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a b s t r a c t

A new, highly sensitive fluorescence immunoassay for a TIRF (total internal reflection)-based point-of-
care testing (POCT) device was developed for the detection of procalcitonin (PCT), a specific and early
marker for sepsis and microbial infections. The immunoassay was performed on a bench-top system that
fulfilled all the necessary characteristics of a POCT application, including a short measurement time
(o9 min), no sample pre-treatment requirements and application directly near patients. New rat
monoclonal antibodies targeting PCT were screened and characterized. The best combinations of
antibodies were then integrated into single-use cartridges, and the reduction of nonspecific binding
was achieved by supplying suitable additives. Moreover, human recombinant PCT (hrPCT) for use as a
standard was developed in the native form of hPCT in plasma (PCT1-116, PCT3-116). The assay achieves
the required sensitivity range in human plasma to allow reliable differentiation between healthy persons
and varying stages of infection severity (LOD¼0.04 ng/mL; LOQ¼0.12 ng/mL). Furthermore, the devel-
oped PCT assay can be applied in whole human blood with an adequate sensitivity (LOD¼0.02 ng/mL;
LOQ¼0.09 ng/mL). To the best of our knowledge, this is the first diagnostic test for sepsis to use whole
blood, which is a crucial requirement for POCT. We were able to detect native PCT in patient samples and
showed a good correlation (R2¼0.988) with the results of the Kryptors device from BRAHMS, a state of
the art device for the detection of PCT.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

With almost 155,000 cases of primary infection in Germany per
year and a hospital mortality rate of over 55% for severe sepsis,
sepsis is a significant threat (Engel et al., 2007). Sepsis was defined
by the American College of Chest Physicians and the Society of
Critical Care Medicine Consensus Conference as the systemic
response to an infection (Bone et al., 1992). One major factor in
reducing the mortality rate is the time of initiation of reasonable
therapy, such as the application of antibiotics. Kumar et al. showed
that the initiation of effective antimicrobial therapy within the
first hour after the onset of septic shock-related hypotension
results in a survival rate of 79.9%, whereas a delay of the therapy

of just one hour decreases the chance of survival to 70.5%. For
every additional hour of delay, survival decreases on average by
7.6% (Kumar et al., 2006).

Thus, it is obvious that rapid diagnosis is necessary. The most
suitable means to achieve this is point-of-care testing (POCT),
which shortens the time between sample acquisition and analysis
(turnaround time, TAT). POCT is performed directly at the patient
bedside, whereby no delays due to the transport of the sample to
the laboratory or due to sample preparation occur. This enables
early decision making about additional testing or therapy. POCT
also provides quantitative or semi-quantitative single measure-
ments, requires no sample preparation or pipetting, uses premade
reagents, is user friendly and allows instant, result-deduced action
(Luppa et al., 2011).

As a specific and early marker for microbial infection and
sepsis, procalcitonin (PCT) has been recognized in recent years
as one of the most important biomarkers (Schneider and Lam,
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2007). PCT is a polypeptide precursor of the hormone calcitonin,
consists of 116 amino acids, and has a molecular weight of 13 kDa.
The concentration of PCT is below 0.1 ng/mL in healthy persons
(Russwurm et al., 1999), and its concentration increases according
to the severity of infection, which helps to distinguish between
SIRS (systemic inflammatory response syndrome), sepsis, severe
sepsis and septic shock (Brunkhorst et al., 2000; Castelli et al.,
2004; Harbarth et al., 2001; Meisner et al., 1997). PCT levels of
10 ng/mL and higher are linked to septic shock, concentrations
ranging from 2 to 10 ng/mL are suggestive of sepsis, and levels
between 0.5 and 2 ng/mL imply SIRS. With PCT levels below
0.5 ng/mL, sepsis is unlikely, but it may reflect local infections
(Schneider and Lam, 2007). With a sensitivity of 77% and a
specificity of 79%, PCT can distinguish between sepsis and systemic
inflammatory response syndrome of noninfectious origin and has
a number of advantages over other biomarkers, such as a wide
biological range, a short time of induction after bacterial stimulus
and a long half-life (Wacker et al., 2013). In the first revision of the
S2k guidelines of the German Sepsis Society and the German
Interdisciplinary Association of Intensive Care and Emergency
Medicine, it is recommended to quantify PCT early to exclude
the possibility of severe sepsis, to ensure proper diagnosis, and to
control the efficiency of the antimicrobial therapy (Reinhart et al.,
2010). In several studies, the potential to reduce both the number
of antibiotic prescriptions and the duration of antibiotic treatment
was shown for bacterial lung infections. Christ–Crain and cow-
orkers described a reduction in antibiotic treatment duration of
55% due to PCT guidance for community-acquired pneumonia as
well as a significantly lower antibiotic prescription rate in lower
respiratory tract infections (Christ–Crain et al., 2004; Christ–Crain
et al., 2006).

