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Abstract: C-reactive protein (CRP) is an important part of the immune system’s reaction to various
pathological impulses such as bacterial infections, systemic inflammation, and internal organ failures.
An increased CRP level serves to diagnose the mentioned pathological states. Both standard labora-
tory methods and simple point-of-care devices such as lateral flow tests and immunoturbidimetric
assays serve for the instrumental diagnoses based on CRP. The current method for CRP has many
flaws and limitations in its use. Biosensor and bioassay analytical devices are presently researched by
many teams to provide more sensitive and better-suited tools for point-of-care tests of CRP in biolog-
ical samples when compared to the standard methods. This review article is focused on mapping
the diagnostical relevance of CRP, the applicability of the current analytical methods, and the recent
innovations in the measurement of CRP level.
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1. Introduction

Point-of-care diagnostic tests for measuring molecular markers have become a sub-
stantial tool in modern healthcare. The tests are relevant for the early diagnosis of various
pathological states and diseases. Various analytical devices have been developed in the past
decades founded on the electrochemical and optical (colorimetrical) principle of signal de-
termination. Electrochemical glucose biosensors, chemosensors and nanoparticle-based as-
says [1–4], coronavirus disease antigen tests and bioassays [5–7], pregnancy tests for human
chorionic gonadotropin [8–10], and alcohol breath analyzers—breath alcohol testers [11,12]
can be introduced as typical examples. There is an effort to gradually grow the number of
markers measured this way to create an alternative to the advanced instrumental analyses
typical for standard laboratories.

C-reactive protein (CRP) is a standard immunochemical marker being measured to
diagnose some types of bacterial and fungal infections, recognize inflammatory and some
autoimmune disorders, and cardiovascular diseases [13,14]. The CRP used as a marker
has a substantial advantage in high concentrations in the blood of diseased subjects equal
to or higher than 10 mg/L. Thus, concentration is easily measurable by simple sensors,
handheld assays, and other point-of-care tests. Diagnoses founded on the CRP assay are
highly accessible and hardly replaceable by other markers [15].

In recent years, the use of CRP as a marker has become highly popular and many tests
have been developed and are also commercially available. The new tests and methods
change the old approaches where CRP was taken for a marker measurable by an advanced
laboratory technique. This review summarizes point-of-care tests and their applicability
to CRP for the routine revealing of pathological states. The diagnostic relevance of CRP
is discussed as well. The recent discoveries in this field are written and cited here. This
review describes new analytical methods such as various biosensors and bioassays and
their applicability for diagnoses by CRP level determination is summarized. This paper
also plays a role as an overview of actual literature on CRP diagnostic methods and point-
of-care tests because significant progress in the available methods for CRP has been made
in recent years.
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2. The Use of CRP in Diagnoses

CRP belongs to an evolutionarily conserved protein family of pentraxin with specifica-
tions close to the other family members. In humans, the whole molecule weighs around
120 kDa and it comprises five identical subunits (homopentamer), each sized 206 amino
acids [16]. The weight of CRP can differ depending on its origin and cited study. Consider-
ing the significance of CRP in both human and veterinary medicine, molecular weights of
CRP from various organisms should be taken into consideration when a new analytical
method for CRP is established with a principle based on molecule or its fragments weight-
ing (e.g., mass spectrometry). The molecular weight of a subunit between 20 and 30 kDa
and a total range of 100–150 kDa for the whole molecule can be found in the literature for
CRP over various mammals [16–18]. The final molecule of CRP is composed of five subunits
arranged into a circle plain shape with central space [19–22]. The pentameric structure of
CRP can be determined from X-ray crystallography structures. An X-ray crystallographic
structure made by Guillon and coworkers [23] and visualized using the SWISS-MODEL
online application [24–26] is given in Figure 1.
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and visualized using SWISS-MODEL online application [24–26].

In the human organism, hepatocytes produce CRP, but other cells such as macrophages,
lymphocytes, adipocytes, smooth muscle cells, and epithelial cells can create and release
CRP into blood [27]. The production of CRP by hepatocytes previously activated by
hepatocyte nuclear factors is the major source of CRP in an organism [28,29].

The opsonization of pathogens and target cells is the major task for CRP and it results
in the activation of further steps leading to killing pathogens and inactivating damaged
cells [30]. The CRP is part of the inflammatory reactions in the organism further stimulating
immunity, including macrophages and promoting phagocytosis by professional phago-
cytes, preventing infections and other malignancies, but the CRP can also be involved in
autoimmune disorders [31]. The blood circulating form of CRP is dominantly a homopen-
tamer, which can associate with phosphocholine-rich membranes of immune cells and
cells undergoing apoptosis, can dissociate to the subunits that are further involved in both
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classic and alternative complements, and can activate leukocytes [32]. A survey of the CRP
pathway and initiated effects is given in Figure 2.
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Figure 2. Survey of CRP pathway and initiated effects.

Monomeric CRP can occur, but the single subunit has a different conformation than
the pentameric structure. It cannot firmly bind to the phosphocholine-rich membranes
and initiate the proinflammatory pathways [33]. The proinflammatory effect, leukocyte
movement, and other characteristics are also different for the monomeric CRP than for the
normal pentameric form [34].

The increased level of CRP was proven to be associated with a wide number of dis-
eases and disorders. Heart failures and cardiovascular diseases [35,36], osteoarthritis [37],
visceral adiposity [38], poorer memory in elderly women [39], alcohol intake and some
dementias [40], non-alcoholic fatty liver disease [41], periodontitis [42,43], appendicitis [44],
chronic and systemic inflammation [40,45,46], sepsis [47,48], bacterial infection [49–51],
some viral infections such as severe coronavirus disease 2019 [52,53], candidiasis [54,55],
and some types of cancer [56–58] can be associated with the growing level of CRP. Because
CRP is more significantly increased due to bacterial infections than the viral ones, CRP
tests serve for the decision of antibiotics prescription [59]. The use of CRP as a biomarker
for antibiotics indications is dominantly related to respiratory tract infections and it is a
nonspecific diagnosis that should be accompanied by a differential diagnosis based on
the visual manifestation of an acute infection. On the other hand, the efficacy of bacterial
infection diagnosis based on CRP followed by antibiotics prescription is positively accepted
by physicians, and the reliability has been verified in several studies [60–63].

In recent years, it has been recognized that the applicability of CRP for diagnosis can be
further enhanced by distinguishing between standard pentameric CRP and monomeric CRP.
The monomeric CRP is at an increased level presented in some pathologies, it was recog-
nized in aggregated platelets, and an association with atherosclerosis and atherothrombosis
was proposed [32]. Some studies have pointed out that monomeric CRP can be about
a growing tumor [64,65]. The monomeric CRP is also a sensitive marker of inflamma-
tion [66,67].
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Generally, CRP is considered a pathological marker where the intensity of the pathol-
ogy is proportional to the CRP level in the blood, and concentrations under 10 mg/L are
taken for normal and levels above 10 mg/L are indicators of pathology [68]. The threshold
level of 10 mg/L nevertheless historically comes from the sensitivity of obsolete immuno-
chemical and point-of-care tests that are not sensitive enough to prove lower concentrations
and CRP correlated with pathologies even at levels under 10 mg/L. There are further
threshold levels distinguished with values depending on the type of pathology. For in-
stance, Socha et al. described a correlation between CRP above 3.33 mg/L and endometrial
cancer [69]. In his study, Ridker proposed thresholds for the risk of cardiovascular diseases
as follows: under 1 mg/L of blood CRP is a low risk, 1–3 mg/L is a moderate risk, and a
high risk starts at CRP blood levels above 3 mg/L [70]. The distinguishing of CRP levels
under 10 mg/L is connected with the introduction of high-sensitivity CRP tests suitable
for low concentrations of CRP. These tests are also known under the common abbreviation
hsCRP. The aforementioned facts about CRP are summarized in Table 1.

