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Abstract
Sampling the blood compartment by an invasive procedure such as phlebotomy is the most common approach used for diagnostic
purposes. However, phlebotomy has several drawbacks including pain, vasovagal reactions, and anxiety. Therefore, alternative approaches should be tested to minimize patient’s discomfort. Saliva is a reasonable compartment; when obtained, it generates little or no
anxiety. We setup a multiplexed serology assay for detection of Toxoplasma gondii IgG and IgM, rubella IgG, and CMV IgG, in serum,
whole blood, and saliva using novel plasmonic gold (pGOLD) chips. pGOLD test results in serum, whole blood, and saliva were
compared with commercial kits test results in serum. One hundred twenty serum/saliva sets (Lyon) and 28 serum/whole blood/saliva sets
(Nice) from France were tested. In serum and whole blood, sensitivity and specificity of multiplex T. gondii, CMV, and rubella IgG were
100% in pGOLD when compared to commercial test results in serum. In saliva, sensitivity and specificity for T. gondii and rubella IgG
were 100%, and for CMV IgG, sensitivity and specificity were 92.9% and 100%, respectively, when compared to commercial test results
in serum. We were also able to detect T. gondii IgM in saliva with sensitivity and specificity of 100% and 95.4%, respectively, when
compared to serum test results. Serological testing by multiplex pGOLD assay for T. gondii, rubella, and CMV in saliva is reliable and
likely to be more acceptable for systematic screening of pregnant women, newborn, and immunocompromised patients.
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Introduction
Laboratory testing of the blood compartment is essential
in today’s health care environments for a vast majority of

decisions that are made every day regarding patients’ diagnosis and treatments. Blood samples are primarily obtained by phlebotomy. However, phlebotomy is an invasive procedure with several associated drawbacks
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including pain, anxiety, and vasovagal reactions. In addition, trained personnel and sterile equipment are required
in order to perform sampling of the blood compartment.
Moreover, for infants, young children, and persons with
severe belonephobia, collection of blood can be a real
challenge and result in bruises. For patients requiring repeated testing, serial sampling can become even more
challenging as veins can be damaged from one sampling
to another. Furthermore, during the blood sampling procedure, there is the potential risk of accidental blood exposure for health care personnel. Thus, sampling of body
compartments other than blood and easier collection
should be explored for diagnostic purposes. Oral fluid
appears to be an appealing option since accessing this
body compartment does not have any of the drawbacks
associated with venipuncture, requires less manipulation
by health care personnel, and does not clot [1]. Oral fluid
is composed of saliva and crevicular fluid and contains
IgG, IgM, and IgA; concentration of IgG and IgM is lower than in serum [1, 2]. Thus, detection of pathogenspecific antibodies in saliva represents a promising tool
and a new challenge for future developments in serological testing. Despite the simplicity and advantages of sampling oral fluids, very few commercially available assays
are using oral fluids for serological diagnostic purposes
[3]. Most of the available saliva assays primarily use
ELISA or ELISA-like methods and are aimed at detecting
only one antibody at a time.
Recently, our team setup a T. gondii multiplex IgG,
IgM, IgA assay on plasmonic gold (pGOLD) platform in
serum that performed with outstanding sensitivity and
specificity when compared to individual T. gondii IgG,
IgM, and IgA test results obtained at the Palo Alto
Medical Foundation Toxoplasma Serology Laboratory
(PAMF-TSL), a reference laboratory for toxoplasmosis
in the USA [4–6]. Since pathogens other than T gondii
can also result in serious congenital infection, we have
been researching assays with multiplexing capacity for
the simultaneous detection of pathogens capable of mother to child transmission [7–9]. As an initial exploratory
step and proof of concept, we decided to setup such assay
for T. gondii, CMV, and rubella [7–9]. When infection by
one of these 3 pathogens occurs during pregnancy, symptoms may not be present or are non-specific; therefore,
diagnosis of maternal infection primarily relies on serological tests in all women. A multiplexed serology assay
could greatly improve the workup and follow-up of pregnant women and their infants. In addition, by using a
multiplexed technology, the screening could be cost effective as one run gives results of multiple serologies.
The purpose of this study was to adapt the innovative
technology of pGOLD to setup a multiplexed serology for
detection of IgG and IgM against T. gondii, and IgG
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against rubella and CMV in serum, whole blood, and
saliva.

