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Abstract
A highly-sensitive immunoassay \(IA) procedure with minimal process steps has been developed for the
detection of human C-reactive protein \(CRP) in less than 30 min. Graphene nanoplatelets \(GNP) was
admixed with 3-aminopropyltriethoxysilane \(APTES) and EDC-activated anti-human CRP antibody \(Ab)
to form a stable complex that was then covalently attached to a KOH-pretreated polystyrene microtiter
plate \(MTP). The developed one-step kinetics-based IA involves the formation of a sandwich immune
complex followed by two washings and an enzyme-based colorimetric reaction that was read by a
smartphone-based colorimetric reader \(SBCR). The detection range of CRP was 0.03-81 ng mL-1 with a
limit of detection \(LOD) and a limit of quanti�cation \(LOQ) of 0.07 ng mL-1 and 0.9 ng mL-1,
respectively. Moreover, the developed IA enabled the detection of CRP spiked in diluted human whole
blood and plasma as well as CRP present in clinical plasma samples with high analytical precision,
thereby demonstrating its immense utility for biomedical diagnostics.

Introduction
As member of a class of acute-phase reactants that mediates innate and adaptive immunity 1-3, CRP
plays an important role in the host defense by binding to phosphocholine and related molecules on
microorganisms. This important biomarker needs to be measured routinely in infectious and
in�ammatory conditions 4, neonatal sepsis 5-9, depressive and posttraumatic stress 10-12, diabetes 13-15

and cardiovascular diseases 16-20. The normal human sera contain CRP in the range of 0.8-480 µg mL-1 2,
compared to 10-40 µg mL-1 in patients with mild in�ammation and viral infection. In active in�ammation
and bacterial infections, and severe bacterial infections, the CRP levels in sera are in the ranges of 40-200
µg mL-1 and >200 µg mL-1, respectively 2. In case of neonatal sepsis, two clinically-relevant CRP
concentration ranges need to be determined i.e. normal \(0.2-480 µg mL-1) and high sensitivity \(0.08-80
µg mL-1). A high sensitive CRP IA is performed, which is followed by the normal CRP IA if the CRP level is
above 80 µg mL-1. To date, different analytical methods 21 have been developed for the determination of
CRP, such as immunoturbidimetry 22,23, enzyme-linked immunosorbent assay \(ELISA) 24-26, surface
plasmon resonance 27, chemiluminescence 28, impedimetry 29, beads 30, microgravimetry 31,
re�ectometric interference spectroscopy 32, electrochemistry 33 and micro�uidics 34. Nevertheless, ELISA
is still the most widely used IA format in clinical settings due to its high precision and sensitivity. This
article describes a rapid and highly-sensitive CRP IA format 35 \(**Fig. 1**) in conjunction with a
smartphone-based colorimetric reader \(SBCR) 26, which enables the precise determination of CRP in
diluted human whole blood and plasma. The developed IA \(DIA) aims at the differential diagnosis of
neonatal sepsis 36,37. It is a signal-enhanced IA format based on the increased surface area provided by
the use of graphene nanoplatelets \(GNPs), which leads to higher covalent binding of the capture CRP
antibody \(Ab). The Ab immobilization is performed by a novel and highly simpli�ed procedure based on
the admixing of EDC-activated Ab with GNPs in APTES inside the MTP wells. The use of APTES 38 and
heterobifunctional crosslinking yields a leach-proof covalent binding of Ab to the GNPs-functionalized
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MTP. The bioanalytical performance of the DIA is compared with that of the conventional sandwich
ELISA and the clinically-accredited analyzer-based IA.

