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People at present day are facing serious global challenges in
healthcare from emerging and reemerging diseases. Research
in molecular diagnostics has provided us with the bet-
ter understanding of molecular processes affecting human
health, and diseases and the tools derived thereof are becom-
ing the standard of care for treatment of several diseases.
The availability of new sequencing methods, microarrays,
microfluidics, biosensors, and biomarker assays has made a
shift toward developing diagnostic platforms, which stimu-
lates growth in the field by providing answers to questions
regarding diagnosis, prognosis, and best course of treatment,
leading to improved outcomes and greater cost savings. It is
equally important to identify and resolve existing challenges
that impede the effective translation of validated diagnostic
biomarkers from laboratory to clinical practice in order to see
results from these efforts.

This special issue contains nine articles, where one review
article focuses on microvesicles as a potential biomarker for
ovarian cancer, three papers are related to nucleic-acid-based
detection of pathogens. Twopapers focus on the development
of detecting methods while another paper aims to evaluate
the types of samples for diagnosis. Finally, two papers address
the relationship between biomarkers and cancer. Thus, the
papers in this special issue, representing a broad spectrum of
experimental approaches and areas of investigation, demon-
strate a wide array of molecular diagnostic research. This
unique and informative collection of papers in “Advances
in Molecular Diagnostics” showcases the identification and
characterization of molecular biomarkers and the develop-
ment of practical applications ormethodologies for diagnosis

and prognosis including the evaluation of the efficacy of
various diagnostic platforms in both laboratory and clinical
settings.There are also papers dealing with criteria of optimal
detection methods in clinical samples, leading to a guideline
as a tool for clinical guidance.

In “Microvesicles as potential ovarian cancer biomarkers,”
I. Giusti et al. provided us a perspective review that summa-
rizes the potential use of microvesicles released from tumor
cells, especially regarding their microRNA profiles, as a novel
molecular biomarker for ovarian cancer.

In “Development of a broad-range 23S rDNA real-time
PCR assay for the detection and quantification of pathogenic
bacteria in human whole blood and plasma specimens,” P.
Gaibani et al. developed a new broad-range real-time PCR
assay targeting the 23S rDNA gene that could detect the
targeted bacterial 23S rDNA gene as low as 10 plasmid
copies per reaction. This assay could allow us to quantify
total bacterial DNA in the whole blood and plasma samples
without the need for a precise bacterial species identification.

In “Apentaplex PCRassay for the detection and differentia-
tion of Shigella species,” S. C. Ojha et al. developed a pentaplex
PCR assay for the simultaneous detection and differentiation
of the Shigella genus and the three Shigella species responsible
for the majority of shigellosis cases. The average detection of
this PCR assay was 5.4 × 104 CFU/mL, which is within the
common detection limit for Shigella.

In “Evaluation of multiplex PCR with enhanced spore ger-
mination for detection of Clostridium difficile from stool sam-
ples of the hospitalized patients,” S. Chankhamhaengdecha
et al. designed a new multiplex-PCR based assay for the
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detection of C. difficile and evaluated the sample processing
steps prior to the multiplex PCR diagnosis from clinical
stool samples. This enrichment multiplex PCR could be an
alternative approach to enzyme immuno assays for rapid and
cost-effective detection of C. difficile.

In “Microsphere suspension array assays for detection and
differentiation of Hendra and Nipah viruses,” A. J. Foord et al.
presented microsphere suspension array assays to simultane-
ously identify multiple separate nucleotide targets in a single
reaction.Themain goal of this researchwas to incorporate the
Hendra and Nipah viruses microsphere as modules in mul-
tiplexed microsphere arrays. Their results were comparable
to qPCR, indicating high analytical and diagnostic specificity
and sensitivity.

In “Development of a generic microfluidic device for
simultaneous detection of antibodies and nucleic acids in oral
fluids,” Z. Chen et al. demonstrated a portable processing
system for disposable microfluidic chips suitable for point-
of-care settings in the diagnosis, detection, and confirmation
of infectious disease pathogens. The HIV infection was used
as a model to investigate the simultaneous detection of both
human antibodies against the virus and viral RNA.

In “Urine cell-free DNA integrity as a marker for early
prostate cancer diagnosis: a pilot study,” V. Casadio et al. eval-
uated the potential use of urine cell-free DNA as a promising
noninvasive marker for the early diagnosis of prostate cancer.
The overall diagnostic accuracy was approximately 80%.
The preliminary data in this paper could pave the way for
confirmatory studies on larger case series.

In “Development of a novel system for mass spectrometric
analysis of cancer-associated fucosylation in plasma 𝛼1-acid
glycoprotein,” T. Asao et al. evaluated the fucosylated glycans
as novel tumor markers that could be of clinical relevance in
the diagnosis and assessment of cancer progression as well as
patient prognosis. They also developed a novel software sys-
tem for use in combinationwith amass spectrometer to deter-
mine N-linked glycans in 𝛼1-acid glycoprotein that could be
valuable for screening plasma samples to identify biomarkers
of cancer progression based on fucosylated glycans.

In “The associated ion between the VDR gene polymor-
phisms and susceptibility to hepatocellular carcinoma and the
clinicopathological features in subjects infected with HBV,” X.
Yao et al. evaluated the possible association between the
vitaminD receptor (VDR), single-nucleotide polymorphisms
(SNPs), and hepatocellular carcinoma (HCC) in patients with
chronic hepatitis B virus (HBV) infection and found that
the C > T polymorphisms at FokI position in the VDR gene
served as a potential biomarker for the risk and the disease
severity of HCC in those infected with HBV.

Finally, we would like to thank the authors for their con-
tributions in this special issue and all reviewers for critical
review of the manuscripts.

Tavan Janvilisri
Arun K. Bhunia

Joy Scaria
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Aim. To evaluate the possible association between the vitamin D receptor (VDR), single-nucleotide polymorphisms (SNPs),
and hepatocellular carcinoma (HCC) in patients with chronic hepatitis B virus (HBV) infection. Method. 968 chronic HBV
infection patients were enrolled, of which 436 patients were diagnosed HCC patients, and 532 were non-HCC patients. The
clinicopathological characteristics of HCC were evaluated. The genotypes of VDR gene at FokI, BsmI, ApaI, and TaqI were
determined. Results. The genotype frequencies of VDR FokI C>T polymorphism were significantly different between HCC and
non-HCC groups. HCC patients had a higher prevalence of FokI TT genotype than non-HCC subjects. With FokI CC as reference,
the TT carriage had a significantly higher risk for development of HCC after adjustments with age, sex, HBV infection time, 𝛼-
fetoprotein, smoking status, and alcohol intake. In addition, we also found that the TT genotype carriage of FokI polymorphisms
were associated with advanced tumor stage, presence of cirrhosis, and lymph node metastasis. The SNP at BsmI, ApaI, and TaqI
did not show positive association with the risk and clinicopathological features of HCC. Conclusion.The FokI C>T polymorphisms
may be used as a molecular marker to predict the risk and to evaluate the disease severity of HCC in those infected with HBV.

1. Introduction

Hepatocellular carcinoma (HCC) is one of themost common
malignancies worldwide and the second leading cause of
cancer-related death in China [1, 2]. The carcinogenesis of
HCC is a multifactor, multistep, and complex process. It is
known that multiple risk factors, including chronic hepatitis
B virus (HBV) or hepatitis C virus (HCV) infection, cirrhosis,
carcinogen exposure, and excessive alcohol consumption,
contribute to hepatocarcinogenesis [3–5]. Epidemiological
studies also showed that a variety of genetic factors mediate
an individual’s susceptibility to cancer [6–8]. The identifica-
tion of genetic factors related to HCC susceptibility may help
to elucidate the complex process of hepatocarcinogenesis and
improve the scientific basis for preventative intervention.

The vitaminD receptor (VDR) is amember of the nuclear
receptor superfamily of ligand-inducible transcription
factors, which are involved in many physiological processes,
including cell growth and differentiation, embryonic
development, and metabolic homeostasis. The role of VDR
in cancer has recently attracted much attention [9–11].

Several single nucleotide polymorphisms (SNP) have
been described in the VDR gene, and some SNPs are
associated with tumor development. For instance, VDR
polymorphisms have been related to the risk and prognosis
of breast, prostate, skin, colon rectum, bladder and renal cell
carcinoma, andmalignantmelanoma [12–16]. VDRpolymor-
phisms have been investigated in the context of some chronic
liver diseases, such as primary biliary cirrhosis and autoim-
mune hepatitis [17–19]. In a very recent published study, VDR
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Table 1: The primer sequences of VDR gene polymorphism at 4 loci.

SNP Primer Base change 𝑇

FokI 5󸀠AGCTGGCCCTGGCACTGACTCTGCTCT3󸀠 (F) C>T 61∘C
5󸀠ATGGAAACACCTTGCTTCTTCTCCCTC3󸀠 (R)

BsmI 5󸀠CAACCAAGACTACAAGTACCGCGTCAGTGA3󸀠 (F) G>A 57∘C
5󸀠AACCAGCGGGAAGAGGTCAAGGG3󸀠 (R)

ApaI 5󸀠CAGAGCATGGACAGGGAGCAA3󸀠 (F) G>T 60∘C
5󸀠GCAACTCCTCATGGCTGAGGTCTC3󸀠 (R)

TaqI 5󸀠CAGAGCATGGACAGGGAGCAA3󸀠 (F) T>C 60∘C
5󸀠GCAACTCCTCATGGCTGAGGTCTC3󸀠 (R)

Table 2: The characteristics of the study population.

HCC Non-HCC 𝑃

Age (years) 52.45 ± 4.6 51.95 ± 2.8 NS
Sex (male, %) 75.40% 74.84% NS
HBV infection time (month) 15.4 ± 3.4 13.8 ± 4.6 0.053
BMI (kg/m2) 20.4 ± 2.4 22.1 ± 1.9 0.03
Serum AFP (ng/mL) 3546 ± 224 —

𝑛 % 𝑛 %
Heavy alcohol intake, 𝑛 (%)

Yes 152 34.86% 109 20.49% 0.034
No 284 65.14% 423 79.51%

Smoking status, 𝑛 (%) 532
Smokers 122 27.98% 98 22.69%
Nonsmokers 314 72.02% 334 77.31% NS

Family cancer history
Yes 72 16.51% 90 16.92% NS
No 364 83.49% 442 83.08%

Liver cirrhosis 𝑛 (%)
Yes 213 48.85% 195 36.65% <0.001
No 223 51.15% 337 63.35%

genetic polymorphisms are significantly associated with the
occurrence of HCC in Caucasian patients with alcoholic liver
cirrhosis [20]. In China, hepatitis virus infection is a highly
endemic factor for HCC [21–24]. However, the association
between the VDR gene polymorphisms and the risk and
pathological development in Chinese subjects with chronic
hepatitis virus infection remains unknown.This case-control
study, therefore, aimed to evaluate the role of VDR gene SNPs
in the susceptibility and clinicopathological status of HCC in
Chinese subjects with chronic HBV infection.

2. Methods

2.1. Subjects and Specimen Collection. This is a hospital-based
case-control study. A total of 968 chronic HBV infection
patients were enrolled at our hospital between Jan 2006 and
Mar 2010. Of 968 patients, 436 patients were recruited as
a HCC group, and 532 were enrolled as non-HCC group
according to the presence or absence of HCC. We also
enrolled 132 patients with determined HCC, but without
HBV infection as control. The patients were diagnosed with
HCC based on the characteristic criteria of the national

guidelines for HCC, such as liver injury diagnosed by either
histology or cytology irrespective of 𝛼-fetoprotein (AFP) titer
where imaging data showed any one of following three items:
(1) one or more liver masses ≥2 cm in diameter via both
computed tomography and magnetic resonance imaging; (2)
imaging data with early enhancement and a high level of AFP
≥400 ng/mL; (3) imaging data with early arterial phase con-
trast enhancement plus early venous phase contrast washout
regardless of AFP level. Liver cirrhosis was determined by
histology, imaging, or clinical indications, such as esophageal
varices or ascites. Age, gender, smoke status, and alcohol use
were recorded. Relevant medical information including stage
of HCC, liver cirrhosis history, lymph nodemetastasis, portal
invasion, AFP, aspartate aminotransferase (AST), and alanine
aminotransferase (ALT) was also collected from patients
by medical chart review. Heavy alcohol intake was defined
as ethanol intake ≥80 g/day for >10 years. Patients with
other cancers and chronic diseases, especially kidney, bone
metabolism diseases were strictly excluded. This study was
approved by the Institutional Review Board of our Hospital,
and written informed consent was obtained from all study
subjects.
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Table 3: The genotype frequencies of VDR gene in HCC and non-HCC among patients with chronic HBV infection.

HCC Non-HCC
Adjusted OR 95% CI Adjusted 𝑃 value

𝑁 % 𝑁 %
BsmI

GG 112 25.69% 142 26.69% 1
GA 217 49.77% 259 48.68% 1.062 0.782 1.443 0.699
AA 107 24.54% 131 24.62% 1.036 0.726 1.478 0.847
G 441 50.57% 543 51.03% 1
A 431 49.43% 521 48.97% 1.019 0.852 1.218 0.84

FokI
CC 107 24.54% 189 35.53% 1
CT 198 45.41% 241 45.30% 1.451 1.072 1.964 0.016
TT 131 30.05% 102 19.17% 2.269 1.597 3.223 0.006
C 412 47.25% 619 58.18% 1
T 460 52.75% 445 41.82% 1.553 1.297 1.86 <0.001

ApaI
GG 108 24.77% 143 26.88% 1
GT 216 49.54% 275 51.69% 1.04 0.765 1.414 0.802
TT 112 25.69% 114 21.43% 1.301 0.907 1.867 0.165
G 432 49.54% 561 52.73% 1
T 440 50.46% 503 47.27% 1.136 0.95 1.359 0.163

TaqI
TT 115 26.38% 137 25.75% 1
TC 212 48.62% 252 47.37% 1 0.741 1.363 0.993
CC 109 25.00% 143 26.88% 0.915 0.644 1.279 0.592
T 442 50.69% 526 49.44% 1
C 430 49.31% 538 50.56% 0.952 0.823 1.145 0.581

2.2. DNA Extraction and Genotyping. Genomic DNA was
extracted using QIAamp DNA blood mini kits (Qiagen,
Valencia, CA) following the manufacturer’s instructions. For
the detection of the VDR polymorphisms, the polymerase
chain reaction (PCR) technique was applied and followed by
restriction fragment length polymorphismassays.Theprimer
sequences were shown in Table 1. The cycling conditions for
all the VDR polymorphisms were set as 40 cycles at 95∘C
for 30 s, 61∘C for 30 s, and 72∘C for 1min. In a total volume
of 20𝜇L, amplified DNA (10𝜇L) was digested overnight
with 2U of restriction endonucleases using the buffers and
temperatures recommended by the manufacturers. All the
PCR products were sized by electrophoresis on a 2% agarose
gel stained with ethidium bromide.

2.3. Statistical Analysis. The distributions of demographic
characteristics and genotype frequencies between the cases
and controls and the clinicopathological features in different
genotypes were analyzed by Fisher’s exact test, since the
small sample size was present in some categories of variables.
Hardy-Weinberg equilibrium was assessed using 𝜒2 test. The
odds ratios (ORs) with their 95% confidence intervals (CIs)
of the association between genotype frequencies and HCC
were estimated by multiple logistic regression models, after

controlling for other covariates, including age, gender, and
genotypes for each estimated variable. A 𝑃 value of less than
0.05 was considered significant. The data were analyzed on
SAS statistical software (Version 9.1, 2005; SAS Institute Inc.,
Cary, NC).

3. Results

The characteristics of the study population are presented in
Table 2. There were no significant differences of age, gender,
HBV infection time, smoker status, and family cancer history
between HCC and non-HCC. However, HCC group had a
significantly higher rate of heavy alcohol intake compared
with controls (𝑃 = 0.034). We observed a significant
difference in BMI between HCC and non-HCC subjects.
The mean serum AFP levels were significantly higher in
HCC subjects than non-HCC subjects (all 𝑃 < 0.001).
HCC patients had a significantly higher rate of liver cirrhosis
compared with non-HCC patients (𝑃 < 0.001).

The genotype frequencies of VDR gene in HCC and
non-HCC subjects are presented in Table 3. The geno-
type frequencies of all SNPs in control patients were in
Hardy-Weinberg equilibrium (all 𝑃 > 0.05). The geno-
type frequencies of VDR FokI C>T polymorphism were
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Table 4: The genotype frequencies of VDR gene in HCC patients with chronic HBV infection and HCC patient without HBV infection.

HCC with HBV HCC without HBV Adjusted OR 95% CI Adjusted 𝑃 value
BsmI

GG 112 25.69% 37 28.24% 1.000
GA 217 49.77% 65 49.62% 1.103 0.694 1.753 0.679
AA 107 24.54% 29 22.14% 1.219 0.701 2.120 0.483
G 441 50.57% 139 53.05% 1.000
A 431 49.43% 123 46.95% 1.104 0.838 1.456 0.481

FokI
CC 107 24.54% 31 23.66% 1.000
CT 198 45.41% 62 47.33% 0.925 0.566 1.512 0.756
TT 131 30.05% 38 29.01% 0.999 0.583 1.712 0.745
C 412 47.25% 124 47.33% 1.000
T 460 52.75% 138 52.67% 1.003 0.761 1.323 0.982

ApaI
GG 108 24.77% 22 16.79% 1.000
GT 216 49.54% 75 57.25% 0.587 0.346 0.995 0.052
TT 112 25.69% 34 25.95% 0.671 0.369 1.220 0.571
G 432 49.54% 119 45.42% 1.000
T 440 50.46% 143 54.58% 0.848 0.642 1.118 0.242

TaqI
TT 115 26.38% 32 24.43% 1.000
TC 212 48.62% 69 52.67% 0.855 0.531 1.377 0.519
CC 109 25.00% 30 22.90% 1.011 0.576 1.775 0.970
T 442 50.69% 133 50.76% 1.000
C 430 49.31% 129 49.24% 1.003 0.761 1.322 0.983

significantly different between HCC and non-HCC groups.
HCC patients had a higher prevalence of FokI TT genotype
than non-HCC subjects (30.05% versus 19.17%, 𝑃 < 0.001).
For allele comparison, HCC subjects had higher T allele
frequency than controls (52.75% versus 41.82%, 𝑃 < 0.001).
To identify the independent risk factor for the development
of HCC, we performed the multivariate regression analyses.
With FokI CC as reference, our data showed that the TT
carriage had a significantly higher risk for development of
HCC after adjustments with age, gender, HBV infection time,
smoker status, family cancer history, alcohol intake, BMI,
and serum AFP level (OR = 2.269, 𝑃 = 0.006). With C
allele as reference, the OR of T allele carriage for HCC was
1.553 (𝑃 < 0.001). For SNPs of BsmI, ApaI, and TaqI, their
genotype and allele frequencies did not significantly differ
between HCC and non-HCC group (all 𝑃 > 0.05). Multi-
variate regression analyses showed no association between
the above-mentioned SNPs of VDR gene and susceptibility
of HCC in this study.

Table 4 showed the genotype frequencies of VDR gene
in HCC patients with chronic HBV infection and HCC
patient without HBV infection. We found that the VDR
genotype frequencies were similar between HCC with HBV
infection andHCCwithout HBV infection. None of the VDR
SNPs showed significant difference between HCC with HBV
infection and HCC without HBV infection (All 𝑃 > 0.05).

We further analyzed the association between VDR poly-
morphisms and the clinicopathological features in HCC
subjects (Table 5). We found that only the SNPs at FokI
locus were significantly different when all HCC patients
were stratified by tumor stage, presence of liver cirrhosis
history, and lymph node metastasis (all 𝑃 < 0.05), but not
tumor size and portal invasion. We further performed the
multivariate regression analyses to explore the role of SNPs
at FokI locus in determining the clinicopathological features
in HCC subjects. Taking the CC genotype as reference, we
found that the TT genotype carriage of FokI polymorphisms
was associated with advanced tumor stage (OR for III + IV
stage = 2.335, 𝑃 = 0.001), presence of cirrhosis (OR for
presence = 2.714,𝑃 < 0.001), and lymph nodemetastasis (OR
for presence of lymph node metastasis = 2.122, 𝑃 = 0.004).
No association between the FokI polymorphisms, tumor size,
and portal invasion was observed (both adjusted 𝑃 > 0.05).
The SNP at other loci including BsmI, ApaI, and TaqI did
not show positive associationwith the the clinicopathological
features of HCC (data not shown).

AFP is the common clinical pathological markers of
HCC. We compared the serum AFP levels among different
VDR genotype carriers in HCC patients. We found HCC
patients with FokI TT genotype had a much higher AFP level
than CT and CC carriers (Figure 1(a), 𝑃 = 0.011 versus CC;
𝑃 = 0.015 versus CT, resp.). The AFP levels were similar
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Table 5: Association between VDR polymorphisms and the clinicopathological features in HCC subjects.

FokI C>T Tumor size Adjusted OR 95% CI Adjusted 𝑃 value
<30mm % >30mm %

CC 55 25.00% 57 26.39% 1
CT 108 49.09% 109 50.46% 1.027 0.651 1.62 0.543
TT 57 25.91% 50 23.15% 1.181 0.695 2.008 0.068

Cancer stage
III + IV I + II

CC 43 18.53% 64 29.91% 1
CT 109 46.98% 99 46.26% 1.639 1.021 2.629 0.054
TT 70 34.48% 51 23.83% 2.335 1.385 3.936 0.001

Liver cirrhosis history
Presence Absence

CC 40 18.78% 67 30.04% 1
CT 92 43.19% 106 47.53% 1.454 0.899 2.352 0.127
TT 81 38.03% 50 22.42% 2.714 1.602 4.596 <0.001

Lymph node metastasis
Presence Absence

CC 43 18.45% 64 29.77% 1
CT 96 41.20% 102 47.44% 1.401 0.87 2.256 0.038
TT 77 33.05% 54 25.12% 2.122 1.262 3.57 0.004

Portal invasion
Presence Absence

CC 53 25.48% 62 27.19% 1
CT 110 52.88% 102 44.74% 1.260 0.843 1.991 0.326
TT 45 21.63% 64 28.07% 0.820 0.482 1.411 0.470

Heavy alcohol intake, 𝑛 (%)
Yes No

CC 43 28.29% 67 27.02% 1.000
CT 75 49.34% 126 50.81% 0.927 0.575 1.496 0.757
TT 34 22.37% 55 22.18% 0.963 0.543 1.710 0.898

among BsmI, ApaI, and TaqI genotype carriers (data not
shown).We also compared the liver functionmarker, namely,
serum ALT and AST level according to the VDR genotypes.
We found that only the FokI TT carriers had higher serum
AST and ALT levels compared with TC and CC (all 𝑃 < 0.05,
Figures 1(b) and 1(c)) in HBV infection patient with HCC,
but not in the HBV infection patients without HCC (data not
shown).

4. Discussion

In the study, we investigated the possible association between
the VDR gene polymorphisms and HCC in a Chinese
population with HBV infection. We found that the FokI C>T
polymorphisms was significantly associated with the sus-
ceptibility and clinical features of HCC, including advanced
tumor stage, presence of liver cirrhosis history, and lymph

node metastasis. Since the association between the VDR
genetic polymorphism and HCC had not been previously
reported, our data, for the first time, provide new information
in this aspect. The results of this study suggest the FokI C>T
polymorphismsmay be used as amolecularmarker to predict
the risk and to evaluate the disease severity of HCC in those
infected with HBV.

Hepatitis virus infection is associated with the increase
of oxidative stress in liver cells and results in DNA changes
and instability, thus increasing the risk of developing cir-
rhosis and/or HCC [21, 25]. Some previous studies provided
evidence that genetic polymorphisms of certain genes may
predict the HCC occurrence in hepatitis virus infection [26–
29].

The VDR is an intracellular hormone receptor that
specifically binds the biologically active form of vitamin
D, 1,25-dihydroxyvitamin D or calcitriol and interacts with
specific nucleotide sequences (response elements) of target
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Figure 1: Serum AFP, AST, and ALT levels among different VDR FokI C>T genotype carriers in HCC patients.

genes to produce a variety of biologic effects [30]. The
VDR gene is located on chromosome 12q12–q14, and several
single-nucleotide polymorphisms have been identified that
may influence cancer risk [31].

The FokI restriction fragment length polymorphism,
located in the coding region of the VDR gene, results in the
production of a VDR protein that is three amino acids longer
and functionally less effective [32]. Arai et al. demonstrated
that compared with the FokI T/T genotype, FokI C/C had 1.7-
fold greater function of vitamin D-dependent transcriptional
activation of a reporter construct under the control of a
vitamin D response element in transfected HeLa cells [33].
It has been hypothesized that a less active VDR could be
associated with either an increased susceptibility to cancer
risk or to a more aggressive disease [31].

Vogel et al. detected a significant association between
the F allele of the FokI C>T (F/f) polymorphism and
autoimmune hepatitis patients, indicating a genetic link of
VDR polymorphisms to autoimmune liver diseases such as
primary biliary cirrhosis in German patients [19]. In Chinese
population, Fan et al. reported a significant difference in
FokI polymorphism between autoimmune hepatitis patients
and controls, and a significant association in BsmI poly-
morphisms between primary biliary cirrhosis patients and
controls [34]. In Italian population who underwent liver
transplantation with the etiologies of liver disease as hepatitis
C, hepatitis B, and alcoholic liver disease, carriage of the
GG genotype of BsmI and the TT genotype of TaqI was
significantly associated with occurrence of HCC.The authors
concluded that VDR genetic polymorphisms are significantly
associated with the occurrence of HCC in patients with

liver cirrhosis, and this relationship is more specific for
patients with an alcoholic etiology [20]. Our study showed
that only the FokI C>T polymorphisms were associated with
the HCC susceptibility in Chinese patient with chronic HBV
infection; the other SNPs, including BsmI, were not related
with the development of HCC. The HCC patients had a
significantly higher cirrhosis rate than non-HCC patients
(𝑃 < 0001), suggesting that the VDR polymorphisms at FokI
locus may relate to HCC risk by enhancing the occurrence
of liver cirrhosis. Although many factors may be account for
the discrepancies among these studies, the ethnic difference
should be predominately considered since Fan et al. found
the distribution of FokI, BsmI, ApaI, and TaqI gene types
significantly differed between Chinese healthy controls and
Caucasian healthy controls [34].

The prognostic role of FokI C>T (F/f) polymorphism
in cancer patients has been reported. Hama et al. reported
the VDR FokI TT genotype was associated with a poor
progression-free survival rate in patients with head and
neck squamous cell carcinoma. In contrast, the other poly-
morphisms (BsmI, ApaI, and TaqI) showed no significant
associations with progression-free survival [35]. In this study,
we did not perform prognostic analyses; however, we found
that the TT genotype carriage of TaqI polymorphisms was
associated with advanced tumor stage, worse tumor differ-
entiation, presence of cirrhosis, and lymph node metastasis.
In addition, the TT carriers had higher serum AFP level
than CC and CT carriers. The SNP at other loci including
BsmI, ApaI, and TaqI did not show positive association with
the clinicopathological features of HCC. Since tumor stage,
tumor differentiation, presence of cirrhosis, and lymph node
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metastasis are conventional factors associated with HCC
prognosis, our data imply that the TT carriers had poorer
prognosis than CC and CT carriers.

Some limitation in this study should be addressed. Firstly,
this is a hospital-based case-control study, thus the enroll-
ment bias was inevitable. Secondly, no information was avail-
able regarding vitamin D intake (dietary or supplemental)
and circulating vitamin D levels of patients. Thirdly, we only
enrolled subjects with HBV infection, and all the subjects
were Chinese. As HCV infection is another major cause for
HCC in China, future study with larger sample size including
HCV subjects is warranted.
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Clostridiumdifficileposes as themost common etiologic agent of nosocomial diarrhea.Although there aremanydiagnosticmethods
to detect C. difficile directly from stool samples, the nucleic acid-based approach has been largely performed in several laboratories
due to its high sensitivity and specificity as well as rapid turnaround time. In this study, a multiplex PCR was newly designed
with recent accumulated nucleotide sequences. The PCR testing with various C. difficile ribotypes, other Clostridium spp., and
non-Clostridium strains revealed 100% specificity with the ability to detect as low as ∼22 genomic copy number per PCR reaction.
Different combinations of sample processing were evaluated prior to multiplex PCR for the detection of C. difficile in fecal samples
from hospitalized patients. The most optimal condition was the non-selective enrichment at 37∘C for 1 h in brain heart infusion
broth supplemented with taurocholate, followed by the multiplex PCR. The detection limit after sample processing was shown as
being 5 spores per gram of fecal sample. Two hundred and thirty-eight fecal samples collected from the University affiliated hospital
were analyzed by the enrichment multiplex PCR procedure. The results suggested that the combination of sample processing with
the high-performance detection method would be applicable for routine diagnostic use in clinical setting.

1. Introduction

Clostridium difficile is a motile, rod-shaped, Gram-positive
bacterium, which is known to be a leading cause of antibiotic-
associated diarrhea, especially nosocomial infections [1].
Though C. difficile is not a major component of natural gut
flora, treatment with broad-spectrum antibiotics impedes the
growth of other bacterial species and allows C. difficile to
colonize. Following the colonization, an enterotoxin, TcdA,
which is found in ∼70% of C. difficile strains, and a cytotoxin,

TcdB, which is found in all C. difficile strains, can be
produced, thereby disrupting tight junctions of the intesti-
nal epithelial cells resulting in inflammation and increased
permeability of the intestine [2]. Approximately less than
10% of clinical C. difficile isolates possess binary toxins
(cdtA/B), which have been associated with increased severity
of the symptoms [3]. The pathogenic role of cdtA/B has
been suggested to trigger microtubule protrusion, thereby
increasing the adherence of C. difficile to the gut epithelium
[4]. C. difficile infection (CDI) results in a wide range of
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symptoms including fever, abdominal pains, mild diarrhea,
and pseudomembranous colitis. AlthoughCDI can be treated
with certain antibiotics, the emergence of hypervirulent
strains that are resistant to current chemotherapy and are
able to produce high titers of toxins poses a challenge to the
treatment of CDI worldwide [5].

