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Purpose: Early-onset sepsis is a major cause of neonatal morbidity and mortality. C-reactive
protein (CRP) and procalcitonin (PCT) are acute phase reactants related to infection. The aim of
this study was to explore the feasibility of measuring CRP and PCT concentrations in cervi-
covaginal secretions of pregnant women with preterm prelabor rupture of membranes (PPROM)
using an immunomagnetic reduction (IMR) assay to predict early-onset neonatal sepsis.
Patients and Methods: This prospective study was performed at Mackay Memorial
Hospital, Taipei, Taiwan from February 2015 to January 2018. Pregnant women with
PPROM between 22 and 34 weeks of gestation were recruited. CRP and PCT concentrations
in cervicovaginal secretions were measured using an IMR assay.
Results: Thirty-five cervicovaginal secretion samples were obtained. After excluding two
neonatal deaths, early-onset neonatal sepsis was diagnosed in 15 of the 33 surviving neonates.
There was no significant relationship between cervicovaginal secretion CRP level and neonatal
sepsis; however, cervicovaginal secretion PCT levels were significantly higher in the neonatal
sepsis group than in the non-sepsis group (45.99 vs 9.54 ng/mL, P = 0.039). Receiver operating
characteristic (ROC) curve analysis revealed a PCTcut-off level of 20.60 ng/mL to predict early-
onset sepsis, and the area under the ROC curve was 0.71 (95% confidence interval 0.52 to 0.90,
P = 0.039), with sensitivity and specificity of 73.3% and 77.8%, respectively.
Conclusion: Measuring the concentration of PCT in cervicovaginal secretions with an IMR
assay can predict early-onset sepsis in neonates born to mothers with PPROM.
Keywords: C-reactive protein, procalcitonin, immunomagnetic reduction, magnetic
nanoparticle, preterm prelabor rupture of membranes, early-onset neonatal sepsis

Introduction
Preterm prelabor rupture of membranes (PPROM) is defined as the spontaneous
rupture of fetal membranes before the onset of labor by 37 weeks of gestation.
PPROM has been reported to occur in approximately 3% of pregnancies and to
account for 30% of preterm births.1 Approximately 30% of mothers with PPROM
develop chorioamnionitis, which can subsequently lead to a significantly higher rate
of neonatal morbidity.2 Previous studies have demonstrated associations between
both histologic and clinical chorioamnionitis with neonatal sepsis.3 However,
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chorioamnionitis is practically sensitive but lacks specifi-
city for the diagnosis of neonatal sepsis, particularly
among preterm neonates.4 Early-onset sepsis remains
a major cause of morbidity and mortality in preterm
neonates,5 and thus identifying the neonates who will
develop early-onset sepsis is crucial.

Previous studies have demonstrated that various potential
biomarkers can be used to effectively screen for neonatal
sepsis, including C-reactive protein (CRP) and procalcitonin
(PCT).6,7 CRP and PCT are acute phase reactants which are
widely used in current clinical practice to detect systemic
inflammation and infection. CRP is synthesized in the liver in
response to proinflammatory cytokines (interleukin-1β [IL-
1β], IL-6, and tumor necrosis factor [TNF]), and it is released
into the systemic circulation after inflammation or infection.8

PCT, the prohormone of calcitonin, is limited to thyroid neu-
roendocrine cells, and it is not released into the systemic
circulation before cleavage into calcitonin.9 When systemic
inflammation is caused by bacterial infection, PCTsynthesis is
triggered by endotoxins and pro-inflammatory cytokines (such
as IL-1β, IL-6 and TNF) in nearly all peripheral tissues, and is
then released into the systemic circulation.10

CRP and PCT are commonly measured by enzyme-linked
immunosorbent assay (ELISA) or immunoturbidimetry.11,12

However, ELISA is time-consuming and suboptimal color
signal intensity measurements are possible due to cross-
reaction with bound antibodies, while bilirubin, hemoglobin
and intrafat can cause interference in immunoturbidimetry
measurements. The immunomagnetic reduction (IMR) assay
was developed to overcome these limitations, and it can be
used to identify biomolecules using bio-functionalized mag-
netic nanoparticles. IMR assays have been shown to be able to
detect biomarkers in body fluids with ideal specificity and
sensitivity.13–16