Reagents
• **Human CRP Duoset kit** \(R & D Systems, cat. no. DY1707E) **\!CAUTION** Store reconstituted Ab
and antigen at 2-8 °C, if they are to be used within a month. Otherwise, prepare aliquots and store at -20
°C to -70 °C for up to 6 months. The kit comprises of • Mouse anti-human CRP capture Ab \(360 μg mL-1)
• Recombinant human CRP \(90 ng mL-1) • Biotinylated mouse anti-human CRP detection Ab \(22.5 µg
mL-1) • Streptavidin-conjugated horseradish peroxidase \(SA-HRP) **\!CAUTION** Do not freeze. Store in
the dark as streptavidin is light-sensitive. The Human CRP Duoset kit’s components can also be
purchased separately, i.e. human CRP Ab \(cat. no. MAB17071), human CRP biotinylated antibody \(cat.
no. BAM17072) and recombinant human CRP \(cat. no. 1707-CR). • **Blocker BSA in PBS** \(10X), pH
7.4, 10% \(w/v) \(Thermo Scienti�c, cat. no. 37525) **CRITICAL** Filter with 0.2 µm pore size �lter paper
prior to use to avoid contamination. • **Sulfuric acid** \(Aldrich, cat. no. 339741) **\!CAUTION** Use
personal protective equipment \(PPE), such as chemical safety glasses, chemical-resistant shoes and lab
coats, for handling. Handle only in a fume cabinet. Avoid skin contact as it is a strong corrosive agent
and an irritant. In case of skin contact, wash immediately with acid neutralizers and seek medical advice
as soon as possible. • **BupH Phosphate Buffered Saline Packs** \(0.1 M sodium phosphate, 0.15 M
sodium chloride, pH 7.2) \(Thermo Scienti�c, cat. no. 18372) **\!CAUTION** Avoid inhalation.
**CRITICAL** Prepare in autoclaved DIW \(18Ω), see **REAGENT SETUP**. • **BupH MES Buffered Saline
Packs** \(0.1 M MES \[2-\(N- morpholino)ethane sulfonic acid], 0.9 % \(w/v) sodium chloride, pH 4.7) \
(Thermo Scienti�c, cat no. 28390) **\!CAUTION** Avoid inhalation. **CRITICAL** Prepare in autoclaved
DIW, see **REAGENT SETUP**. • **TMB substrate kit** \(Thermo Scienti�c, cat. no. 34021) • TMB
solution \(0.4 g L-1) **\!CAUTION** Skin, eye and lung irritant. In case of skin contact, wash with plenty of
water. **CRITICAL** Maintain the TMB to peroxide ratio as 1:1 as it is critical for color development. •
Hydrogen peroxide solution \(containing 0.02 % v/v H2O2 in citric acid buffer) \(Thermo Scienti�c).
**\!CAUTION** Use PPE and work in a safety cabinet or fume cupboard. It is a strong oxidizing agent,
harmful if swallowed, and caused severe risk of damage to eyes. In case of contact, rinse immediately
with plenty of water and seek medical attention. • **KOH pellets \(99.99%), semiconductor grade** \
(Sigma Aldrich, cat. no. 306568) **\!CAUTION** Use PPE and handle in a safety cabinet. Avoid contact
with skin and eyes as it can cause severe burns. **CRITICAL** The concentration of KOH must be 1% \
(w/v) in autoclaved DIW. Higher concentrations may affect the surface properties, thereby leading to
decreased binding of capture antibodies. • **3-aminopropyltriethoxysilane \(3-APTES)** \(Sigma Aldrich,
cat. no. A3684) **\!CAUTION** Use PPE and handle in a safety cabinet. Avoid contact with skin and eyes
as it is a skin and eye irritant, and highly toxic to kidney. **CRITICAL** Prepare in autoclaved DIW, see
**REAGENT SETUP**. • **Human whole blood \(HQ-Chex level 2)** \(Streck, cat. no. 232754) 180 day
closed-vial stability and 30 day open-vial stability. • **Human serum \(CRP free)** \(HyTest Ltd., cat. no.
8CFS) • **1-Ethyl-3-\(3-dimethylaminopropyl)-carbodiimide hydrochloride \(EDC)** \(Thermo Scienti�c,
cat. no. 22981) **\!CAUTION** Use PPE and handle inside a fume cupboard as it is an irritant. Being
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hygroscopic, it absorbs moisture that leads to loss of its activity. Equilibrate to room temperature \(RT)
before opening the container. **CRITICAL** Store at recommended temperature \(-20 °C). Reconstitute in
0.1M MES, pH 4.7, see **REAGENT SETUP**. • **Graphene nanoplatelets** \(diameter 5 µm) \(Cheap
Tubes Inc., cat. no. Grade 2 Graphene Nanoplatelets) • Recombinant human serum albumin \(HSA),
human fetuin A \(HFA), human lipocalin 2 \(LCN2), interleukin \(IL)-1β, IL-6, IL-8 and tumor necrosis
factor \(TNF)-α \(RnD Systems) • Deionized water \(18 Ω, DIW). \(Millipore, Direct-Q®3 Water Puri�cation
System) • Nunc microwell 96-well polystyrene plates, �at bottom \(non-treated), sterile \(Sigma Aldrich,
cat. no. P7491) • Eppendorf microtubes \(1.5 mL; Sigma Aldrich, cat. no. Z 606340) • Sigmaplot software
version 11.2 \(Systat) **REAGENT SETUP** **PBS**. Add a BupH PBS pack to 100 mL of autoclaved
DIW, dissolve well and adjust the volume up to 500 mL using autoclaved DIW. Each pack makes 500 mL
of PBS at pH 7.2, which can be stored at RT for a week and up to four weeks at 4ºC **MES**. Add a BupH
MES pack to 100 mL of autoclaved DIW, dissolve well and adjust the volume up to 500 mL using
autoclaved DIW. Each pack makes 500 mL of MES at pH 4.7, which can be stored at RT for up to two
weeks. **APTES**. Reconstitute the commercially supplied APTES solution \(99% purity) in autoclaved
DIW to make an effective 0.25% \(v/v) solution. Prepare a fresh solution for each DIA run. **EDC**. Each
pack contains 25 g EDC. Reconstitute in 0.1M MES buffer, pH 4.7, at a concentration of 8 mg mL-1.
Aliquots can be stored for six months at -20 °C. **Binding buffer**. 0.1% BSA in PBS, pH 7.4. **Washing
buffer**. 0.05% Tween® 20 in PBS, pH 7.4 \(PBST). **GNPs**. GNPs \(1 mg) was mixed with 1 mL of
0.25% APTES followed by sonication for 1 h. **EDC-activated anti-human CRP Ab**. Dissolve 0.4 mg EDC
in 100 µL of 0.1M MES, pH 4.7. Incubate 990 μL of the anti-human CRP Ab \(4 μg mL-1) with 10 μL of
EDC \(4 mg mL-1) solution for 15 min at RT. **CRITICAL STEP** The concentration of EDC is important
for optimal cross-linking. Use the recommended concentration of EDC. **?TROUBLESHOOTING** **Anti-
CRP capture Ab-bound GNPs**. The EDC-activated Ab was mixed with GNPs \(1 mg mL-1) in 0.25%
APTES in the ratio of 1:1 \(v/v). Thereafter, the anti-human CRP Ab solution \(2 µg mL-1, 0.5 mg mL-1