To date, there are several diagnostic assays for the detec-
tion of C. difficile, each of which reveals the advantages and
disadvantages and discrepancies in the performance existing
in the literature [6, 7]. Conventional diagnostic methods,
including toxigenic bacterial cell culture and tissue cell cul-
ture cytotoxicity neutralization assays, have been considered
as the reference standard [8]. These assays require technical
expertise and several days to obtain results: therefore, they
are not appropriate for the clinical setting, where an accurate
and rapid diagnosis is needed. An enzyme immunoassay
(EIA) for TcdB alone or both TcdA and TcdB has been
widely used in most laboratories because it is relatively
simple, rapid, and commercially available [9]. However, it
has been revealed that the sensitivity of EIA is as low as
23% and the specificity as low as 75% [10]. Therefore, in
practice, a symptomatic patient with the EIA-negative result
is usually tested by another assay with higher sensitivity.
Many laboratories have reported the combination of assays
to increase the sensitivity and specificity of the detection [11–
13]. An example include a 2-step algorithm, in which the
first step is to perform an EIA for glutamate dehydrogenase
(GDH) and the second step is to test the GDH-positives
with an EIA for toxins. The EIA for GDH step yields a
highly sensitive result for C. difficile, but is not specific for
toxigenic isolates; therefore, the GDH-positive results must
be confirmed with a subsequent specific test such as EIA for
toxins [13]. Although these algorithms improve the diagnostic
performance, it has been shown that the levels of sensitivity of
the EIA for GDH in this two-step algorithm vary depending
on the C. difficile ribotypes [14]. Moreover, the two- or more
step assays are cost-ineffective [15]. Recently, nucleic acid
amplification tests (NAATs) have been developed as a single
assay with the same day results for CDI. These assays aim to
detect the toxin gene(s) and have been proven to be more
superior than other methods, except the toxigenic bacterial
cell culture, as they yield the high sensitivity and high
negative predictive value [16]. Currently, there are a number
of FDA-approved commercially available NAATs including
(i) the Xpert C. difficile, (ii) Xpert C. difficile/Epi assays that
detect tcdB by real-time PCR, and (iii) the Illumigene C.
difficile assay that detects tcdA by loop-mediated isothermal
amplification [17].

Although the NAATs have gained popularity for CDI
diagnosis, the common drawbacks of this type of assays
to detect pathogens directly from stool samples are the
presence of PCR inhibitors, contamination of DNA from
host and other microorganisms, and low quality and yield
of bacterial DNA that is extracted from spores in stool
samples from suspected patients. Thus, the objective of this
study was to evaluate the multiplex PCR with enhanced
spore germination for the detection of C. difficile directly
from stool samples of hospitalized patients.The combination
of sample processing with the high-performance detection

method would be applicable for routine diagnostic use in
clinical setting.

2. Materials and Methods

2.1. Specimen Collection and Acquisition. A total of 238 fecal
specimens from inpatients that aged more than 15 years and
developed diarrhea during hospitalization at Ramathibodi
hospital, a 1,000-bed tertiary health care university Hospital,
were collected from May 2010 to January 2011. The samples
were subjected to the routine EIA test usingVIDASC. difficile
Toxin A&B qualitative assay (BioMérieux, Marcy l’Etoile,
France) according to the manufacturer’s recommendations.
The samples were also subjected to C. difficile selective
culture by plating onto cycloserine cefoxitin fructose agar
(CCFA) and incubated anaerobically at 37∘C for up to 5
days. All samples were then subsequently stored at −80∘C
before use. The use of human materials has been approved
by the research ethics committee of the Faculty of Medicine
at Ramathibodi Hospital, Mahidol University, Thailand.

2.2. Bacterial Cell Culture. Clostridium strains were grown
anaerobically in BHIS medium, brain heart infusion broth
at 37∘C (Oxoid, Basingstoke, UK), supplemented with 5%
yeast extract, 0.1% sodium thioglycolate (TCI, Tokyo, Japan),
and 0.1% L-cysteine (TCI). Before sterilization, anaerobic
conditions were created by boiling the medium for 10min
and, during cooling, flushing the medium with nitrogen gas.
All other bacteria were cultivated at 37∘C in tryptone soy
broth (Oxoid).

2.3. Multiplex PCR for the Detection of C. difficile Toxin
Genes. A multiplex PCR was developed for the detection
of toxin genes including tcdA, tcdB, cdtA, and cdtB as well
as 16S rDNA as a internal control. A total volume of 20𝜇L
PCR reaction consisted of 1 × PCR buffer (10mM Tris-HCl,
50mM KCl, and pH 8.3), 5mM MgCl

2
, 250 𝜇M dNTP, 1 ×

enhancer (0.5M betaine, 1% DMSO), 1 U of Taq DNA
polymerase (New England Biolabs, MA, USA), and 5 pairs
of primers at indicated concentrations (Table 1). Thermal
cycling parameters included (i) an initial denaturation at
92.5
∘C for 2min; (ii) 30 cycles of denaturation at 92.5∘C for

20 s, annealing at 60∘C for 65 s, and extension at 68∘C for 70 s;
and (iii) a final extension at 68∘C for 5min. PCR products
were resolved by electrophoresis on a 2% agarose gel stained
with ethidium bromide.

2.4. Preparation of C. difficile Spores. Spores from C. difficile
strain R20291 were produced in a sporulation medium as
described previously [18]. Briefly, a culture of C. difficile was
spread onto BHIS agar supplemented with 0.1% taurocholate
(BHIS/TA). The plates were then incubated at 37∘C under
anaerobic conditions for 5 days. Spores were scraped off the
plates and resuspended in deionized water. The samples were
then washed ten times with water. The spores were checked
for purity and enumerated using phase-contrast microscopy
and light microscopy after staining with malachite green and
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Table 1: Primers in the multiplex PCR for the detection of C. difficile.

Target Primer Sequence (5󸀠-3󸀠) Primer concentration
(𝜇M)

Amplicon size
(bp)

tcdA tcdA-F GTATGGATAGGTGGAGAAGTCAGTG 0.025
tcdA-R CGGTCTAGTCCAATAGAGCTAGGTC 0.025 632

tcdB tcdB-F GAAGATTTAGGAAATGAAGAAGGTGA 0.01
tcdB-R AACCACTATATTCAACTGCTTGTCC 0.01

441

cdtA cdtA-F ATGCACAAGACTTACAAAGCTATAGTG 0.2
cdtA-R CGAGAATTTGCTTCTATTTGATAATC 0.2

260

cdtB cdtB-F ATTGGCAATAATCTATCTCCTGGA 0.5
cdtB-R CCAAAATTTCCACTTACTTGTGTTG 0.5

179

16s rDNA UFU-L GCCTAACACATGCAAGTCGA 0.025
UR802 TACCAGGGTATCTAATCC 0.025

800

eosinY. Spore samples were then stored at−20∘Cuntil further
analysis.

2.5. Enrichment PCR Procedures. In order to evaluate the
effects of enhanced spore germination and enrichment on
the multiplex PCR detection of C. difficile, two consecutive
methods were performed with spore-inoculated feces prior
to the multiplex PCR. One hundred C. difficile spores were
spiked into 1 gram of homogenized fecal samples. Bulk debris
was avoided during sample withdrawal. The spiked samples
were then subjected to the pretreatment conditions with
or without alcohol shock for 20min. Alcohol shock should
eliminate vegetative bacterial cells from the samples, leaving
viable spores to germinate. Following the alcohol shock,
either nonselective spore germination medium BHIS/TA
alone or selective BHIS/TA/CC medium (BHIS/TA in the
presence of 250mg/L cycloserine and 20mg/L cefoxitin) was
added to the samples, which were incubated anaerobically at
0, 1, 2, and 3 h. The samples were then divided to two halves,
one of whichwas subjected to bacterial DNA extraction using
EZNA stool DNA kit (Omega, GA, USA); the other was then
cultured on either BHIS or CCFA plates. All experiments
were performed in triplicate.

3. Results and Discussion

Toxigenic C. difficile strains are recognized as the main cause
of nosocomial diarrhea [1–3]. Therefore, a rapid and cost-
effective method to detect C. difficile directly from stool
samples facilitates patient management to control CDI. The
aim of this work was to design an optimized multiplex PCR
for the detection of toxigenic C. difficile from stool samples
of hospitalized patients and to evaluate the combination of
various sample processing conditions and multiplex PCR on
such detection.

3.1. Multiplex PCR for the Detection of Toxigenic C. difficile.
In the past years, there have been an increasing number of
C. difficile genome and toxin gene sequences deposited in
the GenBank database, enabling us to design more specific
primers. The 5-plex PCR primers were developed for the

M 1 2 3 4 5 6

1,000 bp

500 bp

100 bp

16s rDNA; 800 bp
tcdA; 632 bp
tcdB; 441 bp

cdtA; 260 bp
cdtB; 179 bp

Figure 1: Agarose gel electrophoresis of the PCR products tested
with five primer pairs using 20 ng of genomic DNA of C. difficile
R20291 as template. Each primer pair was tested individually and in
combination with all 5 primer pairs in the multiplex PCR. Lane M:
100-bp DNA ladder marker. Lanes 1–5, single-plex PCR reactions
using primers specific to tcdA, tcdB, cdtA, cdtB, and 16s rDNA,
respectively. Lane 6: multiplex PCR with all four toxin-specific
primers and 16S rDNA primers.

detection of the four C. difficile toxin genes including tcdA,
tcdB, cdtA, and cdtB, together with 16S rDNA as an internal
PCR control (Figure 1).The primer set was chosen to amplify
products with distinguishable sizes on agarose gel elec-
trophoresis.The individual primer pairs for the amplification
of the regions in the tcdA, tcdB, cdtA and cdtB genes were
tested in single-plex PCRs (Figure 1; lanes 1–4, respectively).
The multiplex PCR with a combination of all five primer
pairs was optimized (Figure 1; lane 5) and was tested with
different PCR C. difficile ribotypes (Figure 2). Our results are
consistent with the previously reported data [19].

3.2. Sensitivity and Specificity Test. The sensitivity and speci-
ficity of the developed multiplex PCR for the detection of
C. difficile were evaluated. The detection limit as measured
with genomic DNA from toxigenic reference strainC. difficile
R20291 was 0.1 pg or ∼22 genomic copy number per reaction.
To further evaluate the primer specificities for C. difficile,
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Table 2: Evaluation of pretreatment and enrichment conditions prior to multiplex PCR and bacterial cell culture for the detection of C.
difficile directly from stool samples.

Pretreatment
condition

Enrichment
condition

Incubation time
(h)

Typical C. difficile colony Multiplex PCR toxin
genes detectionCCFA agar plate BHI agar plate

Alcohol
shock

BHIS/TA
0 − − −

1 − − +

2 − ND +
3 + ND +

BHIS/TA/CC

0 − − −

1 − − +

2 − ND +
3 + ND +

No alcohol
shock

BHIS/TA
0 − ND −

1 −/+ ND +

2 + ND +
3 + ND +

BHIS/TA/CC

0 − ND −

1 −/+ ND +

2 + ND +
3 + ND +

ND stands for “not determined” because there were too many contaminated bacterial species, rendering it impossible to distinguish C. difficile colonies on the
plates. −/+ indicates that typical C. difficile colonies could not be observed in at least one of the three replicates.

tcdA; 632 bp
tcdB; 441 bp

cdtA; 260 bp
cdtB; 179 bp

M

1,000 bp

500 bp

100 bp

012 027 001 020 023 029 046 056 070 075 077 095 081 106 117 131

16s rDNA; 800 bp

Figure 2: Multiplex PCR toxin gene amplification profiles of various C. difficile ribotypes. Lane M: 100 bp DNA ladder marker.The ribotypes
and PCR products of detected genes are indicated.

7 other Clostridium spp. strains including C. septicum, C.
glycolicum, C. perfringens, C. tetani, C. sordellii, C. sporo-
genes, and C. botulinum, as well as 7 of non-Clostridium
strains including Bacillus cereus, Salmonella Typhi, Shigella
dysenteriae, Escherichia coli, Enterobacter faecalis, Klebsiella
ozaenae, and Citrobacter fundi were tested. None of the
non-C. difficile strains gave rise to the PCR-positive results,
thereby indicating the specificity of the multiplex PCR assay.

3.3. Enrichment Multiplex PCR for Detection of Toxigenic C.
difficile. Themultiplex PCR assays for detection of toxigenic
C. difficile directly from fecal specimens have been previously
reported [20–22]. However, the detection limit has been
shown to be as low as 5 × 104 cfu per 1 g of feces [22]. The
sensitivity of the PCR is usually affected by inhibitors found in
stool samples including bile salts, complex polysaccharides,
proteinases, a high concentration of background flora, and a
low concentration and uneven distribution of target microor-
ganism [23], rendering it not suitable for PCRdetection of the

pathogen from direct stool samples. In this study, different
combinations of pretreatment conditions, enrichment condi-
tions, and enrichment times prior to bothmultiplex PCR and
conventional bacterial cell culture methods were evaluated to
determine the possibility of detecting 100 C. difficile spores
per 1 g of feces (Table 2).This low spore concentrationwas not
detected by nonenrichmentmultiplex PCR and culturemeth-
ods. Regarding the pretreatment step, the C. difficile colonies
were observed on CCFA after 1 h of enrichment without
alcohol shock, compared to 3 h with the alcohol shock. Under
nonselective plating,most conditions yielded uninterpretable
results due to the high levels of contamination of other
microorganisms. Positive PCR results were obtained under
the conditions of the 1 h enrichment time, regardless of
pretreatment or enrichment broth. Therefore, the condition
of no alcohol shock and enrichment with BHIS/TA for 1 hwas
identified as the optimal combination with practical working
hours in laboratories and was appropriate for both bacterial
cell culture and multiplex PCR diagnosis. Furthermore, the
sensitivity of the developed multiplex PCR under the
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Table 3: Comparison of different diagnostic assays including toxin
EIA, multiplex PCR, and bacterial cell culture.

Toxin EIA Multiplex
PCR

Bacterial
cell culture

Number of
cases

+ + + 16
+ + − 4
+ − − 18
− + + 10
− + − 24
− − − 166

described conditions was also tested with fecal samples
spiked with different numbers of spores. We found that the
multiplex PCR was able to detect as low as 5 spores/g feces.
Therefore, the enrichment broth could enhance spore ger-
mination and transformation into vegetative cells, allowing
them to grow to PCR-detectable levels.

3.4. Detection of Toxigenic C. difficile in Clinical Stool Samples.
To examine the efficacy of the assay described in this study,
238 stool samples of patients suspected of CDIwere subjected
to multiple PCR with the enhanced spore germination as
above. Routine EIA and bacterial cell culture assays were
also performed. All samples were tested positive for the
16S rDNA control gene. Comparison of different diagnostic
assays is shown in Table 3. Sixteen cases were tested positive
while 166 cases gave rise to negative results in all three
assays. Eighteen samples were EIA positive, but both PCR
and culture negative, and were, therefore, considered to be
negative due to the low level of EIA specificity that requires
the second assay to confirm the EIA results. Twenty-four
cases were shown to be PCR positive with either EIA positive
or culture positive. These results represented another two-
step diagnostic process that increased the reliability of the
PCR outcomes. Twenty-four samples were PCR positive,
but both EIA and culture turned out negative. Although
anaerobic culture was considered the most sensitive assay for
the detection of C. difficile, it is also likely that the low spore
counts in fecal samples and different rates of spore viability
would account for such results. However, another confirma-
tory assay should be performed to support the PCR results.
Of 54 PCR-positive samples, 7were 𝑡𝑐𝑑𝐴+ 𝑡𝑐𝑑𝐵+ 𝑐𝑑𝑡𝐴/𝐵+, 13
were 𝑡𝑐𝑑𝐴+ 𝑡𝑐𝑑𝐵+ 𝑐𝑑𝑡𝐴/𝐵−, 30 were 𝑡𝑐𝑑𝐴− 𝑡𝑐𝑑𝐵+ 𝑐𝑑𝑡𝐴/𝐵−,
and 4 were 𝑡𝑐𝑑𝐴− 𝑡𝑐𝑑𝐵+ 𝑐𝑑𝑡𝐴/𝐵−. Although, there are pre-
vious reports on C. difficile toxin types in Thailand [24, 25],
this is the first time that the 𝑡𝑐𝑑𝐴+ 𝑡𝑐𝑑𝐵+ 𝑐𝑑𝑡𝐴/𝐵+ isolates
were detected. It is also noteworthy that PCR detection of
C. difficile toxin genes might only detect DNA without the
presence of toxin production; therefore, the PCR-positive
cases should be carefully interpreted.

Although the enrichment multiplex PCR in this study
showed superiority over the other two diagnostic methods,
the limitations of our experimental setting include the lack of
another confirmatory diagnostic test such as cell cytotoxicity;
so the false positives or negatives in cases of discordant test
results could not be identified. However, analytical sensitivity

with the reference C. difficile strain and spore-inoculated
fecal samples and specificity of the multiplex PCR assay with
various C. difficile ribotypes, other Clostridium spp., and
other bacteria species revealed high sensitivity with no false
positive or false negative.

4. Conclusions

This work revealed the comprehensive evaluation of sample
processing prior to the multiplex PCR diagnosis of C. difficile
directly from clinical stool samples.The results demonstrated
that the enrichment of nonselective medium for 1 h prior
to both PCR or bacterial cell culture assays yielded the
most optimal condition. The performance of the enrichment
multiplex PCR was proven to be more superior to that of
the routine EIA. This rapid and cost-effective diagnostic
assay provides an alternative approach for the detection of C.
difficile, thereby improving the CDI management. However,
a large-scale clinical testing is warranted to further validate
this assay.

Acknowledgments

The authors thank Professor Nigel Minton, University of
Nottingham for providing uswithC. difficile reference strains.
They also thank NattamonMalaisree for technical assistance.
This work is supported by a Joint Grant from the Faculty
of Science and Faculty of Medicine Ramathibodi Hospital,
Mahidol University and a Supplementary Grant from the
Faculty of Science, Mahidol University, Thailand.

References

[1] K. C. Carroll and J. G. Bartlett, “Biology of Clostridium difficile:
implications for epidemiology and diagnosis,” inAnnual Review
of Microbiology, vol. 65, pp. 501–521, 2011.

[2] N. Oezguen, T. D. Power, P. Urvil et al., “Clostridial toxins:
sensing a target in a hostile gut environment,”GutMicrobes, vol.
3, no. 1, pp. 35–41, 2012.

[3] S. Bacci, K. Mølbak, M. K. Kjeldsen, and K. E. P. Olsen, “Binary
toxin and death after Clostridium difficile infection,” Emerging
Infectious Diseases, vol. 17, no. 6, pp. 976–982, 2011.

[4] C. Schwan, B. Stecher, T. Tzivelekidis et al., “Clostridium difficile
toxin CDT induces formation of microtubule-based protru-
sions and increases adherence of bacteria,” PLoS Pathogens, vol.
5, no. 10, article e1000626, 2009.

[5] S. T. Cartman, J. T. Heap, S. A. Kuehne, A. Cockayne, and N.
P. Minton, “The emergence of ’hypervirulence’ in Clostridium
difficile,” International Journal of Medical Microbiology, vol. 300,
no. 6, pp. 387–395, 2010.

[6] E. J. Kuijper, R. J. van den Berg, and J. S. Brazier, “Comparison
of molecular typing methods applied to Clostridium difficile,”
Methods in Molecular Biology, vol. 551, pp. 159–171, 2009.

[7] M. Delmée, J. Van Broeck, A. Simon, M. Janssens, and
V. Avesani, “Laboratory diagnosis of Clostridium difficile-
associated diarrhoea: a plea for culture,” Journal of Medical
Microbiology, vol. 54, part 2, pp. 187–191, 2005.

[8] L. R. Peterson, P. J. Kelly, and H. A. Nordbrock, “Role of
culture and toxin detection in laboratory testing for diagnosis



6 BioMed Research International

ofClostridium difficile-associated diarrhea,” European Journal of
Clinical Microbiology and Infectious Diseases, vol. 15, no. 4, pp.
330–336, 1996.

[9] H. Snell, M. Ramos, S. Longo,M. John, and Z. Hussain, “Perfor-
mance of theTechLabC.DIFFCHEK-60 enzyme immunoassay
(EIA) in combination with the C. difficile tox A/B II EIA kit, the
triage C. difficile panel immunoassay, and a cytotoxin assay for
diagnosis ofClostridium difficile-associated diarrhea,” Journal of
Clinical Microbiology, vol. 42, no. 10, pp. 4863–4865, 2004.

[10] H. Vanpoucke, T. De Baere, G. Claeys, M. Vaneechoutte, and
G. Verschraegen, “Evaluation of six commercial assays for the
rapid detection of Clostridium difficile toxin and/or antigen in
stool specimens,” Clinical Microbiology and Infection, vol. 7, no.
2, pp. 55–64, 2001.

[11] B. M. Shin, Y. K. Eun, J. L. Eun, and J. G. Songer, “Algorithm
combining toxin immunoassay and stool culture for diagnosis
of Clostridium difficile infection,” Journal of Clinical Microbiol-
ogy, vol. 47, no. 9, pp. 2952–2956, 2009.

[12] E. J. Kvach, D. Ferguson, P. F. Riska, and M. L. Landry, “Com-
parison of BDGeneOhmCdiff real-time PCR assay with a two-
step algorithm and a toxin A/B enzyme-linked immunosorbent
assay for diagnosis of toxigenic Clostridium difficile infection,”
Journal of Clinical Microbiology, vol. 48, no. 1, pp. 109–114, 2010.

[13] M. E. Reller, C. A. Lema, T. M. Perl et al., “Yield of stool culture
with isolate toxin testing versus a two-step algorithm including
stool toxin testing for detection of toxigenic Clostridium diffi-
cile,” Journal of Clinical Microbiology, vol. 45, no. 11, pp. 3601–
3605, 2007.

[14] F. C. Tenover, S. Novak-Weekley, C. W. Woods et al., “Impact
of strain type on detection of toxigenic Clostridium difficile:
comparison of molecular diagnostic and enzyme immunoassay
approaches,” Journal of Clinical Microbiology, vol. 48, no. 10, pp.
3719–3724, 2010.

[15] S. M. Novak-Weekley, E. M. Marlowe, J. M. Miller et al.,
“Clostridium difficile testing in the clinical laboratory by use of
multiple testing algorithms,” Journal of Clinical Microbiology,
vol. 48, no. 3, pp. 889–893, 2010.

[16] J. A. Barkin, N. Nandi, N. Miller, A. Grace, J. S. Barkin, and D.
A. Sussman, “Superiority of theDNA amplification assay for the
diagnosis of C. difficile infection: a clinical comparison of fecal
tests,” Digestive Diseases and Sciences, vol. 57, no. 10, pp. 2592–
2599, 2012.

[17] K. C. Carroll, “Tests for the diagnosis of Clostridium difficile
infection: the next generation,” Anaerobe, vol. 17, no. 4, pp. 170–
174, 2011.

[18] D. Heeg, D. A. Burns, S. T. Cartman, and N. P. Minton,
“Spores of Clostridium difficile clinical isolates display a diverse
germination response to bile salts,”PLoSOne, vol. 7, no. 2, article
e32381, 2012.

[19] M. Rupnik, “Heterogeneity of large clostridial toxins: impor-
tance of Clostridium difficile toxinotypes,” FEMS Microbiology
Reviews, vol. 32, no. 3, pp. 541–555, 2008.

[20] F. Barbut, M. Monot, A. Rousseau et al., “Rapid diagnosis
of Clostridium difficile infection by multiplex real-time PCR,”
European Journal of Clinical Microbiology & Infectious Diseases,
vol. 30, no. 10, pp. 1279–1285, 2011.

[21] R. A. Luna, B. L. Boyanton Jr., S.Mehta et al., “Rapid stool-based
diagnosis ofClostridium difficile infection by real-time PCR in a
children’s hospital,” Journal of Clinical Microbiology, vol. 49, no.
3, pp. 851–857, 2011.

[22] S. D. Bélanger, M. Boissinot, N. Clairoux, F. J. Picard, andM. G.
Bergeron, “Rapid detection of Clostridium difficile in feces by

real-time PCR,” Journal of Clinical Microbiology, vol. 41, no. 2,
pp. 730–734, 2003.

[23] P. Lantz, W. Abu Al-Soud, R. Knutsson, B. Hahn-Hagerdal, and
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Molecular methods are important tools in the diagnosis of bloodstream bacterial infections, in particular in patients treated with
antimicrobial therapy, due to their quick turn-around time. Here we describe a new broad-range real-time PCR targeting the 23S
rDNA gene and capable to detect as low as 10 plasmid copies per reaction of targeted bacterial 23S rDNA gene. Two commercially
available DNA extraction kits were evaluated to assess their efficiency for the extraction of plasma and whole blood samples spiked
with different amount of either Staphylococcus aureus or Escherichia coli, in order to find the optimal extraction method to be
used. Manual QIAmp extraction method with enzyme pre-treatment resulted the most sensitive for detection of bacterial load.
Sensitivity of this novel assay ranged between 10 and 103 CFU per PCR reaction for E. coli and S. aureus in human whole blood
samples depending on the extraction methods used. Analysis of plasma samples showed a 10- to 100-fold reduction of bacterial 23S
rDNA in comparison to the corresponding whole blood specimens, thus indicating that whole blood is the preferential sample type
to be used in this real-time PCR protocol. Our results thus show that the 23S rDNA gene represents an optimal target for bacteria
quantification in human whole blood.

1. Introduction

Blood culture (BC) is the most widely used method for
the diagnosis of bloodstream bacterial infections (BSIs) [1].
Major limitations of culture techniques are the intrinsic
poor cultivability (or noncultivability) of some bacteria and
the inhibitory effects of concurrent antibiotic therapy. In
addition, the turn-around time of BC ranges from 24 to 72
hours, which implies that results might become available too
late to be of clinical utility [2]. In recent years, molecular
methods have been proposed as additional diagnostic tools
for BSIs [2, 3]. Several studies reported the development

and clinical assessment of broad-range real-time PCR pro-
tocols, capable of rapid detection and identification of a
vast proportion of cultivable and uncultivable bacteria, from
different types of biological samples [4–12]. The majority of
the broad-range real-time PCRs use a single pair of universal
primers to identify bacteria through the amplification of
the 16S ribosomal DNA (16S 0072DNA), given the high
level of homology of this gene throughout the bacterial
species diversity [12]. The amplification of the 16S rDNA has
been described as a specific and sensitive tool to identify
and quantify different microorganisms depending on the
specific protocol used [7, 13–17]. A major pitfall of 16S-based
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panbacterial primers is their cross-reactivity with human
ribosomal RNA genes; to overcome the problem, Kommedal
and coworkers proposed a 16S rDNA-based dual-priming
protocol [18]. In addition to 16S rDNA, the gene coding for
the large subunit ribosomal RNA (23S rDNA) has also been
targeted for the development of PCR methods for bacterial
detection, but only a limited number of studies evaluated
the utility of 23S-based panbacterial primers [4, 19], and no
studies have so far exploited this target for BSI monitoring.
The aim of our study was to develop a novel 23S rDNA-
targeted real-time pan-bacterial PCR method, suitable for
the detection of a wide range of bacterial species, for the
monitoring of BSIs. In addition, since the amount of bacterial
DNA detected in blood from healthy subjects is reported to
be highly variable and profoundly influenced by the use of
whole blood or plasma [4, 7, 20], we tested the suitability of
different extraction procedures for the isolation of bacterial
DNA from blood-derived specimens.

2. Materials and Methods

2.1. Design of the 23S rDNA Universal Primers. Complete
23S rDNA sequences from 50 bacterial species, span-
ning the eubacterial diversity, were retrieved from the
NCBI database (http://www.ncbi.nlm.nih.gov/). Alignment
of the sequences was performed using the MUSCLE soft-
ware [21] and manually checked. 28S rDNA sequences
from Caenorhabditis elegans, Candida albicans, Drosophila
melanogaster, and Homo sapiens were also included in the
alignment, in order to evaluate the specificity for the bacterial
rDNA of the designed primers. Primers were manually
designed on the obtained alignment, and then evaluated
using mfold (http://mfold.rna.albany.edu/?q=mfold) and the
Operon oligo analysis tool (http://www.operon.com/tools/
oligo-analysis-tool.aspx). The sequences of the 23S rDNA-
targeted pan-bacterial primers are PAN23S-F, 5󸀠-TCGCTC-
AACGGATAAAAG-3󸀠 and PAN23S-R, 5󸀠-GATGAnCCG-
ACATCGAGGTGC-3󸀠; the amplified fragment size is 97
base pairs in Escherichia coli. The designed primers were
then compared to the nonredundant nucleotide eukaryotic
database using the Blast software (http://blast.ncbi.nlm.nih
.gov/Blast.cgi), to highlight possible unwanted matches.

2.2. 23S rDNA Real-Time PCR. PCR reactions were effected
in a final volume of 25𝜇L, containing 12.5 𝜇L of SYBR
Green PCR Master Mix Reagent (Biorad-Hercules, CA,
USA), 250 nM of each primer, and 5 𝜇L of the extracted
DNA solution. PCR was performed in an IQ5 thermocycler
(Biorad-Hercules, CA, USA) with an initial step of 5min at
95∘C, followed by 40 cycles of 15 s at 95∘C and 30 s at 58∘C.
After PCR amplification, the melting curve was established
by increasing the temperature from 55∘C to 95∘C.

2.3. Bacterial Isolates. A panel of 47 different bacterial iso-
lates, 20 Gram-positive, and 27 Gram-negative was included
in the study (Table 1). These strains were either obtained
from routine cultures, identified at the Unit of Clinical
Microbiology, St. OrsolaMalpighi Hospital, or obtained from

Table 1: Bacterial strains utilized in this study. The strains were
either obtained from the bacterial collection of the St. Orsola
Hospital (BACSO) or derived from routine workflow. In this last
case the procedure for identification are reported in the Qualty
Assurance files of the Laboratory.

Microorganisms species Origin of the isolate
Acinetobacter baumannii Urine
Acinetobacter lwoffii Urine
Alcaligenes xylosoxidans Urine
Bacteroides fragilis Cerebrospinal fluid
Campylobacter jejuni Feces
Citrobacter braakii Abdominal drainage
Citrobacter freundii Blood
Citrobacter koseri Urine
Corynebacterium jeikeium Blood
Corynebacterium minutissimum Blood
Corynebacterium striatum Blood
Corynebacterium urealyticum Blood
Enterobacter cloacae Urine
Enterobacter aerogene Urine
Enterococcus casseliflavus Blood
Enterococcus faecalis Bacso/atcc 29212
Enterococcus faecium Blood
Enterococcus gallina rum Blood
Escherichia coli Bacso/atcc 25922
Haemophilus influenzae Bacso/atcc 49247
Haemophilus influenzae Bacso/atcc 49766
Hafnia alvei Bile
Klebsiella oxytoca Blood
Klebsiella pneumoniae Urine
Morganella morganii Urine
Nocardia sp. Bronchial aspirate
Proteus mirabilis Urine
Proteus vulgaris Bronchial aspirate
Providencia stuartii Urine
Pseudomonas aeruginosa Bacso/atcc 27853
Pseudomonas luteola Bronchial aspirate
Salmonella sp. Group B Feces
Salmonella sp. Group C Feces
Salmonella sp. Group D Feces
Serratia marcescens Urine
Staphylococcus aureus Bacsoatcc 29213
Staphylococcus epidermidis Blood
Staphylococcus haemolyticus Blood
Staphylococcus hominis Blood
Staphylococcus warneri Blood
Stenotrophomonas maltophilia Faringeal swab
Streptococcus agalactiae Uretral swab
Streptococcus anginosus Blood
Streptococcus mitis Blood
Streptococcus parasanguinis Blood
Streptococcus pyogene Faringeal swab
Streptococcus pneumoniae Bacso/atcc 49619

the bacterial collection at the same Institution (BACSO).
A cell suspension containing 108 CFU/mL was obtained
from each bacterial isolate, and the DNA was extracted
using described protocols [22]. PCR products obtained from
bacterial cultures were then sequenced to verify whether just
bacterial DNA had been amplified and cloned. In addition,



BioMed Research International 3

five eukaryotic species from the genus Candida (Candida
albicans, Candida glabrata, Candida tropicalis, Candida para-
psilosis, and Candida guilliermondii) were included in the
study.