Table 1. Specifications of CRP as a marker.

Feature Specifications of CRP References

Structure protein with five identical subunits
each sized 206 amino acids [16–18]

Size 120 kDa (human origin,
pentameric structure) [16]

Occurrence and major source dominantly produced by hepatocytes
and released into the blood [28,29]

Minor producers macrophages, lymphocytes, adipocytes,
smooth muscle cells, and epithelial cells [27]

Role in the organism

opsonization of pathogens and other
target cells, a part of inflammatory

reaction, involved in both classic and
alternative complements, and

activation of leukocytes

[30–32]

Increased level—typical
marker

chronic and systemic inflammation,
bacterial infection [40,45,46,49–51]

Examples of other relevant
reasons for an increased level

heart failures and cardiovascular
diseases, osteoarthritis, visceral

adiposity, alcohol intake, and some
dementias, non-alcoholic fatty liver
disease, periodontitis, appendicitis,
sepsis, some viral infections such as

severe coronavirus disease 2019,
candidiasis, and some types of cancer

[35–38,40–
44,47,48,52–58]

Blood concentrations—typical
threshold levels

concentrations under 10 mg/L are
taken for normal and levels above

10 mg/L are indicators of pathology
[68]

Other threshold levels and
thresholds for hsCRP tests

under 1 mg/L of blood, CRP is a low
risk of pathologies such as

cardiovascular disorders, 1–3 mg/L is a
moderate risk, and a high risk starts at

CRP blood levels above 3 mg/L

[70]

3. Routine CRP Point-of-Care Tests and Immunochemical Tests

Standard biochemical and immunochemical methods are known for the determina-
tion of CRP levels in the blood. Apart from the highly instrumental methods such as
chromatography or mass spectrometry, some simple tests are available for the CRP assay.
Simple kits and tests routinely available for clinical use are discussed in this chapter. The
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enzyme-linked immunosorbent assay (ELISA) can be exampled as a routine method used
under laboratory conditions for the CRP assay [71–74]. Standard kits for ELISA represent a
simple way to measure CRP. The ELISA kits can be based on various configurations but the
most common type found on 96-well microplates and secondary antibodies labeled with
horseradish peroxidase exert a standard applicability range (range of a calibration curve)
with a bottom limit of around 25 ng/L (range of the bottom limit between approximately
15 and 50 ng/L of CRP) and an upper limit approximately around 25 µg/L (range of the
upper limit from 1 µg/L up to 50 µg/L). The limit of detection of such kits can reach
approximately 5 ng/L. The sensitivity of the current kits is between 2 and 40 ng/L but tests
with sensitivities above 100 ng/L exist as well and are applicable. The time of the assay
depends on the fact of whether the wells are pretreated or the surface has to be coated
with antibodies and blocking reagents or the wells should be treated in the laboratory. The
pretreated kits can be finished between 90 min and 4 h, while full modification of the wells
with the following assay can take 24 h. The precision of such kits expressed by the relative
standard error is between 1.5% (8 and more repeats) and around 5% (for 3 repeats), but tests
with an inter-assay relative standard error of 12% are sold as well. Cited papers were, for
instance, using kits falling into the mentioned specifications [75–77]. Though ELISA is sold
in the form of simple kits, it is not suitable for use under point-of-care conditions, and qual-
ified staff and laboratory equipment are necessary for the method realization. Hazardous
reagents (hydrogen peroxide and sulfuric acid as stop reagents) can occur in the kits. On
the other hand, some ELISA readers and kits are quite inexpensive, so they can be placed
and operated in small laboratories such as field hospitals, local laboratories, and temporary
healthcare laboratories established for a specific purpose such as care in sites of disaster
or refugee camps. There also exist other methods with similar specifications, pros, and
cons such as ELISA. The chemiluminescent immunoassay (CLIA) can be exampled. It is a
common method that is suitable for the analysis of various analytes including CRP [78–80].
The method has many similarities with ELISA including the use of enzymes such as peroxi-
dase for antibodies labeling and expected typical users. However, the enzyme converts
a substrate into the chemiluminescent compound in the CLIA method instead of colored,
which is typical for ELISA. Increased sensitivity can be expected for CLIA when compared
to ELISA. A sensitivity around 5 ng/L, test range approximately between 10 ng/L and
10 µg/L, inter-assay relative standard error of 12%, and assay time around 4 h are common
specifications for currently available CLIA kits for CRP. Less sensitive CLIA tests with a
detection range between 300 ng/L and 20 µg/L and a sensitivity of 190 ng/L are also on
the market.

In addition to the laboratory methods such as ELISA, simple methods to be performed
outside laboratories were also searched and simple CRP assays based on immunochem-
ical tests can even be performed in conditions of a small healthcare institution or even
in the point-of-care environment. Immunoturbidimetry and immunonephelometry can
be exampled as routine methods for those commercial kits are available and many of
the kits can be labeled as hsCRP tests due to their analytical specifications [81,82]. While
immunonephelometry can be considered a laboratory method rather than a point-of-
care one, immunoturbidimetry can be used under laboratory conditions but is also quite
common in physician offices and point-of-care conditions. The first CRP kits based on
immunoturbidimetry have been developed since the early 1990s. Pioneering work for the
determination of CRP in dogs [83], monkeys [84], and humans [85] by immunoturbidimetry
can be mentioned. Currently, immunoturbidimetry represents a routine method in human
and veterinary medicine for measuring CRP in serum or plasma [86–92]. Immunotur-
bidimetry is a simple and low-cost method where direct interaction between an antigen
and an antibody is measured by changing solution turbidity. The kits currently used for
CRP have either polyvalent antibodies allowing immunoprecipitation or antibodies bound
on nano- or microparticles that are frequently prepared from latex, but other materials are
used as well. The common principle of an immunoturbidimetric assay of CRP is depicted
in Figure 3. The immunoturbidimetric and immunonephelometric assays can be performed
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on automated laboratory analyzers but there are also available simple and cheap devices
suitable for point-of-care conditions. Turbidimetry is, in principle, easier than nephelome-
try because it measures light intensity in its original axis, and less sensitive and cheaper
sensors and less powerful sources of light are necessary for such devices; nevertheless,
the turbidimetric devices can in most cases fully compete with the nephelometric one and
provide comparable results [93–95]. It is the reason why CRP as well as the other immuno-
chemical markers are analyzed by a turbidimetric device rather than the nephelometric one.
The immunoturbidimetric methods have worse specifications than the immunoanalytical
methods such as ELISA or CLIA but are fully applicable and can be a part of hsCRP tests.
Limits of detection for the immunoturbidimetric assay of CRP by commercial tests are in
the range of milligrams per liter, typically 2 mg/L, and a calibration range up to 150 mg/L.
The time of assay is the major advantage of the tests when compared to ELISA or CLIA
as laboratory competitors: the assay can typically be finished within 15 min but some
producers claim times under 5 min.
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Figure 3. Principle of an immunoturbidimetric assay of CRP.

