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a b s t r a c t

In reverse-phase protein arrays (RPPA), one immobilizes complex samples (e.g., cellular lysate, tissue
lysate or serum etc.) on solid supports and performs parallel reactions of antibodies with immobilized
protein targets from the complex samples. In this work, we describe a label-free detection of RPPA that
enables quantification of RPPA data and thus facilitates comparison of studies performed on different
samples and on different solid supports. We applied this detection platform to characterization of
phosphoserine aminotransferase (PSAT) expression levels in Acanthamoeba lysates treated with arte-
mether and the results were confirmed by Western blot studies.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

Proteomics is the large-scale study of protein expression levels,
post-translational modifications, and functions within biological
system to obtain a global, integrated view of disease processes,
cellular functions and networks at the protein level [1]. Protein
arrays, consisting of thousands or more distinct protein targets
immobilized on a solid surface, enable high-throughput analysis of
probe-target binding reactions [2] and have been widely used as a
promising technology for proteomics [3]. There are generally three
types of protein arrays: functional protein arrays, capture protein
arrays, and reverse-phase protein arrays (RPPA) [2,4e6]. Functional
protein arrays are designed to study biochemistry and functionality
of native proteins, peptides or domains and are used for screening
molecular interactions, studying protein pathways and analyzing
enzymatic activities [7,8]. In capture protein arrays, capture agents
such as antibodies are immobilized onto the solid surface and
subsequently exposed to a complex sample (such as serum),
allowing for simultaneous reactions of the sample with multiple
capture agents. They have been used for profiling of protein
expression, purification and quantification of antibodies, and
detection of biomarkers [9,10]. For RPPA, samples such as cellular
lysates, tissue lysates or sera are immobilized on the solid surface
[6,11e13] and are then probed with a primary antibody against a
specific target protein that may be present in the samples, so that
the target protein concentration in the samplesmay be determined.
Advantages of RPPA are that (1) samples do not need to be purified;
(2) the target proteins in the samples do not need to be labeled; and
(3) only minute amounts of samples are needed for production of
the arrays.

Numerous studies have successfully employed RPPA technology
in discovery of biomarkers, investigation of signal pathways and
evaluation of pharmaceutical targets [14e17]. The RPPA-based
assay, first reported by Paweletzin in 2001 [16], is a robust meth-
odology for quantification of protein abundance in cellular samples.
Typically cell lysates are spotted on a solid surface and probed with
a primary antibody against a specific protein present in the lysates,
followed by a biotinylated or fluorescently labeled secondary
antibody. The amount of captured secondary antibodies serves as
the measure of the expression level for the target protein in the
samples. Due to the diversity and the widely varying expression
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levels of target proteins, RPPA usually incorporates a signal
amplification procedure based on catalyzed reporter deposition of
substrate with commercially available Catalyzed Signal Amplifica-
tion (CSA kit) [18]. The target protein concentration is proportional
to the amplified signals measured with chromogenic/fluorometric
detection systems after data preprocessing [19e21].

Three preprocessing steps, background subtraction, quantifica-
tion, and normalization, are typically performed to make the data
analysis reliable. Various efforts have been made to optimize each
step [22]. For background subtraction, the baseline and non-
specific signals are subtracted. Spatial variations of sample spot
intensities are corrected with control spots on the slide, leading to
improvements in inter and intra slide reproducibility [23,24]. For
quantification step, background corrected spot intensities are
mapped to numbers that linearly estimate the amount of protein in
the sample. The amplification based on tyramide catalyzation
produces a sigmoidal rather than a linear relationship between spot
intensities and target protein concentrations [25]. To obtain robust
results and extend dynamic range, every sample is diluted several
times to form a dilution series. Various models, linear [16], log-
linear [26], logistic [27], and non-parametric [28], have been pro-
posed to convert dilution series into a single value that is indicative
of the protein concentration in the sample. For the normalization
step, estimated protein expression levels are adjusted to account
for sample loading differences and other variations that do not
reflect biological differences. Sample loading differences include
heterogeneity in cell size and cellular composition. Presently the
total protein normalization is obtained through staining proteins
with Sypro Ruby, FASTgreen, or colloidal gold [6]. The ratio of target
protein to total protein in each spot on a RPPA represents the
relative (not absolute) expression of the target protein in the
sample [22,29] and thus RPPA simultaneously measure the relative
expression levels of target protein in different samples. However,
coefficients of proportionality of the relative expression levels
versus true protein concentrations vary from one protein to
another due to the difference in affinity of the antibodies to the
proteins, making it difficult to directly compare expression levels of
different proteins in a sample. In addition, it is also difficult to
compare relative protein expressions across laboratories where
different staining procedures using different signal scales are
employed.