GNPs and 0.125% APTES) was added to the MTP wells and incubated for 30 min at RT. The resulting
wells were then washed �ve times with PBST. **Biotinylated anti-CRP detection Ab conjugated to SA-
HRP**. Biotinylated anti-CRP detection Ab conjugated to SA-HRP was prepared by adding 1 µL of
biotinylated anti-CRP detection antibody \(0.5 mg mL-1) to 1 µL of SA-HRP to 2998 µL of the binding
buffer followed by 20 min of incubation at RT. As a result, the concentration of biotinylated anti-CRP
detection Ab used was 0.17 µg mL-1, while SA-HRP dilution employed was 1:3000. **CRP spiked diluted
human whole blood or serum.** The CRP spiked samples \(0.3-81 ng mL-1) were prepared by mixing the
desired CRP concentrations in 1:100 diluted human whole blood/serum. EDTA plasma samples from
anonymized patients. The EDTA plasma samples from anonymized patients were diluted 1:1000 and
1:4000 in the binding buffer. The resulting CRP concentration in these samples falls within the linear
range of the DIA, thereby enabling the detection of an entire pathophysiological concentration range of
human CRP.

Equipment
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• -70 °C freezer \(operating range -60 to -86 °C) \(New Brunswick) • 2-8 °C refrigerator \(Future, UK) •
Direct-Q®3 water puri�cation system \(Millipore, USA) • Tecan In�nite M200 Pro microplate reader \
(Tecan, Austria GmbH) • Mini incubator \(Labnet Inc., UK) • PVC fume cupboard Chem�ow range \(CSC
Ltd.) • Roche COBAS® 8000 modular analyzer • Samsung Galaxy SIII mini • iPAD mini