Due to the facts mentioned above, PCT is the most promising
marker for a point-of-care application for the early diagnosis of
sepsis. Currently, several immunoassays for PCT are commercially
available. All of them are based on sandwich immunoassays
developed by BRAHMS GmbH (Henningsdorf, Germany) for
devices from various manufacturers (de Wolf et al., 2009; Hubl
et al., 2003; Schneider and Lam, 2007; Schuetz et al., 2010;
Steinbach et al., 2004). For an overview of these immunoassays,
see Table 1. The listed PCT assays do not meet all the requirements
of an effective POCT application. Furthermore, some POCT assays
for PCT developed in research do not reach the necessary sensi-
tivity (Kemmler et al., 2009) or cannot detect native PCT in
patient's samples (Baldini et al., 2009; Kremmer et al., 2011).

The aim of this study was to develop an assay for PCT that
fulfills the main characteristics of POCT, such as no sample
preparation and a short TAT. In previous studies, we developed
new antibodies against PCT and tested them in sandwich ELISAs
(Krämer et al., 2008) and on an optical immunosensor (Krämer et
al., 2011). In further experiments with patient samples, it became
apparent that the antibodies could not quantify human PCT. Thus,
new antibodies against PCT were developed (Kremmer et al.,

2011). With these new antibodies, we established a sandwich
FIA (fluorescence immunoassay) for the measurement of PCT with
an optical immunosensor for POCT. The related technology had
been developed previously (Meusel et al., 1998; Peter et al., 2001;
Schult et al., 1999). In this method, an evanescent field only excites
fluorophores that are bound to the surface, and the kinetics of
sandwich formation are measured. The slope of the signal increase
is directly proportional to the analyte concentration. The results
shown here confirm that the immunoassay based on these new
antibodies can be realized in plasma and in whole blood in the
necessary sensitivity range with a short TAT of less than 10 min.
Furthermore, this system quantifies human PCT in patient samples
with a good correlation to the state of the art Kryptors system
from BRAHMS.

The second aim of this study was to develop protocols for the
production of both native forms of PCT, the full-length protein
(residues 1–116) and a truncated form missing the first two
residues (3–116). To date, recombinant hPCT (1–116) has been
purified from the periplasmic fraction of E. coli using anion
exchange and reversed phase chromatography. The truncated
form, hrPCT (3–116), has been produced from the full-length
protein through hydrolysis by human kidney dipeptidyl peptidase
IV (Wrenger et al., 2000). Althaus and Hauser (Althaus and Hauser,
2005, 2008) produced hrPCT (1–116) as a soluble protein with a
yield of 13 mg/L. However, this protein contains a non-cleavable
N-terminal His6-tag. Here, we describe protocols for the produc-
tion of the two native forms of PCT. Both recombinant proteins
were expressed in E. coli and purified to homogeneity with a high
yield of approximately 35 mg/L. Importantly, they were obtained
in their native form without additional residues or tags.