Despite immunoturbidimetric assays being quite simple and cheap to be performed,
they still need an analytical device that excludes them from solitary use. Manipulation
with an analytical device can be a source of errors in the analytical procedure even if the
device is quite simple. Manufacturing simple disposable paper colorimetric devices is
the further simplification of the analytical methods to make them more convenient for
the establishment of point-of-care tests. Lateral flow tests represent a group of analytical
devices being commercially available for many analytes including the CRP. The lateral
flow tests are simple colorimetric disposable analytical devices historically coming out
from thin-layer chromatography and the first introduction into the market as pregnancy
tests in the 1980s followed by the introduction of other analytes including biochemical
and immunochemical markers, microorganisms and viruses, various toxins, and other
substances [96–100]. The color lines formed in the lateral flow tests can be scaled by the
naked eye; therefore, no specific analytical device is needed, resulting in a substantially
low price of the assay. The fact that the tests are based on a simple paper or plastic foil
cut in combination with a small number of reagents such as antibodies, aptamers, color,
luminescence, fluorescence, or nanoparticles labels on the surface is another reason why
the lateral flow tests are economically available analytical devices with practical application
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in various studies [101–104]. The lateral flow tests have disadvantages as well. When
compared to the aforementioned methods, the lateral flow tests are highly dependent on
the subjective scaling of coloration. The colored lines are either formed or not visible at all.
Some tests can be further improved by scaling color line intensity, but the lateral flow tests
are, in most cases, qualitative only. Full quantification by lateral flow tests is not common
and semiquantitative assays based on a colorimeter and a lateral flow test are probably the
upper improvement of the qualitative lateral flow tests using the naked eye only. The lateral
flow tests for CRP are, however, gradually evolving and the sensitivity and suitability
for a quantitative assay can improve in the future as new inventions are made [105–108].
The current commercial kits for CRP based on lateral flow tests exert typically limits of
detection around 2.5 mg/L and a working range between 2.5 mg/L and 200 mg/L. The
accuracy of the tests depends on a particular device. Typical standard relative errors are
around 15% with an inter-assay precision around 20%, but real testing shows the accuracy
better: intra accuracy around 4% and inter accuracy slightly above 10% [109]. The overall
simplicity (one-step assay with no specific manipulation) with the tested samples and fast
procedure finished within 15 min are the major advantages of the commercially available
lateral flow tests for CRP. The lateral flow tests are suitable for point-of-care use and use in
physician offices or field conditions (field hospitals, refugee camps, etc.). Laboratory use is
possible as well, but it is not preferred under these conditions, because the possibility to use
it without any analytical devices is a major economic advantage for a workplace or people
who are not equipped with laboratory instruments. When calculating costs per assay
without taking the price of the instruments into account (for instance, the already equipped
laboratories), lateral flow tests are not economically advantageous, because the price per
test can be the same or even higher than the average price per reagent and chemical, for
instance, for one well of an ELISA kit. The ELISA, CLIA, and other similar methods offer
better analytical specifications at the same time. Lateral flow tests for CRP are marginal
for standard laboratories due to the mentioned reasons. Nevertheless, they can serve even
under standard laboratories for a fast orientation control of other methods or a statim type
of test. The final decision on what type of standard tests should be preferred has to be
based on considering equipment of the workplace, education of staff, number of tested
samples, and time in which the results of the assay should be reached. A survey of basic
specifications for the discussed methods is given in Table 2.

Table 2. General specification of CRP standard tests.

Assay Principle User Quantification
Limit of

Detection and
Applicability Range

Time Per
One Assay Declared Accuracy

ELISA, CLIA standard and small
laboratories yes 5 ng/L; 5 ng/L to

50 µg/L
90 min up to

one day

relative standard error of
1.5%, inter-assay

precision up to 15%

Immunoturbidimetry

Small laboratories,
physician offices,

point-of-care
conditions

yes 2 mg/L; 2 to
150 mg/L 5 to 15 min

relative standard error
4%, inter-assay precision

10%

Lateral flow tests

physician offices,
point-of-care

conditions, marginal
in laboratories

no or
semiquantitative

2.5 mg/L; 2.5 to
200 mg/L 15 min

relative standard error of
15%, inter-assay precision

around 20%

The current standard tests and methods for CRP are fully applicable and well accessible
for laboratories, and some tests are even for point-of-care conditions. Low sensitivity and
high limits of detection are the major drawbacks of the two current methods applicable
under point-of-care conditions—immunoturbidimetry and lateral-flow-tests. Considering
the facts written in the previous text, the limit of detection for the CRP assay by standard
immunoturbidimetry (around 2 mg/L) and lateral flow tests (around 2.5 mg/L) is above
the moderate risk of the discussed pathologies represented by a CRP threshold of 1 mg/L.
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The threshold level can be checked by methods such as ELISA but these methods are not
feasible under point-of-care conditions.

The standard point-of-care tests and immunochemical tests are designed for recogni-
tion of the common pentameric form of CRP or total CRP not distinguishing monomeric and
pentameric forms of CRP. The producers do not provide information about the specificity of
the assays for CRP in the monomeric and pentameric forms. Some immunochemical tests
for distinguishing the monomeric and pentameric CRP were proposed recently. Zhang
and coworkers prepared an ELISA for the quantification of monomeric CRP in biological
samples [110]. The assay exerted significant specificity and a limit of detection equal to
1 µg/L.

4. New Biosensors and Point-of-Care Bioassays for CRP

Biosensors and bioassays represent an emerging technology that would provide
simplicity and suitability for point-of-care conditions typical for the lateral flow tests,
but the biosensors and bioassays can also reach analytical specifications such as sensitivity
and low limits of detection typical for laboratory methods including ELISA and CLIA.
Significant development of these technologies on the CRP assay has taken place in recent
years and the area is extensively evolving as new materials and measuring devices are
available [111–114]. The emerging technologies are depicted in various scientific works
discussed in the following paragraphs. Evolution of the biosensor and various bioassay
devices and bringing them into laboratory praxis could get an analytical device into the
hands of patients and physicians that will cover a range of CRP that is not possible by the
current technologies under point-of-care conditions. In the present approaches for point-
of-care tests manufacturing, there are preferred analytical methods that can be performed
in a limited number of steps (ideally, one step accomplishes the assay), are pocket-size
or wearable, use a limited number of expensive materials that are reached by the use of
miniaturized sensors with a minimal number of used resources for production, and provide
analytical specifications that make them competitive to the more elaborative laboratory
methods. It is not expected that the biosensors and bioassays will replace the standard
laboratory methods. The biosensors and bioassays would serve as a first screen before
submitting selected samples to the laboratories. The reliability of the first screen will
be the main gain for the CRP-based diagnoses in a healthcare system. In this chapter,
standard biosensors (devices combining a biorecognition element with a physicochemical
transducer) and novel types of bioassays that are suitable for point-of-care (e.g., assays
close to the biosensors where an artificial recognition element such as an aptamer is used)
are described.