Few previous studies have evaluated the relationships
between CRP or PCT in cervicovaginal secretions of preg-
nant women with PPROM and infection, and the results
have been inconsistent. Furthermore, few studies have
focused on early-onset neonatal sepsis.17–19 However,
accurate and timely antepartum identification of early-
onset neonatal sepsis can allow for early interventions
after childbirth and also avoid unnecessary neonatal expo-
sure to antibiotics, which can improve neonatal prognosis
and outcomes.20 Therefore, we conducted this pilot study
to measure CRP and PCT concentrations in cervicovaginal
secretions of pregnant women with PPROM using an IMR
assay, and further investigate the relationships between
these two biomarkers and early-onset neonatal sepsis.

Materials and Methods
Sample Collection
We performed this prospective study at the delivery room of
Mackay Memorial Hospital, Taipei, Taiwan from
February 2015 to January 2018, and enrolled pregnant
women with PPROM between 22 and 34 weeks of gestation.
PPROM was diagnosed according to clinical assessment and
laboratory findings, such as amniotic fluid pooling in the
vagina, a positive nitrazine test of vaginal fluid, decreased
amniotic fluid volume in an ultrasonographic examination,
and commercial tests for amniotic proteins.1 All of the patients
received prophylactic antibiotics with a combination of intra-
venous ampicillin and erythromycin followed by oral amox-
icillin and erythromycin.1 Maternal serum white blood cell
(WBC) count and CRP level were routinely measured before
administering the antibiotics. Cervicovaginal secretions were
collected using a sterile cotton swab inserted into the vaginal
posterior fornix for 10 seconds during a speculum examina-
tion.We then inserted the swab tip into a plastic tube containing
3mL of phosphate buffered saline (PBS) and left it in place for
10 seconds to allow the swab to become saturated. The samples
were then sent to our laboratory for CRP and PCT measure-
ments using an IMR analyzer (XacPro-E,MagQu, NewTaipei
City, Taiwan). Chorioamnionitis was diagnosed according to
either clinical or histological criteria.21,22 The clinical criteria
were a maternal temperature > 38.0°C and fundal tenderness
on physical examination; and the histological criteria were
acute chorioamnionitis or funisitis verified in placental pathol-
ogy. Early-onset neonatal sepsis was defined based on
a positive blood culture or the presence of clinical signs or
symptoms (such as fever, shortness of breath, neurologic signs
not explained by other conditions, pneumonia patch on a chest
X-ray, pleocytosis in cerebrospinal fluid or laboratory findings
of bandemia, and elevated CRP levels) within 72 hours of
delivery.3,5 This study was reviewed and approved by the
Institutional Review Board of Mackay Memorial Hospital
(approval no. 09MMHIS056). All participants were informed
about the purpose of the study, and they all signed informed
consent forms. This study was conducted in accordance with
the Declaration of Helsinki, and all personal identifiers were
anonymized prior to analysis.

Preparation of Magnetic Reagents
Figure 1A shows a photograph of the magnetic nanoparti-
cles (MagQu, Ltd, New Taipei City, Taiwan) taken using
a scanning electron microscope (JSM-6700F, JEOL,
Tokyo, Japan), which was acquired under dehydrated
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conditions. Figure 1B shows an illustration of a magnetic
Fe3O4 nanoparticle covered with dextran as a hydrophilic
surfactant and anti-CRP (MAB17071-500, R&D Systems,
Minneapolis, USA) or anti-PCT (NB120-14817, Novus
Biologicals, Colorado, USA) antibodies.