2. Material and methods

2.1. Materials

Murine monoclonal antibodies (mAb) PCT 27A3, PCT 42 and
PCT 6F10 were purchased from HyTest (Turku, Finland). The rat
mAbs CALCA 3C5 and CALCA 4F6 and the clone for the IgG2a rat
antibodies against nonspecific binding were produced in cooperation
with Dr. Elisabeth Kremmer, Institute of Molecular Immunology,
Helmholtz Zentrum München, Germany (Kremmer et al., 2011).
Human EDTA plasma was ordered from Sera Laboratories Interna-
tional Ltd. (West Sussex, United Kingdom; pool 2) and PAA Labora-
tories GmbH (Pasching, Austria; pool 3). Furthermore, we used
plasma batches, pooled from single donations, according to their
blank signal in the PCT assay (pool 1). These single donations were
leftover human specimens that were not individually identifiable and
were provided by pes diagnosesysteme GmbH, Leipzig, Germany. The
EDTA K2 whole blood batch was purchased from Sera Laboratories
International Ltd. (West Sussex, United Kingdom). Goat serum was
purchased from Invitrogen GmbH, Darmstadt, Germany; bovine

Table 1
Characteristics of commercially available assays for PCT (BRAHMS Aktiengesellschaft, Thermo Fischer Scientific Inc.).

Name Measuring range (ng/mL) Analytical sensitivity (ng/mL) Functional sensitivity (ng/mL) Time (min)

PCT-Q (Brahms) – 0.5 – 30
PCT LIA (Brahms) 0.1–500 0.08 0.3 60
LIASONs (Brahms) 0.1–500 o0.04 0.3 30
Sensitiv Kryptors (Brahms) 0.02–50 (5000)1;þ 0.019 0.06 19
ADVIA Centaurs CP/XP (Brahms/Siemens) 0.02–75.00 o0.02 o0.05 26/29
ELECSYSs (Brahms/Roche) 0.02–100 o0.02 0.06 18
VIDASs (Brahms/Biomérieux) 0.09–200 0.05 0.09 20

þ 0.02 till 50 ng/mL directly, till 5000 ng/mL diluted.
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γ-globulin was from Sigma-Aldrich GmbH, München, Germany; rat
serumwas purchased from PAA Laboratories GmbH, Col̈be, Germany;
and LowCross-Buffers was from CANDOR Bioscience GmbH, Wan-
gen, Germany. The equine plasma was made available from the Freie
Universität Berlin. The patient samples were provided by Dr. Peter
Miethe, Forschungszentrum für Medizintechnik und Biotechnologie,
Bad Langensalza, Germany.

2.2. Production of recombinant human procalcitonin (hrPCT)

2.2.1. Preparation of the expression constructs
The expression construct for human procalcitonin (hrPCT) in

pET-28b was purchased from Proteogenix (Oberhausbergen,
France). The hrPCT gene was subcloned using NcoI and XhoI into
the BsaI/XhoI-digested pETHSUL vector (Weeks et al., 2007),
yielding a construct with N-terminal His6 and SUMO tags and a
methionine residue at the N-terminus of the hrPCT gene. This was
used as a template for site-directed mutagenesis to delete the
methionine and obtain pET His6-SUMO-hrPCT (1–116). This con-
struct was used as a template for a second round of site-directed
mutagenesis to delete the first two residues of the hrPCT gene,
yielding pET His6-SUMO-hrPCT (3–116). The forward and reverse
primers for both mutagenesis reactions are as follows: fw (1–116)
CCGCGAACAGATTGGTGGCGCACCATTCAGGTCTGCCC, rev (1–116)
GGGCAGACCTGAATGGTGCGCCACCAATCTGTTCGCGG, fw (3–116)
GCTCACCGCGAACAGATTGGTGGCTTCAGGTCTGCCCTGGAGAGCAGC,
rev (3–116) GCTGCTCTCCAGGGCAGACCTGAAGCCACCAATCTGTTC-
GCGGTGAGC. Both expression constructs were verified by
sequencing.