Methods
Sample collection
Sera and paired saliva from Lyon (France) were obtained from
120 patients aged from 0 to 66 years old. Saliva was collected
using two microsponges as previously described [10]. The
Lyon specimens had been already collected and had been
included in patient’s outpatient follow-up. Sera from these
patients were tested for T. gondii serology on a commercial
serological platform.
Sera, whole blood, and saliva from Nice (France) were
prospectively collected from 28 adult patients aged from 21
to 61. Saliva was collected by spitting in a tube. Sera were
tested for T. gondii, CMV, and rubella serologies on a commercial serological platform.

Serology testing on commercial assays
T. gondii serology was performed by detecting IgG and IgM
with Architect and AxSYM Abbott IgG and IgM assays
(Abbott Laboratories, USA). CMV IgG serology was performed on Liaison XL platform (DiaSorin, Italy) and rubella
IgG serology was performed on Vidas platform (BioMérieux,
France). According to the manufacturer’s instructions, results
of IgG and IgM T. gondii assays were interpreted as positive,
gray zone, and negative respectively: IgG Abbott ≥ 3; 2.9–1.6;
< 1.6; and IgM Abbott ≥ 0.60; 0.59–0.50; < 0.50. In our sample set, the quantification of Abbott IgG test results ranges
from 3.90 to 973.70 UI/ml. CMV and rubella IgG assays were
interpreted as positive, gray zone, and negative respectively:
CMV IgG ≥ 15; 14.9–11; < 11; and IgG rubella: ≥ 15; 15–10;
< 10.
For one patient, IgG test result on Architect was in gray
zone. In order to clarify the interpretation of the serology, a
Dye test was performed at the PAMF-TSL and the IgG result
was considered positive as the Dye test result was 128 [11].
Of the 148 serum samples (120 from Lyon and 28 from
Nice) tested for T. gondii serology, 70 had negative and 78 had
positive Abbott IgG test results. For IgM tests, 17 had positive
Abbott IgM and 131 had negative IgM test results.
Of the 28 serum samples tested on commercial assays, 27
and 1 test results were positive and negative, respectively, for
IgG CMV; and 14 and 14 tests results were positive and negative, respectively, for IgG rubella.
This study was approved by the local ethical committees for the prospective collection of samples (Comité
de protection des personnes (CPP) Teaching hospitals of
Lyon and Nice, France).
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Multiplexed antigen microarray fabrication on pGOLD
biochip

pGOLD biochip. The fabricated biochips were vacuum sealed
and stored at − 20 °C before use.

A plasmonic gold film composed of tortuous gold nanoislands
was fabricated on glass slides through a solution phase growth
method as previously described, resulting in a surface packed
with gold nanoislands with plasmon resonance in the NIR
(near-infrared) region and abundant nanoscale gaps [5].
The pGOLD biochips (Nirmidas Biotech) were coated with
the antigens of interest. The antigens were prepared and delivered to pGOLD (Nirmidas) biochips using GeSiM NanoPlotter 2.1 at the following concentration: 0.15 mg/ml CMV
antigen (CMV Concentrate Antigen, Meridian Life Science,
Inc.), 0.33 mg/ml rubella antigen (rubella virus Antigen,
Meridian Life Science, Inc.), and T. gondii antigen (provided
by PAMF-TSL). The selected antigens were printed in triplicate and were used to capture T. gondii IgG and IgM antibodies, CMV IgG, and rubella IgG in serum, whole blood, and
saliva.
Microarray consisted of three microarray spots of each of
the CMV, rubella, and T. gondii antigens was fabricated.
Microarray followed a 3 × 3 layout (Fig. 1a), spot diameter
was ~ 400 μm, and the distance between spots was
1000 μm. Sixteen identical microarrays were formed on each

Secondary antibody fabrication

Fig. 1 Multiplexed T. gondii/CMV/rubella antigen microarray on
plasmonic gold biochip. a The plasmonic gold biochips were integrated
in a 4-chip module in which 16 identical microarrays on each biochip
were separated into 16 wells to process 16 different samples. Each well
has identical antigen microarray. For each microarray, T. gondii, CMV,
and rubella antigen spots were immobilized on pGOLD in triplicate. b
During testing, human sample is applied to the microarray, where human
IgG and IgM antibodies against T. gondii antigens or human IgG