Label-free optical detection of protein concentrations on a solid-
supported platform provides a solution to problems associated
with fluorescence detection and protein staining in the following
ways. By measuring optical signals in response to a layer of protein
molecules that have an inherently different refractive index from
those of the solid support and the aqueous ambient, the optical
methods obtain the information on the protein layer [30,31]
without requiring fluorescent labels. Over a suitably large range,
label-free optical signals vary linearly with the surfacemass density
of the protein layer and can thus be calibrated to yield the protein
concentration in a complex sample. For example, to determine the
expression level of a target protein in a complex sample, one first
measures the surface mass density of all the immobilized proteins
(“total protein”) from the complex sample that is printed on a solid
support. Then a primary antibody specifically against the target
protein is used to react with the immobilized sample and one
measures the surface mass density of the antibodies captured only
by the target proteins. In a separate experiment, one measures
surface mass densities of immobilized target proteins printed from
a dilution series of purified target protein solution on the same
solid support and reacts the immobilized target protein with the
primary antibody. The purified target protein concentration that
yields the same amount of captured primary antibody should
essentially be the same as the target protein concentration in the
complex sample in the preceding measurement and therefore
represents the absolute expression level. The corresponding surface
mass density of the captured antibodies in the preceding mea-
surement can then used to as the relativemeasure of the expression
level of the target protein.

Label-free methods can be based on, the polarization state of
reflected light [32], interference fringes [33], or a number of other
properties [34]. Oblique-incidence reflectivity difference (OI-RD) is
a label-free detection technology that is readily compatible with
microarray-based assay platform [32,35]. In this paper, we report a
study that combines the RPPA platform with the OI-RD detection
technology, which enables quantification of RPPA data and facili-
tates comparative studies performed to samples on different solid
supports under various conditions. As an example we studied
expression levels of phosphoserine aminotransferase (PSAT) in
Acanthamoeba treated with artemether. The results correlate well
with findings of Western blot studies.

2. Materials and methods

2.1. Purified protein, antibody, cell culture and lysate preparations

Procedures for preparing PSAT recombinant protein (rPSAT) and
its monoclonal antibodywere described previously [36]. Briefly, the
cloned cDNAs of encoding Acanthamoeba castellanii PSAT were
amplified by PCR. Recognition sites for NdeI and BamHI were added
to the forward primer and reverse primer. After digestion, the cDNA
fragment was ligated into the pET-19b expression vector, and the
constructed plasmid was transformed into E. coli BL21 (DE3) pLysS.
The expression of His tag fused rPSAT was induced with 0.5 mM
isopropyl-b-D-thiogalactopyranoside for 14 h at 20 �C, and the
proteins were purified using a QIA express kit (Qiagen, USA). Briefly,
E. coli cells were harvested and the supernatant was decanted after
centrifugation at 10000 g for 10 min. Cells were resuspended in
10 mL ice-cold 1 � Binding Buffer and disrupted by sonication. Cell
lysate was then centrifuged to remove the debris at 14000 g for
20 min. The supernatant was added to His Bind Resin, and the
bound rPSAT was eluted by Elute Buffer. The eluted protein was
dialysed against 1 � phosphate buffered saline (1 � PBS, 10 mM
PO4

3�, 137 mM NaCl, 2.7 mM KCl, pH7.4) (Sigma-Aldrich, USA) and
analyzed by sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis (SDS-PAGE) at a 10% gel under reducing conditions.