2.2.2. Protein expression and purification
Both His6-Sumo-hrPCT proteins were expressed and purified

using the same protocol. The constructs were transformed into E.
coli strain BL21 (DE3) and cultured at 20 1C in 2-L flasks containing
500 mL ZYM 5052 auto-induction medium (Studier, 2005) and
30 mg/mL kanamycin. The cells were harvested by centrifugation
after reaching saturation, resuspended in 30 mL lysis buffer
(50 mM Tris-HCl, 300 mM NaCl, 20 mM imidazole, 10 mM MgSO4,
10 μg/mL DNaseI, 1 mM AEBSF.HCl, 0.2% (v/v) NP-40, 1 mg/mL
lysozyme, 0.02% (v/v) 1-thioglycerol, pH 8.0), and lysed by sonica-
tion. The lysates were clarified by centrifugation (40,000� g) and
filtration (0.2 mM). The supernatant was applied to a 5-mL HiTrap
Chelating HP column (GE Healthcare) equilibrated in buffer A
(50 mM Tris-HCl, 300 mM NaCl, 20 mM imidazole, 0.01% (v/v)
1-thioglycerol, pH 8.0) using an Äkta Purifier (GE Healthcare). The
column was washed with buffer A containing 1 M NaCl and with
buffer A containing 50 mM imidazole until a stable baseline was
reached (monitored at 280 nm). The bound proteins were eluted
with buffer B (50 mM Tris-HCl, 300 mM NaCl, 300 mM imidazole,
0.01% (v/v) 1-thioglycerol, pH 8.0), and the fractions containing
protein were pooled and dialyzed overnight at 4 1C against 1 L of
buffer A in the presence of dtUD1 (SUMO hydrolase) (Weeks et al.,
2007) in a 1:200 M ratio (dtUD1:protein). The cleaved-off hrPCT
was further purified by affinity chromatography, as described
above, and the flow-through and protein containing wash frac-
tions were pooled and dialyzed overnight at 4 1C against 1 L buffer
C (50 mM Tris-HCl, 100 mM NaCl, and 0.01% (v/v) 1-thioglycerol,
pH 8.0). This solution was subsequently applied to a 6-mL
Resource Q column (GE Healthcare) equilibrated with buffer C.
The flow-through and wash fractions containing the majority of
the hrPCT were collected, pooled and concentrated to less than
5 mL. This sample was subsequently subjected to size exclusion
chromatography using a HiLoad 16/600 Superdex 200 column
(GE Healthcare) equilibrated in buffer D (50 mM Tris-HCl, 300 mM
NaCl, and 0.01% (v/v) 1-thioglycerol, pH 8.0). The main elution

peak containing hrPCT was collected, concentrated to approxi-
mately 4 mg/mL and mixed with an equal volume of glycerol. The
protein was flash frozen in liquid nitrogen in 0.5-mL aliquots and
stored at �80 1C.

The protein concentrations were determined by measuring
the absorbance at 280 nm using specific absorbances for hrPCT
(1–116) and hrPCT (3–116) of 0.230 and 0.180, respectively.

2.3. Responss IQ - measuring principle

The readout device responss IQ is based on a previously
developed immunosensor (Meusel et al., 1998; Peter et al., 2001;
Schult et al., 1999). The bench-top system (optical readout device
and single-use cartridges) was provided by pes diagnosesysteme
GmbH, Leipzig, Germany. For more detailed information about
the cartridge design, the read-out device and the measurement
principle, please refer to the patents (Katerkamp, 1997; Meusel,
1998; Schenk, 2012).

2.3.1. Cartridge design
The single-use cartridge consists of three parts: a cover, a

transparent core and a bottom. In the transparent part, a micro-
channel system is integrated. The microchannel system consists
of two mixing areas, a zone to dissolve the spotted fluorescence
labeled tracer and a waste tank (Fig. 1). The detection antibodies
are labeled with a commercially available cyanine dye (Cy5 analog)
and will be marked as followed: CALCA 3C5-F. Every cartridge has
an integrated fluidics sensor to control the sample flow.