The recent studies brought results that would be implemented into praxis in the next
years. An electrochemical sensor with a molecularly imprinted polymer on screen-printed
electrodes was developed by Balayan and coauthors [115]. The sensor was founded on
screen-printed electrodes coated with a gold-platinum bimetallic nanomaterial and then a
molecularly imprinted polymer prepared from methyl methacrylate and ethylene glycol
dimethacrylate with imprinted CRP. The CRP embedded in the final methacrylate mem-
brane was washed out by methanol and acetic acid. The final sensor proved sensitive to CRP
in analyzed samples in the presence of a ferrous/ferric mediator when impedance or cyclic
voltammetry was applied. The sensor device exerted a limit of detection of 0.1 nmol/L
(approximately 120 µg/L) for CRP and a sensitivity of 0.14 µA/nmol/L (approximately
1.2 µA/ng/L). The sensor had quite a good repeatability under various conditions such
as pH and temperature and quite a low interference by compounds such as ascorbic acid,
cholesterol, glucose, uric acid, or procalcitonin. An electrochemical sensor based on screen-
printed electrodes was also developed by Tabrizi and Acedo who chose an RNA aptamer
as a recognition element in their assay [116]. The researchers modified the surface of a
carbon screen-printed electrode with chitosan containing carbon nanofibers and then with
RNA aptamer (dissociation constant for CRP of the aptamer was equal to 0.9 pmol/L)
crosslinked by glutaraldehyde and treated with methylene blue. The concentration of CRP
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was recorded by square wave voltammetry resulting in the linear range of 1–150 pmol/L
(approximately 120 ng/L–1.8 µg/L) and a limit of detection of 0.37 pmol/L (approximately
44 ng/L). Screen-printed electrodes were chosen as a platform for biosensor construction
where an antibody plays a role as a recognition part (recognition element) of a biosensor
device. The biosensor was founded on screen-printed carbon electrodes sprayed and elec-
trodeposited with graphene quantum dots [117]. Immobilization of an antibody specific
to CRP followed. The biosensors worked in a label-free mode on the differential pulse
voltammetry principle in the presence of electrolyte-containing phosphate-buffered saline
and K3[Fe(CN)]6. A linearity in the range of 0.05–10 µg/L, a limit of quantification of
0.072 µg/L, and a limit of detection of 0.024 µg/L were achieved for the assay. Another
electrochemical biosensor for CRP was constructed on the principle of a piezoelectric
quartz crystal microbalance sensor with a basic oscillation frequency of 10 MHz [118]. The
quartz crystal contained a self-assembled monolayer with an anti-CRP antibody on a gold
electrode. The biosensor was suitable for a label-free assay of CRP with a limit of detection
of 0.08 mg/L (0.08 µg/mL).

CRP can also be measured by optical biosensor devices allowing the establishment
of an analytical method on generally available wearable electronics with the integrated
camera. Such devices are currently developed for various biomarkers and their importance
will probably grow further [119,120]. An optical biosensor for CRP was developed for
instance by Yeh and coworkers [121]. They chose a guided-mode resonance optofluidic
biosensing system suitable for point-of-care conditions. Commercial LEDs served as a
source of light that was subsequently filtered by a bandpass filter for an outputting range
of 500–550 nm. The guided-mode resonance sensor chip was modified by protein A and
albumin was used for saturating the surface of the chip to not contain free spaces. An
anti-CRP antibody was intercepted by the immobilized protein A. During the assay, CRP
was caught by the immobilized anti-CRP antibodies. The anti-CRP antibodies were also
applied to the sensor after sample administration to form an immunosandwich. The
biosensor exerted a limit of detection of 19.5 µg/L of CRP in an assay cycle lasting 20 min.
Another optical biosensor for CRP was developed by Esposito and coworkers [122]. They
constructed a fiber optic label-free biosensor where the optical fiber was covered with an
anti-CRP antibody and the interaction was recorded as a change of light couple due to a
long-period fiber grating. The assay had a limit of detection of 0.15 µg/L and a working
range of 1 µg/L–100 mg/L. The interactions can be recorded in real-time, which represents
a substantial advantage of the assay. Advanced bioassays can be based not only on an
innovative measuring procedure but also on new types of recognition reagents that can
provide substantial improvement. Such access was chosen by Al-Enezi and coworkers
when preparing an affimer: Eu3+ ions chelated by a modified synthetic protein with affinity
to the targeted structures such as CRP, carcinoembryonic antigen, and glial fibrillary acidic
protein as model biomarkers [123]. The affimer was excited at 395 nm and emitted light
at 590 and 615 nm. The fluorescence bioassay detected CRP with a limit of detection
of 100 fmol/L (approximately 1.2 pg/L) and it was applicable for a concentration range
of 100 fmol/L up to 100 nmol/L (approximately 1.2 pg/L–1.2 µg/L) in an assay lasting
2–3 min. Light reflectance spectroscopy is another platform suitable for CRP assay as
reported in the cited papers [124,125]. In a recent application, light reflectance spectroscopy
with immobilized anti-CRP antibodies was developed by Tsounidi and coworkers [126].
The assay is composed from two steps. A sample containing CRP was applied in the first
step. An anti-CRP antibody was added in the second step and a sandwich complex was
formed when CRP was presented in the tested sample. The assay had a dynamic range
for CPR equal to 0.05–200 mg/L, a limit of detection of 1 µg/L, a limit of quantification
of 2.5 µg/L, and lasted 12 min per assay cycle. Silicon chips are another platform gaining
high application potential including the use for CRP assays [127–130]. A silicon chip for
CRP was recently constructed by Psarouli and coworkers [131]. The researchers used an
optical method—Mach–Zehnder interferometer and a silicon chip with an immobilized
anti-CRP antibody. The interaction of CRP with immobilized antibodies was recorded by a
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signal represented by a phase shift. The assay exerted a limit of detection of 2.1 µg/L and
the achieved signal was linear up to a CRP concentration of 100 µg/L. One assay cycle was
finished within 12 min. A survey of the cited biosensors and bioassays for CRP is given in
Table 3.

Table 3. Survey of biosensors and bioassays for CRP measurement.

Assay Principle Recognition Part Sensor Platform Limits of detection and Other
Reported Specifications References

Impedimetry, cyclic
voltammetry

Molecularly imprinted
polymer: CRP
imprinted into
methacrylate

membrane

screen-printed electrodes
with metallic nanoparticles limit of detection 120 µg/L [115]

Square wave
voltammetry RNA aptamer

screen-printed electrodes
with chitosan containing

carbon nanofibers and
methylene blue

linear range
120 ng/L–1.8 µg/L, limit of

detection 44 ng/L
[116]

Differential pulse
voltammetry anti-CRP antibody

screen-printed carbon
electrodes sprayed and
electrodeposited with

graphene quantum dots

linearity 0.05–10 µg/L, limit of
quantification 0.072 µg/L,

limit of detection 0.024 µg/L
[117]

Piezoelectric anti-CRP antibody quartz crystal microbalance limit of detection 0.08 mg/L [118]

Optical guided-mode
resonance anti-CRP antibody

guided-mode resonance
optofluidic biosensing

system

limit of detection 19.5 µg/L,
assay time 20 min [121]

Optical long-period
fiber grating anti-CRP antibody optical fiber

limit of detection 0.15 µg/L
and working range
1 µg/–100 mg/L

[122]

Fluorimetric bioassay
affimer: Eu3+ ions

chelated by a modified
synthetic protein

fluorimetry

limit of detection 1.2 pg/L,
applicable range

1.2 pg/L–1.2 µg/L, time of an
assay 2–3 min

[123]

White light reflectance
spectroscopy anti-CRP antibody light reflectance

spectroscopy

dynamic range for
0.05–200 mg/L, limit of

detection 1 µg/L
[126]

Mach–Zehnder
interferometry anti-CRP antibody

silicon chip as a part of
Mach–Zehnder
interferometer

limit of detection 2.1 µg/L, one
assay cycle 12 min [131]

The recently developed biosensors and bioassays discussed in this text represent an-
alytical devices that would be performed in field or point-of-care conditions. Compared
to the commercially available point-of-care test such as immunoturbidimetry and lateral
flow tests, the new types of biosensors and bioassays exert improved analytical specifica-
tions, making them suitable to even recognize CRP levels, indicating a moderate risk of
pathologies (typical threshold of 1 mg/L) and even competing with standard laboratory
methods such as ELISA. Miniaturization makes the currently developed biosensors and
bioassays sized to standards common for wearable electronics. These facts will probably be
recognized shortly.