To prepare the monoclonal antibody, a mixture of 50 mg of rPSAT
(1 mg/mL) with 50 mL of Freund's complete adjuvant was injected
into the peritoneal cavity of 6-week-old BALB/c mice. rPSAT was
then mixed with Freund's incomplete adjuvant for the second im-
munization after the first injection. Mouse spleen cells were fused
with X63Ag8.653myeloma cells by PEG1500. Hybridoma cells were
screened using hypoxanthineeaminopterinethymidine, hypo-
xanthineethymidine and rPSAT before intraperitoneal injection
into BALB/c mice to prepare ascites of monoclonal antibody. Spec-
ificity of ascites of monoclonal antibody against rPSAT was
confirmed by Western blot analysis [36].

Acanthamoeba castellanii was cultured in peptoneeyeasteglu-
cose (PYG) medium at 26 �C [37] until the trophozoite reached 90%
confluence. Acanthamoeba trophozoites were treated with arte-
mether at the concentration of 0.1, 0.15, and 0.2 mg/mL for 12 h.
Trophozoites of Entamoeba histolytica HM-1:IMSS were axenically
cultured in BI-S33 medium [38] supplemented with 10% adult
bovine serum at 37 �C, and then harvested in the logarithmic phase
of growth.

To prepare lysate, trophozoites of Acanthamoe bacastellanii and
Entamoeba histolytica were harvested by centrifugation at 1500�g
for 5 min to remove the culture medium, respectively. The
trophozoite pellets were washed three times with 1 � PBS. The
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pellets were suspended and disrupted by sonication (80w,10 times,
runs every 2 s) in 1 � PBS. The resultant lysate was centrifuged at
12000�g for 15 min under 4 �C, and the supernatant was collected
and quantified using the Bradford method (Bio-Rad, USA).
2.2. Western blot analysis

Acanthamoeba trophozoites were incubated with different
artemether concentrations for 12 h. The disrupted and quantified
trophozoites (20 mg) from different treatment groups were sepa-
rated through sodium dodecyl sulphateepolyacrylamide gel elec-
trophoresis. The proteins were transferred from the gel onto a
polyvinylidene difluoride membrane, the protein blots were
blocked at room temperature with skim milk and then incubated
with monoclonal anti-PSAT antibodies overnight at 4 �C, then
incubated with HRP goat anti-mouse IgG for 1 h at room temper-
ature. After each incubation step, the membrane was washed with
PBS containing 0.05% Tween 20. Proteins were detected using an
enhanced HRP-DAB substrate detection kit (TiangenBiotech, China),
which consists of 2 mL 1� HRP reaction buffer, 100 mL 20� reagent
A and 20 � reagent B. The optical density of the bands PSAT in the
Western blot analysis was measured by Image J software (NIH,
USA). All animal experiments were performed in strict accordance
with the guidelines from the Regulations for the Administration of
Affairs Concerning Experimental Animal (1988.11.1) and approved
by the Institutional Animal Care and Use Committee of Shanghai
Medical College, Fudan University, China (Permit Number:
20110320-001).
2.3. Arrays fabrication and processing