Procedure
**KOH pretreatment TIMING ~ 12 min** 1. Incubate the MTP well surface with 100 μL of 1% \(w/v) KOH
in DIW for 10 min and wash �ve times with 300 μL DIW per well). **CRITICAL STEP** KOH treatment
should not be over 10 min as it may cause strong aberrations in the surface that may change the surface
properties. **?TROUBLESHOOTING** **Ab immobilization and BSA blocking TIMING ~ 1 h 15 min** 2.
Mix EDC-activated Ab with GNPs \(1 mg mL-1) in 0.25% APTES in the ratio of 1:1 \(v/v). Add 100 µL of
the resulting anti-human CRP Ab solution \(2 µg mL-1, 0.5 mg mL-1 GNPs and 0.125% APTES) to the MTP
wells and incubate for 30 min at RT. Wash the resulting Ab-bound and GNPs-functionalized MTP wells
�ve times with 300 μL of PBST. **?TROUBLESHOOTING** 3. Block the MTP wells by incubating with 300
μL of 5% \(w/v) BSA for 30 min a 37 °C and wash with 300 μL of wash buffer �ve times. Washing can
also be performed with an automatic plate washer. The blocking is essential to prevent non-speci�c
binding to the unbound sites available on the GNPs and the MTP39. **CRITICAL STEP** Use �ltered BSA
or �lter the BSA solution prior to use to remove any microbial or other contaminants. **?
TROUBLESHOOTING** **Developed CRP IA TIMING 30 min** 4. Dispense sequentially 100 µL of
biotinylated anti-CRP detection Ab \(0.17 µg mL-1) pre-conjugated to SA-HRP and 100 µL of CRP \
(varying concentrations; 0.3-81 ng mL-1) to the Ab-bound and BSA-blocked MTP wells. Incubate for 15
min at 37 °C. **CRITICAL STEP** Prepare the human CRP concentrations in BSA-preblocked sample vials
to minimize the analyte loss due to non-speci�c surface binding 39. **?TROUBLESHOOTING** 5. Wash
the resulting sandwich immune complex-bound MTP with 300 µL of PBST �ve times to remove the non-
speci�cally substances and excess IA reagents. 6. Add 100 µL of the TMB-H2O2 mixture to each MTP well
and incubate at RT for 4 min to allow the enzymatic reaction to develop color. **?TROUBLESHOOTING**
7. Stop the enzymatic reaction by adding 50 µL of 2N H2SO4 to each MTP well. **Smartphone readout
and image analysis TIMING 5 min** 8. Perform the colorimetric readout of the MTP by smartphone
imaging using our developed SBCR set up \(**Fig. 2**). Place the iPAD mini in the designated groove of
the base holder followed by placing the 96-well MTP on the iPAD mini’s screensaver that provides white
light-based bottom illumination only in the speci�c regions corresponding to the bottom of the MTP’s
wells. Put the dark box on top of the base holder in the alignment groove. Perform the Samsung SIII
mini’s back camera based imaging of the colorimetric reaction in the MTP by placing the smartphone
inside the designated groove on top of the dark hood. 9. Determine the desired pixel intensity \(PI) of the
captured smartphone image by Image J \(http://imagej.nih.gov/ij) \(**Fig. 2C**). Split the color channel
of the image and identify the pixel coordinate of individual MTP well’s center using the red channel
image. A mean of neighboring pixels \(varies based on the resolution of the camera) from the center was
calculated for all the channels individually. The composite mean PI \(CMPI) was derived from the
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following color-weighted formula \[CMPI = 0.7 MPIBlue + 0.2 MPIGreen + 0.1 MPIRed]. The desired PI was
then determined as 255 – CMPITest Conc – CMPIBlank. Plot the resulting CMPI against their respective
logarithmic CRP concentrations using the four-parameter logistic based standard curve analysis.
Determine the concentration of unknown CRP samples on the basis of their PI from the resulting
calibration plot.

Timing
**Steps 1**, KOH pretreatment: **12 min** **Steps 2-3**, Ab immobilization and BSA blocking: **1 h 15
min** **Steps 4-7**, Developed CRP IA: **30 min** **Steps 8-9**, Smartphone readout and image
analysis: **5 min**

Troubleshooting
Troubleshooting advice is provided in **Table 1**.