2.4. PCR Sensitivity Test. An external standard for absolute
quantification (i.e., the target 23S rDNA gene fragment,
cloned into a plasmid vector) was prepared. PCRwas effected
on Staphylococcus aureus DNA using the above described
primers PAN23S-F and PAN23S-R according to standard
PCR conditions. The band resolved on a 2% agarose gel was
excised and the PCR product was then purified, quantified,
and cloned using the pGEM T-easy vector (Qiagen, Basel,
Switzerland) according to manufacturers’ instructions. Ten
randomly selected clones were sequenced with ABI technol-
ogy. A plasmid containing the 23S rDNA insert was purified
from one of the clones, using the QIAprep Spin Miniprep
Kit (Qiagen, Basel, Switzerland). After quantification, a serial
dilution of the plasmid was used to assess the sensitivity of
the above PCR assay, with plasmid at concentrations ranging
from 108 to 101 copies per reaction, to generate the standard
curve.

2.5. DNA Extraction from Whole Blood Spiked with Gram-
Positive and Gram-Negative Bacteria. Tenfold serial dilution
of bacteria in blood was prepared, by spiking fresh K

3
EDTA

blood samples with S. aureus ATCC 25923 or E. coli ATCC
25922 (as representative strains for Gram-positive andGram-
negative bacteria), to obtain final concentrations of bacteria
ranging from 107 CFU per mL to 10 CFU per mL of blood.
A written informed consent was obtained from each blood
donor following the ethical rules of the St. Orsola Hospital
Blood Bank in Bologna. As a control, identical series were
prepared in phosphate buffer saline (PBS). Standard 100 𝜇L
volumes from each sample of these spiked series (blood or
PBS) were subjected to DNA extraction, using the differ-
ent protocols reported below. Two different commercially
available methods were used following the manufacturers’
instructions: the automated nucleic acid extractor NucliSens
EasyMag (BioMerieux, Marcy l’Etoile, France) and the man-
ual QIAmpDNAbloodmini kit (Qiagen, Basel, Switzerland).
As a third option, the following modification of the QIAmp
DNA blood mini kit was also used: 100 𝜇L of fresh whole
blood or PBS spiked series were preincubated with 90 𝜇L of
the enzyme solution buffer (20mg/mL lysozyme, 20mMTris
HCl, 2mMEDTA, 1%Triton). After 2 h of incubation at 37∘C,
the mixture was incubated at 56∘C for 2 h with addition of
10 𝜇Lof proteinaseK, at a concentration of 20mg/mL (Sigma-
Aldrich, St. Louis, MO, USA) and 100 𝜇L of AL Buffer. Then,
themixture (of 300𝜇L)was subjected toDNAextractionwith
the QIAmp DNA blood mini kit. The DNA obtained using
the three different procedures was eluted to a final volume
of 50𝜇L. In summary, these 50𝜇L of eluted DNA derived
from 1/10 of the blood spiked with the above number of
CFUs (i.e., 106–100 CFU in each 50𝜇L elution). This implies
that the five microliters used as template DNA for real-time
PCR contained bacterial DNAs derived from 105−10−1 CFU.
A series of blood samples spiked as above with E. coli
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Figure 1: Analysis of PANB-forward and PANB-reverse primers
homology sequences against the 23S rDNA of the most common
pathogenic bacteria species, Homo sapiens, Caenorhabditis elegans,
Candida albicans and Drosophila melanogaster in their binding
areas.

or S. aureus were processed for plasma preparation: the
spiked series of blood samples were incubated for 2 hours
at room temperature (RT) and then centrifuged at 400 g
for 15 minutes at RT. DNA was then extracted as above,
using the three different procedures. Each extracted DNA
was tested by real-time PCR, and the CT values were applied
to the standard curve generated in the same experiment to
obtain the corresponding copy number of bacterial 23S rDNA
gene targets in each reaction. Additionally, real-time PCR
was performed on DNA extracted from blood from healthy
donors, used as negative control.

3. Results

3.1. Specificity and Sensitivity of the 23S Real-Time PCR Assay.
The comparison of the designed primers with the sequences
from the 50 bacterial species included in the alignment shows
an almost complete identity, with no mismatches at the 3󸀠
end, while a high number of mismatches are present in the
alignment with the eukaryotic organisms included, that is,H.
sapiens,C. elegans,C. albicans, andD.melanogaster, as shown
in Figure 1.

In order to validate our in silico findings, the speci-
ficity of the novel 23S rDNA-targeted primers was also
evaluated on a total of 20 Gram-positive and 27 Gram-
negative bacterial strains (see Table 1 for details) and on five
eukaryotic species, from the genus Candida (see Section 2).
PCR amplification was obtained from the 47 bacterial DNAs,
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Figure 2: Standard curve amplification of cloned bacterial 23S
rDNA plasmid real-time PCR ranging from 108 to 101 copies per
reaction. Panel (a) shows the amplification curve constructed by
PCR assay. The fluorescence and the corresponding cycle numbers
are shown in the vertical and horizontal axes, respectively. Panel (b)
shows the relative standard curve ranging from 101 to 108 copies per
reaction. Panel (c) shows the corresponding melting curve.

with all the melting curves displaying a sharp peak at the
expected Tm; no amplification was obtained from any of
the Candida-derived DNA (results not shown). Additionally,
PCR products obtained from each bacterial amplification
were cloned and sequenced as previously described. Sequence
of all PCR products obtained was identified as derived from
the expected 23S rDNA fragment; these results demonstrate
that the developed PCR method specifically detects all the
bacterial species tested.

PCR sensitivity was evaluated on a serial dilution of
the plasmid containing the 23S rDNA fragment (with each
dilution tested in triplicate), at concentrations ranging from
108 to 101 plasmid copies per reaction, to generate a standard
curve (R value: 0.97; slope value: −2,527; Figure 2). The
detection limit of this PCR assay (standard curve method)

was 10 copies of 23S rDNA copies/reaction. The melting
curve analysis of the 23S rDNA gene product is shown in
Figure 2(c). The electrophoresis run for the PCR products
showed a unique specific band of 97 pb corresponding to the
23S rDNA gene, thus indicating high specificity.These results
demonstrate that the developed PCR method can detect up
to 10 copies per reaction, as shown in Figure 2.

3.2. DNA Extraction from Whole Blood and PBS Spiked with
Gram-Positive and Gram-Negative Bacteria. We evaluated
the efficiency of the two commercially DNA extraction
methods in PBS and whole blood spiked with E. coli and S.
aureus. Each experiment included a nonspiked whole blood
sample as a negative control. In these negative specimens
we never observed a completely negative amplification, given
the presence of traces of environmental bacterial DNA.
Therefore, in order to set up and define the exact number
of 23S rDNA copies detected for each sample, the cycle
threshold value of the corresponding negative control was
used as the edge limit of detection for each run.

The examination of sensitivity for detection of E. coli in
PBS after EasyMag extraction showed a positive signal for
concentrations in each PCR reaction in the 10 to 102 CFU
range; when blood samples were examined, a 10-fold decrease
in the detection sensitivity was observed (Figure 3(a)). When
S. aureus was tested, the detection sensitivity decreased to
103 CFU per PCR in the case of PBS suspension and to
above 103 CFU per PCR when whole blood specimens were
evaluated, as shown in Figure 3(d).

The QIAmp DNA blood mini kit extraction method
showed a detection limit for E. coli of 1 CFU per PCR in PBS
and of 10 CFU per PCR in whole blood samples (Figure 3(b)).
The lowest detectable concentrations of S. aureus in PBS
and whole blood specimens were 102 and 103 CFU per PCR,
respectively (Figure 3(e)).

When the pre-treatment step with lysozime and
proteinase K was introduced in the QIAmp extraction
protocol the PCR sensitivity rose 10-fold for S. aureus
(Figure 3(f)) whereas no increase was demonstrated for E.
coli (Figure 3(d)). In particular, the detection limit for E.
coli was 1 and 10 CFU per PCR in PBS and in whole blood,
respectively. The detection limit for S. aureus 23S rDNA
ranged from 1 to 10 CFU per PCR and 10 to 102 CFU per
PCR, respectively, for the bacterial suspension in PBS and
whole blood. Similar results were shown for whole blood
samples by Zucol and coworkers by using a set of primers
and a specific probe targeted on the 16S RNA gene with an
extraction protocol based on enzymatic [6].

3.3. Comparison of the Bacterial 23S rDNA Copy Number in
Whole Blood and in Plasma. Given the potential application
of the novel broad-spectrum PCR assay either in plasma
or whole blood specimens, we quantified and compared
the detection limit of the novel PCR protocol in whole
blood specimens spiked with different bacteria and in the
derived corresponding plasma samples, as described above.
Our results showed that the EasyMag extraction protocol
presented a 100-fold reduction of detection sensitivity in
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Figure 3: Analytical sensitivities of three different extraction protocols following quantification by the novel 23S rDNA real-time PCR from
whole blood (continuous line) and PBS (dotted line) spiked with different Gram-negative (Escherichia coli) or Gram-positive (Staphylococcus
aureus) bacteria ranging from 1 to 105 bacteria per reaction. EasyMag automated extraction protocols with E. coli (a) or with S. aureus (d)
spiked in PBS and in whole blood. QIAmp DNA blood mini kit extraction methods with E. coli (b) or with S. aureus (e) spiked in PBS and
in whole blood; QIAmp DNA blood mini kit extraction with pretreatment with lysozyme and proteinase K with E. coli (c) or with S. aureus
(f), spiked in PBS and in whole blood. Results are representative of three independent experiments, effected on three independent DNA
extractions and expressed as mean ± standard deviations.

the plasma in comparison to the corresponding WB samples
(Figures 4(a) and 4(d)). Similarly, the QIAmp DNA blood
mini kit with or without the enzymatic pre-treatment showed
a similar behavior (Figures 4(b), 4(c), 4(e), and 4(f)). In par-
ticular, the QIAmp DNA blood mini kit with pre-treatment
showed a positive signal for E. coli for as low as 101 and
103 CFU per PCR from whole blood and plasma, respectively

(Figure 4(c)), and the minimum detection limit for S. aureus
ranged from 101 to 102 CFU per PCR and 102 to 103CFU per
PCR from whole blood and plasma (Figure 4(f)). Our results
showed that the PCR sensitivity was lower in plasma samples
than in the corresponding whole blood samples for both S.
aureus and E. coli, independently from the extractionmethod
used.
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Figure 4: Analytical detection range and sensitivities of different extraction protocols fromwhole blood (continuous line) spiked with Gram-
negative (E. coli) or Gram-positive (S. aureus) bacteria and their corresponding plasma (dotted line). EasyMag protocols with E. coli (a) or
with S. aureus (d), spiked in plasma and in whole blood. QIAmp DNA blood mini kit extraction with E. coli (b) or with S. aureus (e), spiked
in plasma and in whole blood; QIAmp DNA blood mini kit extraction with pre-treatment with lysozime and proteinase K with E. coli (c) or
with S. aureus (f), in plasma and in whole blood.

4. Discussion

In this study, we developed and assessed the analytical
performance of a novel real-time PCR method targeted on
a conserved region of the 23S ribosomal DNA gene, for
the detection and quantification of a wide range of human
pathogenic bacteria in human blood and plasma samples.

PCR assays capable of detecting a wide range of human
pathogens are nowadays important tools in microbiology
laboratories, useful for the detection and identification of
infecting bacteria, in particular in the case of blood stream
infections. This approach demonstrated its utility in cases of
patients receiving ongoing antimicrobial therapy or infected
by fastidious/not cultivable bacteria [1, 9]. So far, 16S rDNA
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has been the most widely used target for these applications.
As detailed in the introduction, one concern that was raised
against 16S rDNA-based approaches was its possible lack
of specificity, for example, the cross-reactivity with human
DNA, but this issue was not largely investigated [18, 23–
25]. As target for a pan-bacterial PCR, the 23S rDNA region
offers some advantages compared to 16S rDNA: (i) a higher
content of variable sequence stretches, (ii) the presence of
unique insertions/deletions, and (iii) possibility of a better
phylogenetic resolution because of a higher sequence varia-
tion [19, 26, 27].

The novel 23S rDNA-targeted PCR assay described here
was able to specifically detect all of the 47 bacterial isolates
included in the study that represent an estimated 90% of
the reported causes of blood stream infections [6]; no false
positive reactions were observed when eukaryotic DNAs
of diverse origin were tested. A previous study conducted
by Zucol and co-workers showed a sensitivity lower than
that reported here, when combined nucleic acids extraction
methodswere applied towater bacterial suspensions and then
followed by a 16SrDNA-targeted broad-spectrum real-time
PCR assay [6]. As expected, the performance of that method
was lower when applied to detect Gram-positive in respect to
Gram-negative bacteria, likely due to the thicker cell wall of
the former [6].

The minimal detection limits determined for the novel
real-time PCR described here were in the range of 1 to
103 CFU per reaction in whole blood spiked with E. coli
or S. aureus, depending on DNA extraction methods; as
expected, this indicates that the DNA purification step can
have a profound effect on the final results. The modified
QIAmp DNA blood mini kit, with pre-treatment of the
samples with proteinase K and lysozyme that contribute
to the disruption of the bacterial cell envelopes, led to a
sensitivity of the overall procedure that appears superior
compared to methods without preenzymatic treatments (see
Figure 3).

Some previously published studies showed controversial
results for the detection of the bacterial 16S rDNA in blood.
In particular, differences were found when whole blood or
plasma specimens were evaluated [7, 15, 20, 28]. The effective
difference in the amount of bacterial rDNAs detectable in
whole blood or plasma samples remains up to today not fully
investigated, so that the discussion about the optimal type of
samples to be used for the detection of bacterial rDNAs from
blood stream specimens is still ongoing [2]. In this study, we
tested whole blood samples spiked with either E. coli or S.
aureus and the derived plasma specimens, demonstrating that
the detection of 23S rDNA was more effective when whole
blood was used.

These results suggest that for an appropriate and effective
detection of bacterial 23S rDNA the most promising type
of sample is whole blood, while plasma must be considered
a second choice, given the lower detection limit. A major
weakness of the novel test described in this paper is the
short sequence, 97 base pair, used as target for the assay, that
makes quite unlikely the possibility to use the amplicons for a
successive species identification, based on sequence analysis.

On the other hand, it should be considered that in most
cases of invasive bacterial disease and in particular in blood
stream infections, the bacterial load in biological samples,
such as cerebrospinal fluid and blood, is usually quite low
and the use of a very sensitive diagnostic method, like the
novel PCR assay described in this paper, is highly desirable in
order to prove the microbial etiology. A similar approach was
recently described by Banada and co-workers, who showed
that an increase in the sensitivity of the PCR protocol can
be obtained by a decrease in amplicon size [28]. Additional
methods, capable of identifying the infective germs could be
applied later on in the diagnostic workflow, eventually with
additional steps capable of increasing the bacterial load, such
as enrichment broth culture or testing on specimens obtained
after withdrawal or suspension of the antimicrobial therapy.
The presence of bacterial products, including nucleic acids,
in the blood is nowadays a well-recognized phenomenon
that frequently occurs when pathological conditions allow
translocation from highly colonized sites, such as the bowel
[29, 30]. One major application of the method in this study
could be the quantification of total bacterial DNA in the
bloodstream in all the cases in which a sensitive detection
of DNA is desired without the need for a precise bacterial
species identification.
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A prototype dual-pathmicrofluidic device (Rheonix CARD) capable of performing simultaneously screening (antigen or antibody)
and confirmatory (nucleic acid) detection of pathogens is described. The device fully integrates sample processing, antigen
or antibody detection, and nucleic acid amplification and detection, demonstrating rapid and inexpensive “sample-to-result”
diagnosis with performance comparable to benchtop analysis. For the chip design, a modular approach was followed allowing the
optimization of individual steps in the sample processing process. This modular design provides great versatility accommodating
different disease targets independently of the production method. In the detection module, a lateral flow (LF) protocol utilizing
upconverting phosphor (UCP) reporters was employed.The nucleic acid (NA)module incorporates a genericmicrotube containing
dry reagents. Lateral flow strips and PCR primers determine the target or disease that is diagnosed. Diagnosis of HIV infection was
used as amodel to investigate the simultaneous detection of both human antibodies against the virus and viral RNA.The serological
result is available in less than 30min, and the confirmation by RNA amplification takes another 60min. This approach combines a
core serological portable diagnostic with a nucleic acid-based confirmatory test.

1. Introduction

Infectious diseases including malaria, pulmonary tuberculo-
sis, and viral infections (e.g., human immunodeficiency virus
(HIV)) remain major public health problems particularly
in the developing world. As individuals unaware of their
infection status represent a high risk of transmission, rapid
and accurate diagnostics are crucial to decrease incidence
and allow for immediate therapeutic intervention. Rapid test
devices (RTDs) are available for many infectious diseases
allowing appropriate initial screenings. However, these RTDs
typically require confirmation by a second test. Currently,

confirmatory diagnostics are conducted in well-equipped
clinics staffed with trained personnel. Moreover, confirma-
tory tests generally require a second visit to the clinic, and
patients often do not return to collect confirmatory test; this
reduces effectiveness in respect to prompt treatment of the
infectious disease [1, 2].

Many of the available RTDs used in point-of-care (POC)
settings use lateral flow in combination with a visual inter-
pretation of the test result, and these devices do not always
exhibit the expected sensitivity and specificity [3]. Often,
this performance is a consequence of the testing conditions
including how the clinical sample is collected and the level
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of operator’s experience with the test. In resource-limited
settings, confirmation of the infection is often carried out
with a different RTD. Although algorithms for serial and
parallel testing are effective [4], confirmation of an infection
by targeting a different analyte with a more sensitive assay is
preferable.

Microfluidic lab-on-a-chip (LOC) devices performing
high complexity assays may bring confirmatory testing from
the specialized laboratories to the POC setting [5]. Several
bench-top technologies have been translated to microfluidic
platforms, sometimes by straightforward miniaturization of
benchtop assays [6, 7]. In general, miniaturization effectively
reduces the overall assay time, which is an important param-
eter for POC applications. Besides speed and appropriate
specificity and sensitivity, successful integration of LOC
diagnostics in the POC setting requires dedicated low cost
operating devices.

To demonstrate active/acute infection, on-chip NA
amplification methods have been developed based on their
versatility, speed, and high sensitivity and specificity [9–11].
Microfluidic devices allowing detection of a single nucleic
acid molecule have been developed [12]. However, ampli-
fication of submicroliter starting volumes of a target [13,
14] limits the actual sensitivity achievable because existing
devices have not been integrated with an NA concentra-
tion step. When evaluating the theoretical lower limit of
detection (LOD) of the pathogen in a clinical sample, the
target concentration required to get the minimum amount of
DNA molecules in the amplification compartment must be
considered. Although extreme miniaturization of the ampli-
fication compartment will reduce the amounts of reagents
and consequently the cost of the amplification reaction, it
may negatively impact the LOD. In addition, when analyzing
clinical samples such as saliva, plasma, urine, or stool, sample
preparation steps are generally required in order to achieve
maximum sensitivity. Full integration of sample collection,
metering, cell lysis, nucleic acid purification, and concentra-
tion in a single POC device remains a challenge [9, 15–17].

LOC devices with highly functional modules are particu-
larly useful when they include the capability formultiplexing,
allowing for rapid screening and, if necessary, a confirmatory
test. Here we describe the development of a device for
simultaneous detection of antibody and nucleic acid using a
test platform from Rheonix with their previously described
CARD technology [18, 19].Thedevice is amicrofluidic CARD
designed to receive sample and perform dilution, lysis, NA
purification and amplification, and LF-based detection using
target-specific LF strips. It can complete the screening and
confirmation of an HIV infection within 1 to 2 hours and
is easily adapted to detect different targets by changing the
NA amplification reagents with the appropriate set of primers
and the LF strips with matching capture zones. The device
described here can utilize a clinical sample and proceed
through the entire “sample-to-result” process automatically.
The Rheonix platform employs a portable controller to guide
the fluid movement on the microfluidic CARD (Figure 1(A)).
The CARD consists of a 3-layer polystyrene (PS) structure
with a reagent reservoir layer attached on top (Figure 1(B)).
The 3-layer PS structure housing channels and diaphragm

valves and pumps represent the core technology of the CARD
[18]. The circular chambers beneath valve/pump diaphragms
are pneumatically connected to the manifold on the bottom
of the CARD. A valve/pump diaphragm is deflected into a
chamber when negative pressure is applied which results in
the open status of valve/pump. In contrast, when positive
pressure is applied to the chamber a valve/pump diaphragm
is pushed against the valve seat and forms the closed status of
valve/pump. Sequentially actuating multiple diaphragms in
series creates a peristaltic pumping action. The capability to
fabricate multiple pumps and valves in a single microfluidic
chip provides a high degree of flexibility in the manipulation
of multiple reagents and specimens, that is, transport of
reagents from a reservoir to a reaction chamber, transport
of water to a vessel to dissolve dry reagents, active mixing of
two or more fluids, discharging of a product to downstream
processes, and so forth. To use it, the CARD is first securely
mounted with vacuum on the manifold. Microfluidic valves
and pumps are pneumatically actuated by 32 individually
addressable solenoids controlled by a user-interface program
written using script language running on a Java-based soft-
ware program.The script language program also controls the
thermal (cycling) function for nucleic acid amplification, in
this case RT-PCR.

2. Materials and Methods

2.1. Saliva Samples. Saliva was collected from a healthy
volunteer according to protocols described earlier [20]. The
UPlink collector (previously available from OraSure Tech-
nologies) and the newly developed collector with solid Porex
matrix were tested for potential application in the dual-
path CARD. The dual-path CARD was eventually designed
for use with the solid Porex matrix collector. Whole mouth
saliva samples (WMSSs) clarified using either the collec-
tors or centrifugation (or a combination) were spiked with
plasma-based control samples as providedwith theOraQuick
ADVANCE Rapid HIV-1/2 Antibody Test (OraSure Tech-
nologies): a borderline positive and a negative control sample.
Samples were furthermore spiked with Armored RNA parti-
cles (Asuragen Inc.) as noninfectious replacement for HIV.

2.2. RNA Isolation. RNA was isolated using either the High
Pure Viral RNA kit (Roche) or the ZR Viral RNA kit
(Zymo Research). In the procedures provided with both
kits, the lysis/binding buffer could be replaced with Pluronic
Lysis Buffer which contained 15% (w/v) of the nonionic
detergent heteropolymer Pluronic F-68 (Sigma-Aldrich) in
50mM Tris-Cl pH 6.6 and 4.5M Guanidine Hydrochloride.
Pluronic lysis buffer can be lyophilized to dryness, stored
as a dry reagent, and readily dissolved in H

2
O as required.

Proprietary wash buffers from Rheonix with reduced EtOH
concentrations were also successfully used to replace the
wash buffers provided with the High Pure Viral RNA kit.
RNA isolated using the Rheonix wash buffers (either by the
benchtop or by on-chip protocols) improved downstream
RT-PCR amplification yields. The Roche and Zymo kits uti-
lize spin columns in the RNA isolation; themicrofluidic chips
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Figure 1: Rheonix processor platform (controller) and CARD technologies. (A) Controller box with integrated vacuum and pressure pump
system. A manifold forms the interface between the controller box and the CARD; in the magnified top view the heating module and the
solenoid connections (ports) are indicated. Vacuum and pressure ballast tanks are integrated within the controller box. (B (a)) panel showing
a minimal schematic of the basic 3-layer PS CARD structure with 2 small and one larger diaphragm (valves/pumps); (B (b)) a top down
view of the 3-layer laminated structure shown in panel (B (a)) (without any reservoirs mounted). (C) Diagram showing the valve operations
required for peristaltic fluid movement in the CARD.

were provided with a Rheonix proprietary silica membrane
suitable for filtration by vacuum.

2.3. Nucleic Acid Amplification. RT-PCR kits were obtained
from Roche, Qiagen, GE Healthcare, and Zymo. In most
experiments the QIAGEN OneStep RT-PCR Kit (QIAGEN)
was used as its hot-start capability allowed convenient on-
chip addition of the assay reagents to the microfluidic

chip before initiation of the assay. Also, the kit materials
could be lyophylized for storage in 0.2mL microfuge tubes
by the proprietary technology of Tetracore Inc., which is
a format compatible with the dual CARD NA amplifica-
tion compartment. The Transcriptor One-Step RT-PCR Kit
(Roche) allowed the largest reduction in RT-PCR assay time.
The illustra Ready-To-Go RT-PCR Beads (GE Healthcare)
were the only commercially readily available dry reagents
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Figure 2: The dual-path antibody RNA CARD. Design (a) and top down image (b) of the dual path microfluidic device with the reagent
reservoirs and other compartments used in the detection of anti-HIV antibody and HIV RNA.

successfully applied in on-chip RT-PCR amplification. All
kits were used to amplify a 155 bp HIV gag fragment from
RNA isolated from noninfectious Armored RNA particles
(Asuragen Inc.). Amplification was performed using primers
developed for the COBAS Amplicor HIV-1 Monitor Test v1.5
[21]; the forward (sense) primerwas synthesizedwith a 5󸀠-end
Digoxigenin (Dig) hapten and the reverse (antisense) primer
with a 5󸀠-end Biotin (Bio) hapten (EuroGenTec).

2.4. UCP-LF Detection. Upconverting phosphor (UCP) par-
ticles are a highly sensitive reporter suitable for LF format
analysis [22], were obtained from OraSure Technologies Inc.
(Bethlehem, PA), and were conjugated with 25𝜇g mouse
anti-digoxigenin antibodies or 25𝜇g protein-A as described
[8, 23, 24]. Lateral flow strips for detection of anti-HIV
antibodies and Dig-Bio labeled DNA amplicons were also
produced as described [8, 23–25] with a 22mm sample pad.
The composition of the high salt lateral flow (HSLF) assay
buffer was 270mM NaCl, 1% w/v BSA (Sigma, A-2153) 0.5%
v/v Tween-20 in 100mMHepes pH 7.4).

2.5. Microfluidic Chip/CARD Technology. Microfluidic chips
were provided by Rheonix, Inc. Before designing the entire
and comprehensive dual pathCARD, various types of simpler
intermediate devices were developed to allow the analysis of
specific modules and assay steps. Required design changes
were indicated by the users and implemented by Rheonix
according to methods protocols described in Zhou et al. [18]
and Spizz et al. [19].

2.6. Operation of the Dual Path Chip. Saliva from an unin-
fected individual was used to evaluate the dual path chip.
Clarified saliva was spiked with 5% (v/v) of the OraQuick
antibody control and 10% (v/v) dilution of Armored RNA
(Asuragen Inc.). After buffer and reagents were loaded and
100 𝜇L of saliva added to the sample reservoir, the automated
protocol was initiated. Individual on-chip compartments
referred to in different steps are indicated in Figure 2 with
a few distinctive chip features shown in greater detail in
Figure 3. A brief description of the different steps distin-
guished in the dual path assay protocol is listed in the
following.

Step 1 (loading and dilution of saliva sample). 200 𝜇L PBS
(PBS—Compartment B) is used to release and dilute 100𝜇L
of sample from the oral collector (Sample—Compartment A)
by pumping. Note that the use of oral collector with the Porex
matrix is shown in Figure 3(A).

Step 2 (detection of antibody). Initiated by transferring a
100 𝜇L aliquot of the PBS diluted saliva sample to Compart-
ment L. Part of the aliquot is further mixed/diluted with
HSLF assay buffer from Compartment I while flowing to
the antibody detection LF strip (Figure 2(b)). HSLF (50 𝜇L)
containing 100 ngUCP-protA conjugate is applied to the strip
from Compartment J.

Step 3 (RNA isolation). The remainder (200𝜇L) of the PBS-
diluted saliva sample is mixed with 400𝜇L of 15% (w/v)



BioMed Research International 5

(A) (B)

(C) (D)

Porex collector
Plastic backing strip

Nitrocellulose
LF stripSample pad Waste pad

Side view: LF strip compartment

Outlet

Inlet

Silica
membrane

Retention
ring

Purification compartment

Paraffin RT-PCR
mix

Lumen Amplification tube

CARD side view

(a) (b) (c) (d)

Figure 3: Unique modular components of the CARD. (A) Saliva collector with removable solid Porex matrix. (B) Illustration of the LF strip
compartment and the LF strip schematic: the LF strip contains an extended sample pad that is positioned in a trough that prevents overflow
of the LF sample pad and strip. (C) Schematic of the compartment with the NA-binding silica membrane; the inlet/outlet of the connected
channels are indicated. (D) Schematic of the amplification microtube indicates how the lumen functions as both inlet and outlet. During
amplification the opening of the lumen is well above the liquid surface. After amplification, HSLF buffer is added to tube through the lumen,
and as a result the opening of the lumen will be below the liquid surface allowing it to function as an outlet.

Pluronic Lysis Buffer in the Lysis Buffer Compartment (C).
The lysate is then drawn through the NA binding silica
membrane in Compartment (F). The membrane is washed
with 200𝜇L of Rheonix WB-I (containing EtOH) and twice
with 200𝜇L EtOH free RheonixWB-II and then air-dried for
5min. Elution water is pumped (Compartment G) onto the
top of the silica membrane and incubated for 1min. RNA is
subsequently eluted and directed through the silica back into
Compartment G.

Step 4 (RT-PCR amplification). 15 𝜇L RT-PCR reagent is
added to RT-PCR reagent Compartment H and pumped to
the microtube together with 1𝜇L of the eluted RNA from
Compartment G. A drop of low melting paraffin (melt point
<50∘C) on the inner wall of the tube (Figure 3(D)) liquefies,
covers the reactionmixture, and prevents evaporation during
amplification.

Step 5 (detection of the DIG-BIO labeled amplicons using
UCP-CF). Immediately after completion of the RT-PCR,
100 𝜇L HSLF assay buffer from Compartment I is transferred
to the amplification tube to dilute the RT-PCR reaction
mixture. A 10 𝜇L aliquot flows from the amplification tube to

the LF strip forNAdetection, directly followedby 10𝜇LHSLF.
The DIG-BIO labeled amplicons bound to the Avidin Test
line of the DNA detection LF strip are detected with 50 𝜇L
of UCP-M𝛼DIG conjugate (containing 100 ng UCP particles)
from Compartment K.