Three microarrays were fabricated for different experimental
purposes. To study the linearity of the OI-RD technique, we fabri-
cated a microarray consisting of rPSAT printed in duplicate at
concentrations of 0.019, 0.038, 0.075, 0.15, and 0.3 mg/mL. Re-
combinant protein Igl-C and the Entamoeba histolytica lysate, both
at a concentration of 0.6 mg/mL, were also printed as negative
controls. To characterize the protein expression levels in lysate
samples, we fabricated the second microarray consisting of the
Acanthamoeba lysate printed in duplicate at concentrations of
0.0625, 0.125, 0.25, 0.5, and 1 mg/mL. To study variations in level of
PSAT in cells treated with artemether, we fabricated the third
microarray consisting of four cell lysates, including Acanthamoeba
lysate and lysates of Acanthamoeba trophozoites treated with
artemether at the concentrations of 0.1, 0.15, and 0.2 mg/mL, each
was printed in triplicate at a concentration of 0.5 mg/mL. Together
with the four lysates, rPSAT at a concentration of 0.5 mg/mL was
also printed in triplicate. All microarrays were printed on epoxy-
functionalized glass slides (CapitalBio Corporation, Beijing, China)
using the SmartArrayer136 Microarray Spotter (CapitalBio Corpo-
ration, Beijing, China). On each glass slide we fabricated 6 identical
microarrays. The average diameter of printed spots is 150 mm and
the center-to-center spot separation is 250 mm. The printing
chamber was equipped with a humidifier and humidity was set at
60%. The printed slides were stored at 4 �C until further use.

The slide is assembled with a fluidic system and each of the six
printed microarrays is housed in a separate chamber. Before reac-
tion, the slide is washed with 1 � PBS in situ to remove excess
printed materials. The surface is then exposed to 3% skim milk in
1 � PBS for 30 min to block the unprinted region and washed again
with 1 � PBS. To determine expression levels of PSAT in lysate
samples, the microarray is exposed to a primary antibody at room
temperature (dilution, 1:100) for 2 h.
2.4. Imaging RPPA with OI-RD microscope

Immobilized lysate samples and their reactions with primary
antibodies were sequentially measured and analyzed with OI-RD
scanning microscope at 10 mm step size. The working principle of
the OI-RD microscope has been reported previously [39e42]. By
using a combination of a photo-elastic modulator (PEM) that alters
the light beam from p-polarized to s-polarized, a phase shifter that
alters the static phase difference between the polarizations, and an
analyzer, the OI-RD microscope measures the difference in frac-
tional reflectivity change between the p-polarized and s-polarized
components of the reflected light beam due to the microarray on
the glass surface ðrp � rp0Þ=rp0 � ðrs � rs0Þ=rs0≡Dp � Ds. rp0 and rs0
are reflectivities of the bare glass surface for p-polarized and s-
polarized components, respectively; rp and rs are corresponding
reflectivities of the glass surface covered with immobilized sample
layer. When the layer thickness d is much less than the optical
wavelength l, ImfDp � Dsg is proportional to surface mass density
G (ng/mm2) of the layer as follows [43],
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At an incident angle q ¼ 67.5� and knowing the glass dielectric
constant εs ¼ 2.31, the aqueous solution dielectric constant
ε0 ¼ 1.77, the protein layer dielectric constant εd ¼ 2.03, and the
volume mass density of hydrated protein r ¼ 0.5 g/cm3, the surface
mass density of the protein layer is related to the optical signal by
Ref. [44]:

G ¼ 130 ng=mm2,Im
�
Dp � Ds

�
(2)

Using Eq. (2), we convert experimentally measured ImfDp � Dsg
to surface mass density of immobilized targets and subsequently
captured proteins for quantitative analysis. The variation in the
amount of immobilized targets makes it necessary to measure the
surface mass density at all stages of assays. This is practical only
with a label-free detection method.

3. Results

Acanthamoeba parasites are causative agents of Acanthamoeba
keratitis, fatal granulomatous amoebic encephalitis, and cutaneous
infections. Deng et al. [45] studied the amoebicidal activity of
artemether against Acanthamoeba castellanii and found that
expression levels of PSAT, a key amino-transferase in the phos-
phorylated serine biosynthetic pathway of Acanthamoeba castella-
nii, change with concentrations of artemether. Using PSAT in
Acanthamoeba as a model system, we examined the suitability of
the RPPA platform detected with the OI-RD technique for protein
expression characterization, specifically issues such as (1) the range
of linear relation between the amount of captured primary anti-
bodies and that of the immobilized target rPSAT; (2) the perfor-
mance of the OI-RD detection method in characterizing the PSAT
expression level in a lysate sample printed as a dilution series in
RPPA; (3) the performance of RPPA and the OI-RD detection in
characterizing protein expression levels of PSAT in four different
lysate samples.