Mechanism of the IMR Assay
Figure 2 shows illustrations of interactions between antigens
(CRP or PCT) and antibodies (anti-CRP or anti-PCT) in an
IMR assay. Before antigen-antibody reactions, individual
homogeneous magnetic nanoparticles coated with antibodies
were thoroughly dispersed in PBS solution (pH = 7.2). These
magnetic nanoparticles were induced to oscillate and rotate by
external multiple alternating current (AC) magnetic fields
(Figure 2A). After antigen-antibody reactions, the magnetic
nanoparticles connected with the antigens via the antibodies
coated on the shell surface and became larger and clustered,
subsequently causing them to spin much slower than the
original individual magnetic nanoparticles (Figure 2B). The
reaction time from the beginning of antibody-antigen

association to the end of antibody-antigen dissociation took
about 3 to 4 hours. The final IMR signal was obtained by
measuring the attenuation in the percentage of AC magnetic
susceptibility of the magnetic reagent, which was calculated
using the equation: IMR (%) = (χac,o–χac,ϕ)/χac,o x 100%,
where χac,o is the mixed-frequency ACmagnetic susceptibility
before antigen-antibody reactions, χac,ϕ is themixed-frequency
AC magnetic susceptibility after antigen-antibody reactions,
and ϕ is the concentration of CRP or PCT.13

Establishment of Calibration Curves
CRP (C4063, Sigma-Aldrich, Saint Louis, USA) and PCT
(SRP6003, Sigma-Aldrich, Saint Louis, USA) antigens were
used to establish calibration curves of the IMR signals. The
mean value and standard deviation of each concentration were
obtained through duplicate measurements of IMR signals.
Calibration curves were calculated using the four-parameter
logistic equation: IMR (%)= (A-B)/[1+(ϕCRP or PCT/ϕo)r] + B,
where A is the minimal IMR signal, B is the maximal IMR
signal, ϕCRP or PCT is the CRP or PCT concentration, ϕo is the

Figure 1 Depiction of magnetic nanoparticles. (A) A photograph of nanoparticles under dehydrated condition by scanning electron microscope (100,000X). (B) Illustration
of a magnetic Fe3O4 nanoparticle coated with dextran and anti-CRP or ant-PCT antibodies.
Abbreviations: CRP, C-reactive protein; PCT, procalcitonin.

Figure 2 Illustration of the association between CRP and PCT and magnetic nanoparticles coated with anti-CRP or anti-PCT antibodies in the IMR assay. (A) Under the
applied external alternating current magnetic fields, the magnetic nanoparticles oscillated and spun individually. (B) The magnetic nanoparticles became larger and clustered
after binding with CRP or PCT, and thus oscillated and spun much slower than the original individual magnetic nanoparticles.
Abbreviations: CRP, C-reactive protein; PCT, procalcitonin; IMR, immunomagnetic reduction.
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concentration of the inflection point corresponding to the half
maximal IMR signal, and r is the slope at the inflection point of
the calibration curve.13

Statistical Analysis
SPSS version 26.0 (IBM Corporation, Armonk, NY, USA)
was used for the statistical analyses. Spearman correlation
analysis was used to evaluate correlations between
detected biomarkers. The Kolmogorov–Smirnov test was
used to determine whether continuous variables were nor-
mally distributed. The Student’s t-test was used for nor-
mally distributed data; otherwise, the Mann–Whitney
U-test was used. Receiver operating characteristic (ROC)
curve analysis was used to identify the optimum cut-off
value to predict early-onset neonatal sepsis. A P value <
0.05 was considered to be statistically significant.

Results
Magnetic Reagents
Figure 3 shows the magnitude and distribution of the magnetic
nanoparticles analyzed using dynamic laser scattering
(Nanotrac 150, Microtrac, USA). The reagent with anti-CRP
antibodies was referred to as the CRP reagent, and the reagent
with anti-PCT antibodies was referred to as the PCT reagent.
The mean diameters of the magnetic nanoparticles in the CRP
and PCT reagents were 53.6 ± 10.6 nm (Figure 3A) and 51.0 ±
10.5 nm (Figure 3B), respectively. Themagnetic concentration
of the reagent was 0.1 emu/g, which was stored at 4°C.