Step 6 (scanning of the LF strips and result analysis). A
dedicated reader is used to read the UCP signal. Results are
presented as the ratio of the Test line signal divided by the
flow control signal.

3. Results

The design of the dual path CARD allowed convenient
iterations of the various modules. In our evaluation we
distinguish three units: (i) the sample application unit, (ii) the
antibody detection unit, and (iii) the nucleic acid unit. Each
unit has a modular design with variable complexity.

3.1. Sample Application. In a previous study [26] several
commercially available oral collectors were assessed for their
use in UCP-based assays. The UPlink collector (OraSure
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Figure 4: The consecutive flow protocol. (a) Schematic for the analysis of the antibody path, the Test Line was a proprietary peptide mix
(OraSure Technologies), and the Flow Line anti-human IgG. (b) Schematic showing consecutive flow applied to detect RT-PCR amplicons
provided with a digoxigenin and biotin hapten as described by Corstjens et al. [8], which was developed to detect antibodies against infectious
disease pathogens. For analysis of amplicons, the Test line was antidigoxigenin and the Flow Line digoxigenin.

Technologies) designed to deliver a metered fluid sample
directly into a cassette with a LF strip was identified as the
most suitable collector. The UPlink collector was successfully
applied in this study, but as this collector is not easily available
anymore, an alternative collector was designed. The new
collector consists of a circular, solid, porous, and removable
Porex disk (Porex Porous Corp., Fairburn, GA; 12.5mm
diameter by 3mmdeep) in a lever and a plastic handlebar.The
disk can be conveniently forced out of the lever into a specially
designed reagent vessel on the CARD (Figure 3(A)). The
current dimension of the Porex collector allows for collection
of ∼100𝜇L of oral fluid. After application of the Porex disk to
the CARD, the disk was rinsed with two volumes (200𝜇L)
of PBS by pumping fluid reversibly through the disk. The

porosity of the disk contributes to the efficient mixing of the
saliva sample with PBS, which renders the sample less viscous
for subsequent operations. Viscosity issues when analyzing
untreated saliva in different types of antibody-only devices
are part of a separate study (manuscript in preparation).
The diluted sample was split between the antibody and NA
analysis pathways.

3.2. Antibody Detection. The antibody detection path is
directly modeled on the sequential flow assay format (ref-
erred to as consecutive flow (CF)) described previously
for the detection of antibodies against infectious disease
pathogens [8]. The applicability of this assay format for
miniaturization was demonstrated earlier with a different
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several centrifugation steps using spin columns provided with a silica purificationmembrane. For the chip protocol, these steps were replaced
by on-chip vacuum filtration.

type of chip [27]. A schematic of the CF protocol is shown
in Figure 4. CF involves three sequential flow steps: the first
flow on the LF strip is the clinical sample with the targeted
antibody; the second flow is a wash step with HSLF buffer;
and the third flow contains UCP reporter particles coated
with protein A. The UCP reporter binds to human IgG from
the clinical sample at the Test line (T) and Flow Control line
(FC); to test samples for HIV infection, T contains HIV-
specific peptides and FC contains anti-human IgG. In this
study, CF was also used in the NA detection path for the
detection of RT-PCR amplicons (Figure 4(b)). It should be
noted that in contrast to the approximately vertical placement
of the LF strips in tubes (or microtiter plate wells) when
performing the benchtop assay, on the CARD they are placed
horizontally. Therefore careful regulation of the liquid flow is
important to assure a constant fluid stream and to prevent
flooding of the nitrocellulose strip. The LF strip holders
were designed with a “trough” to allow initiating liquid flow
through the extended flexible sample pad of the LF strips
without flooding (Figure 3(B)).

3.3. Nucleic Acid Unit: RNA Isolation. The NA analysis path-
way is the most complex part of the dual path chip. It consists
of several modules related to the various procedural steps in

the benchtop protocols.The first step is the RNA isolation, by
itself consisting of several subprocedures. The conventional
protocol to isolate HIV RNA employed the High Pure Viral
RNA Isolation Kit (Roche) including spin columns with a
silica matrix. Centrifugation steps were replaced with chip-
based vacuum filtration (Figure 5). Chips were provided with
an RNA isolation compartment fitted with Rheonix propri-
etary silica membrane. During development the diameter of
the matrix was varied between 3 and 5mm with a constant
∼1mm thickness, and the optimal size was determined to be
4mm. The larger diameter silica matrices required propor-
tionately greater elution volumes that often resulted in higher
concentrations of residual EtOH (or other contaminants) in
the eluted RNA and resulted in poor target amplification.
Conversely, the smaller sized matrices decreased binding
capacity and were easily clogged resulting in slow or blocked
flow. Besides the different silica membranes, all other steps
in the isolation protocol were carried out identically on both
the benchtop and the chip. When required, mixing of fluids
was achieved by pumping fluids reciprocally between two
reagent compartments.The viscosity of the lysis buffer was of
particular concern with respect to efficient mixing and fluid
movement and the efficiency of the wash buffers in removing
amplification inhibitors.



8 BioMed Research International

Roche wash buffer
RT-PCR
controls

Chip RNA isolation

HIV RNA

87

110

147
190

320

404

(b
p)

242

124

Roche inhibitor remover plus

Rheonx wash buffer Rheonx wash buffer

HIV RNA (𝜇L) HIV RNA (𝜇L) HIV RNA (𝜇L)
+− 4 2 1 0.5 4 2 1 0.5 4 2 1 0.5

(a)

0

Standard operating 
protocol (SOP)

190

242

320

404

489

147

(b
p)

10
−1

10
4
10
3
10
2

10
0

10
1010

−1
10
4
10
3
10
2

10
0

10
1

Armored RNA (no. of molecules)

2x primers, 2x polymerase,
𝑇𝛼 = 56

∘C, 35 cycles

(b)

Figure 6: Optimization of the RT-PCR amplicon yield. (a) The effect of different wash buffers on the quality of on-chip RNA isolation was
assessed by amplifying increasing amounts of CARD isolated RNA elute by RT-PCR.The volumes represent the amount of eluted RNA used
in the amplification reaction using a 10 𝜇L final assay volume. Note the decrease in amplicon yield with increased volume possibly due to
the presence of residual EtOH. (b) Doubling of the primers and enzyme concentration and a 2∘C lower annealing temperature increased the
amplicon yield.

3.3.1. Viscosity of the Lysis Buffers. High viscosity buffers
represent a problem for fluid transport through narrow chan-
nels on a microfluidic chip, and it is especially true for the
lysis step. The first action in the on-chip RNA isolation
protocol is the transport of diluted sample from the sample
reservoir into the prefilled lysis buffer reservoir, which is then
reciprocally pumped between compartments until the two
fluids are homogenous. The porous matrix used to collect
the oral clinical sample (e.g., a Porex disk from the oral
collection device (Figure 3) may also facilitate mixing. The
concave shape of the bottom of the lysis buffer reservoir
assists in the mixing process where sample enters from the
bottom into the prefilled lysis buffer reservoir (Figure 3(C)).
Lysis buffer from the ZR Viral RNA Kit (Zymo Research)
was also successfully used in combinationwith Rheonix wash
buffers. An alternative lysis buffer was developed based on
the nonionic detergent heteropolymer Pluronic F-68 and the
chaotropic reagent guanidine hydrochloride. Pluronic-based
buffers can be lyophilized, stored in dry form, and easily
hydrated. The concentration (w/v) of Pluronic reagent in the
lysis buffer was optimized and 15% (w/v), was found to be
ideal for lysis of viral particles, with high RT-PCR yield and
low viscosity.

3.3.2. Efficiency of the Wash Buffers. RNA isolated by bench-
top and on-chip methods, using reagents from the High Pure
Viral RNA Isolation Kit, were both analyzed by benchtop RT-
PCR. To prevent variation caused by the on-chip mixing of
lysis buffer and sample, mixing of lysis buffer and sample
was performedmanually before performing chip-based RNA
isolation. Nevertheless, a lower yield of RT-PCR product was
observed for the on-chip isolatedRNAcompared to benchtop
isolated RNA. Other wash buffers were evaluated for on-chip
application, including a proprietary EtOH-free wash buffers
from Rheonix (Figure 6(a)). Use of Rheonix wash buffers as
an alternative to the EtOH containing High Pure Viral RNA
Isolation Kit buffers improved the quality of RNA isolation,
which allowed an increase in the amount of eluted RNA in
the RT-PCR reaction.

3.4. Nucleic Acid Unit: RNA Amplification (RT-PCR). The
second step in theNApathway is the amplification procedure.
Initially PCR-only dedicated chips were used to investigate
on-chip RT-PCR conditions for the amplification of a 155 bp
gag HIV sequence. The amplified region and primers are
identical to the Roche Amplicor HIV-1 Monitor test (Roche)
version 1.5 [23]. As the various prototype chips used in this
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research still have an open architecture, Armored RNA
(Asuragen Inc.) was used in most cases as a surrogate for
infectious HIV for safety reasons. Purified RNA and RT-
PCR reagent mix were combined and mixed utilizing the
action of the diaphragm valves. Doubling of the enzyme
concentration and decreasing the annealing temperature by
2∘C improved the amplification (Figure 6(b)). Also, priming
(coating) of the channels with mineral oil led to better
reproducibility. The optimized method allowed detectable
amplification when initiating the RT-PCR with as little as
10 copies of Armored RNA. The potential of using dif-
ferent RT-PCR kits indicates that amplification within a
POC functional assay time is feasible. The shortest protocol,
using a 5min RT step, 1min hot start, and 5 sec each
for denaturing, annealing, and extension per PCR cycle,
was achieved with the Transcriptor One-Step RT-PCR Kit
(Roche). For most of the on-chip experiments, the Qiagen
OneStep RT-PCR Kit was used since the HotStarTaq DNA
Polymerase permitted retainingmixtures of RT-PCR reagents
and primers at ambient temperature allowing preloading of
the RT-PCR reagents. The use of hot start conditions and
polymerases is necessary to limit the formation of primer-
dimers and other PCR artifacts when primers and RT-
PCR reagents are mixed and preloaded in advance. In the
final version of the CARD, dry target-specific amplification
reagents will be provided to the amplification compartment,
a replaceable 0.2mL microtube affixed to the bottom of
the microfluidic chip. One currently available dry reagent
kit that was tested was the Ready-To-Go RT-PCR Beads
(illustra, GE Healthcare), This kit performed well on chip
using the original protocol and control target (a 425 bp
D. melanogaster fragment), but it did not accommodate
drastic shortening of the cycle time. A complete, ready-to-
go reagent cocktail made from reagents supplied with the
Qiagen kit and gag-specific primers (supplied with a Dig and
Bio hapten) was successfully transformed to a dry format
by Tetracore Inc., using their proprietary technology [28];
other technologies allowing storage/stabilization of biological
at room temperature are available, for example, Biomatrica
Inc. (San Diego, CA, USA). The Dig-Bio labeled amplicons
were detected using a flow format similar to the one described
for the antibody detection (Figure 4(b)), the saliva sample
being replaced by a diluted RT-PCR mixture. Lateral flow
strips provided with an Avidin capture line and an anti-
mouse Flow Control line were used to detect the Dig-Bio
amplicons utilizing a UCP reporter coated with mouse anti-
DIG antibodies [23].

3.5. Performance of the Dual Path CARD to Detect Both Anti-
body and RNA. A typical experiment with the dual path
CARD involves the simultaneous detection of antibody and
RNA utilizing saliva containing HIV Armored RNA samples
and antibody standards from the OraQuick ADVANCE
Rapid HIV1/2 Antibody Test. The open structure allowed
convenient manual addition of wet reagents and permit-
ted visual observation of the on-chip fluid transport. In
the on-chip protocol, the antibody detection path and the
NA detection path proceed sequentially. Buffers and other

reagents are loaded into their reservoirs prior to initiating
computer control. Once initiated, the fully automated chip-
based protocol dilutes the saliva sample with PBS and then
transfers an aliquot to the antibody detection path for
analysis.This aliquot is further dilutedwithHSLF assay buffer
and transferred to the antibody LF strip containing a test
zone to bind HIV-specific antibodies. The sample flow is
followed by a wash and a flow of the IgG generic UCP-
protA reporter conjugated to detect bound antibody. The
strip is dried while the NA analysis path proceeds. NA is
extracted from the remainder of the PBS diluted saliva sample
by first mixing with Pluronic lysis buffer and then running
the lysed sample over the NA-binding silica membrane. The
membrane is flushed with the proprietary Rheonix wash
buffers and air-dried to help remove residual EtOH prior to
elution with nuclease-free water. RT-PCR reagents and eluted
RNAare then added to themicrotube through a plastic lumen
(Figure 3(D)), and the amplification cycle is initiated. The
targeted disease/pathogen-specific NA sequence is amplified,
and resulting NA amplicons are provided with Dig-Bio
tagged primers. Upon completion, HSLF assay buffer flows
into the PCR tube through the lumen to mix and dilute
the DIG-BIO tagged amplicon; subsequently, an aliquot is
transferred to the NA LF strip. The NA LF strip contains
an avidin capture line that binds the BIO tagged amplicon.
Bound amplicons are then detected byUCP-M𝛼DIG reporter
particles that are bound to the DIG tag. When LF is com-
pleted, both the antibody and NA strips are removed from
the CARD and scanned for the presence of UCP label. In
future versions the controller box may contain a built-in IR
scanner.

The dual path chip was tested with saliva samples spiked
with the OraQuick positive control and Armored RNA or
with the OraQuick negative control. Chips were loaded
with 100 𝜇L of the spiked saliva and run without operator
interference. Figure 7 shows the result obtained after reading
the LF strips and indicates a clear distinction between the
seropositive and seronegative samples. Analysis of the LF
strips gave Test line signals of 2818 relative fluorescent
units (RFUs) versus 643 RFU for the low positive and
the negative controls, respectively. If required, the assay
components/conditions can be adapted in such a way that
the negative control does not generate a signal. Above a
certain threshold the ratio values are indicative of infection.
The threshold is assay and device-specific, and the actual
value is determined from a statistically relevant large set of
negative controls.When testing patients in a POC setting, the
serological results will already be available while the NA path
is still in process. In cases where the antibody result indicates
infection based on seroconversion, the NA result is required
to confirm infection based on the presence of viral RNA.The
presence of Armored RNA was also clearly demonstrated;
the saliva sample spiked with Armored RNA demonstrated a
clear signal (33735 RFU) whereas the control does not result
in a signal at the Test line. Ratio values calculated by dividing
T and FC signals indicate the same result. RT-PCR results
were validated through various RT-PCR benchtop controls
using the eluted RNA remaining in Compartment G.
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Figure 7: Analysis of saliva samples spiked with HIV RNA as Armored RNA and HIV antibodies on the dual path CARD. (a) Signals
representing peak areas (emission in RFU after excitation with 980 nm IR light) of the Test and Flow Control lines. (b) Results are presented
as Ratio Values calculated by dividing Test and Control line signals. Ratio values improve the interassay comparison obtained with different
LF strips.

4. Conclusion

This study describes a portable processing system (Rheonix,
Inc.) for disposable microfluidic chips suitable for POC
applications in the diagnosis, detection, and confirmation of
infectious disease pathogens. Prototype devices were devel-
oped and assessed for their potential to analyze saliva sam-
ples. Each step of the process was evaluated independently,
from collection to detection of targets specific to pathogen
infection. We note here that besides oral-based fluids, the
system was successfully tested with blood-derived samples
(mainly plasma and serum) spiked with cultures of HIV
(instead of the noncontagious Armored RNA alternative)
and can be adapted for use of other body fluids as well. For
the oral-based sample analysis the use of a dedicated saliva
collector was implemented. The device includes oral fluid-
based sample preparation steps required for NA purification
and allows the integration of essentially anyNA amplification
method. The device is suitable for simultaneous detection
of multiple types of biomolecules. Here, the detection of
antibody and NA is described. Diagnosis of HIV infection
was used as a model to screen for the infection through
detection of anti-HIV antibodies and confirmation of the
actual presence of the virus by detecting an HIV-specific
RNA target. This combination of a diagnostic screening
with a confirmatory test has major advantages: it allows
immediate initiation of therapy and counseling and removes
the need for the patient to return to the POC facility for
either subsequent testing or a final test result. In addition for
populations at high risk for HIV infection, it also provides
a method to decrease the window between infection and

seroconversion, which is a relatively short period when viral
loads are highest and transmission (infection of others) is
most likely. Other applications could apply to the detection
of anti-HPV (subtype 16 and 18) antibodies [29, 30] and
HPV subtype-specific DNA [31–33] in oral fluid as a potential
indicator for oral cancer. Also, the prospect of a higher com-
plexity device that can combine the detection of antibodies
against helmintic Schistosoma species, pathogen-derived NA
targets and specific glycosylated-proteinaceous antigens can
be explored [34–36].

The microfluidic chips are produced by a patented tech-
nology (CARD), which is adapted readily for both large- and
small-scale production and provides a convenient strategy
for rapid modification and testing of small batches of chips
for research and development purposes. Different modules
were tested and ultimately combined into a single microflu-
idic chip design for simultaneous detection of nucleic acid
(HIV-RNA) and protein (anti-HIV antibody). Alternative
methods and modules for several of the on-CARD assay
steps described here have been explored (data not shown)
and can be integrated depending on the constraints defined
for the performance of particular assays. Nucleic acids are
detected after amplification; in the example discussed here,
RT-PCR was used to amplify an RNA target from HIV.
RT-PCR amplification requires a relatively complex heat
cycling system; thus we submit that a system capable of
performing RT-PCR can be easily adapted for other simpler
amplification technologies. To demonstrate this, the system
was also successfully tested with a recently commercial-
ized isothermal amplification technology LAMP (results not
shown). The only constraint when considering a device with
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dry reagents is the requirement that the enzymes and other
reagents required for amplification need to be provided with
a sufficient stability.The dry reagents tested in this study were
obtained from a commercial source (GEHealth Care) or were
dried using a custom proprietary technology (Tetracore Inc.).
The assay-specific reagents for the amplification of the RNA
target including the target-specific primers can be supplied
to the chip in a microtube attached to the bottom of the
CARD. In this open architecture research prototype the tubes
are easily installed by the operator. The final design will
be a disposable and sealed chip that will be discarded after
use as biohazard waste. However, the possibility to change
the PCR tube with specific amplification reagents remains
and adds flexibility with minimal complexity to the system.
For nucleic acid detection the processing of the chip will
differ only in the technical details required for the specific
method of amplification. Amplicons labeledwith digoxigenin
(DIG) and biotin (BIO) haptens during amplification can be
detected by the rapid LF-basedmethod using phosphorescent
upconverting phosphor reporters. Required capture zones
and dry UCP reporter can be fully integrated in the LF strips
which also can be added to the CARD at a later time point.
Multiplexing at the NA level [37] can be implemented in
LF format by adding different haptens to the amplification
reagentmix [26]. Integration ofmagnetic beads as an alterna-
tive to the silica membrane isolation of nucleic acids has been
developed and tested (results not shown) and may improve
sensitivity since it allows omitting EtOH-based wash steps
[38] and NA elution from the protocol with direct input
of all bound NA targets in a microliter size amplification
reaction. Moreover, magnetic beads may also be applied to
capture and concentrate targets other than NA for multiplex
analysis. Important to realize is that the modular approach
that can be used in the development of specific CARD
microfluidic chips in combination with a scalable production
facility conveniently allows iteration and optimization of
various assay steps in the process of miniaturization. The
model used here to explore the Rheonix system and CARD
technology is relevant for rapid POC applications to diagnose
and immediately validate HIV infections. Robustness, repro-
ducibility, sensitivity, and specificity issues of the current
device require further validation with relevant sets of clinical
samples using future closed CARD systems. Especially when
moving towards applications that include monitoring of the
disease (demanding quantitative determination of low copy
numbers of HIV viral RNA), aerosol or other potential
contamination sources need to be avoided. When focusing
on validation of HIV infection in seroconverted patients
prior to drug treatment, the constraints regarding HIV RNA
quantitation are considerably less and can be clearly achieved
with current device.
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The magnitude of shigellosis in developing countries is largely unknown because an affordable detection method is not available.
Current laboratory diagnosis of Shigella spp. is laborious and time consuming and has low sensitivity. Hence, in the present study,
a molecular-based diagnostic assay which amplifies simultaneously four specific genes to identify invC for Shigella genus, rfc for S.
flexneri,wbgZ for S. sonnei, and rfpB for S. dysenteriae, aswell as one internal control (ompA) gene, was developed in a single reaction
to detect and differentiate Shigella spp. Validation with 120 Shigella strains and 37 non-Shigella strains yielded 100% specificity. The
sensitivity of the PCR was 100 pg of genomic DNA, 5.4 × 104 CFU/ml, or approximately 120CFU per reaction mixture of bacteria.
The sensitivity of the pentaplex PCR assay was further improved following preincubation of the stool samples in Gram-negative
broth. A preliminary study with 30 diarrhoeal specimens resulted in no cross-reaction with other non-Shigella strains tested. We
conclude that the developed pentaplex PCR assay is robust and can provide information about the four target genes that are essential
for the identification of the Shigella genus and the three Shigella species responsible for the majority of shigellosis cases.

1. Introduction

Shigellosis continues to be a major health problem in many
parts of the world, particularly in underdeveloped and devel-
oping countries with poor sanitary systems and improper
treatment of water supplies, and also among travelers from
industrialized nations [1, 2]. Worldwide, mortality and mor-
bidity due to shigellosis were found to be highest among
young children 1 to 5 years of age and the elderly [3–5].Three
species of Shigella are responsible for the majority of shigel-
losis cases: S. flexneri, S. sonnei, and S. dysenteriae. Of these, S.
sonnei is encountered mostly in industrialized countries and
S. flexneri in developing countries; S. dysenteriae is the only
epidemic and pandemic strain [2, 4, 6, 7].The pathogenesis of
shigellosis includes inflammation, ulceration, haemorrhage,
tissue destruction, and fibrosis of the colonic mucosa, which
result in abdominal pain and diarrhoea/dysentery; in some
cases infertility and endometriosis also have been reported [8,

9]. Bacteraemia may occur in people with severe infections,
particularly inmalnourished children andAIDSpatients [10].
A more recent annual estimate of shigellosis throughout the
world was estimated to be 90 million incidences and 108,000
deaths [11].

Shigella infection spreads by the faecal-oral route.
Because of the low infectious dose (10 to 100 organisms),
person-to-person transmission is likely the most common
route of infection, as the bacteria can survive gastric acidity
better than other enteric bacteria [10, 12]. However, transmis-
sion via contaminated water, food, overcrowded communi-
ties, food handlers, contaminated swimming pools, and flies
also has been documented [8, 13, 14]. Recent increases in the
number of cases of shigellosis in many parts of the world
are attributed to the emergence of multiple-drug resistant
strains. Early and accurate diagnosis of shigellosis coupled
with promptmedical intervention is essential for reducing the
morbidity and mortality caused by Shigella spp.
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Shigella spp. are fragile organisms that are excreted in
large numbers in the stool, but they die off quickly because
stools are acidic [15]. Thus, routine microbiological methods
used to identify Shigella spp. from stool samples are relatively
inefficient, time consuming, and labor intensive, and the
diagnosis often remains obscure due to the presence of low
numbers of causative organisms, competition from other
commensal organisms, and inappropriate sample collection.
If samples are collected after antibiotic therapy, growth of the
organism may be impaired. Moreover, Dutta et al. [16] and
Islam et al. [17] reported the sensitivity of the culture method
to be 54% and 74%, respectively, compared to that of the
conventional PCR technique. Recent molecular diagnostic
techniques based on nucleic acids, such as PCR, have shown
tremendous potential for identifying Shigella spp. and have
been increasingly exploited.

To date, few studies have focused on the rapid diagnosis
of shigellosis in underdeveloped and developing countries.
However, PCR diagnostic tests have proven to be rapid and
effective for the detection and identification to Shigella spp.
[16–18]. In this study, we searched for genes unique to the
Shigella serovars and used them to design a pentaplex PCR
assay. Our assay differs from conventional multiplex PCRs,
which often target the invasion plasmid H (ipaH) gene, O
antigen synthesis genes, and the 16S rRNA gene for detection
of Shigella spp. [18–20]; in those cases, the diagnosis is often
based on sequence polymorphisms or differences rather than
on the absence or presence of a gene. Those methods do not
detect Shigella at the genus and species level simultaneously.
The goal of the present studywas to design a pentaplex PCRof
Shigella spp. with an internal control for the detection of the
genus Shigella and also for the clinically important Shigella
spp., namely, S. flexneri, S. sonnei, and S. dysenteriae.

2. Methods

2.1. Bacterial Strains and Growth Conditions. A total of 120
Shigella strains of S. flexneri (𝑛 = 95), S. sonnei (𝑛 = 20),
S. dysenteriae (𝑛 = 3) and S. boydii (𝑛 = 2), were used in
this study. Pure culture strains were isolated from patients
admitted toHospital Universiti SainsMalaysia (HUSM) from
2001 to 2009. Table 2 lists the Shigella spp. reference strains
and other bacteria used in this study. Non-Shigella strains
were used to determine the specificity and robustness of the
assay. All the strains were biochemically and serologically
confirmed and were stored at −80∘C in 16% glycerol.

2.2. Isolation of Shigella Spp. from Clinical Specimens Using a
Conventional Method. Stool specimens were inoculated on
MacConkey (Oxoid Ltd., UK) and deoxycholate citrate agar
(DCA) (Oxoid Ltd., UK) using a sterile inoculating loop.
Stools were also enriched in selenite F broth (Oxoid Ltd.,
UK) and incubated overnight at 37 ± 2∘C. The next day,
the enriched broth was subcultured on MacConkey agar and
DCA and incubated overnight at 37±2∘C. Colonies morpho-
logically resembling Shigella spp. were further evaluated with
biochemical tests using triple sugar iron (Oxoid Ltd., UK),
urea agar slant (Oxoid Ltd., UK), methyl red (Oxoid Ltd.,

UK), Simmon’s citrate agar slant (Oxoid Ltd., UK), and sul-
phur indole motility medium (Oxoid Ltd., UK). Identities of
colonies were serologically confirmed by slide agglutination
with appropriate group-specific polyvalent antisera followed
by type-specific monovalent antisera (Denka-Seiken, Tokyo,
Japan). Nonserotypable isolates were further checked using
an API 20E kit (BioMerieux, Marcy I’Etoile, France).

2.3. Primer Design for Pentaplex PCR Assay. The gene
sequence for invC of the genus Shigella and gene sequences for
rfc, wbgZ, and rfpB of S. flexneri, S. sonnei, and S. dysenteriae,
respectively, were obtained from GenBank [21] for DNA
sequence alignment and primer design. The ClustalW pro-
gram in Vector NTI version 9.0 software (Invitrogen, Carls-
bad, CA, USA) was used to align the DNA sequences. The
conserved and non-conserved regions of the DNA sequence
alignments were visualized using GeneDoc software [22].

Based on the conserved regions of the alignment, specific
primer pairs for the genus Shigella were designed to amplify
the invC gene. Specific primers for S. flexneri, S. sonnei, and
S. dysenteriae were designed based on the non-conserved
regions of rfc, wbgZ, and rfpB genes, respectively. The four
primer pairs were designed in such a way that amplification
efficiency was not hindered and amplicon sizes ranging
from 211 to 875 bp could be differentiated by agarose gel
electrophoresis (Figure 1). The homology of the designed
primer sequences was analyzed using BLAST [21]. A primer
pair based on the ompA gene was designed (1319 bp) and
used as an internal control. The primer (AIT BIOTECH,
Singapore) sequences for the five genes and expected PCR
product sizes are shown in Table 1.

2.4. Pentaplex PCR Assay. The pentaplex PCR assay was
standardized using genomic DNA extracted from reference
Shigella spp. A mixture of DNA from three strains (S. flexneri
(SH052), S. sonnei (SH023), and S. dysenteriae (SD375)) that
contained the four genes of interest was used as a positive
control. DNase-free distilled water was used as a negative
control. In addition, a plasmid containing the ompA gene
(10 pg) was incorporated as an internal control template to
rule out false negative results. An internal control (primer
pair and template) was incorporated into every reaction
mixture, including negative controls.

The colonies isolated from blood agar were inoculated
into nutrient agar (Oxoid Ltd., UK) and incubated overnight
at 37 ± 2∘C. Bacteria lysate was prepared by resuspending
one bacterial colony in 30 𝜇L of deionized water, boiling for
5min, and centrifuging at 8000 ×g for 2min. Twomicroliters
of supernatant then were used as the DNA template in the
pentaplex PCR assays.

The optimized primer concentration for each gene
(0.4 pmol for ompA, rfc, and rfpB; 0.3 pmol for invC; and
0.2 pmol for wbgZ) was used in the pentaplex PCR. The
other components used in the PCR were 200𝜇M dNTPs,
2.5mMMgCl

2
, 1X PCR buffer, and 1 U TaqDNA polymerase

(Promega, Madison, WI, USA). The PCR was performed
using a Mastercycler Gradient (Eppendorf, Hamburg, Ger-
many)with one cycle of initial denaturation at 94∘C for 3min,
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Figure 1: Pentaplex PCR assay profile with reference strains. M, 100 bp plus marker; lane 1, negative control; lane 2, positive control; lane 3,
SH052 strain (rfc S. flexneri, invC-Shigella genus); lane 4, SH031 strain (invC-Shigella genus,wbgZ S. sonnei); lane 5, SD375 strain (invC-Shigella
genus, rfpB S. dysenteriae); M, 100 bp plus marker.

Table 1: Sequences of primers used for the pentaplex PCR.

Primers Primer sequence (5󸀠-3󸀠) Gene target Location of gene Amplicon size
(bp) Target identity GenBank accession

number
SgenDF1 TGC CCA GTT TCT TCA TAC GC invC Plasmid 875 Shigella genus AF386526
SgenDR1 GAA AGT AGC TCC CGA AAT GC
SflexDF1 TTT ATG GCT TCT TTG TCG GC rfc Chromosome 537 Shigella flexneri CP000266
SflexDR1 CTG CGT GAT CCG ACC ATG
SsonDF1 TCT GAA TAT GCC CTC TAC GCT wbgZ Plasmid 430 Shigella sonnei CP000039
SsonDR1 GAC AGA GCC CGA AGA ACC G
SdysDF1 TCT CAA TAA TAG GGA ACA CAG C rfpB Plasmid 211 Shigella dysenteriae CP000640
SdysDR1 CAT AAA TCA CCA GCA AGG TT
ICDF1 GCA GGC ATT GCT GGG TAA ompA Plasmid 1319 Internal control AY305875
ICDR1 ACA CTT GTA AGT TTT CAA CTA CG

30 cycles of denaturation at 94∘C for 30 s, annealing for 30 s at
60∘C, and extension at 72∘C for 30 s, followed by an extra cycle
of annealing at 60∘C for 30 s and a final extension at 72∘C for
3min. The PCR products were analyzed by electrophoresis
on 1.5% agarose gels (Promega) with 10mg/mL ethidium
bromide (Sigma, USA); they were run at 100V for 60min.
PCR products were visualized under a UV transilluminator
and photographed using an image analyzer (ChemiImager
5500; Alpha Innotech, San Leandro, CA, USA).