Furthermore, the transparent corpus contains an optical area
where the capture antibodies are spottedvia a piezo dispensing
system. The capture antibodies are spotted in separate areas,
termed “stripes” (L01-L10). With this localization, it is possible to
detect up to 10 different analytes. The spotting patterns of the
cartridges used in the experiments, which are demonstrated here,
are shown in Table S1, ESI. The cartridge is locked after sample

Area for mixing 

Area for dissolving the 
tracer Optical area 

Capture 
antibodies 

Waste 

Sample 
input 

A

B

Fig. 1. Top view of (A) the entire cartridge and (B) the design of the disposable
cartridge (without the cover).
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input. Thus, the human specimens cannot contaminate the read-
out device and the cartridges are safe to handle.

2.3.2. Measuring principle
The measurement principle is shown in Fig. 2. A 50 mL volume

of the sample (human serum, plasma or whole blood) is loaded
into the cartridge. The sample is moved with positive or negative
pressure, according to requirements, from the sample input
through the microchannel system, where the fluorescence labeled
detection antibodies (cAb in plasma¼2.68 mg/mL) are dissolved
and mixed with the sample for 5 min. Afterwards, the sample-
detection antibody mixture is pulled over the optical area with the
capture antibodies, and sandwich formation takes place. Mean-
while, the laser diode scans the optical area (λex 636 nm), initiat-
ing an evanescent field at the interface between the transparent
optical area and the sample due to total internal reflection (TIRF).
The evanescent field only excites fluorophores very close to
the surface. Fluorescence emission is detected with a photo-
multiplier (λem 650–655 nm). The sample is collected in a waste
tank within the cartridge and then disposed of after the measure-
ment, so that no regeneration has to be performed. In this system,
the kinetics of sandwich formation are measured in a time-related
manner. The slope of the linear range of the fluorescence signal is
directly proportional to the analyte concentration. The signal
is given in (V/sec). The measurement takes less than 10 min.

The data analysis was performed via Microsoft Excel using the
linear fit:

y¼ axþb

The limit of detection (LOD) and the limit of quantification
(LOQ) were calculated as follows:

LOD¼blank signalþ3x standard deviation
LOQ¼blank signalþ10x standard deviation

2.4. General procedure of the sandwich assays for PCT

2.4.1. Standard curve in human EDTA plasma
Standard curves were established with spiked human EDTA

plasma from healthy persons. For the dilution series, the hrPCT
developed in this study was used as a standard (PCT1-116; 0.05 to
10 ng/mL, n¼7). Additive compounds (1% goat serum; IgG2a
rat antibodies: 20 mg/mL) were added to the sample. A 50 mL
volume of the resulting mixture was loaded into the cartridge.
The different concentrations were measured three times (m¼3),
and the blank was measured five times (m¼5). Cartridges with
spotting 2 or spotting 3 patterns were used (see Table S1).
All subsequent steps were the same as those described under
“Measuring principle”.

Step 1: Spotting of capture antibodies   Step 2: Dissolving of labeled detection antibodies and 
mixing with sample in cartridge  

Excitation light 
636 nm 

Emission at 650-655 nm 

Flow direction 

Step 3: Pumping of the sample over measuring cell in which sandwich formation takes place.  
Measurement of the fluorescence signal increase within linear range.

TIRF 

Evanescent
field 

 

Fig. 2. Measuring principle of the responss IQ. (A) Schematic of the assay principle (pes diagnosesysteme GmbH). (B) Schematic of the scanning and time-related signal
increase. (C) Time-related signal increase (pes diagnosesysteme GmbH).
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2.4.2. Standard curve in human EDTA whole blood
Spiked human EDTA whole blood was used to generate

standard curves. For the dilution series, in-house produced hrPCT
was used as a standard (PCT1-116; 0.0001 to 7.18 ng/mL, n¼9).
A concentration of 1% goat serum and 50 mg/mL IgG2a rat
antibodies were used to reduce nonspecific binding between the
used antibodies. Each concentration was measured three times
(m¼3). The blank was measured five times (m¼5). The spotting
pattern was spotting 2 (see S1 Table 1, ESI). For the successive
steps, see “Measuring principle”.