3.1. Linearity of the OI-RD detected RPPA assay for protein
expression level characterization

We incubated a rPSAT microarray in the solution of a primary
antibody for 2 hwhichwas long enough for the reaction to complete.
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The microarray consists of purified rPSAT printed at concentrations
of 0.019, 0.038, 0.075, 0.15, and 0.3 mg/mL.Wemeasured the surface
mass density of the immobilized rPSAT before incubation and the
change in surface mass density due to captured antibodies after in-
cubation. Fig. 1(A) shows the image in surface mass density of the as-
prepared microarray after excess printed materials were washed off.
It is obtained by converting the OI-RD image of the microarray using
Eq. (2) into an image of surface mass density G. At printed concen-
trations equal or less than 0.3 mg/mL, G for rPSAT increases with the
printing concentration. Fig. 1(B) shows the change in surface mass
density after reaction of the primary mouse antibody with the
microarray. Only rPSAT reacts with the antibody while Igl-C and
Entamoeba histolytica lysate do not.

Fig. 1(C) displays the amount of captured primary antibodies (in
ng/mm2) as a function of the amount of the immobilized rPSAT
(also in ng/mm2). It clearly shows that the former varies linearly
with the latter with a slope of 1.42. Since the molecular weight is
47 kDa for rPSAT [36] and 150 kDa for unlabeled primary anti-
bodies, the factor 1.42means that on almost every two immobilized
rPSAT one primary antibody is captured. This factor depends on the
affinity constant, the probe concentration, and the accessibility of
the antigen epitope on the immobilized target. Under same assay
conditions, this factor is expected to remain a constant. We will
later use it and the surface mass density of the captured primary
antibodies to deduce the amount of immobilized PSAT printed from
cell lysates on a solid surface.
Fig. 1. (A) Surface mass density image of a reverse phase protein microarray printed
with pure proteins and cell lysates. (B) Change in surface mass density image of the
microarray after reaction with primary mouse antibodies against PSAT. (C) Surface
mass density of captured primary mouse antibodies vs. the mass density of the
immobilized rPSAT.
3.2. Characterization of PSAT expression levels in Acanthamoeba

We applied the RPPA assay platform to characterization of the
PSAT expression level in a Acanthamoeba lysate. For this purpose,
we incubated an Acanthamoeba lysate microarray, printed as a
dilution series at lysate concentrations of 0.0625, 0.125, 0.25, 0.5,
and 1mg/mL on themicroarray, in the solution of amouse antibody
raised against PSAT. Fig. 2 shows the amount of the captured pri-
mary antibodies (in ng/mm2) vs. that of the immobilized proteins
from the lysate. We then extracted the amount of the immobilized
PSAT in ng/mm2 by dividing the amount of the captured primary
antibodies by the slope of 1.42 obtained from Fig. 1(C). In doing so
we find that 7.7% of the immobilized proteins from the Acantha-
moeba lysates are PSAT andwewill use this number as a measure of
the PSAT expression level.

3.3. PSAT expression level in Acanthamoeba treated with
artemether

We next applied the RPPA assay platform to determine relative
PSAT expression levels in Acanthamoeba lysate and Acanthamoeba
trophozoite lysates treated with artemether at 0.1, 0.15, and 0.2 mg/
mL. The RPPA for this study consists of replicates of the four lysate
samples printed at a fixed concentration of 0.5 mg/mL. The
microarray was incubated in the solution of the mouse antibodies
against PSAT for 2 h. From the OI-RD images of the microarray
acquired before and after the incubation, we determined the
amount of the captured antibodies by the immobilized lysate
sample. Following the same procedure in the preceding section, we
extracted the amount of immobilized PSAT and its percentage in
the total immobilized proteins as the measure of the expression
level. The expression level of PSAT in the Acanthamoeba lysate
without the artemether treatment is 6.4% on this RPPA. The ratio of
the immobilized PSAT from a lysate treated with artemether to the
immobilized PSAT in the lysate without the artemether treatment
can be used as a relative expression level of PSAT in the treated
sample. Fig. 3(A) displays the relative PSAT expression levels vs. the
artemether treatment. The level of PSAT in Acanthamoeba treated
with 0.2 mg/mL artemether is reduced to only 18% of the level in
the sample without artemether treatment.