5. Conclusions

The relevance of CRP for various diagnoses is a known fact and many commercial
tests are manufactured for clinical purposes. There is a growing interest in making the
test available for any user and suitable for use under point-of-care conditions. The current
analytical tests can provide either high accuracy or sensitivity, but such methods are
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suitable for use in laboratories only or available for anyone, and sensitivity and other
specifications are worsened due to simplicity. The simple tests for point-of-care conditions
have substantial flaws such as high limits of detection, the inability to provide accurate
information about the concentration of CRP, or the long time needed for one assay. New
types of bioassays are developed to replace less reliable or elaborative methods and there
are expectations that new generations of devices such as biosensors will provide high
sensitivity and good accuracy on the one hand and a user-friendly assay protocol to allow
the use of the device under the point-of-care conditions on the other hand. The development
and introduction into praxis of the new biosensors and bioassays are also dependent on the
availability of new highly sensitive materials such as aptamers or industrially produced
antibodies, and sensor platforms allowing the manufacturing of cheap analytical devices
giving the results after a one-step assay. When the developed technologies will reach
the praxis, patients and the healthcare system would gain a tool that would increase the
probability of a proper diagnosis and will reduce costs and negative consequences of
inadequate or late therapy.

Further development can also be related to the distinguishing of CRP forms. Because
the role of monomeric CRP and a comparison of standard pentameric CRP to the monomeric
variant has not been extensively studied in a larger population, it is not fully understood.
The next discoveries on monomeric CRP association with various pathogeneses can enhance
it as an important biomarker. Further research on analytical methods can take this fact
into account and new methods selective to either pentameric or monomeric CRP can
be developed.

Funding: A long-term organization development plan “Medical Aspects of Weapons of Mass De-
struction II” (Faculty of Military Health Sciences, University of Defense, Czech Republic) is grate-
fully acknowledged.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The author declares no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Qian, W.H.; Song, T.; Ye, M.; Huang, X.Y.; Li, Y.J.; Hao, B.J. Functionalized nanographene oxide/PEG/rhodamine B/gold

nanocomposite for electrochemical determination of glucose. J. Mater. Sci. Technol. 2022, 122, 141–147. [CrossRef]
2. Wu, B.F.; Xu, H.T.; Shi, Y.F.; Yao, Z.J.; Yu, J.Y.; Zhou, H.; Li, Y.P.; Chen, Q.L.; Long, Y.B. Microelectrode glucose biosensor based on

nanoporous platinum/graphene oxide nanostructure for rapid glucose detection of tomato and cucumber fruits. Food Qual. Saf.
2022, 6, 11. [CrossRef]

3. Yang, B.; Wang, K.Y.; Zhou, J.H.; Shao, X.Y.; Gu, X.F.; Xue, Y.S.; Tian, S. Ratiometric SERS detection of H2O2 and glucose using a
pyrroloquinoline skeleton containing molecule as H2O2-responsive probe. Appl. Surf. Sci. 2022, 590, 10. [CrossRef]

4. Kuznetsova, L.S.; Arlyapov, V.A.; Kamanina, O.A.; Lantsova, E.A.; Tarasov, S.E.; Reshetilov, A.N. Development of Nanocomposite
Materials Based on Conductive Polymers for Using in Glucose Biosensor. Polymers 2022, 14, 1543. [CrossRef] [PubMed]

5. Lew, T.T.S.; Aung, K.M.M.; Ow, S.Y.; Amrun, S.N.; Sutarlie, L.; Ng, L.F.P.; Su, X.D. Epitope-Functionalized Gold Nanoparticles for
Rapid and Selective Detection of SARS-CoV-2 IgG Antibodies. ACS Nano 2021, 15, 12286–12297. [CrossRef] [PubMed]

6. Polvere, I.; Voccola, S.; D’Andrea, S.; Zerillo, L.; Varricchio, R.; Madera, J.R.; Stilo, R.; Vito, P.; Zotti, T. Evaluation of FAST
COVID-19 SARS-CoV-2 Antigen Rapid Test Kit for Detection of SARS-CoV-2 in Respiratory Samples from Mildly Symptomatic
or Asymptomatic Patients. Diagnostics 2022, 12, 650. [CrossRef]

7. Lustig, Y.; Keler, S.; Kolodny, R.; Ben-Tal, N.; Atias-Varon, D.; Shlush, E.; Gerlic, M.; Munitz, A.; Doolman, R.; Asraf, K.; et al.
Potential Antigenic Cross-reactivity Between Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) and Dengue
Viruses. Clin. Infect. Dis. 2021, 73, E2444–E2449. [CrossRef]

8. Anderson, C.E.; Huynh, T.; Gasperino, D.J.; Alonzo, L.F.; Cantera, J.L.; Harston, S.P.; Hsieh, H.V.; Marzan, R.; McGuire, S.K.;
Williford, J.R.; et al. Automated liquid handling robot for rapid lateral flow assay development. Anal. Bioanal. Chem. 2022,
414, 2607–2618. [CrossRef]

http://doi.org/10.1016/j.jmst.2022.02.013
http://doi.org/10.1093/fqsafe/fyab030
http://doi.org/10.1016/j.apsusc.2022.153020
http://doi.org/10.3390/polym14081543
http://www.ncbi.nlm.nih.gov/pubmed/35458293
http://doi.org/10.1021/acsnano.1c04091
http://www.ncbi.nlm.nih.gov/pubmed/34133128
http://doi.org/10.3390/diagnostics12030650
http://doi.org/10.1093/cid/ciaa1207
http://doi.org/10.1007/s00216-022-03897-9


Biosensors 2022, 12, 344 12 of 17

9. Rahbar, M.; Zou, S.Y.; Baharfar, M.; Liu, G.Z. A Customized Microfluidic Paper-Based Platform for Colorimetric Immunosensing:
Demonstrated via hCG Assay for Pregnancy Test. Biosensors 2021, 11, 474. [CrossRef]

10. Wang, X.; Xue, C.H.; Yang, D.; Jia, S.T.; Ding, Y.R.; Lei, L.; Gao, K.Y.; Jia, T.T. Modification of a nitrocellulose membrane with
nanofibers for sensitivity enhancement in lateral flow test strips. RSC Adv. 2021, 11, 26493–26501. [CrossRef]

11. Chang, R.C.H.; Wang, C.Y.; Li, H.H.; Chiu, C.D. Drunk Driving Detection Using Two-Stage Deep Neural Network. IEEE Access
2021, 9, 116564–116571. [CrossRef]