The pGOLD platform enhances the fluorescence detection in
the 500- to 900-nm visible-to-NIR spectral window. Thus,
multiple dyes with non-overlapping emission spectra such as
IRDye800 and IRDye680 could be simultaneously detected
[12–15]. To reduce the high background noise signals that are
usually associated with saliva assays and hence hinder the
diagnostic value of salivary fluid, we conjugated IRDye800
CW NHS ester and IRDye680 LT NHS ester (LI-COR
Biosciences) to the secondary antibodies. These fluorescence
signals from these dyes are enhanced 50- to 100-fold fluorescence by the underlying plasmonic gold chips [13]. This leads
to boosted signal-to-background ratio and contributes to the
accurate reporting of the IgG and IgM antibody signals.
Secondary antibodies consisted of anti-human IgG and IgM
purchased from Vector Laboratories. After conjugation, we
obtained IRDye800–anti-human IgG and IRDye680–anti-human IgM. The multicolor capacity allowed simultaneous detection of the IgG and IgM antibody subtypes in the same
sample with high signal-to-noise ratios and a broad ∼ 5-log

antibodies against CMV and/or rubella, if present, will be captured on
corresponding antigen spots. After a washing step, a mixture of antihuman IgM-IRDye680 conjugate and anti-human IgG-IRDye800
conjugate is applied to the microarray to label captured human IgM
antibody with IRDye680 and human IgG antibody with IRDye800.
Then, the plasmonic gold biochip is scanned and fluorescent signals are
analyzed
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dynamic range of the signals for both antibody subtypes [5, 6,
16]

Multiplexed assay process
The assay system was composed of the printed antigen array
on a pGOLD biochip, biochip frame, buffers, plate washer,
and a dual-channel scanner.
The fabricated chips were integrated in a 4-chip module
(ProPlate; Grace Bio-Labs) in which 16 identical microarrays
on each biochip were separated into 16 wells to process 16
different samples (Fig. 1a). All biochips were firstly blocked
with 5% bovine serum albumin (BSA, Sigma-Aldrich) in
phosphate buffered saline (1× PBS, GE Healthcare Life
Sciences) for 10 min. For the detection of T. gondii IgG and
IgM, each of the well was then incubated with human saliva
(25 μl of saliva diluted 4 times in fetal bovine serum) or
matched human sera (1 μl of sera diluted 400 times in fetal
bovine serum) for 25 min.
For the multiplexed detection of T. gondii IgG and IgM,
CMV, and rubella IgG, each of the well was incubated with
human saliva, matched human sera, or matched whole blood
sample for 25 min. Dilutions were performed as described
above and whole blood samples were diluted as sera.
The biochips were subsequently incubated with the mixture of 2 nM IRDye800-labeled anti-human IgG secondary
antibody and 2 nM IRDye680-labeled anti-human IgM secondary antibody for 15 min (Fig. 1b). Each well was washed
three times with PBST (PBS–0.05% Tween 20, SigmaAldrich) between each incubation procedure. Fourteen human
samples, together with two reference samples, were applied to
each biochip. Reference samples consisted of one serum sample positive for T. gondii, CMV, and rubella IgG and positive
for T. gondii IgM, and one serum sample with negative IgG
for the three serologies and negative for T. gondii IgM.

Data analysis
After the assay process, LI-COR Odyssey dual-channel (700nm/800-nm) scanner (LI-COR Biosciences) was used to scan
each biochip for the IRDye800–anti-human IgG and
IRDye680–anti-human IgM signals. IRDye680 and
IRDye800 fluorescence images were generated, and the median fluorescence signal for each channel on each microarray
spot was quantified by GenePix 6.1 software. For each sample, each antigen and each channel, the average of the three
mean fluorescence intensities (MFI) for three spots was calculated and normalized by reference positive sample.
The cutoff of the three serologies (T. gondii, CMV, and
rubella) on the pGOLD biochip was determined by mean Ig
levels of non-infected samples + 3 standard deviations (s.d.).
This method resulted in the optimal combination of sensitivity
and specificity of the multiplexed assay on pGOLD.
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Statistical analyses
Measurements were performed three times for all values presented in this work, and the average is presented with error
bars in relevant figures. The error bars demonstrate the standard deviation of three measurements for each value.
Comparisons of T. gondii IgG and T. gondii IgM levels measured for different patient cohorts using serum and saliva samples were assessed using an unpaired two-tailed Student’s t
test. Results were considered to be significant for p < 0.01.
The K coefficient (Cohen’s kappa coefficient) was used to
compare the results of pGOLD to those from the commercial
test results. In all box plots, measurement data (points) with
median value (center line) and average value (center small
box), 1%, 25%, 75%, and 99% value lines (box lines) are
presented.