2.5. Evaluation of Pentaplex PCR Assay Results. Analytical
specificity was evaluated using DNA lysate prepared from
pure cultures of 120 Shigella strains, 10Gram-positive strains,
and 27 Gram negative strains. The analytical sensitivity was
evaluated using genomic DNA (1𝜇g to 10 pg) and also 108 to
102 CFU/mL obtained from Shigella strains. The diagnostic
evaluation of the pentaplex PCR was conducted using 95 S.
flexneri, 20 S. sonnei, 3 S. dysenteriae, and 2 S. boydii strains.
The results were compared with those from the conventional

culture method, which is considered to be the standard of
detection [23].

2.6. Faecal Spiking and Sensitivity. The standardized penta-
plex PCR assay designed to detect Shigella directly from stool
was also tested using stool samples spiked with a known
amount of Shigella based on slight modification of method
described by Houng et al. [18]. Stool samples (𝑛 = 2, children
≤ 5 years old) were collected from theDepartment ofMedical
Microbiology and Parasitology, HUSM, Malaysia, and were
pretested for the presence of amplifiable Shigella DNA by
pentaplex PCR and found to be negative. Five grams of stool
were weighed and suspended in 45 mL of normal saline (NS)
solution, which corresponds to a 10% mixture. The solution
was vortexed for 2min to obtain a homogenous mixture.
Insoluble particulate matter was removed by low-speed
centrifugation (1000×g) for 3min, and the supernatant was
transferred to a fresh tube. Meanwhile, an overnight culture
of Shigella-specific strains was grown in nutrient broth (NB)
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(Oxoid Ltd., UK) under shaking condition (200 rpm). The
bacterial count was estimated to be 108 CFU and 10-fold
diluted with NS. Next, a 500𝜇L sample of each dilution of
bacterial cells wasmixed with 500𝜇L of the faecal suspension
in a new tube. Tubes were vortexed, 1 mL of the mixture
was transferred to 9 mL of GNB (Merck, Germany), and the
mixture was preincubated at 37 ± 237 ± 2∘C for up to 6 h
without shaking. At time 0, 2, 4, and 6 h after incubation,
200𝜇L of mixture was placed in a 0.5mL microcentrifuge
tube and centrifuged at 8000×g for 3min. The supernatant
was removed, cells were washed using NS, and lysates were
prepared by the boiling method. Twomicroliters of the lysate
supernatant were used for pentaplex PCR evaluation.

2.7. Screening of Clinical Specimens. Stool samples were col-
lected from patients suspected with acute gastroenteritis or
dysentery from Department of Medical Microbiology and
Parasitology, USM,Malaysia. Approximately 1 g of each faecal
sample from 30 patients suspected of dysentery was trans-
ferred to 9mL of GNB broth corresponding to 10% mixture
and preincubated at 37∘C ± 2∘C for 4 h without shaking.
Subsequently, 200𝜇L of the suspension was taken out and
placed in 0.5mL microcentrifuge tube and centrifuged at
8000×g for 3min. The supernatant was discarded and cells
were washed with 200 𝜇L of 0.9% NS. Pellet was resuspended
with 30 𝜇L of PCR grade water and boiled for 5min. Two
microlitres of the supernatant containing DNA (lysate) were
used for thermostabilized multiplex PCR evaluation. A pure
culture of strain and a Shigella spiked faecal sample served
as positive controls whilst a PCR reaction mixture without
bacterial DNA template and an unspiked faecal sample from
a healthy individual were incorporated as negative controls.

3. Results

We developed a pentaplex PCR assay that simultaneously
amplifies four specific genes and one internal control gene in a
single reaction; this assay allows detection and differentiation
of Shigella at the genus and species levels (Table 1). Based
on the compatibility of the primers for different genes,
the pentaplex PCR was standardized for the invC (genus
Shigella), rfc (S. flexneri), wbgZ (S. sonnei), and rfpB (S.
dysenteriae) genes. The fifth primer set (ompA) was used for
amplification of the internal control to validate the reliability
of the assay and to exclude false negative results. Figure 1
shows a representative gel that illustrates differentiation of
Shigella by genus and species.

All of the primers were positive for the genes targeted by
pentaplex PCR but negative for non-Shigella strains (Table 2).
The optimum concentration of primer needed to amplify
uniformly with approximately the same band intensity was
0.4 pmol for ompA, rfc, and rfpB; 0.3 pmol for invC; and
0.2 pmol for wbgZ. The pentaplex PCR gave the best results
when 2.5mM MgCl

2
, 200𝜇M dNTPs, and 1U Taq poly-

merase were used. The optimal annealing temperature was
60∘C.

The pentaplex PCR assay was evaluated for analytical
specificity and sensitivity. At the DNA level sensitivity was

100 pg of DNA (Figure 2) and at the bacterial level it was
5.4 × 104 CFU/mL or approximately 120CFU per reaction
mixture of bacteria (Figure 3).The analytical specificity of the
pentaplex PCR assay was evaluated using 120 clinical strains
of Shigella spp. (95 S. flexneri, 20 S. sonnei, 3 S. dysenteriae,
and 2 S. boydii), 10 Gram positive strains, and 27 Gram
negative strains (Table 2).

Of the 120 Shigella strains tested, 116 were positive for
invC. Of the 20 strains of S. sonnei, 16 were positive for
wbgZ. The fact that four strains were wbgZ and invC negative
suggests that the virulence plasmid might have been lost
due to long storage time or subculturing [24]. The rfc and
rfpB primers showed 100% sensitivity in identifying their
respective strains (Table 3).

TheDNA sequencing results of the PCR amplicons for the
four geneswere aligned usingVectorNTI version 9.0 software
and then analyzed by BLAST.The results showed that all four
PCRampliconswere specific to their respective genes andhad
100% sequence identitywith the existingGenBank sequences.

The effect of enrichment for Shigella count was investi-
gated by spiking normal stool samples with known Shigella
numbers and incubating the mixture in growth medium.
The sample inoculated with 103 CFU/mL did not generate
any amplicon at time zero (before incubation); however
S. flexneri, S. sonnei, and S. dysenteriae produced clear
amplicons after 4 h of incubation. This result illustrates that
it is possible to detect Shigella spp. from samples containing
low bacterial concentration by preincubating the samples
in growth medium. A preliminary study on the efficacy
of the multiplex PCR assay was evaluated using 30 faecal
samples whichwere culturally confirmed negative for Shigella
spp. No target genes were amplified in the multiplex PCR
assay although both the positive and internal controls had
amplifications.

4. Discussion

Shigellosis is the most communicable of the bacterial diar-
rhoeas [11]. This disease occurs as sporadic cases and occa-
sional outbreaks of varying magnitude in developed coun-
tries and causes epidemics and endemic disease in developing
countries. Because shigellosis is highly contagious, it is crucial
to develop a rapid method for identifying the bacteria in
order to limit and control outbreaks. Classical methods for
determining the presence of bacteria in general are time
consuming and labor intensive and have low sensitivity [16,
17, 25–27]. Hence, molecular methods, which offer speed,
sensitivity, and specificity, have been developed to address
this problem. However, some of these methods are relatively
expensive and difficult to perform and require special equip-
ment (e.g., a method combining immunocapture with PCR
of bacteria for the detection of Shigella spp. [28], seminested
PCR [29], PCR-nonradioactive labeling [30], PCR-RFLP [31],
and PCR-ELISA [32]). On the other hand, DNA microarray
analysis proved to be specific, sensitive, and reproducible,
but its application as a diagnostic or epidemiological tool is
difficult in view of the elevated cost, instruments and requires
a skilled person to perform the test [33].
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Table 2: Bacterial species and strains used in this study and results of pentaplex PCR.

Bacterial strains No. of strains tested inv 𝐶a rfc wbgZ rfpB IC (ompA)
S. flexneri (ATCC 12022)b 1 + + − − +
S. sonnei (SH031)c 1 + − + − +
S. boydii (ATCC 9207)b 1 + − − − +
S. dysenteriae (SD375)d 1 + − − + +
Salmonella spp. 2 − − − − +
S. Typhic 3 − − − − +
S. Paratyphi Ac 1 − − − − +
S. Paratyphi Bc 1 − − − − +
Klebsiella spp.c 2 − − − − +
K. 𝑝𝑛𝑒𝑢𝑚𝑜𝑛𝑖𝑎𝑒c 2 − − − − +
E. coli (EPEC)c 1 − − − − +
E. coli (EHEC)c 1 − − − − +
E. coli (ETEC)c 1 − − − − +
E. 𝑐𝑜𝑙𝑖c 4 − − − − +
V. 𝑐ℎ𝑜𝑙𝑒𝑟𝑎𝑒c 3 − − − − +
V. 𝑝𝑎𝑟𝑎ℎ𝑒𝑚𝑜𝑙𝑦𝑡𝑖𝑐𝑢𝑠c 1 − − − − +
V. 𝑓𝑢𝑙𝑣𝑎𝑙𝑖𝑠c 1 − − − − +
V. cholera (wild type)c 1 − − − − +
V. 𝑓𝑢𝑟𝑛𝑖𝑠𝑠𝑖𝑖c 1 − − − − +
P. 𝑎𝑒𝑟𝑢𝑔𝑖𝑛𝑜𝑠𝑎c 3 − − − − +
P.𝑚𝑖𝑟𝑎𝑏𝑖𝑙𝑖𝑠c 1 − − − − +
P. 𝑣𝑢𝑙𝑔𝑎𝑟𝑖𝑠c 1 − − − − +
C. 𝑓𝑟𝑒𝑢𝑑𝑖𝑖𝑐 1 − − − − +
E. 𝑐𝑙𝑜𝑎𝑐𝑎𝑒c 1 − − − − +
Y. 𝑒𝑛𝑡𝑒𝑟𝑜𝑐𝑜𝑙𝑖𝑡𝑖𝑐𝑎c 1 − − − − +
Acinetobacter spp.c 1 − − − − +
A. 𝑏𝑎𝑢𝑚𝑎𝑛𝑛𝑖𝑖c 1 − − − − +
S.𝑚𝑎𝑟𝑐𝑒𝑠𝑐𝑒𝑛𝑠c 1 − − − − +
Campylobacter spp.c 1 − − − − +
A. ℎ𝑦𝑑𝑟𝑜𝑝ℎ𝑖𝑙𝑎c 1 − − − − +
M.𝑚𝑜𝑟𝑔𝑎𝑛𝑖𝑖c 1 − − − − +
B. 𝑐𝑒𝑟𝑒𝑢𝑠c 1 − − − − +
S. 𝑎𝑢𝑟𝑒𝑢𝑠c 2 − − − − +
Methylene resistant S. 𝑎𝑢𝑟𝑒𝑢𝑠c 1 − − − − +
Streptococcus spp. Group Ac 1 − − − − +
Streptococcus spp. Group Bc 1 − − − − +
Streptococcus spp. Group Gc 1 − − − − +
Corynebacterium spp.c 1 − − − − +
Listeria spp.c 1 − − − − +
Lactobacillus spp.c 1 − − − − +
Gardnerella spp.c 1 − − − − +
aShigella genus.
bReference strains from American Type Culture Collection (ATCC), Reston, VA, USA.
cDepartment of Medical Microbiology and Parasitology, School of Medical Sciences, Universiti Sains Malaysia.
dObtained from Institute for Medical Research, Malaysia.
“+” is positive; “–” is negative by pentaplex PCR.

To overcome these drawbacks of existing techniques,
we developed a pentaplex PCR assay and evaluated its
ability to detect and identify three enteropathogenic bacteria
species at the genus and species levels. Several previous
studies described the development of Shigella multiplex

PCR, but those assays did not discriminate between Shigella
at the genus and species levels, nor did they differentiate
Shigella from closely related pathogens such as Salmonella,
Citrobacter, and enteroinvasive Escherichia coli (EIEC)
[20, 25, 34].
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Figure 2: Analytical sensitivity of multiplex PCR at genomic DNA level using reference strains. Lane 1, 100 bp plus marker; lane 2, positive
control; lane 3, 100 ng/𝜇L of genomic DNA S. flexneri; lane 4, 10 ng/𝜇L of genomic DNA S. flexneri; lane 5, 1 ng/𝜇L of genomic DNA S. flexneri;
lane 6, 100 pg/𝜇L of genomic DNA S. flexneri; lane 7, 10 pg/𝜇L of genomic DNA S. flexneri; lane 8, 1 pg/𝜇L of genomic DNA S. flexneri; lane
9, 100 bp plus marker; lane 10, positive control ; lane 11, 100 ng/𝜇L of genomic DNA S. sonnei; lane 12, 10 ng/𝜇L of genomic DNA S. sonnei;
lane 13, 1 ng/𝜇L of genomic DNA S. sonnei; lane 14, 100 pg/𝜇L of genomic DNA S. sonnei; lane 15, 10 pg/𝜇L of genomic DNA S. sonnei; lane 16,
1 pg/𝜇L of genomic DNA S. sonnei; lane 17, 100 bp plus marker; lane 18, positive control ; lane 19, 100 ng/𝜇L of genomic DNA S. dysenteriae;
lane 20, 10 ng/𝜇L of genomic DNA S. dysenteriae; lane 21, 1 ng/𝜇L of genomic DNA S. dysenteriae; lane 22, 100 pg/𝜇L of genomic DNA S.
dysenteriae; lane 23, 10 pg/𝜇L of genomic DNA S. dysenteriae; lane 24, 1 pg/𝜇L of genomic DNA S. dysenteriae; lane 25, 100 bp plus marker.
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Figure 3: Analytical sensitivity of multiplex PCR at the bacterial level (CFU/mL) using reference strains. Lane 1, 100 bp plus marker; lane 2,
positive control; lane 3, 108 CFU/mL lysate of S. flexneri; lane 4, 107 CFU/mL lysate of S. flexneri; lane 5, 106 CFU/mL lysate of S. flexneri; lane
6, 105 CFU/mL lysate of S. flexneri; lane 7, 104 CFU/mL lysate of S. flexneri; lane 8, 103 CFU/mL lysate of S. flexneri; lane 9, 102 CFU/mL lysate
of S. flexneri; lane 10, 100 bp plus Marker; lane 11, 108 CFU/mL lysate of S. sonnei; lane 12, 107 CFU/mL lysate of S. sonnei; lane 13, 106 CFU/mL
lysate of S. sonnei; lane 14, 105 CFU/mL lysate of S. sonnei; lane 15, 104 CFU/mL lysate of S. sonnei; lane 16, 103 CFU/mL lysate of S. sonnei;
lane 17, 102 CFU/mL lysate of S. sonnei; lane 18, 100 bp plus Marker; lane 19, Positive control ; lane 20, 108 CFU/mL lysate of S. dysenteriae;
lane 21, 107 CFU/mL lysate of S. dysenteriae; lane 22, 106 CFU/mL lysate of S. dysenteriae; lane 23, 105 CFU/mL lysate of S. dysenteriae; lane 24,
104 CFU/mL lysate of S. dysenteriae; lane 25, 103 CFU/mL lysate of S. dysenteriae; lane 26, 102 CFU/mL lysate of S. dysenteriae; lane 27, 100 bp
plus marker.

In our study, primers were designed based on the preva-
lent species responsible for the majority of shigellosis cases
[2, 4, 6, 7]. Four highly specific genes (invC, rfc, wbgZ,
and rfpB) that can best detect Shigella at the genus and
species level were identified. Because invC is present among
all of the Shigella spp., rfc, wbgZ, and rfpB were combined
with invC for speciation of the Shigella strains. The primer
for S. flexneri that targets the rfc gene was designed based
on Houng et al. [18], and it allows discrimination between

Shigella and EIEC in faecal samples. Similarly, the three
other highly specific primers were designed based on the
homologous sequences retrieved from GenBank (NCBI). S.
boydii species identification was not included in this study
because of its low prevalence in developing and industrialized
countries. However, the presence of the invC band specific for
Shigella genus and the absence of all other amplicons specific
for Shigella spp. can be considered to be the detection criteria
for S. boydii.
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Table 3: Summary for evaluation of pentaplex PCR assay carried
out using reference strains.

Number of strains evaluated by pentaplex PCR assay
Bacterial strains No. of specimen tested Positive (%) (𝑛 = 120)
Shigella genus 120 116 (96.7%)
S. flexneri 95 95 (100%)
S. sonnei 20 16 (80%)
S. dysenteriae 3 3 (100%)

Following the successful application of the primers indi-
vidually, they were mixed to produce the pentaplex PCR.
The mixing of primers in a single tube decreases costs and
time and increases the ease of the assay. Although numerous
reports of PCR assays for the detection of Shigella spp.
exist [18, 20, 25, 34], only a few of them have incorporated
internal controls to rule out false negatives [35]. According to
guidelines for Molecular Diagnostic Methods for Infectious
Diseases (MM3-A2), incorporation of an internal control in
the reaction is essential for the diagnostic test to exclude
false negative result or the presence of inhibitors. In the
present study, inclusion of a 1319 bp internal control in the
pentaplex PCR assay helped us to rule out false negatives
or PCR inhibitors. The primers were designed with great
care; BLAST and alignment results of the sequence confirmed
that it did not cross-react with closely related species such
as enteroinvasive Escherichia coli (EIEC) which gives rise to
similar illness as shigellosis. However, it was unfortunate that
EIEC strain was not available to be tested in this study.

The pentaplex PCR developed in our study successfully
amplified all five amplicons from a single reaction tube, and
the primers did not interact with each other to produce false
negatives. Compatibility of primerswith target ampliconswas
confirmed by sequencing the PCR products derived from
the five representative strains. The pentaplex mixture was
tested with 120 clinical strains and also against other Gram
positive and Gram negative strains to determine the primers’
specificity. The primers were found to be highly specific in
identifying Shigella spp. However, in some cases nonspecific
amplicon was weak and fell outside the expected size range
for the primers applied and therefore was of no concern.
These nonspecific amplifications are likely due to low levels
of nonspecific binding between the primers and the bacterial
genomic DNA.

The presence of PCR inhibitors in stool samples (e.g.,
bilirubin, bile salts, and heme in the faeces) may inhibit
amplification and limit the usefulness of PCR technique
[36, 37]. As reported by Theron et al. [29] and Thong et al.
[20], an enrichment procedure prior to PCR enhances the
total number of bacteria present, which helps to dilute the
PCR inhibitory substances. As stated by the manufacturer
of Gram negative broth (GNB), citrate and deoxycholate in
the broth act as selective agents and suppress the growth of
Gram positive organisms, including some coliform bacteria.
The additional step of preincubating spiked faecal sample
in GNB helps to eliminate the natural inhibitors and could
enhance the viability of Shigella spp. in samples [29, 38].
A preliminary study with clinical specimens showed no

cross reaction with other non-Shigella strains, however, to
check the real performance of the developed test, a larger
positive sample size need to be further investigated. The
4 h enrichment step would increase the total number of
bacteria present and enhance the sensitivity of the assay. The
sensitivity level achieved in our study was comparable to that
of other studies. For example, Houng et al. [18] detected up to
7.4 × 104 CFU/mL of Shigella by amplifying IS 630 sequences,
Yavzori et al. [39] detected at 104 CFU of Shigella per gram
of faeces with the use of virF primers, and Thong et al. [20]
reported a detection level of 5.0 × 104 CFU/mL of Shigella by
amplifying ial and ipaH sequences in Shigella spp. Thus, the
average detection of pentaplex PCR described in this study
(5.4 × 104 CFU/mL) is within the common detection limit for
Shigella.

5. Conclusion

In conclusion, the pentaplex PCR assay developed in this
study was able to detect four genes that are essential for
the detection and differentiation of Shigella at the genus and
species levels simultaneously in a single test within 4 h. The
built-in internal control in this assay prevented false negative
results. The pentaplex PCR assay was highly sensitive and
could provide results on the same day that a specimen was
submitted for evaluation, which is critical during outbreaks.
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Circulating cell-free DNA has been recognized as an accurate marker for the diagnosis of prostate cancer, whereas the role of
urine cell-free DNA (UCF DNA) has never been evaluated in this setting. It is known that normal apoptotic cells produce highly
fragmented DNAwhile cancer cells release longer DNA.We thus verified the potential role of UCFDNA integrity for early prostate
cancer diagnosis. UCF DNAwas isolated from 29 prostate cancer patients and 25 healthy volunteers. Sequences longer than 250 bp
(c-Myc, BCAS1, andHER2) were quantified by real-time PCR to verify UCFDNA integrity. Receiver operating characteristic (ROC)
curve analysis revealed an area under the curve of 0.7959 (95%CI 0.6729–0.9188). At the best cut-off value of 0.04 ng/𝜇L, UCFDNA
integrity analysis showed a sensitivity of 0.79 (95% CI 0.62–0.90) and a specificity of 0.84 (95% CI 0.65–0.94). These preliminary
findings indicate that UCF DNA integrity could be a promising noninvasive marker for the early diagnosis of prostate cancer and
pave the way for further research into this area.

1. Introduction

Early diagnosis plays an important role in the treatability of
patients with different tumor types in terms of disease-free
and overall survival. Prostate cancer has a high incidence and
represents the second cause of death from cancer inmen after
lung cancer. Early diagnosis is thus essential, especially in
view of the slow natural history of the disease and its potential
curability in the initial hormone-dependent phase. Non-
invasive diagnostic procedures have a higher patient com-
pliance and a lower cost than invasive screening programs.
At present, the only noninvasive approach currently used for
the diagnosis of prostate cancer is the determination of PSA
(prostate-specific antigen) in blood, which has been shown
to reduce prostate cancer mortality. However, the use of PSA
has recently been questioned because of its low accuracy,
especially in terms of specificity. False positive results lead
to overtreatment in individuals, with consequently higher
healthcare costs and psychological distress [1–5]. Although

great efforts have been made to improve the diagnostic
accuracy of PSA, the search continues for new molecular
markers, proteins, or genetic and epigenetic alterations [6, 7]
to be used in this setting.

New accurate and cost-effective diagnostic approaches
are needed to enhance or replace standard techniques for
prostate cancer diagnosis. Cell-free nucleic acids have proven
useful for early cancer diagnosis and positive results have also
been published on serum and plasma cell-freeDNAandRNA
as sources of tumor-specific markers [8, 9]. Circulating cell-
free DNA has been shown to play an important diagnostic
role in colon [10] and lung cancer [11], and anumber of studies
have also highlighted its potential usefulness in prostate can-
cer [12–14]. Urine cell-free (UCF) DNA as a source of tumor
biomarkers has not been adequately investigated in prostate
cancer and only a few recent studies have discussed its poten-
tial importance for early bladder cancer diagnosis [15–17].

It has been shown that DNA from normal apoptotic cells
is highly fragmented, whereas DNA from necrotic cancer
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Table 1: Case series.

Number Age (yrs) Median PSA (range) Gleason score Pathological stage
<70 ≥70 ≤6 >6 pT2a pT2b pT3a pT3c

Healthy individuals 25 15 10 — — — — — — —
Prostate cancer patients 29 20 9 7.5 ( 3.19–33) 12 17 2 14 10 3

cells maintains its integrity [18]. Taking this into account and
also considering recent results on bladder cancer highlighting
the importance of UCF DNA integrity for early diagnosis
[15], we investigated the ability of this marker to distinguish
between prostate cancer patients and healthy individuals by
analyzing UCF-DNA fragments longer than 250 bp in 3 re-
gions is known to be frequently amplified in solid tumors,
including prostate cancer: c-Myc (8q24.21), HER2 (17q12.1),
and BCAS1 (20q13.2) [19–21].

2. Materials and Methods

2.1. Case Series. This pilot study was composed of 54 individ-
uals, 29 at first diagnosis of prostate cancer and 25 healthy
individuals (control group) matched to patients for age.
Subjects with previous or concomitant urogenital diseases or
cancers were excluded from the study. Healthy individuals
underwent transrectal ultrasound (TRUS) to exclude the
presence of prostate cancer. Participants were recruited from
the Department of Urology of Morgagni, Pierantoni Hospital
(Forli) and all provided written informed consent to take
part in the study, which was reviewed and approved by the
local Ethics Committee. Median age was 65 years for patients
and 66 for healthy individuals. All patients underwent radical
prostatectomy.TheGleason score and pathological stagewere
evaluated after surgical removal of the tumor. Twelve patients
had a Gleason score of ≤6 and 17 patients had a score of >6.
Two patients had pT2a tumors, 14 pT2b, 10 pT3a, and 3 pT3c.
The median PSA value was 7.5 (range 3.19–33) (Table 1).

2.2. Urine Collection. First-morning-void urine sampleswere
collected for UCFDNA analysis. For prostate cancer patients,
specimens were collected before radical prostatectomy. All
patients and controls were instructed to give clean-catch
urine samples, which were maintained at 4∘C for a maximum
of 3 hours.Thirty milliliter aliquots of urine were centrifuged
at 850 g for 10 minutes and the supernatants were transferred
to cryovials and immediately stored at −80∘C until use.

2.3. UCF DNA Analysis. DNA was extracted and purified
from 2mL of supernatant by Qiamp DNA minikit (Qiagen,
Milan, Italy) according to the manufacturer’s instructions. At
the same time, DNA was extracted from a human bladder
cancer cell line (MCR) using the sameminikit and quantified
by spectrophotometry (NanoDrop ND-1000, Celbio, Milan,
Italy).

Real-time PCR reactions were carried out by Rotor Gene
6000 detection system (Corbett Research, St. Neots, UK)
using IQ SYBR green (Biorad,Milan, Italy). Sequences longer
than 250 bp corresponding to 3 oncogenes were analyzed as

follows: c-Myc (locus 8q24.21, amplification product 264 bp),
BCAS1 (locus 20q.13.2, amplification product 266 bp), and
HER2 (locus 17q12.1, amplification product 295 bp). A short
125 bp fragment of STOX1 (locus 10q21.3) was analyzed to
check for potential PCR inhibition. Primer sequences were
as follows: c-Myc fw TGGAGTAGGGACCGCATATC, rev
ACCCAACACCACGTCCTAAC; BCAS1 fw GGGTCAGAG
CTTCCTGTGAG, rev CGTTGTCCTGAAACAGAGCA;
HER2 fw CCAGGGTGTTCCTCAGTTGT, rev TCAGTA
TGGCCTCACCCTTC; STOX1 fw GAAAACAGGGCAGCA
AGAAG, rev CAGACAGCATGGAGGTGAGA. PCR con-
ditions for the oncogenes were as follows: 95∘C for 3 minutes
followed by 45 cycles at 94∘C for 40 seconds, 56∘C for 40
seconds, and 72∘C for 1 minute. PCR conditions‘for the short
STOX1 sequence were as follows: 95∘C for 90 seconds
followed by 45 cycles at 94∘C for 40 seconds and 54∘C for
1 minute. All real-time PCR reactions were performed in
duplicate on 10 ng of each UCF DNA sample. Various
amounts of DNA from the MCR cell line (0.01, 0.1, 1, 5, 10,
and 20 ng) were also analyzed to construct a standard curve.
The UCF DNA value for each sample was obtained by Rotor
Gene 6000 detection system software using standard curve
interpolation. The analysis was repeated if the difference
between duplicate samples was greater than 1 cycle threshold.
The final UCFDNA integrity value was obtained by summing
the three oncogene values. Real-time experiments were
performed independently in duplicate on the same 8 samples
to test assay variability. The coefficients of variation (CV)
were then calculated for c-Myc, HER2, BCAS, and STOX1.
Real-time PCR analyses were performed in accordance
with MIQE guidelines (remarks to the MIQE checklist
are included as Supplementary Table 1 available online at
http://dx.doi.org/10.1155/2013/270457) [22].

2.4. Statistical Analysis. The relationship between UCF DNA
integrity values in the two subgroups was analyzed using a
nonparametric ranking statistic test. The most discriminat-
ing cut-off values between healthy individuals and cancer
patients were identified using receiver operating characteris-
tic (ROC) curve analysis. True positive rates (sensitivity) were
plotted against false positive rates (1-specificity) for all classifi-
cation points. Accuracy was measured by the area under the
ROC curve (AUC), which represents an average probability
of correctly classifying a case chosen at random. Study end-
points were sensitivity (the proportion of cancer patients who
were correctly identified by the test or procedures) and speci-
ficity (the proportion of healthy individuals who were cor-
rectly identified), with their 95% confidence intervals (CIs)
[23]. 𝑃 values < 0.05 were considered statistically significant.
Statistical analyses were performed using SPSS statistical
software (version 12.0, SPSS GmbH Software).
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Table 2: UCF DNA integrity in healthy individuals and prostate
cancer patients.

UCF DNA integrity (ng/𝜇L)

Number Median values
(range)

Mean values
(range) 𝑃

∗

Healthy
individuals 25 0.007

(0–0.141)
0.023

(0–0.141)
0.0004Prostate

cancer patients 29 0.129
(0–5.379)

0.533
(0–5.379)

∗Wilcoxon-Mann-Whitney test.
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Figure 1: ROC curve of UCF DNA integrity.

3. Results

Total free DNA showed a median value of 6 ng/𝜇L (range
2–36 ng/𝜇L). There was no statistically significant difference
between total urine cell free DNA in cancer patients and
healthy individuals (𝑃 = 0.1200 Wilcoxon-Mann-Whitney
test).

The ROC curve for total free DNA showed an AUC of
0.6262 (Supplementary Figure 1). UCF DNA integrity analy-
sis was feasible and results were evaluable for all 54 individu-
als. The 125 bp STOX1 sequence was amplified in all samples,
thus excluding the presence of PCR inhibitors. Values showed
a wide variability in both healthy individuals and cancer
patients, with a partial overlapping. However, median values
were significantly lower (about 20-fold, 𝑃 = 0.0004) in
healthy than in cancer patients (Table 2).

ROC curve analysis of UCF DNA integrity showed an
AUC of 0.7959 (0.6729–0.9188) for healthy individuals and
cancer patients (Figure 1). Detailed analysis of sensitivity and
specificity highlighted a different accuracy for the various
UCF DNA cut-off values, with a sensitivity of 0.79 for 0.03
and 0.04 cutoffs which decreased at the highest cut-off values
and a specificity of 0.84 which remained consistent for all
cutoffs from 0.03 to 0.06 (Table 3).

Table 3: Sensitivity and specificity of different UCF DNA integrity
cut-off values.

Cutoff (ng/𝜇L) Sensitivity Specificity
0.03

n 23/29 21/25
Rate (95% CI) 0.79 (0.62–0.90) 0.84 (0.65–0.94)

0.04
n 23/29 21/25
Rate (95% CI) 0.79 (0.62–0.90) 0.84 (0.65–0.94)

0.05
n 19/29 21/25
Rate (95% CI) 0.66 (0.47–0.80) 0.84 (0.65–0.94)

0.06
n 17/29 21/25
Rate (95% CI) 0.59 (0.41–0.74) 0.84 (0.65–0.94)

Table 4: Area under ROC curve for each single gene and for UCF
DNA integrity.