Our Western blot analysis [45] also shows that the PSAT
expression level in Acanthamoeba decreases markedly with treat-
ment of artemether (Fig. 4(B)). The relative changes in optical
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Fig. 4. Down-regulation expression levels of PSAT in Acanthamoeba after artemether
treatment vs. artemether concentration. (A) Western blot analysis of PSAT from treated
Acanthamoeba (20 mg total protein extracts). PSAT was detected as a band of 44 kDa.
(A1, A2): control, (B1, B2): 0.1 mg/mL, (C1, C2): 0.15 mg/mL, and (D1, D2): 0.2 mg/mL,
respectively. (B) Relative PSAT levels in terms of the ratio of the optical density (O.D.) of
PSAT in a treated sample to the O.D. of PSAT in an untreated sample. (C) Correlation
between relative PSAT levels obtained with the RPPA assay and those obtained with
the Western blot analysis.
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density of the Western blot analysis show a good correlation
(r ¼ 0.986) with the relative expression levels obtained with the
RPPA assay (Fig. 4(C)).
4. Discussion

Since the introduction of RPPA technology in 2001, it has been
implemented in fields ranging from basic science to bio-molecular
diagnostics, such as profiling of protein expression, purification and
quantification of antibody, and detection of biomarkers. The major
advantage of RPPA compared to other techniques analyzing the
levels of different proteins (i.e., antibody microarray or mass
spectrometry) is that RPPA is able to assess protein levels in large
numbers of samples in a cost effective manner with minimum
consumption of samples, which is particular important for small
amount precious samples available from patients. So far, most RPPA
analysis includes chromogenic/fluorometric detection while bio-
sensors based label-free detection of RPPA was less exploited [46],
which is expected to act as alternative platforms for confirmation
and provide complementary results for large-scale screenings on
RPPA.

We presented an assay platform that combines reverse phase
protein arrays (RPPA) with label-free detection method OI-RD for
protein expression level characterization. The platform allows
quantitative determination of surface mass density of immobilized
proteins and captured primary antibodies and in turn relative
expression levels of target proteins in cell lysates. Compared to
chromogenic/fluorometric detected RPPA assays, much simplified
procedures of the OI-RD detected RPPA immunoassays minimize
errors introduced in staining and amplification processes. By
operating in the linear response region, one only needs to perform
the RPPA assay of lysate samples at single concentration of a
complex sample instead over a dilution series. Since the platform
directly determines changes in surface mass density at each step of
the assay, one can compare protein expression levels in different
samples, on different solid supports, and from different
laboratories.

As illustrated in Fig. 3, small changes in protein expression levels
can be readily detected on the present platform. The noise level in
current OI-RD setup is about 2 � 10�4, which is equal to detection
limit of surface mass density ~26 pg/mm2. It corresponds to 0.45%
of the total immobilized proteins from a lysate sample. By using
three-dimensional immobilization substrates (e.g., nitrocellulose or
hydrogel coated slides) and Surface-Plasmon-Resonance enhanced
OI-RD, the platform has the potential to detect proteins in a cell
lysate at concentrations as little as 0.01% by protein mass.

5. Conclusions

We presented a reverse phase protein microarray (RPPA) plat-
form detected by label-free optical detection method OI-RD for
quantitative protein expression-level characterization. We illus-
trated the effectiveness of this platform by investigating the
expression level of PSAT in Acanthamoeba treated with artemether.
The RPPA assay results are in good agreement with the Western
blot analysis.
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