2.4.3. Measurement of plasma patient samples
To reduce nonspecific binding, 1% goat serum and IgG2a rat

antibodies (50 mg/mL) were added to the plasma patient samples.
Every sample was measured in the original concentration and
diluted 1:10 with human EDTA plasma, which showed a low blank
signal in the established PCT assay. Cartridges with the spotting
1 pattern were used (see S1 Table 1, ESI). The proceeding steps are
listed under “Measuring principle”.

3. Results and discussion

3.1. Production of hrPCT

In this work, we describe the production of both native forms
of hrPCT. The full-length hPCT gene was cloned into the pETHSUL
expression vector containing N-terminal His6 and SUMO tags. The
SUMO-tag was chosen because of its good solubilizing abilities
(Marblestone et al., 2006) and has the additional advantage that
no extra residues are added to the N-terminus of the target protein
upon tag removal. The methionine residue added during cloning
(construct 1–116) and the first two residues of the hPCT gene
(construct 3–116) were removed by site-directed mutagenesis.

Both His6-SUMO-hrPCT constructs were well expressed in E.
coli in a soluble form (Fig. S1, lanes 1 and 2). Both proteins were
purified to homogeneity using immobilized affinity, ion exchange
and size exclusion chromatography (Fig. S1, lanes 3 to 6). The
His6 and SUMO tags were removed by SUMO hydrolase cleavage.
A typical yield for both hrPCT preparations of approximately
35 mg L�1 of culture was obtained.

The proteins were tested in sandwich ELISAs in comparison
to the commercially available hrPCT1–116 from Prospec-Tany
Technogene Ltd., Rehovot, Israel (data not shown). They showed
a similar activity to the commercially available protein.

3.2. Screening and characterization of PCT antibodies

Five antibodies (CALCA XXX) (Kremmer et al., 2011) and nine
commercialized antibodies against PCT from HyTest, Turku, Fin-
land (PCT XXX) were tested in a sandwich FIA on the responssIQ
both as capture and as detection antibodies (see ESI, S3). The four
antibodies developed in this study, which gave good signals in the
first screening with the responss IQ, were additionally character-
ized by a Biacores measurement (CALCA 4F6, CALCA 4A6, CALCA
2F3, CALCA 3C5; see ESI, S4). The results from Biacores agreed
with the results of the screening with responssIQ. The four
antibodies showed high association constants (KA from 108 to
1010 M�1) and low dissociation constants (KD from 10�9 to
10�10 M), representing antibody–antigen interactions with good
affinity to the analyte (Brent, 2006). For the second screening, due
to their high signals and very low nonspecific binding, five
antibodies were chosen as capture antibodies, and six antibodies
were chosen as detection antibodies. Standard curves were gen-
erated with 18 different pair combinations. After this second
screening, CALCA 3C5 was chosen as the exclusive detection

antibody because it resulted in the highest signals with different
capture antibodies and showed good KA/KD values in the Biacore
measurement (CALCA 3C5: KA¼6.5Eþ9 M�1, KD¼2.0E�10 M).
The newly produced CALCA 4F6 was chosen as the capture anti-
body because it showed good KA/KD values (CALCA 4F6: KA¼
8.9Eþ8 M�1, KD¼1.3E�9 M), a good slope in the measurement
with CALCA 3C5-F, and a relatively high signal with endogenous
samples. In addition, three antibodies from HyTest (PCT 42, PCT
6F10, PCT 27A3) were chosen as capture antibodies for further
experiments because they showed good LOD and LOQ values in
combination with CALCA 3C5-F.