Calibration Curves of the IMR Signals
Table 1 and Figure 4 show the data and calibration curves of
CRP and PCTconcentration-dependent IMR signals. The IMR
signal for zero concentration of a biomarker denotes the

background level of the IMR signal. Of note, the IMR signal
for a CRP or PCT concentration of 0.01 ng/mL was signifi-
cantly higher than the background level. The IMR signals
increased as the concentrations of both biomarkers increased,
except for a CRP concentration of 1000 ng/mL (Figure 4A).
The decrease in IMR signal for a CRP concentration of 1000
ng/mL revealed that the Hook effect occurred for a CRP con-
centration higher than 300 ng/mL, and hence data for a CRP
concentration higher than 300 ng/mL were not included in the
analysis. For the calibration curves of PCT measurements, the
Hook effect was not observed for a concentration from 0.01 to
500 ng/mL (Figure 4B).

In the logistic equation for the calibration curve, parameter
A denotes the noise level for the IMR signal, which was
primarily due to electronic interactions of the ACmagnetosus-
ceptometer. The limit of detection (LOD) was defined as
a concentration higher than the noise level by three standard
deviations for IMR signals at the lowest detectable concentra-
tion. In this experiment, the standard deviations of IMR signals
at a low concentration (0.01 ng/mL)were 0.002% for CRP and
0.003% for PCT (Table 1). Parameter A was 0.97% for CRP
and 1.02% for PCT (Figure 4). Thus, the LOD values of IMR
signals were 0.976% for CRP and 1.029% for PCT. In the
logistic equation, the LOD values for assaying CRP and PCT
were as low as 2.26×10−4 ng/mL and 9.97×10−6 ng/mL,
respectively.

Linearity and Dynamic Range of Assaying
CRP and PCT
Figure 5 shows the results of linearity and dynamic range of
assaying CRP and PCT using the IMR assay. For CRP, the
IMR signals were proportional to ϕCRP with a slope of 0.989
from 0.01 to 300 ng/mL and a coefficient of determination

Figure 3 Magnitude and distribution of the anti-CRP and anti-PCT magnetic reagents determined by dynamic laser scattering. (A) The reagent with anti-CRP antibodies. (B)
The reagent with anti-PCT antibodies.
Abbreviations: CRP, C-reactive protein; PCT, procalcitonin.
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(R2) of 0.999 (Figure 5A). For PCT, the IMR signals were
proportional to ϕPCTwith a slope of 1.06 from 0.1 to 100 ng/
mL (R2 = 0.999) (Figure 5B). The requirement for determin-
ing the range of linearity in terms of CRP (or PCT) concen-
tration was that the slope existed between 0.9 and 1.1.
Hence, the dynamic ranges of assaying CRP and PCT were
0.01 to 300 ng/mL and 0.1 to 100 ng/mL, respectively.

Analysis of the Clinical Samples
Thirty-five samples fromcervicovaginal secretions of pregnant
women with PPROMwere obtained in this study. The median

(interquartile range) gestational age at admission was 30.86
(4.43) weeks (range 22.14 to 33.71 weeks), and the gestational
age at delivery was 32.57 (4.68) weeks (range 22.29 to 39.57
weeks). Figure 6 shows the individual relationships among
PCT, CRP and WBC. Only a moderate correlation was noted
between PCT and CRP levels in the cervicovaginal secretions
(r = 0.656) (Figure 6A), and there were no significant correla-
tions in the levels of PCT, CRP andWBC between cervicova-
ginal secretions and maternal serum (Figure 6B to 6E).

Eleven of the 35 pregnant women were diagnosed with
chorioamnionitis, and the relationships between CRP, PCT
and WBC and chorioamnionitis are shown in Table 2.
Maternal serum CRP levels were significantly increased in
the women with chorioamnionitis than in those without
chorioamnionitis (9.28 [7.62] vs 3.04 [4.02] mg/L, P =
0.016). After excluding two neonatal deaths due to extre-
mely preterm birth, early-onset neonatal sepsis was diag-
nosed in 15 of the 33 surviving neonates. Table 3 and
Figure 7 show the relationships between CRP, PCT and
WBC and early-onset neonatal sepsis. There was no signifi-
cant relationship between cervicovaginal secretion CRP
level and neonatal sepsis (Figure 7A), however cervicova-
ginal secretion PCT levels were significantly increased in the
neonatal sepsis group than in the non-sepsis group (45.99
[78.58] vs 9.54 [13.18] ng/mL, P = 0.039) (Figure 7B).