Results
Saliva detection of T. gondii IgG and IgM antibodies
on plasmonic gold platform
We tested the serum and saliva samples of 148 subjects on
pGOLD chips and measured T. gondii-specific IgG and IgM
antibodies in this multiplexing platform. Tests results on
pGOLD chips were compared with Abbott IgG and IgM tests
results.
In serum, levels of IgG (Fig. 2a) and IgM (Fig. 2d) tested
on plasmonic gold chips were significantly higher in subjects
tested positive for IgG and IgM compared to those tested
negative on commercial assays (p < 0.00001). T. gondii IgG
cutoff of 0.3 was able to differentiate 78/78 (100%) individuals with positive Abbott IgG from the IgG-negative subjects
(Fig. 2a and Fig. S1). With a cutoff of 1.5 (Fig. 2d), the
T. gondii IgM test afforded 94.1% sensitivity and 97.7% specificity (Table 1) as it identified 16/17 individuals with positive
Abbott IgM and 128/131 subjects with negative Abbott IgM
test results (Fig. S2).
For saliva detection, the T. gondii IgG (Fig. 2b) and IgM
(Fig. 2e) levels detected in subjects with positive Abbott IgG
and IgM test results were also substantially higher than those
detected in T. gondii IgG- and IgM-negative subjects
(p < 0.0001). The T. gondii IgG test in saliva afforded very
high sensitivity of 96.1% with 93.0% specificity (Table 1).
At a cutoff of 0.35, 74/78 of the positive Abbott IgG test
results were successfully identified (Fig. 2b and Fig. S3).
The T. gondii IgM test offered complete positive percentage
agreement and very high specificity of 95.4% as 125/131 of
the negative Abbott IgM test results could be differentiated at
a cutoff of 0.32 (Table 1, Fig. 2e and Fig. S4).
The correlation coefficient between saliva and serum detection on pGOLD for T. gondii IgG and IgM was 0.88 and
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Fig. 2 Detection of T. gondii-specific IgG and IgM antibodies in 148
subjects using saliva on plasmonic gold chips afforded serum detection
precision. Boxplots showing IgG antibody against T. gondii antigen in a
serum and b saliva. c Correlation between saliva and serum detection of

T. gondii IgG antibodies. Boxplots showing IgM antibody against
T. gondii antigen in d serum and e saliva. f Correlation between saliva
and serum detection of T. gondii IgM antibodies. All signal levels are
normalized by a reference sample

0.81 respectively (significance level p < 0.0001) (Fig. 2c and
f) which highlighted an almost perfect agreement between
serum and saliva test results on the pGOLD platform.

observe any cross-reactivity issues, indicating a high specificity of our multiplexed assays.
In saliva, our cohort of 28 subjects was selected for the
multiplexed detection of T. gondii IgG and IgM, CMV IgG,
and rubella IgG, and their test results on pGOLD platform were
compared to their serological status based on the commercial
tests results in serum. Here, the T. gondii IgG and rubella IgG
detection in saliva afforded 100% specificity and sensitivity
(Fig. 3b and e and Table 2). T. gondii IgM detection in saliva
successfully identified 27/28 of the Abbott IgM-negative subjects (Fig. 3c) offering a high specificity of 96.4% with 100%
positive predictive value (Table 2). The CMV IgG detection in
saliva in this multiplexed assay afforded 100% specificity and
positive predictive value with 92.9% sensitivity and 93.3%
negative predictive value (Fig. 3d and Table 2).