AUC
(95% CI) 𝑃

∗

c-Myc 0.7862
(0.6595–0.9129)

BCAS1 0.7076
(0.5771–0.8381) NS∗∗

HER2 0.7779
(0.6625–0.8934)

UCF DNA integrity 0.7959
(0.6729–0.9188)

∗Chi-square test.
∗∗NS: not significant.

UCF DNA integrity did not significantly vary between
younger (<70 years) and older individuals (data not shown).
The analysis of UCF DNA as a function of tumor character-
istics did not highlight any significant differences between
patients with a Gleason score of ≤6 and those with a score
of >6 or between pT2 and pT3 patients (data not shown).

The median PSA value in the patients analyzed was 7.5.
Sixteen patients had aPSAvalue between 4 and 10, considered
as a “gray zone,” and 12 of these had a positive UCF DNA
result, with a sensitivity of 0.75 (data not shown). We also
performed ROC curve analysis for each gene in order to
verify the role of single genes in determining test accuracy;
AUC values were as follows: 0.7862 for c-MYC (95% CI:
0.6595–0.9129) 0.7779 forHER2 (95%CI: 0.6625–0.8934) and
0.7076 for BCAS (95% CI: 0.5771–0.8381) (Table 4). However,
the AUC values observed for the different genes were not
statistically different (chi-square test).

4. Discussion

In recent years increasing efforts have been made to identify
new diagnostic markers and to develop noninvasive diag-
nostic approaches that can be used additionally or as an
alternative to common invasive tests to increase diagnostic
accuracy for solid tumors. Important results have been
obtained for lung [11] and colon cancer [10]. In a urological
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setting, studies performed to improve the early noninvasive
diagnosis of prostate cancer have highlighted the usefulness
of specific DNA alterations (methylation or mutations) in
blood to identify cancer patients [12, 24, 25], but the potential
of cell-free DNA in urine has been never investigated.

Starting from recent results on the diagnostic relevance of
urine cell free DNA for bladder cancer [15–17], we extended
the research to prostate cancer, hypothesizing that long DNA
in urine may have two different origins: necrotic bladder
cancer cells [15] or necrotic prostate cancer cells.We excluded
that DNA fragments passing through the glomerular filtra-
tion barrier could influence our analysis because these frag-
ments are short, as demonstrated by SU and coworkers [26].
Our results also showed that urine DNA integrity is capa-
ble of distinguishing between prostate cancer patients and
healthy individuals with an accuracy of about 80%, similar to
that observed for bladder cancer. Such findings are seemingly
in contrast to those of Ellinger and coworkers who found a
positive correlation between prostate cancer and the pres-
ence of short DNA fragments in blood [25]. The difference
between cell free DNA in urine or blood remains unclear and
should be investigated by comparing DNA integrity deter-
mined in blood and urine samples from the same patients.

We also analyzed the diagnostic accuracy of DNA
integrity of three oncogenes (c-MYC, HER2, and BCAS1)
which are known to be involved in the development of blad-
der cancer. A comparison of ROCcurves revealed that c-MYC
had the highest AUC, a finding supported by evidence that c-
MYC is involved in prostate tumorigenesis [27]. Furthermore,
literature data on CGH array and copy number alterations
highlight a high frequency of gain at 8q24 region where the
c-MYC oncogene maps [19, 28–30], which could explain the
higher number of copies of long c-MYC fragments in urine
samples from prostate cancer patients than in those from
healthy individuals. Lower diagnostic accuracy was observed
for HER2 and decreased further for BCAS1, but the AUC
values observed for the different genes were not significantly
different.

The main limitation of this potentially important diag-
nostic finding is that it was obtained from a pilot study on a
relatively small number of individuals. However, our results
are being validated in a large confirmatory study ongoing at
our institute. The advantage of the proposed approach is that
cell freeDNA, as previously shown [15], can be easily detected
in a very small amount of urine. Moreover, unlike protein or
RNA, it has good stability and is an inexpensive noninvasive
method whose results are obtainable in about two working
days. In the future it could be used as a test on its own or,
thanks to its high specificity, could help to unmask cases of
false positive PSA, especially in the subgroup of individuals
with grey zone PSA values, thus reducing the number of
unnecessary invasive diagnostic tests (e.g., prostate biopsy)
carried out.

5. Conclusions

The results obtained in the present work indicate that urine
cell-free DNA integrity is a potentially good marker for
the early diagnosis of noninvasive prostate cancers, with an

overall diagnostic accuracy of about 80%. This preliminary
finding paves the way for confirmatory studies on larger case
series.
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Human plasma 𝛼
1
-acid glycoprotein (AGP) from cancer patients and healthy volunteers was purified by sequential application of

ion-exchange columns, and N-linked glycans enzymatically released from AGP were labeled and applied to a mass spectrometer.
Additionally, a novel software system for use in combination with a mass spectrometer to determine N-linked glycans in AGP was
developed. A database with 607 glycans including 453 different glycan structures that were theoretically predicted to be present
in AGP was prepared for designing the software called AGPAS. This AGPAS was applied to determine relative abundance of each
glycan in the AGP molecules based on mass spectra. It was found that the relative abundance of fucosylated glycans in tri- and
tetra-antennary structures (FUCAGP) was significantly higher in cancer patients as compared with the healthy group (𝑃 < 0.001).
Furthermore, extremely elevated levels of FUCAGPwere found specifically in patients with a poor prognosis but not in patients with
a good prognosis. In conclusion, the present software system allowed rapid determination of the primary structures of AGP glycans.
The fucosylated glycans as novel tumor markers have clinical relevance in the diagnosis and assessment of cancer progression as
well as patient prognosis.

1. Introduction

The twomain classes of glycosidic linkages to proteins involve
either N-glycans or O-glycans through asparagine or serine
and threonine, respectively.The N-linked glycans attached to
the protein contain a trimannosyl pentasaccharide, Man𝛼1,
6[Man𝛼1,3]Man𝛽1,4GlcNAc𝛽1,4GlcNAc ([Man]

3
[GlcNAc]

2
)

as the common core structure, and are classified into three
main groups, high mannose, complex and hybrid types [1].
The complex-type glycans have no mannose residues other
than those in the common core structure but have antennae
or branches with N-acetyllactosamine residues at the reduc-
ing termini attached to the common core structure.

𝛼
1
-Acid glycoprotein (AGP, orosomucoid) possessing the

complex type glycans is the major plasma glycoprotein with
a molecular weight of 41–43 kDa. Further, this glycoprotein
has highly branched N-linked glycans, bi-, tri-, and tetra-
antennary glycans including elongated tetra-antennary
glycans with repeating lactosamine structures having (sialyl)
Le𝑋 determinant, (NeuAc𝛼2,3)Gal𝛽1,4[Fuc𝛼1,3]GlcNAc𝛽
[2].

Recently, we reported on AGP glycoforms in plasma
samples from cancer patients with malignancies that differed
in the degree of branching and the extent of fucosylation as
determined by crossed affinoimmunoelectrophoresis (CAIE)
with Con A lectin and Aleuria aurantia lectin (AAL) and
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anti-AGP antibody [3]. Accordingly, patients with advanced
malignancies who had AGP glycoforms containing highly
fucosylated branched glycans for long periods after surgery
were found to have a poor prognosis, while patients without
such glycoforms were expected to have a good prognosis
irrespective of their clinical stages.

However, in the past, the purification of AGP has com-
monly involved chromatography on metal chelate affinity gel
and anti-AGP immobilized affinity gel, ion-exchange chro-
matography, CAIE with Con A lectin, hot phenol extraction,
and sulphosalicylic acid precipitation [4–8]. Further, more
recently, purification and characterization of glycans on AGP
have been done with the aid of capillary electrophoresis [9,
10], but most of these methods are unsuitable for processing
a large number of plasma samples in a short period of time.
TheCAIEmethodwe recently introduced can process plasma
samples without purification for investigating glycoforms
because AGP can be identified by means of an anti-AGP
antibody but still is not applicable to large numbers of samples
if rapid processing is required [3]. This experience also indi-
cated that better data on disease progression and outcome of
postoperative patients with malignancies could be obtained
from changes of plasma AGP glycoforms than from changes
in the level of plasma AGP. Hence investigation of glycan
structures associated with these changes became a major
focus of interest and inspired us to develop an automated
method for rapid processing of a large number of test samples.

With the above background in mind, in this study, we
developed a simple method for the purification of plasma
AGP and obtained N-linked glycans labeled with a highly
sensitive agent for mass spectrometry [11–13] after digestion
ofAGPwith trypsin andPNGase F.There are severalmethods
available for determining glycan structures of AGP based on
spectra frommass spectrometry [14]. However, most of these
seem to be difficult for carrying out comprehensive analysis
of glycan structures without some knowledge of the intrin-
sic structures in the individual glycoconjugates. The main
interest in this study was the glycosylation process of AGP
glycans because there is a need for adequate knowledge on
the glycans that are expected to be present in plasma AGP
[3]. Therefore, first, we developed a simple method to purify
plasma AGP and then analyzed N-glycans by means of mass
spectrometry together with constructing operation software
(AGPAS) to assist analysis of glycans in AGP. At the same
time, we evaluated AGPAS by investigating glycan structures
and their relative abundance in plasma AGP from cancer
patients whose glycoforms had been identified previously [3].

Since it was clearly demonstrated in our previous study
that no obvious difference between patients with respect to
AGP levels in plasma samples and their clinicopathologic
background after surgery, it must be postulated with high
probability that changes in glycosylation of theAGPmolecule
after surgery could indeed be used as a novel parameter for
monitoring and predicting the fate of tumor-bearing patients.

2. Materials and Methods

2.1. Materials. DEAE Sepharose Fast Flow, SP Sepharose Fast
Flow, HiTrap Desalting, HiTrap DEAE FF, and HiTrap SP FF

were obtained from GE Healthcare (Amersham Place, UK).
PNGase F was from Roche Applied Science (Indianapolis,
USA). Anti-human AGP rabbit serum was obtained from
DAKO (Carpinteria, CA, USA) and peroxidase-conjugated
anti-human AGP was from Abcam (Cambridge, UK).
Human AGP was purchased from SIGMA (St. Louis, MO,
USA). Trypsin, DTT, 2,5-dihydroxybenzoic acid, and other
reagents were obtained from Wako Pure Chemicals Co.
(Tokyo, Japan). BlotGlyco was from Sumitomo Bakelite Co.
(Tokyo, Japan). Blood samples were obtained from patients
with various types of malignancies who were admitted to the
GunmaUniversity Hospital (Maebashi, Japan) along with the
guideline for informed consent and approval from the Ethics
Committee of Gunma University. Details of clinicopatho-
logical features of the patients for follow-up studies were
described previously [3]. Blood samples were also obtained
from randomly selected volunteers as a healthy control
group. Each plasma sample was stored at −80∘C until use.
Protein was determined with a DC protein assay kit (Bio-
Rad, Richmond, CA, USA) using bovine serum albumin
as a standard. SDS-polyacrylamide gel electrophoresis was
carried out using a 10/20 gradient gel (MultiGel II Mini,
Cosmo Bio Co. Ltd., Tokyo, Japan). After electrophoresis, the
gel was transferred to an Immobilon PVDF membrane (Mil-
lipore, Bedford, MA, USA) in a Trans-Blot SD cell (Bio-Rad).
The membrane was stained with Coomassie Brilliant Blue
for detecting protein bands. For detecting AGP molecule,
the membrane was blocked with PBS containing 5% skim
milk and then themembrane was incubated with peroxidase-
conjugated anti-human AGP and stained with the VECTAS-
TAIN ABC kit (Vector Laboratories, Inc., Burlingame, CA,
USA) according to the manufacturer’s instruction.

2.2. Preparation and Purification of N-Glycans from Puri-
fied Plasma AGP. N-Glycans released from purified AGP
preparation were labeled according to the protocol of the
glycosylation kit (BlotGlyco) with a slight modification. A
lyophilized AGP preparation purified from 500 𝜇L of human
plasma was dissolved in 50𝜇L of H

2
O, 25 𝜇L of the solution

(20–200𝜇g AGP) was mixed with 2.5 𝜇L of 1M ammonium
bicarbonate, 2.5 𝜇L of 120mM DTT, and 25 𝜇L of sample
to be analyzed, and the mixture was incubated at 60∘C for
30min. Then 5𝜇L of 123mM of iodoacetamide was added
and the mixture was allowed to stand under dark at room
temperature for 1 h followed by addition of 5 𝜇L of 400
units of trypsin and incubation at 37∘C for 1 h. After heating
at 90∘C for 5min, 27 units of PNGase F was added and
the mixture was incubated overnight at 37∘C. After heating
at 90∘C for 5min, 20𝜇L of the mixture was used for the
following labeling step. The mixture containing N-glycans
released enzymatically from AGP was treated with BlotGlyco
kit to prepare methyl esterified and aoWR-labeled N-glycans
according to the manufacturer’s instruction and labeled
glycans were obtained as a 50 𝜇L of the solution.

2.3. Sandwich-Type ELISA of Plasma AGP. The AGP levels
were measured by a sandwich-type ELISA using anti-human
AGP and horseradish peroxidase-conjugated anti-human
AGP as described previously [3].
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2.4. Mass Spectrometric Analysis. One 𝜇L of the sample
solution was mixed with 1𝜇L of 2,5-dihydroxybenzoic acid
(10mg in acetonitrile/water, 1 : 1, v/v) and an aliquot was
deposited on a MALDI target plate and allowed to dry. Mass
spectrometric data were obtained using an AB Sciex MALDI
TOF/TOF TM 5800 System (Applied Biosystems, Inc., Foster
City, CA, USA). All spectra in the mass range of 𝑚/𝑧
1,000 to 4,550 were obtained using a positive reflectron
mode. Deisotopic masses for each peak were picked by Data
Explorer software (Applied Biosystems) and exported as a
mass peak list with each value of both the centroid mass and
the corresponding area to the operation software, AGPAS
described below.

3. Results and Discussion

3.1. Purification of Plasma AGP. Pooled human plasma
(50mL) was dialyzed against 0.02M of citrate-phosphate
buffer (pH 4.0) overnight at 4∘C. After centrifugation of the
dialyzed plasma at 10,000 rpm for 20min at 4∘C, the super-
natant was applied to a 10 × 50 cm of DEAE-Sepharose FF
column equilibrated with 0.02M of citrate-phosphate buffer
(pH 4.0) and the column was washed with the same buffer
until absorbance of the eluate reached the baseline level.Then
the column was washed with 0.02M citrate-phosphate buffer
(pH7.0) containingNaCl at concentration of 0.2Mand 0.5M,
respectively. The concentrations of AGP in each fraction
were monitored by means of a sandwich-ELISA method.
Fractions containing AGP were eluted from the column
when the column was washed with 0.02M citrate-phosphate
buffer (pH 7.0) containing 0.2M NaCl (Figure 1(a)). All
fractions containing AGP were pooled and dialyzed against
0.02M of citrate-phosphate buffer (pH 4.0) overnight at
4∘C. The dialyzed, pooled fractions were then applied to
an SP-Sepharose FF column (2 × 20 cm) equilibrated with
0.02M citrate-phosphate buffer (pH 4.0). AGP bound to
the column was eluted when the column was washed with
0.02M of citrate-phosphate buffer (pH 4.8, Figure 1(b)). This
purification procedure yielded a preparation that showed a
single protein band with an approximate 47KDa on an SDS-
PAGE (Figure 1(c), lane 3) and reacted with anti-human AGP
antibody (Figure 1(c), lane 4). The procedure allowed over
1,000 purification fold of AGP.

For the purification of AGP in small amounts from a
large number of samples, the aforementioned purification
procedure was slightly modified with a sequential use of two
different ion-exchange and desalting cartridge columns. A
0.5mL sample was applied to a HiTrap Desalting, equili-
brated with 0.02M citrate-phosphate buffer (pH 4.0), and
fractions at the first peakwere then applied to aHiTrapDEAE
FF. Fractions containing AGP were eluted with the same
buffer containing 0.2M NaCl as described above and pooled
fractions were passed through two joined HiTrap Desalting
columns. The eluate containing AGP was then applied to
a HiTrap SP FF and AGP was eluted in the same manner
as described above. The eluted fractions were lyophilized
and purified AGP was then dissolved in distilled water and
used for the preparation of labeled N-glycans followed by
mass spectrometric analyses described above. In order to

ensure a full dose of released N-glycans from AGP, levels
of AGP in the purified preparations from a large number
of samples were measured in advance by means of ELISA
using anti-AGP antibody [3]. All the preparations for labeling
and MS analysis were shown to contain adequate amounts of
glycans and their labeled ones, respectively (data not shown)
indicating that less than 1𝜇L of the labeled preparations
allowed to analyze most of the N-glycans expressed on the
AGP molecule irrespective of their preparations both from
healthy controls and patients with cancer as described below.

The present method allowed purification of plasma AGP,
and by using cartridge columns, the entire process was com-
pleted within an hour. AGP was obtained at the same purity
as mentioned above. With the aid of an anti-AGP antibody-
immobilized column, AGP at almost the same purity could
be obtained, but it was found that some of the AGP with
hypersialylated glycans were hard to react with anti-AGP
antibody, passing through the column during the purification
process (S. Yazawa, unpublished observations).

3.2. Operation Software, AGPAS. The obtained mass spectro-
metric data were processed by using the assisting software
we called AGPAS not only to determine N-linked glycan
structures of plasma AGP automatically from the corre-
sponding centroid masses, but also to calculate the relative
abundance of individual glycans from the corresponding
area relative to the total hit area. For a mass spectrometric
analysis, every sample was digested with trypsin and PNGase
F and then the resulting N-glycans were labeled by means
of BlotGlyco. After labeling with the aoWR reagent, an exact
ms of each glycan was changed as follows: MW of a labeled
glycan = [an exact ms] – [H

2
O(18.0105)] + [aoWR(447.223)] +

[CH
3
(14.0156)× 𝑛] + [H(1.0078)], where 𝑛 indicates the num-

ber of N-acetylneuraminic acid residues.
To determine the primary structures ofN-glycans inAGP,

the GlycoMod Tool in the ExPASY (http://web.expasy.org/
glycomod/) was available, but it was not always convenient or
easy to obtaine suitable results.Therefore, a database for con-
structing the operation software, AGPAS, was established to
facilitate selection of N-glycans present in the AGP molecule
with the following steps.

Step 1. Extract N-glycans from the GlycoMod Tool available
through the ExPASy. N-Glycans having glycoform masses
from 1,000 to 4,550 monoisotopic values were extracted by
using the GlycoMod Tool and 4,193 glycans were selected in
total.

Step 2. Select N-glycans of AGP. Every conceivable glycan
theoretically expressed on the AGP molecule was selected
based on the background knowledge.The corresponding gly-
cans were classified as bi-, tri-, and tetra-antennary structures
extending from the common core trimannosyl pentasaccha-
ride structure attached to the protein core. These glycans
are reported to consist of galactose (Gal), N-acetylglucos-
amine (GlcNAc), fucose (Fuc), and N-acetylneuraminic acid
(NeuAc) residues as for [Hexose], [HexNAc], [Deoxyhexose],
and [NeuAc] expressed in the GlycoMod Tool, respectively,
in the case specialized for AGP glycan structures [3]. For
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Figure 1: Purification of plasmaAGP frompooled human plasma. (a) Ion-exchange chromatography of human plasma on aDEAE-Sepharose
FF column (10 × 50 cm) equilibrated with 0.02M citrate phosphate buffer, pH 4.0. Fifty mL of the dialyzed plasma sample was applied to the
column. Fractions were assayed for protein (∙) and AGP concentrations. AGP appeared only in the fractions eluted with 0.02M citrate-
phosphate buffer, pH 7.0 containing 0.2M NaCl (—). (b) Ion-exchange chromatography of the eluate from DEAE-Sepharose FF column on
an SP-Sepharose FF column (2 × 20 cm) equilibrated with 0.02M citrate-phosphate buffer, pH 4.0. TenmL of the pooled and dialyzed samples
were applied to the column. Fractions were assayed for protein (∙) and AGP concentration. AGP appeared in the eluate of citrate-phosphate
buffer at pH 4.8 (—). (c) 10/20 SDS-polyacrylamide gel electrophoresis of purified AGP preparations. Lane 1: pooled plasma sample; lane 2:
DEAE-Sepharose FF eluted fractions (0.2M NaCl, pH 7.0); lanes 3, 4: DEAE- (0.2M NaCl, pH 7.0) and SP- (pH 4.8) Sepharose FF eluted
fractions. After electrophoresis, the gel was blotting on the membrane and each lane on the membrane was stained with Coomassie Brilliant
Blue (lanes 1–3) and anti-human AGP antibody (lane 4). See the details in the Text.

setting a database factoring all the N-glycans expected to
be present in an AGP molecule, each glycan except the
common core structure was identified by using four-digit
(FD) numbers indicating the number of each residue in
order of Gal, GlcNAc, Fuc, and NeuAc such as FD num-
ber abcd for the glycan, [Gal]

𝑎
[GlcNAc]

𝑏
[Fuc]
𝑐
[NeuAc]

𝑑
+

[Man]
3
[GlcNAc]

2
. In addition, among the number of these

residues, five conditional equations essential for proceeding
glycosylation of AGP glycans were proposed as follows: 𝑎 ≤ 𝑏,
2 ≤ 𝑏 ≤ 7, 𝑐 ≤ 𝑏 − 1, 𝑑 ≤ 4, and 𝑎 ≥ 𝑑 in [Gal]a

[GlcNAc]b [Fuc]c [NeuAc]d (FD number 𝑎𝑏𝑐𝑑). After N-
glycans corresponding to these equations were selected, the
FD numbers for these N-glycans were assigned individually
with their corrected MW values using software from the
Visual Basic Editor in Excel (Microsoft, ver.2010, Redmond,
WA, USA). Since fucosylated AGP contained only 𝛼-1,3-
fucosylated linkages attached to GlcNAc in the tri- and
tetra-antennary glycan structures [2, 3], no 𝛼-1,3- or 𝛼-1,6-
fucosylated bi-antennary structures, nor 𝛼-1,6-fucosylated
tri- or tetra-antennary structures should be present in AGP. It
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Figure 2: Mass spectra of methylated forms of AGP glycans derived
from methyl esterification of sialylated glycans during the labeling
process. Several de- (M−) and over- (M+) methylated glycans
were detected around the exact labeled glycans. Purified AGP was
prepared and labeled from 500𝜇L of plasma sample and an aliquot
(ca. one-fiftieth) was used forMS analysis. See the details in the text.

is likely that aberrant 𝛼-1,3-fucosylated biantennary glycans,
and glycans having FD numbers X21X (𝑋 ≤ 2) existed but
were not omitted from the database.Then, 453 glycans in total
were selected.

Step 3. Determine the major sialylated AGP glycans. From
the results of mass spectrometric analysis of randomly
selected 100 samples, forty-five glycans for which the relative
abundance was more than 0.1% and the number of Gal
residues was more than one for sialylation were selected from
N-glycans of AGP described in Step 2 as the major sialylated
AGP glycans.

Step 4. Create methylated glycans. During mass spectromet-
ric analysis, a series of unidentified spectra corresponding to
a group of unknown masses before and after the exact MW
of sialylated glycans at ±14.0156 × 𝑛 m/z intervals (𝑛 = num-
bers of [NeuAc] residues) were observed (Figure 2). These
were thought to represent methylated glycans formed from
methyl esterification of the sialic acid residues attached to
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Figure 3: Mass spectra of AGP glycans isolated from a healthy con-
trol and a patient with colon cancer. Black triangles indicate fuco-
sylated tri- and tetra-antennary glycans assigned. Purified AGP was
prepared and labeled from 500𝜇L of plasma samples and an each
aliquot (ca. one-fiftieth) was used for MS analysis.

glycans through the labeling process undertaken in this study.
Therefore, as additional glycans in the database, methylated
glycans of which the numbers were theoretically calculated
as lower and higher than those of [NeuAc] residues in
the aforementioned major glycans with [NeuAc] residues
(45 species from Step 3) were added to the database (154
glycans in total). Further, to simplify identification of these
methylated glycan structures, the letter M was added to the
original four-digit numbers. Therefore, methylated subpeaks
such as M1−2202 indicating FD number 2202 structure with
one deficient methyl residue and M4+4424 indicating FD
number 4424 structure with four excess methyl residues were
predicted to be present.

Step 5. Sum up N-glycans in the database of AGPAS. From
original (452 glycans from Step 2) and additional (154 gly-
cans, Step 4) AGP N-glycans, the numbers of glycans in
the database of AGPAS approached 607 in total. Relative
abundance of methylated glycans was added to the original
glycans in case of making summary counts of relative abun-
dance of individual AGP glycans. Individual centroid masses
were automatically corrected based on their exact masses
by using the aforementioned equation. Each corresponding
area was transferred to the AGPAS for assigning labeled
glycans and calculating their relative abundance. Data were
then processed to identify FD numbers of glycans and to
calculate their relative abundance, individually, and then a
table indicating the relative abundance of bi-, tri-, and tetra-
antennary glycans together with their respective fucosylated
forms appeared. More than 100 peaks hit the glycans present
in the database and the relative abundance of glycans totally
hit was 54.63 ± 15.82% (𝑛 = 102).
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Table 1: Relative abundances of N-glycans with bi-, tri-, and tetra-antennary chains and their fucosylated ones in plasma AGP from healthy
controls and colorectal cancer patients.

Relative abundance (%)#

Glycan structure Numbers of Normal Cancer P value
[GlcNAc] [Fuc] (𝑛 = 35) (𝑛 = 67)

Bi-antennary 2 0 36.12 ± 15.52 42.07 ± 14.03 n.s.
3 0–2 47.10 ± 12.69 42.54 ± 13.03 n.s.

Tri-antennary 3 0 37.44 ± 12.57 25.84 ± 9.76 <0.001
3 1 8.26 ± 3.63 14.60 ± 5.42 <0.001
3 2 1.40 ± 1.05 2.10 ± 1.06 <0.001

Fuc-tri-antennary 3 1-2 9.66 ± 3.02 16.69 ± 5.42 <0.001
4 0–3 15.03 ± 7.69 13.15 ± 4.08 n.s.
4 0 7.95 ± 4.15 5.41 ± 2.19 <0.001

Tetra-antennary 4 1 1.42 ± 1.16 2.32 ± 1.30 <0.001
4 2 0.57 ± 0.50 0.66 ± 0.57 n.s.
4 3 0.29 ± 0.28 0.34 ± 0.36 n.s.

Fuc-tetra-antennary 4 1–3 2.28 ± 1.65 3.32 ± 1.82 <0.01
5–7 0–6 1.63 ± 1.24 1.58 ± 0.91 n.s.

Tri- + tetra-antennary 3–7 0 62.12 ± 17.09 55.69 ± 14.88 n.s.
Fuc-(tri- + tetra-antennary)∗ 3–7 1–6 18.68 ± 6.33 23.02 ± 5.7 <0.001

#Calculated based on the hit area to the total one. ∗FUCAGP: fucosylated (tri + tetra)-antennary glycans/total glycans × 100.

3.3. Mass Spectrometric Analysis of Plasma AGP Glycans
from Healthy Volunteers and Cancer Patients. To evaluate
the AGPAS operation software for assisting determination
of glycans structures of AGP, mass spectrometric analyses
of AGP glycans from healthy volunteers and patients with
colorectal cancers were conducted. When mass spectra from
a healthy individual and a patient with colon cancer were
compared (Figure 3), signals with common masses, but dif-
ferent intensity, were observed in both samples. Fucosylated
glycans attached to the tri-, and tetra-antennary structures
seemed to increase in the cancer patient. In our previous
study [3], we found that the levels of plasma AGP were not
important, but the degree of branching and the extent of
fucosylation in AGP glycans were very useful for predicting
outcome of postoperative cancer patients. Therefore, in this
study, relative abundance of each glycan both in healthy
individuals (𝑛 = 35) and in patients with colorectal cancer
(𝑛 = 67) was determined by using the AGPAS. Accordingly,
the relative abundance of every glycan was obtained and then
the individual structures were tallied simultaneously as bi-,
tri-, and tetra-antennary together with their fucosylated gly-
cans based on the second number of individual FD numbers,
because it could preferentially define glycan structures from
bi-, tri-, and tetra-antennary glycans (Table 1). It was clearly
indicated the relative abundance of all the fucosylated tri-
antennary glycans including mono- (𝑏 = 3, 𝑐 = 1 in
[GlcNAc]b [Fuc]c) and difucosylated (𝑏 = 3, 𝑐 = 2 in
[GlcNAc]b [Fuc]c) structures and their total was significantly
higher (𝑃 < 0.001) in cancer patients as compared with
healthy controls even though the relative abundance of afuco-
tri-antennanry glycans (𝑏 = 3, 𝑐 = 0 in [GlcNAc]b [Fuc]c)
in cancer patients was significantly low (𝑃 < 0.001). A
difference between healthy controls and cancer patients was

also observed in monofucosylated (𝑏 = 4, 𝑐 = 1 in [GlcNAc]b
[Fuc]c) and their afuco- (𝑏 = 4, 𝑐 = 0 in [GlcNAc]b [Fuc]c)
tetra-antennary glycans (𝑃 < 0.001). Further, the relative
abundance of fucosylated tetra-antennary glycans including
mono-, di-, and tri-fucosylated (𝑏 = 4, 𝑐 = 1–3 in [GlcNAc]b
[Fuc]c) glycans (𝑃 < 0.01) and fucosylated tri- plus tetra-
antennary glycans (FUCAGP, 𝑃 < 0.001) was significantly
higher in cancer patients versus healthy controls. Therefore,
it was evident that AGP glycans from cancer patients, most of
whom had undergone operation and received chemotherapy
periodically, were considerably fucosylated irrespective of
their clinical status. It was, of particular interest, that the level
of FUCAGP in cancer patients was significantly higher than
the level in healthy controls but that no such a difference was
present in the tri- plus tetra-antennary glycans (𝑏 = 3–7, 𝑐 =
0 in [GlcNAc]

𝑏
[Fuc]
𝑐
). It should be appropriate to mention

here that AGP glycoforms have been investigated in patients
with noncancerous diseases, and elevated plasma AGP and
fucosylated AGP were associated with inflammation [2, 15–
22].