ROC curve analysis revealed a PCT cut-off level of
20.60 ng/mL to predict early-onset sepsis (Figure 8). The
area under the ROC curve was 0.71 (95% confidence
interval 0.52 to 0.90, P = 0.039), and the corresponding
sensitivity and specificity were 73.3% and 77.8%,
respectively.

Table 1 The Mean Value, Standard Deviation and Coefficient of
Variation of CRP and PCT

Biomarker ϕ (ng/mL) Mean (%) SD (%) CV (%)

CRP 0 0.90 0.052 5.71

0.01 1.01 0.002 0.21

0.1 1.05 0.003 0.34
1 1.17 0.005 0.40

10 1.37 0.004 0.29

100 1.62 0.003 0.21
300 1.71 0.004 0.23

1000 1.70 0.006 0.33

PCT 0 0.89 0.055 6.14

0.01 1.08 0.003 0.25
0.1 1.14 0.004 0.32

1 1.23 0.005 0.41

10 1.37 0.006 0.42
50 1.50 0.005 0.36

100 1.57 0.005 0.30

500 1.71 0.009 0.51

Abbreviations: CRP, C-reactive protein; PCT, procalcitonin; IMR, immunomag-
netic reduction; SD, standard deviation; CV, coefficient of variation.

Figure 4 Calibration curves of (A) CRP and (B) PCT concentration-dependent IMR signals.
Abbreviations: CRP, C-reactive protein; PCT, procalcitonin.
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Discussion
Early-onset sepsis is a major cause of adverse neonatal
outcomes. The risk of neonatal sepsis is often assessed
according to prenatal risk factors, however these factors
are not sufficiently accurate.5 Thus, a practical method to
predict early-onset neonatal sepsis is imperative. In this
pilot study, we used an IMR assay to measure PCT and
CRP concentrations in cervicovaginal secretions, and

found that PCT rather than CRP was significantly
increased in the mothers with PPROM and neonates with
early-onset sepsis.

Few previous studies have evaluated the relationships
between CRP or PCT in cervicovaginal secretions and
infection. Moreover, the results of these studies have
been inconsistent, and most have focused on chorioamnio-
nitis rather than neonatal sepsis.17–19 Shim et al measured

Figure 5 Linearity and dynamic range of assaying (A) CRP and (B) PCT using the IMR assay.
Abbreviations: CRP, C-reactive protein; PCT, procalcitonin.

Figure 6 Individual relationships between detected biomarkers. (A) Cervicovaginal secretion PCT vs cervicovaginal secretion CRP, (B) cervicovaginal secretion CRP vs
maternal serum WBC, (C) cervicovaginal secretion PCT vs maternal serum WBC, (D) maternal serum CRP vs cervicovaginal secretion CRP, and (E) maternal serum CRP
vs maternal serum WBC.
Abbreviations: PCT, procalcitonin; CRP, C-reactive protein; WBC, white blood cell.
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CRP concentrations in cervicovaginal secretions using
ELISA, and found that an elevated level of CRP was
a risk factor for chorioamnionitis in women with
PPROM.17 In addition, Torbé et al measured PCT concen-
trations in cervicovaginal secretions using an immunolu-
minometric assay, and found that PCT concentration was
not significantly associated with histological chorioamnio-
nitis or neonatal congenital infections in women with
PPROM.18 However, Kuyumcuoglu et al reported that
PCT concentration in cervicovaginal secretions could
help diagnose PPROM in patients suspected of having an
intrauterine infection.19 Other studies have measured CRP
or PCT concentrations in amniotic fluid using ELISA, but
found that they were not useful markers for predicting
infection.23–26

PCT is a 116-amino acid peptide consisting of an
amino terminus, immature calcitonin and calcitonin car-
boxyl-terminus peptide-1.27 The N-terminal dipeptide of
PCT can be cleaved by dipeptidyl peptidase-IV (DPIV)
into an amino-terminal truncated form of procalcitonin
with a peptide of 114 amino acids, which is produced
earlier than non-cleaved PCT after acute systemic
inflammation and is the main molecule detected during
sepsis.28,29 DPIV is a major microvillus-membrane pro-
tein, which is expressed at exceptionally high levels in
the kidneys.30 Because the main source of amniotic fluid
is derived from fetal urine, we hypothesize that the main
biomarker detected in the cervicovaginal secretions was

truncated PCT rather than full-length PCT generated by
the infected fetus, and this may explain our finding that
the PCT concentration in the cervicovaginal secretions
was significantly increased in early-onset neonatal sep-
sis. Further quantitative analysis such as mass spectro-
metry is needed to verify our hypothesis.