3.3. Reduction of nonspecific binding

One major aim of the assay development was the reduction of the
nonspecific binding that occurred under different circumstances. First,
nonspecific binding occurred in the blank plasma samples between
the spotted capture antibodies and the detection antibodies. Because
the signals in the blank plasma mostly occurred due to interactions
between the in-house produced rat antibodies, they were most likely
human anti-rat antibodies. Human anti-animal antibodies are known
to cause interference, especially in sandwich assays (Kricka, 1999).
These antibodies specifically capture and detect antibodies from a
single species. This behavior could also have been the result of
heterophile antibodies, which are less specific (Boscato and Stuart,
1988; Levinson, 1992). Heterophile antibodies could have also been
the cause of the nonspecific binding between the rat and mouse
(HyTest) antibodies, which occurred far less. To reduce the nonspecific
binding between the capture and detection antibody, different
additive compounds were tested; namely, bovine γ-globuline, rat
antibodies of the same subclass (IgG2a), goat serum, rat serum and
equine plasma. We used three different plasma pools: Pool 1, with a
low blank signal; pool 2, with a medium blank signal; and pool 3,
with a high blank signal. The most promising substances from the
first screening were tested in different concentrations and combina-
tions (data not shown). The best reduction in nonspecific binding
between the rat antibodies was achieved with 20 and 50 mg/mL IgG2a
rat antibodies. These results support the theory of human anti-rat
antibodies. For the nonspecific binding between the mouse and rat
antibodies, 1% goat serum produced the best results. With these
additive compounds, we were able to reduce the blank signal by 86%
in plasma pool 2 and by 81% in plasma pool 3. Plasma pool 1 showed
no reduction in the signal, and thus this pool contained no substances
that caused nonspecific binding in the assay (Fig. 3). Second,
nonspecific binding occurred in some of the blank whole blood
samples. Here, a signal was visible between the spotted zones with
capture antibodies; i.e., substances in the whole blood connected
the detection antibody to the cartridge surface (data not shown).

Fig. 3. Blank plasma pools with and without additive compounds (ac); sandwich
assay using CALCA 4F6 and CALCA 3C5-F; reduction in the signal intensity of 86%
for pool 2 and of 81% for pool 3.
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The latter could be removed by adding 1% LowCross-Buffers (CAN-
DOR Bioscience).

3.4. Detection of hrPCT

In the next step, we created standard curves with a dilution
series of spiked human EDTA plasma and human whole blood. The
antibody combination PCT 6F10 and CALCA 3C5-F showed an LOD
value of 0.11 ng/mL and an LOQ value of 0.21 ng/mL but showed a
worse correlation at lower concentrations in comparison to the
pair CALCA 4F6/CALCA 3C5-F (data not shown). With CALCA 4F6 as
the capture antibody and CALCA 3C5-F as the detection antibody,
the assay achieved an LOD value of 0.04 ng/mL and an LOQ value
of 0.12 ng/mL in human EDTA plasma and showed very good
agreement at low concentrations. Thus, we generated a standard
curve in whole blood with this antibody pair. The assay achieved
an LOD value of 0.02 ng/mL and an LOQ value of 0.09 ng/mL in
whole blood. The linear fits to the curves using CALCA 4F6 and

CALCA 3C5-F are shown in Fig. 4. The sensitivity of the assay is
sufficient to distinguish PCT levels according to the severity of
sepsis as described by the guidelines for the interpretation of the
assay results from BRAHMS (Aktiengesellschaft, 2013). In these
experiments, the sample with the highest PCT concentration in
plasma (7.18 ng/mL) showed a saturated signal with our developed
antibodies, indicating that the assay shown here cannot analyze
higher PCT concentrations, which would be necessary for control-
ling the course of disease and the action of a drug. To enable the
measurement of higher concentrations of PCT, further improve-
ments to the system are necessary. The assay showed comparable
performance in whole blood and in plasma.

3.5. Measurement of patient samples

With the established assay, seven leftover plasma patient samples
were measured. The PCT concentrations of the samples were
determined by the Kryptors device from BRAHMS before storage.