12. Hackett, M.A.; Gorczynski, L.Y.; Martin, T.L. The effect of non-alcoholic food and beverage consumption on preliminary breath
alcohol testing by the Drager Alcotest 6810 and Alco-Sensor FST. Can. Soc. Forensic Sci. J. 2017, 50, 131–145. [CrossRef]

13. Zhang, K.; Xie, K.; Zhang, C.X.; Liang, Y.J.; Chen, Z.K.; Wang, H.F. C-reactive protein testing to reduce antibiotic prescribing for
acute respiratory infections in adults: A systematic review and meta-analysis. J. Thorac. Dis. 2022, 14, 123. [CrossRef]

14. Kharel, S.; Ojha, R.; Preethish-Kumar, V.; Bhagat, R. C-reactive protein levels in patients with amyotrophic lateral sclerosis: A
systematic review. Brain Behav. 2022, 12, 8. [CrossRef] [PubMed]

15. Fernandez-Sampedro, M.; Sanles-Gonzalez, I.; Garcia-Ibarbia, C.; Fananas-Rodriquez, N.; Fakkas-Fernandez, M.; Farinas, M.C.
The poor accuracy of D-dimer for the diagnosis of prosthetic joint infection but its potential usefulness in early postoperative
infections following revision arthroplasty for aseptic loosening. BMC Infect. Dis. 2022, 22, 10. [CrossRef]

16. Moutachakkir, M.; Lamrani Hanchi, A.; Baraou, A.; Boukhira, A.; Chellak, S. Immunoanalytical characteristics of C-reactive
protein and high sensitivity C-reactive protein. Ann. Biol. Clin. 2017, 75, 225–229. [CrossRef] [PubMed]

17. Pathak, A.; Agrawal, A. Evolution of C-Reactive Protein. Front. Immunol. 2019, 10, 943. [CrossRef]
18. Shrive, A.K.; Cheetham, G.M.; Holden, D.; Myles, D.A.; Turnell, W.G.; Volanakis, J.E.; Pepys, M.B.; Bloomer, A.C.; Greenhough,

T.J. Three dimensional structure of human C-reactive protein. Nat. Struct. Biol. 1996, 3, 346–354. [CrossRef]
19. Wang, H.W.; Sui, S.F. Dissociation and subunit rearrangement of membrane-bound human C-reactive proteins. Biochem. Biophys.

Res. Commun. 2001, 288, 75–79. [CrossRef]
20. Nazarov, P.G.; Polevshchikov, A.V.; Berestovaya, L.K.; Petrov, I.V.; Ponomarenko, V.V. Characterization of antigenic and cytotropic

properties of C-reactive protein subunits. Bull. Exp. Biol. Med. 1993, 116, 1512–1514. [CrossRef]
21. Eisenhardt, S.U.; Thiele, J.R.; Bannasch, H.; Stark, G.B.; Peter, K. C-reactive protein How conformational changes influence

inflammatory properties. Cell Cycle 2009, 8, 3885–3892. [CrossRef] [PubMed]
22. Zen, Q.; Zhong, W.J.; Mortensen, R.F. Binding site on human C-reactive protein (CRP) recognized by the leukocyte CRP-receptor.

J. Cell. Biochem. 1997, 64, 140–151. [CrossRef]
23. Guillon, C.; Bigouagou, U.M.; Folio, C.; Jeannin, P.; Delneste, Y.; Gouet, P. A staggered decameric assembly of human C-reactive

protein stabilized by zinc ions revealed by X-ray crystallography. Protein Pept. Lett. 2014, 22, 248–255. [CrossRef] [PubMed]
24. Waterhouse, A.; Bertoni, M.; Bienert, S.; Studer, G.; Tauriello, G.; Gumienny, R.; Heer, F.T.; de Beer, T.A.P.; Rempfer, C.; Bordoli,

L.; et al. SWISS-MODEL: Homology modelling of protein structures and complexes. Nucleic Acids Res. 2018, 46, W296–W303.
[CrossRef]

25. Bienert, S.; Waterhouse, A.; de Beer, T.A.; Tauriello, G.; Studer, G.; Bordoli, L.; Schwede, T. The SWISS-MODEL Repository-new
features and functionality. Nucleic Acids Res. 2017, 45, D313–D319. [CrossRef]

26. Guex, N.; Peitsch, M.C.; Schwede, T. Automated comparative protein structure modeling with SWISS-MODEL and Swiss-
PdbViewer: A historical perspective. Electrophoresis 2009, 30, S162–S173. [CrossRef]

27. Sproston, N.R.; Ashworth, J.J. Role of C-Reactive Protein at Sites of Inflammation and Infection. Front. Immunol. 2018, 9, 754.
[CrossRef]

28. Sucajtys-Szulc, E.; Debska-Slizien, A.; Rutkowski, B.; Milczarek, R.; Pelikant-Malecka, I.; Sledzinski, T.; Swierczynski, J.;
Szolkiewicz, M. Hepatocyte nuclear factors as possible C-reactive protein transcriptional inducer in the liver and white adipose
tissue of rats with experimental chronic renal failure. Mol. Cell. Biochem. 2018, 446, 11–23. [CrossRef]

29. Alikiaii, B.; Heidari, Z.; Bagherniya, M.; Askari, G.; Sathyapalan, T.; Sahebkar, A. The Effect of Statins on C-Reactive Protein in
Stroke Patients: A Systematic Review of Clinical Trials. Mediat. Inflamm. 2021, 2021, 10. [CrossRef]

30. Kayser, S.; Brunner, P.; Althaus, K.; Dorst, J.; Sheriff, A. Selective Apheresis of C-Reactive Protein for Treatment of Indications
with Elevated CRP Concentrations. J. Clin. Med. 2020, 9, 2947. [CrossRef]

31. Enocsson, H.; Karlsson, J.; Li, H.Y.; Wu, Y.; Kushner, I.; Wetterö, J.; Sjöwall, C. The Complex Role of C-Reactive Protein in Systemic
Lupus Erythematosus. J. Clin. Med. 2021, 10, 5837. [CrossRef] [PubMed]

32. Melnikov, I.S.; Kozlov, S.G.; Saburova, O.S.; Avtaeva, Y.N.; Prokofieva, L.V.; Gabbasov, Z.A. Current Position on the Role of
Monomeric C-reactive Protein in Vascular Pathology and Atherothrombosis. Curr. Pharm. Des. 2020, 26, 37–43. [CrossRef]
[PubMed]

33. Wu, Y.; Ji, S.R.; Wang, H.W.; Sui, S.F. Study of the spontaneous dissociation of rabbit C-reactive protein. Biochemistry 2002,
67, 1377–1382. [CrossRef] [PubMed]

34. Heuertz, R.M.; Schneider, G.P.; Poternpa, L.A.; Webster, R.O. Native and modified C-reactive protein bind different receptors on
human neutrophils. Int. J. Biochem. Cell Biol. 2005, 37, 320–335. [CrossRef] [PubMed]