Conventional sandwich assay technologies (such as
ELISA) require the use of antibody pairs including capture
and detection antibodies.31 As a protein (such as PCT) is
truncated, the epitopes against the capture antibody and
detection antibody may be in two separate segments.
Although the segment with the epitope against the capture
antibody may be caught by the capture antibody, the
caught segment cannot bind with the detection antibody.
Thus, a truncated protein cannot be efficiently detected
quantitatively using sandwich assay technologies, and the
concentrations of truncated proteins are frequently under-
estimated when using conventional methods. In the IMR
assay, a single antibody is bound on the surface of the
magnetic nanoparticle, and the truncated segment still has
an epitope against the antibody. Hence, truncated PCT can
be well assayed using the IMR assay. This also explains
why the PCT concentrations in the cervicovaginal secre-
tions measured by the IMR assay were much higher than
in previous studies using conventional methods.18,19

CRP is a pentameric protein comprised of five identical
non-covalently connected subunits, and acidic pH can
modify the pentameric structure resulting in aggregation

Table 2 Relationships Between Biomarkers and Chorioamnionitis

Biomarker Without Chorioamnionitis (N = 24) With Chorioamnionitis (N = 11) P value

Cervicovaginal secretion CRP (ng/mL) 16.08 (10.32) 14.82 (20.45) 0.972
Cervicovaginal secretion PCT (ng/mL) 15.92 (31.88) 26.72 (61.88) 0.500

Maternal serum CRP (mg/L) 3.04 (4.02) 9.28 (7.62) 0.016*

Maternal serum WBC (/μL) 11,500 (5225) 13,200 (5300) 0.220

Notes: Continuous variables are analyzed by Mann–Whitney U-test and results are presented as median (interquartile range). *P < 0.05 was considered to be statistically
significant.
Abbreviations: CRP, C-reactive protein; PCT, procalcitonin; WBC, white blood cell.

Table 3 Relationships Between Biomarkers and Early-Onset Neonatal Sepsis

Biomarker Without Neonatal Sepsis (N = 18) With Neonatal Sepsis (N = 15) P value

Cervicovaginal secretion CRP (ng/mL) 15.19 (10.80) 20.11 (17.14) 0.262

Cervicovaginal secretion PCT (ng/mL) 9.54 (13.18) 45.99 (78.58) 0.039*

Maternal serum CRP (mg/L) 3.18 (3.53) 5.41 (9.38) 0.073
Maternal serum WBC (/μL) 12,250 (5300) 12,600 (4900) 0.704

Notes: Continuous variables are analyzed by Mann–Whitney U-test and results are presented as median (interquartile range). *P < 0.05 was considered to be statistically
significant.
Abbreviations: CRP, C-reactive protein; PCT, procalcitonin; WBC, white blood cell.
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of CRP.32,33 When CRP aggregates, it may obscure some
epitopes, which may lead to partial or no detection of the
epitope region in conventional sandwich assay
technologies.31 The IMR assay only needs one epitope,
so it can be used to efficiently assay aggregated CRP. As
a normal vaginal pH is between 3.8 and 4.5, the IMR assay
is an ideal method to detect CRP in an acidic environment.
In this study, although a moderate correlation was noted
between PCT and CRP levels in cervicovaginal secretions,
we did not find a significant increase in CRP level in
cervicovaginal secretions in the early-onset neonatal sepsis
group. Since CRP is primarily expressed in the liver rather
than in the kidneys, the relationship between cervicovagi-
nal secretion CRP level and neonatal sepsis was not as
positive as PCT. In addition, we also found that maternal
serum CRP levels were significantly increased in the

chorioamnionitis group, which is consistent with previous
studies.34,35

In this study, there were no significant correlations of
the studied biomarkers between cervicovaginal secretions
and maternal serum. Maternal serum CRP levels were
associated with chorioamnionitis, and cervicovaginal
secretion PCT levels were associated with neonatal sepsis.
These findings imply that biomarkers in amniotic fluid
have different origins of production to maternal serum,
with dissimilar pathways of infection. This information
may help to develop intervention strategies targeting the
fetus rather than just focusing on infectious events in the
mother.