3.4. Mass Spectrometric Analysis of Plasma AGP Glycans in
FollowedUp Cancer Patients. Previously, follow-up studies of
AGP glycans were undertaken in cancer patients over a long
period after surgery, and their glycoforms were determined
periodically, while their progress was monitored. Although
demographic factors and plasma AGP level were not related
to prognosis, based on fucosylation and branching indices,
an individual patient’s chance of survival could be predicted
with the lowest misclassification rate (0.0666, 𝑃 < 0.0001)
[3].While certain AGP glycoform could be a good prognostic
marker for malignant disease, patients whose AGP glyco-
forms were highly fucosylated with branched glycans had a
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Figure 4:Mass spectra of AGP glycans isolated from followed up patients with advanced cancer. Patients with a poor prognosis, stage IV colon
cancer with recurrence (a), rectal cancer with recurrence (b), and stage IIIA lung cancer (c). Purified AGP was prepared and labeled from
500 𝜇L of plasma samples and an each aliquot (ca. one-fiftieth) was used for MS analysis. White and black triangles indicate defucosylated
and fucosylated tri- and tetra-antennary glycans assigned, respectively. POD, postoperative days.
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poor prognosis, died due to disease recurrence. Therefore, it
was of particular interest to identify glycan structures having
clinical relevance in themanagement of cancer patients. AGP
glycans from a patient with stage IV colon cancer who had
recurrence at 31 postoperative days (POD) and died were
analyzed at 26 and 301 POD.The level of FUCAGP increased
by more than threefold between 26 and 301 POD, reflecting
levels of glycans, namely, FD numbers 3313, 4422, 4413, 4423,
4414, and 4424, togetherwith relatively decreased expressions
of 3302, 3303, 4403, and 4404 glycans (Figure 4(a)). Changes
in glycoforms in this patient were associated with the degree
of branching and the extent of fucosylation over the cut-off
values at 301 POD [3]. Similarly, mass spectrometric analyses
of AGP glycans from a patient with rectal cancer who had
recurrence at 90 POD were also done both at 6 days before
operation and at 139 POD. FUCAGP levels increased bymore
than twofold in line with an increase in the expressions of
fucosylated tri-antennary glycans (FD numbers 3313, 3312,
3332) and fucosylated tetra-antennary glycans (4424, 4413,
4424 and 4434), along with decreases of 3302, 3303, 4403, or
4404 glycans (Figure 4(b)). In contrast, AGP glycans from a
patient with stage IIIA lung cancer but with a good prognosis
changed differently and fucosylated glycans such as 3313,
4414, 3433, 4413, 4424, 4411, and 4412 decreased markedly
between 1 and 156 POD together with a fall of FUCAGP
level (Figure 4(c)). In line with these observations, relative
abundance of FUCAGP in patients who had AGP with either
low degrees of branching or low level of fucosylation for a
long period after operation was observed to be as low as those
in healthy control. Therefore, all these mass spectrometric
analyses in following up cancer patients showed that the
primary structures of AGP glycans are in agreement with
results from AGP glycoforms and that the FUCAGP index
could be a postoperativemarker for diagnosis and assessment
of cancer progression. The newly developed AGPAS could
be valuable software for a rapid determination of AGP
glycan structures following mass spectrometric analyses. A
detailed analysis of AGP glycans is now in progress with
large numbers of plasma samples from cancer patients under
various medications.

4. Conclusions

The functions of plasma AGP and its potential physiolog-
ical significance as an acute phase protein have generated
significant interest. However, most studies have focused
on its highly glycosylated N-glycan structures along with
recent developments of glycomics as well as approaches from
proteomics [2, 17, 19, 22–29]. The detailed structures which
were prepared from both healthy controls and patients with
various diseases have been incompletely reported [14, 30–34].
Previously, we demonstrated that glycoforms of plasma AGP
from cancer patients changed depending on the patients’
clinical status and that any patient whose glycans contained
highly fucosylated branched structures for long periods of
time after operation showed a poor prognosis. In contrast,
it was found that patients who had AGP glycoforms without
such changes showed a good prognosis regardless of their
clinical stages [3]. The present study demonstrated that

assessment of primary structures of AGP glycans by following
mass spectrometric analysis could be established with the aid
of our newly developed software, AGPAS, which factors a
database consisting of 607 N-glycans that were theoretically
expected to be present in glycans of AGP. At the same time,
a reliable purification method for plasma AGP by sequential
use of ion-exchange cartridges was developed and followed
by specifically labeling cleaved N-glycans from purified AGP.
Therefore, relative abundance of all the glycans as well as
bi-, tri-, and tetra-antennary glycans was simultaneously
determined with their related sugar residues. It was clearly
demonstrated that relative abundance of fucosylated AGP
was significantly elevated in cancer patients and that mono-
and difucosylated tri-antennary and monofucosylated tetra-
antennary glycans were predominantly present in cancer
patients. Furthermore, increased relative abundance of fuco-
sylated AGP was found specifically in patients with a poor
prognosis, consistent with not only our previous analyses of
AGP glycoforms in large numbers of cancer patients but also
follow-up studies of glycoforms in the same patients. The
methods applied in this study seemed to be appropriate for
processing large numbers of plasma samples to determine a
biomarker in AGP glycans. In this endeavor, the operation
software, AGPAS, should be valuable for screening plasma
samples to identify biomarkers of cancer prognosis or pro-
gression based on AGP glycans with fucosylated structures.
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Microsphere suspension array systems enable the simultaneous fluorescent identification of multiple separate nucleotide targets in
a single reaction. We have utilized commercially available oligo-tagged microspheres (Luminex MagPlex-TAG) to construct and
evaluate multiplexed assays for the detection and differentiation of Hendra virus (HeV) and Nipah virus (NiV). Both these agents
are bat-borne zoonotic paramyxoviruses of increasing concern for veterinary and human health. Assays were developed targeting
multiple sites within the nucleoprotein (N) and phosphoprotein (P) encoding genes. The relative specificities and sensitivities of
the assays were determined using reference isolates of each virus type, samples from experimentally infected horses, and archival
veterinary diagnostic submissions. Results were assessed in direct comparison with an established qPCR. The microsphere array
assays achieved unequivocal differentiation of HeV and NiV and the sensitivity of HeV detection was comparable to qPCR,
indicating high analytical and diagnostic specificity and sensitivity.

1. Introduction

Bats harbour a wide range of viruses that have been impli-
cated in spill over events into other mammalian hosts
resulting in highly virulent and often fatal zoonoses. Henipa-,
filo-, lyssa-, and coronaviruses are some of the most notable
examples [1]. The henipaviruses HeV and NiV are bat-borne
paramyxoviruses which have been responsible for severe
disease outbreaks in humans, horses, and pigs [2]. HeV
was first identified in Australia in 1994 as the cause of
fatal infection in horses and humans [3]. The closely related
NiV was subsequently identified as the causative agent of
infections in pigs and humans inMalaysia in 1998-99 [4].The
fruit bat (Pteropus spp.) is the only known natural reservoir
of these two viruses. NiV infections in humans have been
identified in several countries includingMalaysia, Singapore,
Bangladesh, and India with mortality up to and exceeding
75% in some of these epidemics [2]. Evidence for this virus
or henipa-like viruses in bat populations in other South-East
Asian locations have also been provided [5–7]. Henipa-like
genomic sequences have also been detected in African bats
[8] and Cedar paramyxovirus (CedPV), a novel henipa-like
virus, was recently isolated in Australia [9]. HeV is endemic

in Australian Pteropus bats and can spread directly from bats
to horses, causing severe disease. Human HeV infection has
so far only resulted from close contact with the blood, body
fluids, and tissues of infected horses. Although bats appear
to be unaffected by HeV there is a high case-fatality rate in
both humans and horses and spill-over events from bats to
horses are occurring with increasing regularity [10, 11]. The
wide range of viruses and their enormous genome sequence
variation and evolution pose a challenge to the development
of molecular diagnostic assays. Although next generation
sequencing can identify viruses without any prior knowledge
of their sequence [12], this approach is still not practical for
screening larger numbers of samples in a diagnostic context.
Various combinations of conventional PCR and sequencing,
or qPCR, have been used for virus identification [12, 13].
Highly conserved genes and sequences within, or across,
virus species in combination with degenerate PCR primer
sequences have broadened the range of viruses detectable by
a single PCR [14]. The nature of these generic PCR assays
necessitates the use of highly degenerate primers which can
lead to a reduction in sensitivity and still requires confir-
mation of any resulting PCR products by DNA sequencing.
Nevertheless, qPCR is highly specific, sensitive, and suitable
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Table 1: Oligonucleotides for HeV and NiV microsphere array assays.

Name Function Sequence (5󸀠-3󸀠) Position (a)
N-gene

D-358 PCR-Fwd TTTGAMGAGGCGGCTAGTTT 125–144
D-368 PCR-Rev CATCAARCCTTCCATCTCCTC 499–479
D-676 TSPE-henipa (∗MTAG-A057) (∗)-GCRGCAACWGCTACTTTGAC 188–207
D-679 TSPE-HeV (∗MTAG-A061) (∗)-ACTAATAGCCCAGAACTGAGATG 236–258
D-680 TSPE-NiV (∗MTAG-A067) (∗)-ACTAATAGTCCAGAGCTCAGATG 236–258

P-gene
D-550 PCR-Fwd ACATACAACTGGACCCARTGGTT 2698–2720
D-551 PCR-Rev CACCCTCTCTCAGGGCTTGA 2794–2775
D-641 TSPE Henipa (∗MTAG-A051) (∗)-ACAGACGTTGTATACCATG 2721–2739
(a) Positions are relative to the HeV genome (GenBank accession number: NC 001906). TSPE denotes target-specific primer extension.
(∗) denotes sequence of 3󸀠 extension containing anti-TAG sequence complementary to TAG sequence on microsphere as defined by particular MTAG-A#
(Luminex Corporation, USA).

for automation and screening of large sample numbers. How-
ever, the limitedmultiplexing capability of qPCR, typically no
more than 2-3 combined assays, requires the setup of various
and frequently, constituently different qPCR reactions when
screening for multiple viruses. Microsphere suspension array
assays offer advantages over qPCR in the level of readily
achievable multiplexing. This allows for the simultaneous
screening of many targets (up to 100 markers in the Luminex
system) in a single reaction and has become a valuable
tool for investigation of disease syndromes. Various assay
panels for nucleic acid detection have been developed for
medical or veterinary applications, including respiratory viral
diseases [15], gastroenteritis pathogens [16], cystic fibrosis
[17], biothreat agents [18, 19], and vesicular diseases of
livestock [20]. Polymerase chain reaction amplification of
the regions of interest forms the first step of these assays.
Proprietary polystyrene microspheres that contain dyes dis-
playing distinct spectral characteristics form the substrate for
these assays. LuminexMagPlex-TAGmicrospheres (Luminex
Corporation) contain unique 24 nucleotide DNA “antiTAG”
sequences covalently coupled to their surface. This facilitates
hybridization of specifically amplified and labeled products
containing complementary “TAG” sequences and allows
identification by association with particular microsphere sets
in a flow cytometry-based detection system. Microsphere
suspension array assays can be designed as a modular system
and combined into assay panels of increasing complexity to
increase the range for detection of different viruses.

Here we report the development of microsphere array
assays for detection and differentiation of RNA fromHeV and
NiV isolates and their analytical and diagnostic performance.
Furthermore, we demonstrated the utility of these assays
as modules for detection of HeV in Australian horses. Our
intention is to include these assays in future development of
multiplex assay panels for investigating infectious diseases,
syndromes in livestock, and zoonoses.

2. Materials and Methods

2.1. Viruses and Diagnostic Samples. Viruses used in this
studywereHeV (hendra virus/ Australia/horse/Hendra/1994,

six HeV isolates from four of the 2011 outbreaks in
Queensland and New South Wales, Australia); NiV (Nipah
virus/Malaysia/1998, Nipah virus/Bangladesh/2004); Cedar
paramyxovirus; nonrelated paramyxovirus (Tioman, Sendai,
Menangle, Rinderpest, and J virus); other viruses (West Nile,
Kunjin,Murray valley encephalitis, and Japanese encephalitis
virus). All viruses were held as stocks at the Australian
AnimalHealth Laboratory (AAHL).Diagnostic samples used
in this study included blood, tissue, and swabs from horses
submitted to AAHL during several outbreaks of HeV in
the Australian States of Queensland and New South Wales
in 2011. Further samples from time-course experimental
studies on a limited number of HeV-infected horses were also
used [21]. To assist with an appropriate statistical analysis
of the collective data, swab samples from submissions of
quarantined European horses, presumed to be negative for
HeV, were also utilized. Nucleic acid was isolated from each
sample using theMagMAX96Viral RNAExtractionKit (Life
Technologies Cat. No. AM1836-5).

2.2. Microsphere Suspension Array Primer Design. The
primer designs (Table 1) were based on the alignments of the
available 17 HeV sequences (GenBank accession numbers:
HM044317, HM044318, HM044319, HM044320, HM044321,
JN255800, JN255801, JN255802, JN255803, JN255804,
JN255805, JN255806, JN255812, JN255814, JN255817,
JN255818, NC001906) and 20 NiV sequences (GenBank
accession numbers AF376747, AJ564621, AJ564622,
AJ564623, AJ627196, AY029767, AY029768, AY858110,
AY988601, FJ513078, FN869553, JN808857, JN808858,
JN808859, JN808860, JN808861, JN808862, JN808863,
JN808864, NC002728) using Geneious Pro software [23].
Primers were designed for two independent assays specific
for either a 375 nucleotide region of the N-gene coding
sequence (CDS) or 97 nucleotide region of the P-gene CDS
of HeV and NiV (Figure 1).The N-gene assay accommodated
three target-specific primer extension (TSPE) primers, one
for generic detection of both HeV and NiV, and one specific
for HeV or NiV only. The P-gene assay based on a qPCR
assay [24] contains only a single TSPE primer for detection
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Figure 1: Design of oligonucleotides for henipavirus N-gene- (a) and P-gene- (b) specific microsphere array assays. Representative virus
sequences are HeV (NC 001906), NiV-Malaysia (NC 002728), and NiV-Bangladesh (AY988601). Sequence gaps (sequences not displayed)
outside target regions are indicated by //. Regions of sequence identity are marked by dash (-) and differences are marked (⋆) in the primer
target regions. PCR primers forward (D-358) and reverse (D-368) are flanking the 375 nucleotide N-gene amplicon, and PCR primers
forward (D-550) and reverse (D-551) are flanking the 97 nucleotide P-gene amplicon. Only the gene-specific target sequences and not the
TAG extensions are displayed for TSPE primers (D-676, D-679, D-680, and D-641). All TSPE primers were designed to extend in forward
orientation.

of both HeV and NiV. The incorporation of degenerate
nucleotides was utilized to facilitate generic amplification
and detection of all known HeV and NiV isolates. The design
of two independent assays served as a contingency in the
event of diagnostic failure should virus sequences change in
an individual assay target region.

2.3. Microsphere Suspension Array Assay Procedure

2.3.1. Primary PCR. Single-step reverse transcription PCR
(RT-PCR) was performed using Superscript III One-Step RT-
PCR with Platinum Taq kit (Invitrogen) with the follow-
ing conditions: 25𝜇L volume, 200 nM forward and reverse
primers, and 2.0mM MgSO

4
. Thermal cycling conditions

were 30min at 48∘C (RT reaction), 2min at 94∘C (Taq acti-
vation), 45 cycles of 30 sec at 94∘C, 40 sec at 50∘C, and 40 sec
at 68∘C, followed by 68∘C for 7min. RT-PCR was performed
separately for each target using the same conditions for both
N andP-gene assays.Theunincorporated dNTPs and primers
from the initial RT-PCR were removed by treating with
ExoSAP-IT (Affymetrix). Twenty-five microliters of RT-PCR
were treated with 10 𝜇L ExoSAP-IT and incubated at 37∘C for
30min, followed by 10min at 80∘C to inactivate the enzymes.

2.3.2. Target-Specific Primer Extension (TSPE). Linear ampli-
fication was then performed in the presence of biotin-
labeled cytosine with the required TSPE primers present in
a given reaction mix. The treated RT-PCR products were
then combined for TSPE reactions. The 5󸀠 ends of the TSPE
primers were designed to contain 24 base TAG sequences
complementary to the particular microsphere sets, whereas
the remainder of the primer sequence was designed to
bind to targets within the RT-PCR product. Biotin-dCTP
was incorporated in the reaction to allow detection by

streptavidin-R-phycoerythrin (SA-PE). Each TSPE reaction
contained 5 𝜇L of Exo-SAP-treated RT-PCR product, 0.75U
TspDNA polymerase (Invitrogen), 25 nM TSPE primer 5𝜇M
dATP/dTTP/dGTP and biotin-dCTP (Invitrogen), 1X Tsp
DNA polymerase reaction buffer (Invitrogen), and 4.0mM
MgCl

2
. Thermocycling was performed at 95∘C for 2min,

followed by 30 cycles of 94∘C for 30 s, 50∘C for 30 s, and 72∘C
for 40 s with a final extension at 72∘C for 5min.

2.3.3. Microsphere Hybridisation. Products from the TPSE
reactions were multiplexed with relevant MagPlex-TAG
microspheres (Luminex MagPlex-TAG). Five microliters of
TSPE reaction were hybridized in 50𝜇L 1X hybridiza-
tion buffer (0.2M NaCl/0.1M Tris/0.08% Triton X-100, pH
8.0) with 500 each (microspheres/microsphere set/well) of
the appropriate MagPlex-TAG microspheres containing the
antitag complimentary to the 5󸀠 TAGon theTSPEprimer.The
hybridization mixture was incubated at 96∘C for 90 sec and
37∘C for 30min. The microsphere mixture was transferred
to a black-sided 96-well Bio-Plex flat bottom plate (Bio-Rad)
and washing of magnetic microspheres was performed using
an automated plate washer (Bio-Plex pro II wash station; Bio-
Rad).

2.3.4. Microsphere Identification and Fluorescence Detection.
Seventy-five microlitres of 1X hybridization buffer contain-
ing 2mg/L streptavidin-R-phycoerythrin (Invitrogen) were
added to each plate well and the mixture was incubated
in the dark at 37∘C for 15min. Instrument procedure
was as described by the manufacture; briefly, 50 𝜇L of
the microsphere/TSPE/streptavidin-R-phycoerythrin mix-
ture was injected into a Bio-Plex 200 instrument (Bio-Rad),
at a sample plate temperature of 37∘C. Each assay plate was
analysed in a Bio-Plex 200 fluorometer (Bio-Rad) running
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Figure 2: Diagnostic performance characteristics of microsphere array assays. Accuracy of microsphere array assays specific for the henipa
N-gene (a, b) and henipa P-gene (c, d) was determined by receiver operating characteristic (ROC) curve analysis (a, c) using qPCR assay as
reference standard. Distribution of positive (1) and negative (0) values are shown (b, d).

at high RP1 target setting with 100 of each microsphere set
analysed per well. Fluorescence was measured as units of
Median Fluorescence Intensity (MFI). A positive result was
initially defined as a value greater than three times the MFI
obtained from a known HeV negative control.

2.4. qPCR Assays. A HeV N-gene-specific qPCR assay
[24] was used for comparative assessment of the micro-
sphere assays. Assay conditions and oligonucleotides were as
described in the paper. Cut-off values were cycle threshold
(CT) ≤ 40 for positive and CT ≥ 45 for negative. Results with
CT values between 40 and 45 were deemed indeterminate.

2.5. Statistical Analysis. Statistical analyses were performed
using Microsoft Excel 2007 and MedCal Version 12.3.0.0.
ROC curve analysis was performed using 77 positive and
61 negative samples by qPCR for the henipa N- and P-
gene microsphere array assay. For this analysis infected

and noninfected horses were given the statuses 1 and 0,
respectively.The area under the ROC curve (AUC) (Figure 2)
was 0.948 for the henipa N (at cutoff > 488MFI) and 0.893 for
the P-genemicrosphere array assay (at a cut-off of> 523MFI).
In the ROC analysis, values of 0.9 < AUC < 1 are considered
highly accurate. A perfect test with a Se and Sp of 100%would
have an AUC of 1 and be in the upper left corner of the graph
[25]. An interactive dot diagram was plotted using results of
the henipaN- andP-genemicrosphere array assays in relation
to the infected (1) and noninfected (0) category, to show false
negative and false positive results at cut-offs with highest
combined Se and Sp.

3. Results and Discussion

3.1. Analytical Specificity of Microsphere Suspension Array
Assays. The analytical specificity of the N- and P-gene-based
microsphere array assays was assessed using RNA extracted
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Table 2: Detection of HeV in experimentally infected horses.

Day
Microsphere array assay

Henipa N Henipa P qPCR (a) LAMP (a)
(MFI) (MFI) (Ct) (U/Pos)

Horse 1
0 148 213 U U
1 185 256 U U
2 20 858 23 745 37.5 U
3 22 088 24 593 34.7 Pos
4 22 828 24 049 35.9 Pos
5 23 734 24 985 29.5 Pos
6 23 856 25 197 32.8 Pos

Horse 2
0 219 104 U U
1 197 296 U Pos
2 22 304 23 547 36.3 Pos
3 22 983 23 625 32.4 Pos
4 11 638 8 142 38.9 Pos
5 23 063 24 068 34.3 Pos
6 22 914 23 333 31.1 Pos
7 23 024 24 284 28.1 Pos
8 22 900 24 145 29.2 Pos
9 22 900 24 951 35.2 Pos

Horse 3
0 186 301 U U
1 221 288 U U
2 10 734 375 42∗ Pos
4 1 271 2 251 41.4∗ Pos
5 5 406 7 018 43∗ Pos
6 1 804 8 019 U U
7 16 731 20 575 37.7 Pos

Pos control 23228 23451
NTC 226 298
Comparison of microsphere array assays performed on archival RNA extracted from daily nasal swabs of experimentally infected horses [21].
(a) Comparison with qPCR and loop-mediated amplification (LAMP) assay results [22] in retrospective analysis. Day indicates sampling day after challenge.
MFI:median fluorescence intensity; U: undetected; Pos: positive reaction; ∗indicates qPCR indeterminate results; NTC: no template control. All positive results
are in bold .

from different virus isolates and nonrelated laboratory ref-
erence virus strains (listed in Materials and Methods). HeV
and NiV isolates were positive in the generic henipavirus
assays and their corresponding virus type-specific assays. All
other tested viruses including CedPV were negative in the
N- and P-gene assays. Although the recently isolated CedPV
from Australian bats has been suggested as a henipa-like
virus, it is quite distinct from HeV and NiV. Importantly,
CedPV contained multiple sequence changes in each of the
N- and P-gene primer regions for HeV and NiV. HeV and
NiV are phylogenetically closely related having nucleotide
sequence identities of 68.2% for whole genome, 78.4% for N-
gene, and 70.0% for P-gene CDS, whereas the more distantly
related CedPV has identities of only 47.5–48.1% for whole
genome, 60.5–60.2% for N-gene, and 42.5–42.4% for P-gene
CDS.

3.2. Analytical Sensitivity of Microsphere Suspension Array
Assays. The analytical sensitivity of the microsphere array

assays was assessed in direct comparison to the HeV
specific qPCR assay by determining the limit of detection
using tenfold serially diluted RNA template derived from
HeV (Hendra virus/horse/Hendra/1994) and NiV (Nipah
virus/Malaysia/1998). The microsphere suspension array
assays had a dynamic range for detection equal to qPCR
and were at least as sensitive as qPCR (data not shown).
The fitness of microsphere array assays for the sensitive
detection of HeV infection was further confirmed using
archival samples from horses experimentally infected with
HeV [21]. Results were compared with qPCR and loop-
mediated amplification (LAMP) assays [22] (Table 2). HeV
was detected by microsphere array assays as early as qPCR
or LAMP assays, two days after infection.There was excellent
correlation between the N- and P-gene microsphere assays.
Day 2 results for horse 3 were the only occasion where an
N-gene positive sample was negative in the corresponding
P-gene assay. Overall, the utility of microsphere assays was
confirmed by the high level of sensitivity as was apparent
with positive results at days 2, 4, and 5 in horse 3 when
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Table 3: Diagnostic evaluation of microsphere array assays for HeV detection.

Microsphere array assay
(archival RNA)

HeV qPCR assaya

(original diagnostic results)
Positive Negative Indeterminate

Henipa N-gene positive 72 4 4
Henipa N-gene negative 5b 57 3
Total (𝑛 = 145) 77 61 7
Henipa P-gene positive 65 2 1
Henipa P-gene negative 12b 57 6
Total (𝑛 = 143)c 77 59 7
Retrospective analysis of results frommicrosphere array assays on archival RNAof diagnostic submissions in comparisonwith original qPCRdiagnostic results.
Preliminary cut-off values (241MFI for the N-gene and 518MFI for the P-gene) were derived from results of the negative horse population.
(a) HeV qPCR negatives include presumed HeV negative samples.
(b) Five samples categorised HeV qPCR positive in the originally diagnostic assay were negative in both Henipa N- and P-gene assay of archival RNA. All five
samples were HeV negative when archival RNA was retested by qPCR (indicating likely degradation of the archival RNA in these samples).
(c) Two samples from the presumed HeV negative population were not available for the henipa P assay.

corresponding qPCR indicated indeterminate or undetected
results.

3.3. Diagnostic Evaluation of Microsphere Suspension Array
Assays. Assays were evaluated in a retrospective analysis
of archival diagnostic horse samples (𝑛 = 145). Expected
negative values for each of the microsphere array assays were
obtained from presumed negative horse samples (𝑛 = 40).
The mean MFI (+3STD) of these samples was 121 (+120)
for the henipa N-gene assay, 126 (+141) for the HeV N-
gene assay, 145 (+147) for the NiV N-gene assay, and 257
(+261) for the henipa P-gene assay. Archival RNA from
diagnostic submissions obtained during investigations of
HeV in horses in Australia in 2011 was tested and results
then correlated with the original diagnostic results obtained
from qPCR assays (Table 3). Five HeV qPCR positive samples
in the originally diagnostic assay were negative in both the
henipa N- and P-gene assay of archival RNA (Table 3). When
archival RNA was retested by qPCR all five samples were
HeV negative, most likely due to degradation of the archival
RNA from these samples. This indicates that the diagnostic
performance of the microsphere array assays may have been
underestimated in the retrospective analysis of microsphere
array assays on archival RNA in comparison with origi-
nal qPCR diagnostic results. Out of 7 HeV indeterminate
samples (by qPCR), the henipa N-gene microsphere assay
returned 4 positive and 3 negative results and the henipa
P-gene 6 negative and 1 positive result. An advantage of
these microsphere array assays was the clear differentiation
between positive and negative results and an ability to resolve
unambiguous results as exemplified by clear resolution of the
indeterminate results observed at the limit of detection in
qPCR.

For ROC curve analysis (Figure 2), all of the samples
positive in the N-gene henipa-specific microsphere assay
were also positive in the HeV specific N-gene assay and none
of these were found to be positive in the NiV-specific N-gene
assay. HeV-specific positive and negative values in all assays
were generally well separated, so changes from optimal cutoff

values did not significantly change results in a ROC curve
analysis (results not shown). For the N-gene henipa-specific
assay the optimal ROC curve calculated cutoff MFI = 488
yielded sensitivity (Se) and specificity (Sp) readings of 92.2
(95% CI 83.8–97.1) and 98.4 (95% CI 91.2–100.0), respectively
(Figures 2(a) and 2(b)). For the P-gene henipa-specific assay
the calculated optimal cutoff MFI 523 gave an Se of 84.4
(95% CI 74.4–91.7) and an Sp of 98.3 (95% CI 90.9–100.0)
(Figures 2(c) and 2(d)). The analysis of Sp and Se data for
the HeV-specific assay showed near identical results to the
generic henipa N-gene assay (data not shown). The ROC
curve determined that negative cut-offs for all four assays
were also found to exceed the highest MFI values obtained in
an analysis of 40 presumed HeV negative horse swab samples
in each assay. Direct comparison of all assays by ROC curve
analysis using qPCR assay as reference standard identified
the Henipa and HeV N-gene assays as the best performers
for HeV detection. Assay accuracy for the henipa N, HeV-
N and henipa P-gene assays was 0.941, 0.940, and 0.874,
respectively, for samples 𝑛 = 96 samples (qPCR confirmed),
increasing to 0.948, 0.946, and 0.893 for 𝑛 = 136 samples
including 40 presumed negative samples unconfirmed by
qPCR.

The HeV N-gene test exhibited the higher Se producing
less false negative results. The Sp was similar for both tests.
High Se is highly desirable for a test that diagnoses zoonotic
and potentially fatal disease. As the reference test (qPCR)
may be imperfect, it cannot be assumed that the status of the
samples is 100% accurate. Evaluation of further field samples
from infected and noninfected horses would be required to
obtain more robust estimates for Se and Sp.

4. Conclusions

The microsphere array assay modules were specific for
HeV and NiV. Based on sequence conservation of target
regions, these assays should detect all known HeV and NiV
isolates. Furthermore, theN-gene assay reliably differentiated
HeV and NiV. The analytical sensitivity of the microsphere
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array assays matched that of qPCR assays in the limit of
detection study, the detection of virus in experimentally
infected horses, and in the retrospective analysis of diagnostic
field samples. The microsphere array assays are based on
an open diagnostic platform allowing a high degree of
customisation. This facilitates the expansion of individual
assay components into larger and more complex arrays and
the update of assays in response to new and emerging viruses.
The microsphere array assays offer advantages over qPCR
in the level of readily achievable multiplexing. Assays can
be designed as a modular system and combined into assay
panels of increasing complexity. This ensures that assay sen-
sitivity and specificity are not adversely affected by difficulties
often observed in multiplexed qPCR reactions. This study
demonstrated the utility of the microsphere array assays for
detection of HeV. Our aim is to incorporate these HeV and
NiV microsphere array assays as modules in future higher
multiplexed microsphere arrays.This will facilitate the devel-
opment of syndrome-based assay panels for disease investi-
gation and agent surveillance in horse, bat, pig, and human
populations.
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Although the incidence of ovarian cancer is low (i.e., less than 5% in European countries), it is the most lethal gynecologic
malignancy and typically has a poor prognosis. To ensure optimal survival, it is important to diagnose this condition when the
pathology is con�ned to the ovary. However, this is di�cult to achieve because the �rst speci�c symptoms appear only during
advanced disease stages. To date, the biomarker mainly used for the diagnosis and prognosis of ovarian cancer is CA125; however,
this marker has a low sensitivity and speci�city and is associated with several other physiological and pathological conditions. No
other serum ovarian cancer markers appear to be able to replace or complement CA125, and the current challenge is therefore to
identify novel markers for the early diagnosis of this disease. For this purpose, studies have focused on the microvesicles (MVs)
released from tumor cells. MVs may represent an ideal biomarker because they can be easily isolated from blood, and they have
particular features (mainly regarding microRNA pro�les) that strongly correlate with ovarian cancer stage and may be effective for
early diagnosis.