Fig. 4. Standard curves with the sandwich assay using CALCA 4F6/CALCA 3C5-F: the accumulated signal of the three capture antibody stripes is shown; for a better view, the
low concentrations are enlarged in the lower right corner. (A) In human EDTA-plasma, spotting 1; LOD¼0.04 ng/mL, LOQ¼0.12 ng/mL; number of concentrations: n¼6,
number of repeats: m¼3–5. (B) In human whole blood, spotting 1; LOD¼0.02 ng/mL, LOQ¼0.09 ng/mL; number of concentrations: n¼8, number of repeats: m¼3–5.
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Due to the low volume, we measured six samples undiluted (m¼
1–2), and all seven samples diluted 1:10 with human EDTA plasma
with a low blank signal in our PCT-assay (m¼3). Fig. 5 shows the
correlation between the PCT concentration measured with Kryptors

and the signal in V/sec measured by the responss IQ. We used
cartridges with four different capture antibodies (see Table 1, spot-
ting 2, ESI). The antibodies PCT 42 and PCT 27A3 could not
distinguish PCT concentrations in the low ng/mL range (data not
shown) and thus were not considered for further experiments.
However, CALCA 4F6 (R2¼0.988) and PCT 6F10 (R2¼0.936) showed
a high correlation with the results from Kryptors (Fig. 5).

3.6. Comparison with state of the art techniques for PCT
measurement

Several immunoassays for PCT are currently commercially
available, and all are based on sandwich immunoassays developed
by BRAHMS GmbH (Henningsdorf, Germany). For an overview
of the immunoassays, see Table 1. The listed PCT assays do not
possess all the desired characteristics of a POCT application.
All the devices were constructed for laboratory use, and the
measurement time of all the devices is too long for a point-of-
care application (shortest: Elecsyss, at 18 min). Only the PCT-Q
test can be used directly at the patient, but it only provides semi-
quantitative PCT determination. Furthermore, all of these mea-
surement systems require sample preparation, as the assays have
to be performed in serum or in plasma samples, and qualified
persons are needed for the procedure. However, also in research
some POCT assays for PCT have been developed. Kemmler et al.
(Kemmler et al., 2009) developed a compact POCT system, but it
could not achieve the necessary sensitivity for PCT. Baldini et al.
(Baldini et al., 2009) developed an optical immunosensor for POCT,
but the used antibodies could not detect PCT in patient samples
(Kremmer et al., 2011). In addition, Sauer and coworkers devel-
oped a protein chip to simultaneously detect several biomarkers
for sepsis (Sauer et al., 2011), including PCT. They used commer-
cially available monoclonal antibodies for PCT detection and
achieved good sensitivity, but the processing time was too long
for POCT usage.

In comparison, the assay described here fulfils all the necessary
characteristics of a POCT application. The assay requires no sample
preparation and is therefore easy to handle. Furthermore, to the
best of our knowledge, this assay is the only one that can measure
human plasma and human whole blood samples (see Fig. 4). The

measurement time of nine minutes and the small proportions
of the device make it suitable for POC measurement at the patient,
providing rapid results that can support the decision making of the
physician. We also showed that the developed assay detects native
PCT in patient samples with good correlation to a state of the art
device.

4. Conclusion

A new, highly sensitive assay to quantify PCT via a POCT device
was developed. The device fulfills all the important characteristics
of a POCT application, in contrast to the currently available PCT
assays. Our assay has a very short measurement time of less than
9 min, and it requires only a small sample volume (50 mL). There is
no need for sample pretreatment because the device uses ready-
to-use cartridges. Furthermore, it is simple and safe to handle.
We developed, for the first time, a measurement system for
quantifying PCT that can be applied in whole blood. Furthermore,
the assay operates in the necessary sensitivity range in whole
blood (LOD¼0.02 ng/mL; LOQ¼0.09 ng/mL) as well as in human
EDTA plasma (LOD¼0.04 ng/mL; LOQ¼0.12 ng/mL). With patient
samples, our system showed a good correlation to the state
of the art measurement system Kryptors from BRAMHS GmbH
(R2¼0.988 or R2¼0.936).
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Fig. 5. Correlation between the PCT concentration determined via Kryptors and the signal from responss IQ. Filled diamonds: CALCA 4F6/CALCA 3C5-F; Crosses: PCT 6F10/
CALCA 3C5-F; number of samples: n¼13 (6 undiluted, 7 diluted 1:10), number of repeats: m¼1–3.
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