In a clinical setting, if the cervicovaginal secretion
PCT level is relatively low (< 20.60 ng/mL), expectant
management can be used if there are no other signs of

Figure 7 Relationships between various biomarkers and early-onset neonatal sepsis. (A) Cervicovaginal secretion CRP, (B) cervicovaginal secretion PCT, (C) maternal
serum CRP, and (D) maternal serum WBC.
Abbreviations: CRP, C-reactive protein; PCT, procalcitonin; WBC, white blood cell.
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infection. On the other hand, if the cervicovaginal secre-
tion PCT level is relatively high (≥ 20.60 ng/mL), pro-
ceeding toward delivery should be considered to prevent
further damage to vulnerable preterm neonates with the
presentation of early-onset neonatal sepsis. However, four
of 15 fetuses with neonatal sepsis could not be detected
using a cut-off PCT level of 20.60 ng/mL in this study.
Since lower PCT levels in a clinical setting cannot exclude
all cases of early-onset neonatal sepsis, thorough physical
examinations and laboratory investigations are important
for neonates born to mothers with PPROM.

Many new biomarker detection techniques have
become available in recent years, such as surface plasmon
resonance, quartz crystal microbalance, and electrochemi-
cal measurements.7 The LODs of surface plasmon reso-
nance, quartz crystal microbalance and electrochemical
measurements are measured in the range of ng/mL and
pg/mL,36 whereas the LOD of the IMR assay is measured
in pg/mL to fg/mL (the LOD values for assaying CRP and
PCT were 2.26×10−4 ng/mL and 9.97×10−6 ng/mL in this
study). Moreover, the IMR assay can measure dozens of
samples at the same time, and pre-processing for the IMR
method is simple and only requires mixing the sample
with the appropriate reagent before assaying.

Although there are various advantages to measuring
CRP and PCT in cervicovaginal secretions using the

IMR assay, our study still has several limitations. First,
we lacked data of maternal serum PCT, which is not
reimbursed by the National Health Insurance system in
Taiwan, and thus we could not compare the PCT levels
between maternal serum and cervicovaginal secretions.
Second, we did not measure the levels of CRP and PCT
in cervicovaginal secretions by ELISA as a comparison
with the IMR assay. In our previous study, we demon-
strated that detecting biomarkers in cervicovaginal secre-
tions with an IMR assay had a lower LOD and better
sensitivity and specificity compared with ELISA.15 Third,
we did not perform interference testing in this study.
According to previous studies, no detectable interference
effect was noted with the IMR assay.37,38 Interference of
the sample color may affect the absorption of fluorescent
markers in ELISA, but it does not interfere with the IMR
assay because the magnetic signals are transparent.
Moreover, the nonspecific molecular binding force is
weaker and may be disrupted at the higher frequency
rotation of magnetic nanoparticles. Fourth, the routine
use of prophylactic antibiotics in mothers with PPROM
may have affected the diagnosis of early-onset neonatal
sepsis. Finally, the number of clinical samples in this study
was limited, and further prospective randomized trials are
necessary to verify our preliminary results.

Conclusion
In this pilot study, we used an IMR assay to measure CRP
and PCT concentrations in cervicovaginal secretions, and
found that PCT could predict early-onset sepsis in neo-
nates born to mothers with PPROM. Understanding fetal-
derived infectious signals in PPROM may help to identify
meaningful biomarkers related to early-onset sepsis. The
early identification of neonates with a high risk of early-
onset sepsis could help neonatologists to promptly initiate
antibiotic treatment to decrease the severity of sepsis, and
also reduce unnecessary antibiotic exposure in neonates
with a low risk of early-onset sepsis to avoid antibiotic
resistance.
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