35. Michowitz, Y.; Arbel, Y.; Wexler, D.; Sheps, D.; Rogowski, O.; Shapira, I.; Berliner, S.; Keren, G.; George, J.; Roth, A. Predictive
value of high sensitivity CRP in patients with diastolic heart failure. Int. J. Cardiol. 2008, 125, 347–351. [CrossRef]

http://doi.org/10.3390/bios11120474
http://doi.org/10.1039/D1RA04369B
http://doi.org/10.1109/ACCESS.2021.3106170
http://doi.org/10.1080/00085030.2017.1328160
http://doi.org/10.21037/jtd-21-705
http://doi.org/10.1002/brb3.2532
http://www.ncbi.nlm.nih.gov/pubmed/35201675
http://doi.org/10.1186/s12879-022-07060-8
http://doi.org/10.1684/abc.2017.1232
http://www.ncbi.nlm.nih.gov/pubmed/28377336
http://doi.org/10.3389/fimmu.2019.00943
http://doi.org/10.1038/nsb0496-346
http://doi.org/10.1006/bbrc.2001.5733
http://doi.org/10.1007/BF00785486
http://doi.org/10.4161/cc.8.23.10068
http://www.ncbi.nlm.nih.gov/pubmed/19887916
http://doi.org/10.1002/(SICI)1097-4644(199701)64:1&lt;140::AID-JCB16&gt;3.0.CO;2-P
http://doi.org/10.2174/0929866522666141231111226
http://www.ncbi.nlm.nih.gov/pubmed/25552313
http://doi.org/10.1093/nar/gky427
http://doi.org/10.1093/nar/gkw1132
http://doi.org/10.1002/elps.200900140
http://doi.org/10.3389/fimmu.2018.00754
http://doi.org/10.1007/s11010-018-3268-1
http://doi.org/10.1155/2021/7104934
http://doi.org/10.3390/jcm9092947
http://doi.org/10.3390/jcm10245837
http://www.ncbi.nlm.nih.gov/pubmed/34945133
http://doi.org/10.2174/1381612825666191216144055
http://www.ncbi.nlm.nih.gov/pubmed/31840602
http://doi.org/10.1023/a:1021862027061
http://www.ncbi.nlm.nih.gov/pubmed/12600267
http://doi.org/10.1016/j.biocel.2004.07.002
http://www.ncbi.nlm.nih.gov/pubmed/15474978
http://doi.org/10.1016/j.ijcard.2007.02.037


Biosensors 2022, 12, 344 13 of 17

36. Monneret, D.; Mestari, F.; Djiavoudine, S.; Bachelot, G.; Cloison, M.; Imbert-Bismut, F.; Bernard, M.; Hausfater, P.; Lacorte, J.M.;
Bonnefont-Rousselot, D. Wide-range CRP versus high-sensitivity CRP on Roche analyzers: Focus on low-grade inflammation
ranges and high-sensitivity cardiac troponin T levels. Scand. J. Clin. Lab. Investig. 2018, 78, 346–351. [CrossRef]

37. Kondo, F.; Takegami, Y.; Ishizuka, S.; Hasegawa, Y.; Imagama, S. The association of the progression of knee osteoarthritis with
high-sensitivity CRP in community-dwelling people-the Yakumo study. Clin. Rheumatol. 2021, 40, 2643–2649. [CrossRef]

38. Tsuriya, D.; Morita, H.; Morioka, T.; Takahashi, N.; Ito, T.; Oki, Y.; Nakamura, H. Significant Correlation Between Visceral
Adiposity and High-sensitivity C-reactive Protein (hs-CRP) in Japanese Subjects. Intern. Med. 2011, 50, 2767–2773. [CrossRef]

39. Komulainen, P.; Lakka, T.A.; Kivipelto, M.; Hassinen, M.; Penttila, I.M.; Helkala, E.L.; Gylling, H.; Nissinen, A.; Rauramaa, R.
Serum high sensitivity C-reactive protein and cognitive function in elderly women. Age Ageing 2007, 36, 443–448. [CrossRef]

40. Bisaria, S.; Terrigno, V.; Hunter, K.; Roy, S. Association of Elevated Levels of Inflammatory Marker High-Sensitivity C-Reactive
Protein and Hypertension. J. Prim. Care Community Health 2020, 11, 8. [CrossRef]

41. Kumar, R.; Porwal, Y.C.; Dev, N.; Kumar, P.; Chakravarthy, S.; Kumawat, A. Association of high-sensitivity C-reactive protein
(hs-CRP) with non-alcoholic fatty liver disease (NAFLD) in Asian Indians: A cross-sectional study. J. Fam. Med. Prim. Care 2020,
9, 390–394. [CrossRef]

42. Orlandi, M.; Muñoz Aguilera, E.; Marletta, D.; Petrie, A.; Suvan, J.; D’Aiuto, F. Impact of the treatment of periodontitis on
systemic health and quality of life: A systematic review. J. Clin. Periodontol. 2021. [CrossRef]

43. Choubaya, C.; Chahine, N.; Aoun, G.; Anil, S.; Zalloua, P.; Salameh, Z. Expression of Inflammatory Mediators in Periodontitis
Over Established Diabetes: An Experimental Study in Rats. Med. Arch. 2021, 75, 436–443. [CrossRef] [PubMed]

44. Sondenaa, K.; Buan, B.; Soreide, J.A.; Nysted, A.; Andersen, E.; Nesvik, I.; Osland, A. Rapid C-reactive protein (CRP) measure-
ments in the diagnosis of acute appendicitis. Scand. J. Clin. Lab. Investig. 1992, 52, 585–589. [CrossRef]

45. Gibson, A.E.; Buchholz, A.C.; Martin Ginis, K.A. C-Reactive protein in adults with chronic spinal cord injury: Increased chronic
inflammation in tetraplegia vs paraplegia. Spinal Cord 2008, 46, 616–621. [CrossRef] [PubMed]

46. Gorabi, A.M.; Abbasifard, M.; Imani, D.; Aslani, S.; Razi, B.; Alizadeh, S.; Bagheri-Hosseinabadi, Z.; Sathyapalan, T.; Sahebkar, A.
Effect of curcumin on C-reactive protein as a biomarker of systemic inflammation: An updated meta-analysis of randomized
controlled trials. Phytother. Res. 2022, 36, 85–97. [CrossRef] [PubMed]

47. Arbutina, D.D.; Milic, L.; Cuk, V.V.; Juloski, J.T.; Radulovic, R.; Starcevic, A.; Karamarkovic, A.R. Significance of Biomarkers in
Early Diagnosis of Abdominal Sepsis. Chirurgia 2022, 117, 30–36. [CrossRef] [PubMed]

48. Wang, J.; Hu, Y.; Kuang, Z.; Chen, Y.; Xing, L.; Wei, W.; Xue, M.; Mu, S.; Tong, C.; Yang, Y.; et al. GPR174 mRNA Acts as a Novel
Prognostic Biomarker for Patients With Sepsis via Regulating the Inflammatory Response. Front. Immunol. 2021, 12, 789141.
[CrossRef]

49. Ahmed, M.A.; Askar, G.A.; Farghaly, H.S.; Ahmed, A.O.; Kamal, D.T.; Ahmed, S.S.; Mohamad, I.L. Accuracy of Cerebrospinal
Fluid C-Reactive Protein and Multiplex Polymerase Chain Reaction and Serum Procalcitonin in Diagnosis of Bacterial and Viral
Meningitis in Children. Acta Neurol. Taiwan 2022, 31, 61–71.