Simultaneous detection of multiple infectious
diseases in saliva
The diagnostic value of saliva for multiple infectious diseases
in a multiplex setting was investigated by incubating matched
serum, saliva, and whole blood samples of subjects over
pGOLD chips printed with T. gondii, CMV, and rubella antigens with known spatial orientation (Fig. 3a). For individuals
who had single type of infection, fluorescent signals were only
detectable on the antigen spots corresponding to that particular
infection and not on any other spots (Fig. 3a). We did not
Table 1 T. gondii infection
diagnostic table summarizing
T. gondii IgG/IgM test results in
148 subjects

T. gondii IgG
T. gondii IgM

Serum
Saliva
Serum
Saliva

Sensitivity (%)

Specificity (%)

K coefficient

PPV (%)

NPV (%)

100
96.1
94.1
100

100
93.0
97.7
95.4

1
0.892
0.874
0.827

100
93.7
84.2
73.9

100
95.7
99.2
100

Sensitivity, specificity, Kappa coefficient, positive predictive value (PPV), and negative predictive value (NPV) of
T. gondii IgG and IgM tests on plasmonic gold chips in matched serum and saliva samples
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b

c

Toxo-IgG

Toxo-IgM

serum

serum

blood

blood

saliva

d

saliva

e

CMV-IgG

Rubella-IgG

serum

serum

blood
blood
saliva

saliva

Fig. 3 Multiplexed panel for the simultaneous detection of three
infectious diseases in 28 subjects. T. gondii IgG and IgM, CMV IgG,
and rubella IgG antibodies in 28 matched serum, saliva, and whole
blood samples. a Scanning images showing positive detection signals
vs negative signals in serum, blood and saliva. Saliva and whole blood

afforded comparable sensitivity and specificity to serum in the
multiplexed detection of b T. gondii IgG, c T. gondii IgM, d CMV IgG,
and e Rubella IgG antibodies. Dotted lines represent cutoff levels for each
detection

Furthermore, almost perfect correlation was observed between serum and saliva detection for all antibodies in this
multiplexed assay (Fig. 3b to e). Finally, complete agreement
in detection results was observed between the matched whole
blood and serum samples of these 28 subjects.
These test results demonstrated that using the multiplex
pGOLD chips with saliva and whole blood provided the same

detection precision as serum for the detection of multiple pathogens including T gondii, CMV, and rubella.
All samples were tested 3 times against the three antigens
in independent experiments on various days and on different
gold chips. Excellent reproducibility of the assay results on the
plasmonic gold chips was achieved; the coefficient of variation was < 13%.

Table 2 Multiplexed detection of
T. gondii, CMV and rubella
infections in 28 subjects using
matched saliva, serum and whole
blood

T. gondii IgG

T. gondii IgM

CMV IgG

Rubella IgG

Sensitivity (%)

Specificity (%)

K coefficient

PPV (%)

NPV (%)

Serum

100

100

1

100

100

Saliva
Whole blood
Serum
Saliva
Whole blood
Serum
Saliva
Whole blood
Serum
Saliva
Whole blood

