction of p53 in 2 h [5]. All three antibodies 
were similar in their enhanced staining of the nuclei 
when compared to the control, but had a higher than 
expected staining after treatment with CHI. This indi-
cated that the three monoclonal antibodies all exhibited 
specific activity against expressed proteins such as p53 
but with significant non-specific staining to structural/ 
host proteins which are not reduced by CHI. 
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Figure S1. IHC microscopy of cultured HT1080 cells: Effect of using different primary (anti-p53) antibodies (BP53.12, PAb 
1801, DO-1) and comparison to the IgG negative control. The arrows indicate examples of the reddish DAB nuclear staining 
that is absent in the control. Bar = 50 μm. 

 

    
(a)                                                               (b) 

Figure S2. Flow Cytometry of HT1080 Cells: Comparison of p53 antibody binding (BP53.12, PAb 1801, and DO-1) to con-
trols (IgG negative control and secondary antibody only) (a) Fluorescence intensity distribution of fluorescent antibody 
stained HT1080 cell suspensions. Fluorescence emission at 525 nm, proportional to fluorescently labeled secondary anti-
body (AlexaFluor 488) was collected for 10,000 cells per sample; (b) Comparison of mean fluorescent intensities obtained 
from flow cytometry. The error bars represent the 20% coefficient of variation (CV) observed in these measurements. 

 

 

Figure S3. Microscopy of Cultured HT1080 cells: Effect of CHI treatment using different primary (anti-p53) antibodies 
(BP53.12, PAb 1801, DO-1) and comparison to the IgG negative control. 
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(a)                                                      (b) 

Figure S4. Western Blot of HT1080 cell extracts using BP53.12 anti-p53 antibody. Cells were treated 0 min 
to 120 min with 30 μg/mL CHI. (a) Gel showing reduction of expressed p53 during timed treatment; (b) 
Timecourse plot of loss of p53 staining intensity during CHI treatment. 

 
2.3. Western Blot Analysis of the HT1080 

Cells—Effect of Cycloheximide (CHI) 

In Figure S4(a) is shown a p53 western blot analysis 
of lysed cell extracts obtained from HT1080 cells cultured 
in the absence and presence of CHI tested at time inter-
vals from 0 min to 120 min. The gel indicates the major 
portion of antibody binding (Ab#1) occurs at a molecu-
lar weight consistent with p53. It also indicates a reduc-
tion in the amount of expressed protein during treatment 
with CHI. As shown in the integrated intensity plot (Fig- 
ure S4(b)) the amount of immuno active p53 as reduced 
during treatment to about 30% of the original. This 

demonstrated specific activity of the antibody which is 
consistent with the non-specific staining that was ob-
served by IHC. However, further quantitation of this 
activity was required using the QCM system, as de-
scribed in the main portion of the manuscript. 
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