50. Tao, M.; Zheng, D.; Liang, X.; He, Q.; Zhang, W. Diagnostic value of procalcitonin for bacterial infections in patients undergoing
hemodialysis: A systematic review and meta-analysis. Ren. Fail. 2022, 44, 81–93. [CrossRef]

51. Kusumaningrum, R.; Anam, M.S.; Dadiyanto, D.W.; Sidhartani, M.; Mexitalia, M. High sensitivity C-reactive protein level in
various manifestations of tuberculosis in children. Paediatr. Indones. 2021, 61, 253–260. [CrossRef]

52. Tong-Minh, K.; van der Does, Y.; Engelen, S.; de Jong, E.; Ramakers, C.; Gommers, D.; van Gorp, E.; Endeman, H. High
procalcitonin levels associated with increased intensive care unit admission and mortality in patients with a COVID-19 infection
in the emergency department. BMC Infect. Dis. 2022, 22, 165. [CrossRef] [PubMed]

53. Karimi, A.; Shobeiri, P.; Kulasinghe, A.; Rezaei, N. Novel Systemic Inflammation Markers to Predict COVID-19 Prognosis. Front.
Immunol. 2021, 12, 741061. [CrossRef] [PubMed]

54. Li, Y.; Wu, Y.; Gao, Y.; Niu, X.; Li, J.; Tang, M.; Fu, C.; Qi, R.; Song, B.; Chen, H.; et al. Machine-learning based prediction of
prognostic risk factors in patients with invasive candidiasis infection and bacterial bloodstream infection: A singled centered
retrospective study. BMC Infect. Dis. 2022, 22, 150. [CrossRef]

55. Guo, J.; Wu, Y.; Lai, W.; Lu, W.; Mu, X. The diagnostic value of (1,3)-β-D-glucan alone or combined with traditional inflammatory
markers in neonatal invasive candidiasis. BMC Infect. Dis. 2019, 19, 716. [CrossRef]

56. Garcia-Marchinena, P.; Billordo-Peres, N.; Tobia-Gonzalez, I.; Jurado, A.; Damia, O.; Gueglio, G. High-sensitivity C-reactive
protein as a predictor of locally advanced renal cell carcinoma. Arch. Esp. Urol. 2012, 65, 601–607.

57. Lanki, M.; Seppanen, H.; Mustonen, H.; Salmiheimo, A.; Stenman, U.H.; Salmi, M.; Jalkanen, S.; Haglund, C. Pancreatic cancer
survival prediction via inflammatory serum markers. Cancer Immunol. Immunother. 2022, 6, 1–6. [CrossRef]

58. Suzuki, S.; Katagiri, R.; Yamaji, T.; Sawada, N.; Imatoh, T.; Ihira, H.; Inoue, M.; Tsugane, S.; Iwasaki, M.; Japan Public Hlth
Ctr-based, P. Association between C-reactive protein and risk of overall and 18 site-specific cancers in a Japanese case-cohort. Br.
J. Cancer 2022, 9, 1481–1489. [CrossRef]

59. Sydenham, R.V.; Hansen, M.P.; Justesen, U.S.; Pedersen, L.B.; Aabenhus, R.M.; Wehberg, S.; Jarbøl, D.E. Factors associated with
C-reactive protein testing when prescribing antibiotics in general practice: A register-based study. BMC Prim Care 2022, 23, 17.
[CrossRef]

60. Prins, H.J.; Duijkers, R.; van der Valk, P.; Schoorl, M.; Daniels, J.M.A.; van der Werf, T.S.; Boersma, W.G. CRP-guided antibiotic
treatment in acute exacerbations of COPD in hospital admissions. Eur. Resp. J. 2019, 53, 10. [CrossRef]

http://doi.org/10.1080/00365513.2018.1471618
http://doi.org/10.1007/s10067-020-05541-2
http://doi.org/10.2169/internalmedicine.50.5908
http://doi.org/10.1093/ageing/afm051
http://doi.org/10.1177/2150132720984426
http://doi.org/10.4103/jfmpc.jfmpc_887_19
http://doi.org/10.1111/jcpe.13554
http://doi.org/10.5455/medarh.2021.75.436-443
http://www.ncbi.nlm.nih.gov/pubmed/35169371
http://doi.org/10.1080/00365519209115500
http://doi.org/10.1038/sc.2008.32
http://www.ncbi.nlm.nih.gov/pubmed/18414426
http://doi.org/10.1002/ptr.7284
http://www.ncbi.nlm.nih.gov/pubmed/34586711
http://doi.org/10.21614/chirurgia.2660
http://www.ncbi.nlm.nih.gov/pubmed/35272752
http://doi.org/10.3389/fimmu.2021.789141
http://doi.org/10.1080/0886022X.2021.2021236
http://doi.org/10.14238/pi61.5.2021.253-60
http://doi.org/10.1186/s12879-022-07144-5
http://www.ncbi.nlm.nih.gov/pubmed/35189826
http://doi.org/10.3389/fimmu.2021.741061
http://www.ncbi.nlm.nih.gov/pubmed/34745112
http://doi.org/10.1186/s12879-022-07125-8
http://doi.org/10.1186/s12879-019-4364-x
http://doi.org/10.1007/s00262-021-03137-6
http://doi.org/10.1038/s41416-022-01715-8
http://doi.org/10.1186/s12875-021-01614-6
http://doi.org/10.1183/13993003.02014-2018


Biosensors 2022, 12, 344 14 of 17

61. Hoffmann, K.; Leifheit, A.K.; Reichardt, B.; Maier, M. The antibiotic prescription and redemption gap and opportunistic CRP
point-of-care testing. A cross-sectional study in primary health care from Eastern Austria. Wien. Klin. Wochen. 2013, 125, 105–110.
[CrossRef] [PubMed]

62. Jakobsen, K.A.; Melbye, H.; Kelly, M.J.; Ceynowa, C.; Molstad, S.; Hood, K.; Butler, C.C. Influence of CRP testing and clinical
findings on antibiotic prescribing in adults presenting with acute cough in primary care. Scand. J. Prim. Health Care 2010,
28, 229–236. [CrossRef] [PubMed]

63. Lindstrom, J.; Nordeman, L.; Hagstrom, B. What a difference a CRP makes. A prospective observational study on how point-of-
care C-reactive protein testing influences antibiotic prescription for respiratory tract infections in Swedish primary health care.
Scand. J. Prim. Health Care 2015, 33, 275–282. [CrossRef]

64. Hart, P.C.; Rajab, I.M.; Alebraheem, M.; Potempa, L.A. C-Reactive Protein and Cancer-Diagnostic and Therapeutic Insights. Front.
Immunol. 2020, 11, 595835. [CrossRef] [PubMed]

65. Potempa, L.A.; Rajab, I.M.; Olson, M.E.; Hart, P.C. C-Reactive Protein and Cancer: Interpreting the Differential Bioactivities of Its
Pentameric and Monomeric, Modified Isoforms. Front. Immunol. 2021, 12, 744129. [CrossRef] [PubMed]

66. Siennicka, A. Association between microvesicles bearing monomeric C-reactive protein and platelet reactivity. Relationship with
low response to antiplatelet drugs? J. Physiol. Pharmacol. 2021, 72. [CrossRef]

67. Slevin, M.; Heidari, N.; Azamfirei, L. Monomeric C-Reactive Protein: Current Perspectives for Utilization and Inclusion as a
Prognostic Indicator and Therapeutic Target. Front. Immunol. 2022, 13, 866379. [CrossRef]

68. Moriarity, D.P.; Horn, S.R.; Kautz, M.M.; Haslbeck, J.M.B.; Alloy, L.B. How handling extreme C-reactive protein (CRP) values and
regularization influences CRP and depression criteria associations in network analyses. Brain Behav. Immun. 2021, 91, 393–403.
[CrossRef]
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