100
100
NA
NA
NA
100
92.9
100
100
100
100

100
100
96.4
96.4
96.4
100
100
100
100
100
100

1
1
NA
NA
NA
1
0.929
1
1
1
1

100
100
NA
NA
NA
100
100
100
100
100
100

100
100
100
100
100
100
93.3
100
100
100
100

Sensitivity, specificity, Kappa coefficient, positive predictive value (PPV), and negative predictive value (NPV) of
T. gondii IgG and IgM, CMV IgG, and rubella IgG antibody test results on plasmonic gold chips in saliva and
whole blood in comparison with results of commercially available test results. Since all 28 subjects were toxo-IgM
negative, only specificity and NPV of toxo-IgM tests could be calculated and these values are 96.4% and 100%
respectively
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Discussion
In this study, we report a novel use of the multiplex pGOLD
platform. We applied this plasmonic gold nanotechnology to
the diagnosis of T. gondii, rubella virus, and CMV infections.
This technology has been already successfully used for
T. gondii IgG, IgM, and IgA detection in serum with excellent
correlation with Dye test results and clinical interpretation of
T. gondii serological test results [5, 6]. Infection by T. gondii,
rubella, and CMV during pregnancy could result in severe
morbidity and mortality of the offspring. Infection by one of
these three pathogens is frequently asymptomatic or, if symptomatic, symptoms are non-specific [7–9]. Therefore, the diagnosis primarily relies on serological testing. Systematic serological screening during gestation has been demonstrated to
be beneficial for congenital infections such as T. gondii
[17–23]. For CMV, knowledge of the serological status leads
to a reduction of seroconversion rate during pregnancy [24].
In addition, if CMV infection occurs during pregnancy, some
studies have shown that treatment has been proven to reduce
severe fetal outcome [24–26]. However, current data on antiviral efficacy and safety profiles during pregnancy are limited
and treatments are not routinely recommended [26]. Rubella
screening allows identification of pregnant women who are
not immunized and are susceptible to contract rubella. Nonimmunized pregnant women will be informed of preventive
measures to avoid infection during first trimester of pregnancy
[7, 27]. Moreover, in this population, rubella vaccine is proposed in the postnatal period in order to protect future pregnancies [7, 27]. Despite all the advantages listed above, serological screening for T. gondii, CMV, and rubella is not worldwide implemented during pregnancy, and when performed,
the screening is not systematic for all the pathogens that can
cause congenital infection. In order to be implemented on a
large scale, screening should be cost effective and constraints
should be limited for a greater compliance with
recommendations.
The pGOLD platform, with its ability to enhance around
100-fold, the fluorescence signal has several advantages
[14–16]. Our data suggest that three different matrices (serum,
whole blood, and saliva) can successfully be used and with
utilization of very small sample volumes (~ 1 μl of serum or
whole blood and ~ 25 μl of saliva). In our study, serum was
used as the reference matrix. Whole blood has the benefit that
it does not require centrifugation. Moreover, due to the small
amount of whole blood required, we can image in a near future
to realize test on whole blood collected by finger prick
avoiding phlebotomy. For saliva, the collection through a
non-invasive procedure made this matrix a good candidate
for patients to perform themselves the sampling with cheap
equipment. This matrix has already been described as a good
candidate for the workup and follow-up of infants at risk of
congenital toxoplasmosis [10]. In addition, saliva sampling
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does not require trained staff. Because saliva is easy to obtain,
it could increase compliance and prevent accidental exposure
to blood. Thus, saliva could be a good alternative to serum to
implement screening for T. gondii, CMV, and rubella at a
lower cost compared to serum.
The multiplex pGOLD platform allowed simultaneous
(multiplex) detection of T. gondii, CMV, and rubella serologies. In serum and whole blood, sensitivity and specificity
of multiplex T. gondii, CMV, and rubella IgG by the pGOLD
assay were 100% when compared to commercial test results.
In saliva, despite the low IgG concentration, sensitivity and
specificity for T. gondii and rubella IgG were 100%, and for
CMV IgG, sensitivity and specificity were 92.9% and 100%,
respectively, when compared to commercial test results in
serum. We were also able to detect T. gondii IgM in saliva
with specificity 95.4%. One sample had false-positive test
result for T. gondii IgM detection. This result was very close
to the defined cutoff. However, our results were obtained on
limited sample set. Plasmonic GOLD assay performed on an
extended sample set may help to define a better cutoff and or a
gray zone to improve interpretation of the serology.
In terms of public health, Stillwagon et al. have demonstrated the cost effectiveness of a monthly serological
screening for T. gondii in the USA [28]. With its multiplex
capacities, the pGOLD platform for T. gondii, CMV, and
rubella could significantly reduce cost of screening and
therefore should lead public health authorities to reconsider the recommendations of serological screening for pregnant women. In addition, the very good results obtained
with saliva allow the use of this non-invasive matrix to
perform systematic screening. It would become therefore
simpler with less constraint for the patient which it is very
likely to have a positive impact on compliance with universal screening programs. With saliva, cost of pre-analytic
process is also reduced. All these considerations taken together, serological screening by the multiplex pGOLD assay for T. gondii, rubella, and CMV on saliva could transform mass screening into affordable and acceptable for
pregnant women and infants. Further studies are warranted
to broaden the scope of pGOLD to other congenital infections such as hepatitis B, HIV, Syphilis, and Zika.
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