1. Introduction

For many years, it was believed that communication between
cells exclusively depends on the release of speci�c soluble or
immobilized mediators and their corresponding receptors.
Such a process may involve cell-to-cell contact or the release
of mediators into the blood, other bodily �uids (endocrine
interactions), or the microenvironment to form gradients
(paracrine interactions) [1]. When it was discovered that
cells were able to secrete vesicles, it was thought that this
was a form of waste elimination. However, it is now known
that vesicles represent signaling packages that are able to
convey messages to stimulate/inhibit neighboring cells and
modify the surrounding microenvironment [2]. e term
“rececrine” has been suggested to describe this signaling
method, which speci�cally refers to the secretion of receptors
carried by microvesicles (MVs) and their transfer to target
cells where theymay exert speci�c functions [3].ere is also
increasing evidence for the involvement of MVs in various
physiological and pathological events, such as the immune
response, cellular differentiation, and vascular and cancer
pathologies [4].

Cells can release different types of vesicles, the most
important of which are apoptotic bodies, exosomes, and shed

MVs (Figure 1) [1, 5, 6]; the last two types are primarily
involved in the exchange of messages between cells. is
paper mainly focuses on the role of MVs as potential clinical
biomarkers and also contains a brief overview of all types of
vesicles.

e term “apoptotic bodies” was coined in 1972 [7].
e release of apoptotic bodies from cell membrane is the
�nal consequence of cell fragmentation during apoptosis.
Apoptotic bodies have irregular shapes, ranging between 1
and 5 𝜇𝜇m in size, and may contain intact organelles and frag-
mented DNA and histones which, according to Mathivanan
et al. [5], are used as unique protein markers to identify these
types of vesicles [6]. To date, there is no standard protocol for
the isolation of apoptotic bodies [6].

Exosomes, which were �rst described in 1981 [8], are
cup shaped and range from 30 to 100 nm in size. ese are
produced inside the cell before releasing from multivesic-
ular bodies; they express typical endosomal compartment
proteins [2]. However, it is possible that their cup-shaped
morphology is the consequence of �xation procedures used
for transmission electron microscopy (TEM) analysis [9],
as TEM is the gold standard for determining the size of
a vesicle. Exosomes are isolated through differential cen-
trifugation followed by sucrose gradient ultracentrifugation,
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F 1: Schematic view of vesicles released from cells. Inset: microvesicle release from human �broblast plasma membrane (personal
original unpublished data).

F 2: Transmission electron micrograph of the microvesicle
shedding process from B16 mouse melanoma cells. Scale bar:
500 nm (personal original unpublished data).

for which their density is between 1.10 and 1.21 g/mL,
or through immunoaffinity capture. Typical markers of
exosomes include CD63, CD81, CD9, LAMP1, TSG101,
Alix, and HSC70 [5]. In addition, exosome membranes
are characterized by a low level of phosphatidylserine
exposure. Other lipids found in these membranes include
cholesterol, ceramide, and sphingomyelin, and lipid ras
are also contained within these membranes [5]. Exosomes
have been mainly studied in cancer and immune cells [6].
e ability of exosomes to interact with cells may be due
to several potential mechanisms, including direct cellular
contact, which is mediated by the interaction of exosomal
membranes with target cell receptors, the binding of exo-
somal membrane proteins released by protease-mediated
cleavage to target cell surface receptors, and endocytosis by
fusion with target cells [5, 10]. A multitude of pathways

may then be activated following cellular interactions with
exosomalmolecules, includingmRNA,microRNA (miRNA),
and proteins (e.g., cytoskeletal proteins, heat shock proteins,
adhesion molecules, tetraspanins, and proteins involved in
signal transduction, transcription regulation, and antigen
presentation); induced pathways basically depend on cellular
origin of exosomes; exosomes from cancer cells, for example,
modulate immune response, stimulate angiogenesis, and
are involved in stroma remodeling contributing to tumor
progression [5, 11, 12].

MVs were �rst described in 1964 [13] and have been
intensively studied during the last two decades. ese vesi-
cles can have different shapes and range between 100 and
1,000 nm in size, although a low-end size cut-off has not been
well established [5, 6]. MVs differ from exosomes, and in
addition to their different size variations, the main difference
between these types of vesicles is that MVs are formed by the
regulated release from outward budding or blebbing of the
plasma membrane (inset of Figures 1 and 2). ese vesicles
may also be isolated by differential centrifugation or capture-
based assays [14, 15], and several proteinsmay be used asMV
markers, including �otillin-2, selectins, integrins, CD40, and
metalloproteinases [5, 16]; speci�c marker for MVs has not
yet been identi�ed. Moreover, MV membranes are character-
ized by a high level of exposure of phosphatidylserine, which
is translocated from the inner to the outer surface lea�et [17].

Although no standard MV isolation protocols are avail-
able, most groups use centrifugation conditions ranging from
18,000 to 100,000×g for times ranging from 30 to 60min



BioMed Research International 3

F 3: Scanning electron micrograph of human normal ovarian
surface epithelium (OSE). e phenomenon of MV shedding is
very much reduced in normal cells. Inset: there are no evident
microvesicles at the edge of the normal cells (personal original
unpublished data).

[6]. However, it is possible that these conditions pellet mixed
vesicle populations because the size distribution of MVs
overlaps with that of apoptotic bodies and exosomes at their
upper and lower limits, respectively. For this reason, it may
be appropriate to combine differential centrifugation with
sucrose gradient ultracentrifugation to remove exosomes or
to proceed by immunoisolation.

MV cargos include proteins, such as enzymes, growth
factors, growth factor receptors, cytokines and chemokines
[1], lipids, and nucleic acids, including mRNA, miRNA,
ncRNA, and genomic DNA [18, 19]. Various studies of
the molecular characterization of MVs have demonstrated
similarities and differences with respect to the molecular
composition of the cells of origin, suggesting that MVs are
not simplyminiature parental cells [1, 20]. For example, MVs
in human glioma contain a plethora of proteins, cytokines,
chemokines, and transcripts that are uniquely contained
within vesicles and are undetectable (or expressed in different
quantities) in the corresponding parental cells [19].

MVs have been widely studied in several normal cell
types, including platelets, red blood cells, and endothelial
cells, but have been primarily studied in cancer cells [6, 21,
22]. Importantly, MVs are more easily detectable aer the
acquisition of a tumorigenic phenotype, as they are shed at
low levels in normal and parental cells [23]. In normal cells,
indeed, shedding phenomenon occurs in very selected areas
of plasma membrane (Figure 3), whereas in tumor cells, a
lot of MVs are released from the entire cell surface (Figure
4(a)), especially from invading cellular edges (Figure 4(b))
(personal unpublished original data).

MVs play a role in many aspects of tumor progression,
including the following.

(i) MVs contribute to the progression of cancer cells.
e ability of a tumor cell to modify the extracellular
matrix is important for enabling tumor progression
and invasion, and MVs appear to promote the prote-
olytic cascade required for the localized degradation
of the extracellular matrix through lytic enzymes
such as uPA, MMPs, and cathepsins [24]. It has been
demonstrated that cancer-derived MVs contain such
proteases; for example, prostate carcinoma cell lines
releaseMVs that reach uPA activity levels and are able
to adhere to and degrade collagen IV and reconstitute
the basal membrane (Matrigel) [25]. Furthermore,
MVs from ovarian ascites are rich in MMPs and uPA,
the activation ofwhich leads to increased extracellular
matrix degradation and facilitates tumor cell invasion
and metastasis [26]. Ovarian cancer cell lines release
lytic enzymes as well, and the amount and level
of proteolytic activity associated with shed vesicles
correlate with the in vitro invasiveness of cancer cells
[23].

(ii) MVs are involved in tumorigenesis too. Indeed, the
addition of MVs from PC3 cells (a human prostate
cancer cell line with high metastatic potential) to
the poorly invasive prostate cancer cell line LnCaP
enhanced the adhesive and invasive capabilities of the
latter cell type [25].

(iii) MVs help tumor cells evade apoptosis. Some MVs
contain caspase 3, which is one of the main apoptotic
enzymes. It has been postulated that tumor cells
may escape apoptosis by preventing the intracellular
accumulation of caspase 3 through the release ofMVs
containing this enzyme [27]. is hypothesis was
con�rmed by the observation that cells, if MV release
is inhibited, accumulate caspase 3 and undergo apop-
tosis [28].

(iv) MVs contribute to the induction of transformation.
It was demonstrated that glioma cancer cells could
transfer through MVs a truncated, oncogenic form
of EGFR to glioma cells lacking this receptor and
that this transfer was able to transform recipient
cells [11]. More recently, it was demonstrated that
MVs derived from human cancer cells (i.e., breast
carcinoma and glioma cells) may play an important
role in oncogenesis, as they were shown to be capable
of transforming normal �broblasts and epithelial
cells to adopt the typical cancer cell characteristics
(e.g., anchorage-independent growth and enhanced
survival capability) through the transfer of the cross-
linking enzyme tissue-transglutaminase (tTG) [16].

(v) MVs promote drug resistance. It was reported that
chemoresistant cancer cell lines express more genes
related to shedding as compared to chemosensitive
cells. Moreover, experiments using the chemothera-
peutic agent doxorubicin con�rmed the existence of
drug accumulation and expulsion through MVs [29],
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(a) (b)

F 4: Scanning electron micrograph of OVCA 432 (a) and A2780 (b). It’s evident the enormous release of microvesicles with
heterogeneous dimensions ranged between 300–100 nm. (a) e microvesicles shedding is visible on whole cell body in OVCA 432; (b)
the phenomenon is more evident at the edge of cells (personal original unpublished data).

which suggests that MVs released from tumor cells
contribute to cellular survival.

(vi) MVs contribute to immunoescape. ere are many
examples demonstrating how the shedding of MVs
mediates interactions between cancer and immune
cells tomodulate the immune response.MVs released
from some cancer cells, such as those of oral cancer,
can act as carriers for Fas ligand, which induces apop-
tosis in T-cells and prevents their cytotoxic effects on
tumor cells [30–32]. Moreover, MVs released from
human melanoma and colorectal carcinoma cells
following fusion with monocytes inhibited differen-
tiation and promoted immunosuppressive cytokine
release in the monocytes [32]. Furthermore, some
cancer cells (such as squamous cell carcinoma) use
MVs to escape from complement-induced lysis; the
release of MVs containing CD46, a membrane com-
plement inhibitor cofactor protein, can inactivate
complement complexes by inducing the inactivation
of C4b and C3b [33].

(vii) MVs promote the induction of angiogenesis. It is
well known that tumor growth and survival depends
on the formation of new blood vessels that in�l-
trate the tumor mass [34]. MVs shed from tumor
cells may transmit proangiogenic stimuli to endothe-
lial cells through various mechanisms; for example,
proangiogenic cargo may be released into the tumor
microenvironment or directly transferred to recipient
endothelial cells [1]. Some studies have demonstrated
that cancer cell MVs can induce the secretion of
several proangiogenic factors in stromal �broblasts
to induce endothelial cell proliferation and therefore
angiogenesis [35]. It has also been demonstrated that
MVs released from tumor cells bearing the EGFR
are able to activate the VEGF/VEGFR pathway in
endothelial cells [36]. MVs are a rich source of the
MMP stimulant EMMPRIN, which is able to promote
the angiogenic ability of endothelial cells [37], the
proangiogenic growth factor VEGF, FGF-2 [22, 38],

and proteases (e.g., uPA,MMPs, and cathepsin B) [15,
22, 25, 39]. Degradation of the basal membrane and
extracellular matrix via the actions of lytic enzymes
favors angiogenesis and new vessel formation [40].
Moreover, cancer cell-released MVs may contain sev-
eral molecules (such as sphingomyelin) which could
reprogram the endothelial cell response and stimulate
their angiogenic ability [41, 42]. Alternatively, cancer-
derived MVs taken up by endothelial cells can turn
onVEGF production, inducing autocrine stimulation
[36].

In summary, it is clear that MVs are able to directly
and indirectly modulate the behavior of surrounding cells
through their delivery of proteins and nucleic acids. More-
over, the effects that MVs have on target cells have been
extensively studied, although it remains unclear how MVs
interact with target cells, that is, whether they fuse with the
plasma membrane or are taken up by endocytosis.

2. MV Isolation from Biological Fluids

e quantity and molecular characteristics of circulating
MVs re�ect not only their cellular origin but also the stimulus
that triggered their release. us, the isolation and analysis
of circulating MVs, which are released into bodily �uids
exposed to primary tumors (e.g., blood, urine, saliva, ascites,
pleural effusion, and spinal �uid), may provide the oppor-
tunity to assess pathological and cancer-related biological
information. Furthermore, this type of analysis may enable
rapid and repeated evaluation without the need for invasive
procedures such as surgical biopsy, which can be affected by
sampling error [1, 18, 43]. MVs have also been studied to
identify a potential association with the prognosis of several
pathologies, including thrombosis, sepsis, coronary artery
syndrome, multiple sclerosis, and some cancer types [44–48].

As a result of studies in which it was assessed the half-life
in the bloodstream of labeled MVs, it has been hypothesized
that MVs have a lifespan of about 15–60min in the blood
circulation [49, 50]; the rapid elimination could be because
they are rapidly taken up by recipient cells. It is also possible
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that other forms of bioelimination may exist, for example,
due to the interaction of phosphatidylserine exposed on
their surface with phagocytic system. Nevertheless, it is not
possible to exclude the possibility that biological activities of
MVsmay persist long enough (some days perhaps) giving the
chance to perform desired analysis [1].

To date, there are no validated methods for the isolation,
identi�cation, characterization, or detection/quanti�cation
of circulating MVs. Moreover, it must be noted that the
presence of MVs derived from nontumor cells in bodily
�uids may be a further complicating factor that requires
the development of strategies enabling selectively isolate
tumor-derived MVs, which may represent a relatively small
fraction of the total number of isolated MVs [18]. e lack
of adequate validation methods greatly limits the potential
use of MVs as clinical markers, although several studies
have been conducted to assess the reliability of this approach
[43, 51–54].

It appears to be important to standardize the pre-
analytical procedures in order to study biological �uids,
as centrifugation procedures or the choice of a speci�c
anticoagulant may affect the reproducibility of MV anal-
yses. Time and storage temperature may also be critical
parameters, although the freezing of plasma (useful for
large scale analysis) for more than one year was shown
to minimally affect the recovery of MVs [43]. Two main
strategies have been proposed for the isolation of MVs,
and these include techniques based on MV physical prop-
erties and those based on MV biochemical features. In
the former approach, size and density are used as refer-
ence parameters, and serial centrifugations and �otation
in sucrose gradients, which is occasionally combined with
size-exclusion chromatography, are mainly used, although
size discrimination based on dielectrophoresis sorting has
been employed as well. In the latter approach, magne-
tophoretic sorting or immunoaffinity chromatography are
used [18].

Cytometry is the most widely used method to detect
and quantify MVs in biological �uids because it uses both
size and affinity measurements (through conjugation with
speci�c �uorescent antibodies). e number of MVs is
important because these numbers seem to correlate with var-
ious pathologies and nonphysiological conditions and may
aid in the diagnosis and determination of prognosis of these
conditions. However, it must be noted that vesicles smaller
than 200 nm cannot be distinguished from instrumental
noise; thus, exosomes and smaller MVs cannot be detected
using this technique. Nevertheless, there have been many
studies that have standardized and improved MV analysis
through the use of �ow cytometry [6, 55, 56]. More recently,
a novel strategy based on the differential light scattering of
different size particles solved in a �uid medium (Nano�ight)
has been used to detect and quantify MVs [18].

Initially, annexin V was used as a marker for MVs;
however, evidence for a substantial proportion of annexin V-
negative MVs was found [6, 57]. us, alternative labeling
was proposed based on the cellular source of the MVs [4, 58,
59].

3. MVs as Cancer Biomarkers

A biomarker, or biological marker, is a substance whose
detection is used as an indicator of a biological state and
whose changes are correlated with the progression or the
response of the disease to a given therapeutic treatment.
Ideally, a biomarker should be speci�cally associated with a
particular disease. Consequently, it should be able to discrim-
inate between two pathological or physiological conditions
even if they are similar. It would also be convenient if the
biomarker could be identi�ed in a biological sample that
is easily obtainable, for example, blood, urine, or saliva.
Moreover, biomarker expression levels should be able to pre-
dict aspects of the corresponding pathological/physiological
condition. Moreover, for routine use, noninvasive detection
methods that are accurate, fast, and potentially inexpensive
should exist [60].

As previously mentioned, many studies have been con-
ducted to better understand the role of circulating MVs in
various clinical conditions. e best characterized MVs are
those derived from platelets and endothelial cells, and their
alterations (mainly elevated levels) are involved in numer-
ous clinical disorders such as cardiovascular diseases (e.g.,
hypertension, atherosclerosis, and congestive heart failure)
[61–63], autoimmune diseases (e.g., rheumatoid arthritis,
vasculitis, type I diabetes mellitus, and multiple sclerosis)
[64–67], and hematological and cerebrovascular diseases [68,
69].

However, in recent years, tumor MVs have gained atten-
tion as potential biomarkers because tumor cells are able to
constitutively release large amounts of MVs bearing tumor-
speci�c antigens into the bloodstream and other bodily �uids.
For example, solid tumors that are difficult to reach and
detect may reveal their presence by releasing MVs, and the
presence of tumor-derived MVs in biological �uids may also
be useful for detectingmetastases [70]. Moreover, in addition
to protein antigens, MVs are able to carry RNAs, particularly
miRNAs. miRNAs and other molecular features of MVs
represent a unique combination representative of the cancer
cells from which they were derived [20]; thus, their presence
in cancer-derivedMVsmay serve as a novel source of disease-
related information and possibly as unique, speci�c, and
identi�able cancer biomarkers that may prove useful for
screening and diagnosis [1]. Tumor-speci�c markers, such
as mucin in adenocarcinoma, may also be used in the early
detection of cancers [27].

MVs have been detected in the circulation of patients
with several cancers, such as breast, ovarian, lung, prostate,
colorectal, and gastric cancers [27]. In gastric cancer,MVs are
notably increased in patients with stage IV disease. MV levels
are also elevated in cancers with associated thromboses, such
as colorectal carcinoma, breast cancer, and pancreatic ade-
nocarcinoma [71, 72]. In patients with bladder cancer, MVs
were isolated from urine and were identi�ed eight proteins
whose levels were elevated with respect to healthy controls,
which indicated that the protein composition of urine MVs
could be used for the early detection of this pathology [73].
MVs from patients with glioblastoma demonstrated high
levels of CD133 and the transcript encoding the oncogenic
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form of EGFRvIII. Furthermore, it is intriguing that tumor
removal correlates with the disappearance of circulatingMVs
[19, 74] and that MVs may maintain proteins with the same
functional state (e.g., phosphorylation) as those typical of
their parental cancer cells. is property may be potentially
utilized to follow the effects of some anticancer drugs [40].

Some studies have been conducted to assess the use of
MVs in prognosis too; in patients with disseminated breast
and pancreatic cancer with higher levels of TF (Tissue Factor)
and MUC1 (epithelial mucin) in MVs was shown a lower
survival rate at 3–9 months followup compared to those with
low TF-activity and no MUC1 expression [71]. In patients
with hormone-refractory prostate cancer, platelet MVs levels
were predictive of outcome; overall survival was signi�cantly
shorter in those patients with MVs level above the cut-off
compared to those patients whose level was below it [75].
Patients with gastric cancer at stage IV showed higher levels
of MVs compared to controls, and plasma levels might be
useful to predict metastasis formation [72].

In the future, the use of MVs as serum biomarkers may
facilitate cancer diagnosis in controversial cases and help
to avoid the use of invasive procedures, primarily those
involving surgical biopsies of organs in which repeated
biopsies are unrealistic (e.g., the pancreas, ovaries, or central
nervous system) [18]. It has been hypothesized that because
the molecular pro�les of cancer cells change with disease
progression, MVs may be useful for disease staging or even
to evaluate the response to therapy by permitting an accurate
assessment of a patient’s responsiveness and personalization
of treatment [18]. e analysis of MVs may also be used to
detect tumor recurrence [18, 70]. Moreover, if we assume
that MVs are representative of the molecular features of the
parental cancer cells, their pro�lingmay be useful for creating
targeted and personalized anticancer therapies. For exam-
ple, in some tumors, including ovarian, breast, and gastric
cancers, the level of the HER-2/neu oncogenic receptor was
elevated, and the protein was detected in MVs in the serum,
which suggests that these patients may bene�t from current
therapeutic treatments targeting HER-2 [18, 76].

Although the results presented to date are undoubtedly
promising, further investigation is required to determine the
feasibility of the use ofMVs as circulating cancer biomarkers.
Furthermore, the routine use of MVs in diagnosis and prog-
nosis requires some additional precautionary notes. First, the
development of sensible instruments is needed to be able
to isolate all of the MVs from an analyzed sample (e.g., the
blood or other bodily �uids exposed to tumors). Second,
because samples will contain MVs derived from nontumor
cells, advanced strategies with greater speci�city are needed
to target and isolate pathological MVs that may be diluted in
the biological sample.

4. MV-AssociatedmiRNAs as
Possible Biomarkers for Human
Ovarian Cancer

Ovarian cancers comprise a heterogeneous group of neo-
plasias that are mostly epithelial cancers characterized by

mucinous, serous, endometrioid, and clear cell subtypes and
are derived from ovarian surface epithelium or inclusion
cysts. However, these cancers also include sarcomas and
sex-cord stromal, germ cell, and mixed tumors, which may
be rare [77]. Ovarian cancer is the most lethal gynecologic
malignancy and is characterized by poor prognosis with
an overall 5-year survival rate of approximately 50%. If the
cancer is diagnosed while con�ned to the ovary, the 5-year
survival rate could become 90%, but this occurs only in a
small percentage of patients (approximately 20%) [78, 79].
Ovarian cancer can be identi�ed at the following four stages�
stage I, the cancer is limited to one or both ovaries; stage
II, the cancer is present in one or both ovaries as well as in
pelvic extensions or implants; stage III, peritoneal implants
are present outside of the pelvis or are limited to the pelvis
with an extension to the small bowel or omentum, and there
may also be metastasis on the liver surface; stage IV, distant
metastases to the parenchymal compartment of the liver or
outside of the peritoneal cavity are present [80].

e ovarian cancer diagnosis is oen delayed because
the �rst speci�c symptoms, which are mainly related to the
presence of large tumors or extensive ascites, appear only
during an advanced disease stage [81–83]. However, early
diagnosis is fundamental for offering patients a better chance
of being cured using available therapies, such as surgery
or, in some cases, chemotherapy with the combination of
platinum and taxane. e more a tumoral mass is reduced
by surgery, the more oen the following chemotherapy is
effective [84]. Unfortunately, tumor recurrence frequently
occurs, and patients can develop resistance to additional
therapies [79].

Currently, imaging methods such as computer tomogra-
phy-positron emission tomography (CT-PET), �uorodeoxy-
glucose-PET (FDG-PET), magnetic resonance, transvaginal
and transabdominal sonography, and the serum marker
CA 125 are used as diagnostic tools [79]. CA 125 is
undoubtedly the most carefully studied and extensively used
biomarker despite being characterized as having low sensi-
tivity and speci�city [85]. Many gynecologic and nongyneco-
logic pathological conditions showed increased serum levels
for this marker such as endometriosis and adenomyosis,
pelvic, peritoneal, pleural, andmusculoskeletal in�ammatory
diseases, hepatitis, and pancreatitis [81, 86]. In addition,
physiological conditions such as menstruation or pregnancy
can be associated with elevated CA 125 levels [81], and it
should be noted that the CA 125 level remains normal in
some women with ovarian cancer [81].

Biomarker speci�city is fundamental to be sure that
the patient really has this speci�c pathology, because a
de�nitive diagnosis oen requires abdominal surgery; thus,
there can be a great negative impact on women who have
false-positive results [87]. CA 125 remains the most effective
biomarker despite studies that have searched for alternative
and potentially useful serum biomarkers, including CA 19-9,
CA 15-3, CA 72-4, CEA, HE4, lysophosphatidic acid (LPA),
Haptoglobin-𝛼𝛼 (HP-𝛼𝛼), Bikunin, andOVX1 [81, 87].With the
exception ofHE4, which appears to have high sensitivity even
at early stages, all of thesemarkers have shown disadvantages,
such as poor correlation with the clinical course or low
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speci�city [81]. In fact, no other ovarian cancer serummarker
appears to be able to replace or complement CA 125, which
highlights the need to �nd a novel marker for this disease.
Furthermore, the discovery of alternative serum biomarkers
for early diagnosis is vitally important.

One new insight into ovarian cancer biomarker identi-
�cation occurred a�er the discovery of miRNAs. miRNAs
are small (19–25 nucleotides), single-stranded, noncoding
RNAs that are responsible for gene expression regulation
at the posttranscriptional level. In animals, miRNAs act by
inhibiting mRNA translation at the initiation or elongation
step, which blocks the translation of mRNAs from several
important genes into corresponding proteins [88]. eir
regulatory functions mainly affect cell proliferation and
differentiation and cell cycle regulation [89]. It has been
widely shown that abnormal miRNA levels are associated
with many pathologies, including cardiovascular disease,
diabetes, rheumatoid arthritis, and cancer [90]. e role of
miRNAs in cancer has been discussed in several studies,
and a substantial number of miRNAs, which normally act
as tumor suppressors, are downregulated in cancer cells. In
contrast, some miRNAs that normally act as oncogenes are
expressed at higher levels in cancer cells.e consequences of
these changes in miRNA levels include the altered expression
of target oncogenes and tumor suppressor genes, which are
undoubtedly involved in carcinogenesis [81].

In several cancers, including ovarian cancer, it has been
demonstrated that the expression of a speci�c subset of
miRNAs may potentially be used in clinical practice, for
example, for screening or early diagnosis to evaluate the
response to therapeutic treatments [91, 92]. It was also
demonstrated that miRNA pro�les can be used to distin-
guish between various histological ovarian cancer subtypes
[93], and some pro�les also appear to be closely related to
early relapse in patients with advanced-stage tumors [94].
Furthermore, some miRNAs are consistently and signi�-
cantly overexpressed in ovarian cancer, including miRNAs
belonging to the miR-200 family (i.e., miR-200a, miR-200c,
and miR-200b), whereas miRNAs of the let-7 family, miR-
140, miR-145, and miR-125b1 are consistently downregu-
lated in ovarian cancer. Altered expression has also been
reported for other miRNAs, such as miR-21, miR-99a, miR-
125b, and miR-199a [78, 93, 95] (Table 1). Moreover, a
correlation betweenmiRNA features and chemoresponsewas
also reported in other cancers, including leukemia, colorectal
adenocarcinoma, and breast, pancreatic, and lung cancers,
which indicates the potential use of miRNAs for diagnosis
and predicting patient survival rates and risk of recurrence
[78, 96–101]. It is interesting to note that miRNAs can be
detected in the bloodstream; however, for stable expression,
miRNAsmust be protected fromRNases, which are abundant
in the blood and are able to degrade approximately 99% of
RNA species within 15min [102]. us, it is not surprising
that miRNAs in serum are contained in apoptotic bodies,
exosomes, and MVs [81]. e association between miRNA
pro�les and cancer type and stage, as well as the stability of
miRNAs in the blood and other biological �uids, makes them
hypothetically useful markers for early cancer diagnosis.
ese �ndings can be applied to ovarian cancer as well, as

T 1: A list of miRNAs with altered expression in ovarian cancer.

miRNAs altered
References
mentioning
upregulation

References
mentioning

downregulation
let-7a/b/c/d/e/f [101, 107–109]
miR-10a [109]
miR-10b [110]
miR-16 [110]
miR-20a [110]
miR-21 [105, 109, 110] [107]
miR-23a/b [110]
miR-26a [108, 110]
miR-26b [108]
miR-27a [110]
miR-29a [101, 105, 109] [110]
miR-29c [107, 109]
miR-92 [105]
miR-93 [105]
miR-99a [107, 108] [110]
miR-103 [108, 109]
miR-106b [109] [107]
miR-122 [107]
miR-125a [110]
miR-125b [109, 111] [101]
miR-125b1 [93]
miR-126 [105]
miR-127 [105, 108]
miR-130a [111]
miR-134 [107, 108]
miR-140 [93]
miR-141 [109, 110] [107]
miR-143 [109]
miR-145 [93, 109, 110]
miR-146b [109]
miR-155 [107]
miR-182 [108, 109]
miR-199a [101, 107] [93]
miR-200a/b/c [93, 95, 101, 109, 110]
miR-214 [101] [110]
miR-221 [107]
miR-222 [95, 108]
miR-296 [107]
miR-302d [101]
miR-320 [101]
miR-335 [111]
miR-346 [107]
miR-410 [108]
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T 1: Continued.

miRNAs altered
References
mentioning
upregulation

References
mentioning

downregulation
miR-422a [109] [107]
miR-424 [101]
miR-432 [108]
miR-494 [107] [101]
miR-508 [107] [109]
miR-519a [107]
miR-648 [107]
miR-662 [107]
miR-663 [107]

it was demonstrated that exosome-associated miRNAs may
serve as novel serum diagnostic biomarkers [103]. It was
convincingly demonstrated that the miRNA signatures of
exosomes released from tumors in the bloodstream were
distinct from those observed in patients with benign disease
and could be strongly correlatedwith the ovarian cancer stage
of the patient. e level of detectable miRNA is signi�cantly
increased in women with invasive ovarian cancer compared
to healthy patients or women with benign ovarian cancer
[104, 105]. Also, the levels of tumor-derived exosomes in the
bloodstream increase with increasing disease stage [105].

It should also be noted that MVs released from ovarian
cancer cellsmay be present in biological �uids, like exosomes.
Some years ago, it was demonstrated that ovarian cancer
cells are able to release a large amount of MVs in vivo [106].
In addition, a study conducted on biological �uids obtained
from patients with gynecological diseases demonstrated that
benign and tumor �uids contained MVs, but that malignant
tumor �uids were found to have a larger quantity of vesicles
than �uids from nonmalignant pathologies (e.g., ovarian
serous cysts,mucinous cystoadenomas, and �bromas).More-
over, tumor progression has been shown to correlate with
an increase in MVs abundance in ascitic �uids. Importantly,
increases in MVs levels appear to occur several months prior
to elevation of CA 125 in serum, which further suggests
that MVs have the potential to serve as early biomarkers
[106]. In addition, it should be highlighted that the miRNA
features of ovarian cancer-derivedMVsmay be useful as well,
as the analysis of such MVs demonstrates distinct miRNA
signatures associated with ovarian cancer (our unpublished
data).

5. Conclusion

To date, very few molecules, particularly CA 125, are used
as routine ovarian tumor markers. For this reason, many
novel serum biomarkers are under investigation for use as
diagnostic and prognostic tools to evaluate the therapeutic
treatment response. Because cancer cells may release MVs
into the bloodstream that contain similar miRNA charac-
teristics as the cells from which they originated, miRNA

signatures appear to be promising tools for the ovarian
cancer �eld. It has also become evident that MVs may
represent an ideal biomarker for ovarian cancer diagnosis and
prognosis. However, additional ovarian cancer-derived MV
characteristics should be evaluated to con�rm this intriguing
hypothesis. Furthermore, it is necessary to develop the ability
to isolate and quantify tumor derived-MVs from the blood
and other biological �uids.
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