Anticipated Results
The developed IA \(DIA) critically reduced the IA assay duration from 6 h \(commercial CRP sandwich
ELISA) to just 30 min apart from being cost-effective and highly-simpli�ed. It detects CRP with a dynamic
range and linearity of 0.03-81 ng mL-1 and 0.3 to 81 ng mL-1, respectively \(**Fig. 3A**). The LOD, LOQ,
EC50 and correlation coe�cient \(R2) values were 0.07 ng mL-1, 0.9 ng mL-1, 6.6 ng mL-1, and 0.999,
respectively. It detects the entire clinically-relevant CRP range \(0.08-480 µg mL-1) in spiked clinical
samples after appropriate dilution \(**Fig. 3A**). The intraday and interday variability, determined from
�ve assay repeats in triplicate in a single day and on �ve consecutive days, respectively, were 2.3-9.3 and
3.1-14.6, respectively. The DIA has high speci�city for CRP as it is unaffected by immunological reagents
and non-speci�c control proteins, as shown by various experimental process controls and the use of
LCN2, HFA, HSA, IL-1β, IL-6, IL-8 and TNF-α \(**Fig. 3B**). The selected non-speci�c proteins are usually
elevated along with CRP in patients with infections and other disorders. The determination of CRP in
anonymized EDTA plasma samples of patients by the DIA correlated well with the clinically-accredited
Roche COBAS® 8000 modular analyzer-based IA and the conventional sandwich ELISA \(**Table 2**) as
the percentage recoveries of CRP by the DIA were in the range of 98.1-117.0. The anti-human CRP Ab-
bound and BSA-blocked MTPs demonstrated high functional stability and leach-proof covalent binding
of capture Ab as there was no decrease in their functional activity when stored at 4 ºC in 0.1M PBS, pH
7.4 for up to 6 weeks \(**Fig. 3C**). Therefore, the DIA can be employed in clinical diagnostics, where the
Ab-bound MTPs need to be stored for up to 4 weeks to facilitate rapid CRP detection. The covalent
binding of Ab and the GNPs functionalization was further characterized by FTIR analysis. There was no
obvious batch-to-batch variability for various preparations of GNP-anti-CRP Ab when tested for the
detection of 9 ng mL-1 CRP, thereby demonstrating a high reproducible Ab immobilization procedure \
(**Fig. 3D**). The DIA is generic and can be reliably employed in clinical and bioanalytical settings. It can
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be employed to develop novel and fully automated POC IVD kits using lab-on-a-chip technologies,
micro�uidics and smart system integration.
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Figure 1

Schematic of the developed IA procedure Schematic of the developed graphene-based human CRP IA
procedure^35^. Reproduced with permission from Elsevier B.V.
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Figure 2

SBCR set up and image processing algorithm Figure 2. (A) SBCR employed for the DIA. It comprises of
iPAD mini, a polyamide base holder, a polyamide dark hood and a Samsung Galaxy SIII mini smartphone.
Reproduced with permission from Elsevier B.V.26 (B) Dimensions of the screensavers used for bottom
illumination of the 96-well MTP in iPAD mini. Reproduced with permission from Elsevier B.V.26. (C) Image
processing algorithm used for the DIA. Reproduced with permission from Elsevier Inc35.
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Figure 3

Bioanalytical performance of the developed IA DIA to determine human CRP35. (A) Detection of CRP in
PBS (10 mM, pH 7.4), diluted human plasma and diluted human whole blood. (B) Experimental process
controls being employed to evaluate the e�ciency of blocking and non-speci�c interactions between
immunoassay components, and non-speci�c interactions with other biomarkers. Anti-CRP1 and anti-
CRP2 are capture and detection antibodies, respectively. The control proteins employed are human serum
albumin (HSA), human lipocalin-2 (LCN2), human fetuin A (HFA), interleukin (IL)-1 beta, IL-6, IL-8 and
tumor necrosis factor (TNF)-alpha. (C) Storage stability of anti-human CRP capture Ab-bound graphene-
functionalized MTPs stored at 4 ºC in PBS for 6 weeks. (D) Determination of batch-to-batch variability for
various preparations of GNP-anti-CRP Ab, as demonstrated for the detection of 9 ng mL-1 CRP by the
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developed graphene-based IA. All experiments were performed in triplicate with the error bars representing
the standard deviation. Reproduced with permission from Elsevier Inc35.

Figure 4

Table 1 ?Troubleshooting Table
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Figure 5

Table 2 Correlation with Established Technology Determination of CRP in the EDTA plasma samples of
patients by the clinically-accredited Roche COBAS^®^ 8000 modular analyzer-based IA, the DIA and the
conventional sandwich ELISA-based IA (as used in the commercial human CRP Duoset ELISA kit)^35^.
Reproduced with permission from Elsevier Inc.


