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& An innovative, portable fluorescence reader was developed for the determination of C-reactive
protein based on a lateral flow immunoassay. The C-reactive protein concentration was pro-
portional to the intensity of the test line which was calibrated relative to the control line. To quantify
the fluorescence intensity of the lateral flow strip, a custom illumination module, which concen-
trated the excitation beam from an ultraviolet light-emitting diode, was developed for strip scan-
ning. Accordingly, a high sensitive photodiode with a preamplifier was chosen as the detector for
fluorescence. For good repeatability, the strip scanning resolution was set to 5 lm between data
points by controlling a linear stage actuated by a stepper motor. Four double-logistic calibration
models were compared. The sensitivity for C-reactive protein was 0.1mg=L and the linear dynamic
range extended to 400mg=L. The optical reader provides a new and simple approach for the
determination of C-reactive protein and may be modified for other similar biomarkers.
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INTRODUCTION

Point-of-care-tests, that are conducted at or near the site of patient,[1]

have become increasingly popular in diagnostics[2,3] to provide faster results,
decreased cost, diagnosis in remote areas, enhanced privacy, and improved
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public health. In recent years, there is a growing interest in the determi-
nation of C-reactive protein, a critical biomarker for inflammation, colorectal
cancer, and heart disease.[4–11] Several studies to determine C-reactive
protein concentrations in blood for diagnostics have been reported.[12–15]

As a biomarker of inflammation, C-reactive protein provides clinical infor-
mation to physicians, especially in the emergency room. However, traditional
C-reactive protein measurement is performed on automated instruments in
central labs with complicated procedures, which is inconvenient in terms of
time, cost, and location. Therefore, it is necessary to employ a portable,
simple, low-cost and faster method for quantitative C-reactive protein to
develop a point-of-care test with good accuracy and specificity.

Immunochromatographic assays, also known as lateral flow immunoas-
says, offer low-cost, ease-of-use, speed, and high sensitivity, have been widely
used in point-of-care tests.[16] Lateral flow strips are commonly used to
determine antigens and antibodies. The users only need to bring the strips
in contact with the raw sample or a mixture of sample and buffer (diluent),
and then the sample or mixture is wicked along the lateral flow strips by
capillary force, and results are obtained within a few minutes. The lateral
strips are functionalized with immobilized proteins capture the analytes;
and a C line is used to guarantee that the sample has, indeed, travelled
up the strips and the reporters (label) sample have not decayed. Either a
sandwich assay[17] or a competitive assay[18] is employed in the lateral flow
test. In some cases, gold conjugate labels are used for qualitative or
semi-quantitative detection, and the test results can be directly read visually
or with a reader.[19,20] In contrast, fluorophores, which require excitation at
specific wavelengths and whose signal is detected with optical components,
are often used for quantitative lateral flow tests[21] with an optical reader.

Several quantitative immunoassays based on lateral flow strips with
fluorescence labels have been reported.[16,22–30] For example, Yan et al.
developed a biosensor used for the determination of Yersinia pestis based
on a lateral flow immunoassay with upconverting phosphors.[29] A compli-
cated, expensive and bulky optical module, which included an infrared
(IR) laser for excitation and a photomultiplier (PMT) for detection, was
employed. Song et al. developed a quantitative C-reactive protein measure-
ment system using time-resolved luminescence fluorescence with a sensi-
tivity of 0.2 ng=mL.[30] Time-resolved fluorescence was employed to
enhance the signal-to-noise ratio. However, this detection system is more
complicated than a traditional fluorescence reader. Li et al. described a
quantitative system for cytokine interferon-c with upconverting phosphor
labels. A two-dimensional optical scanner with high resolution was
developed to measure across the reaction area. However, 8min were
required to scan the entire area, which is significantly longer than reported
in other studies.[31] Previously, a portable analyzer was developed to detect
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from a lateral flow strip in a microfluidic cassette by our group. Because a
single excitation point was applied to scan the strip in one direction, only
qualitative results may be obtained with that analyzer.[16]

Therefore, for quantitative C-reactive protein determination on lateral
flow strips, a new compact, low-cost optical reader was developed. To facili-
tate quantitative strip scanning, a custom illumination module was built to
focus the light emitting diode beam into a line-shape. The detection mod-
ule was designed to collect fluorescence into a high sensitivity photodiode
with a preamplifier. Previously, an optical reader with a laser and a photo-
multiplier tube were employed.[30] Compared to the previous design, the
developed optical reader is more compact and inexpensive, which is more
suitable for point-of-care tests. Strip scanning was done by controlling a
linear stage actuated by a high-resolution stepper motor. To improve the
accuracy, four calibration models were compared to determine the most
suitable. The sensitivity of the optical reader was shown to be appropriate
for the determination of C-reactive protein.

MATERIALS AND METHODS

Three antibodies made in house were involved in the lateral flow
immunoassay. Mouse against human monoclonal antibodies (cell line:
7D9) were immobilized on the test line of the nitrocellulose membrane
of the lateral flow strip, and goat against mouse polyclonal antibodies on
the control line. Mouse against human monoclonal antibodies (cell line:
10C5) were conjugated with fluorescence particles for labeling. The fluor-
escence particles (fluoro-max-fluorescent-carboxylate-modified particles,
Thermal Scientific, Texas, USA) with diameters of 0.322 mm were pur-
chased from Thermal China. The excitation wavelength was 365 nm and
the emission wavelength was 610 nm. Samples were prepared by the
addition of standardized C-reactive protein (GK-039, GuiKang Biotech,
Shanghai, China) to phosphate buffer (pH: 7.3, 20mM).

The monoclonal antibodies (cell line: 7D9) in buffer were added to the
sample area of the nitrocellulose membrane (HF135, EMD Millipore,
Massachusetts, USA) at a concentration of 2mg=mL for immobilization
using a spotter (BioDot XYZ3050, BioDot, Inc. California, USA), while
polyclonal antibodies in buffer with the concentration of 1mg=mL were
introduced on control area of the membrane. The fluorescence particles
(volume concentration: 1%) were conjugated with monoclonal antibodies
(cell line: 10C5) with the 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (Thermal Scientific, Inc. Texas, USA) reagent within
2 hr at room temperature using in house modification of the standard
protocol.[32] The conjugates were freeze-dried on the sample pad (8�
4mm) at an antibody concentration of 0.1 mg=mL.
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The lateral flow cassette was obtained from Beijing Wantai Biological
Pharmacy Enterprise (Beijing, China). The lateral flow strip (55mm�
4mm) included a sample pad, a conjugate pad, a nitrocellulose membrane,
an absorbent pad, and a lamination layer.

Once the sample was in contact with the sample pad, it was wicked
along the lateral flow strip by capillary force and readings were made a
few minutes later. First, the target proteins in the test sample were bound
to the fluorescence particles stored on the conjugate pad, and they moved
together along the strip until captured by specific proteins immobilized on
the test line area. The free fluorescence particles were then captured in the
control line area for assay verification.

A fluorescence label with wide stock shift (excitation wavelength:
365 nm, emission wavelength: 610 nm) was selected to achieve the desired
signal-to-noise ratio with low system complexity.

Instrumentation

To read the fluorescence, a portable, compact, easy-to-use reader with
low cost was developed, which incorporated an optical module, a linear
stage, and an electrical module with two microcontrollers, as shown in
Figure 1. The optical module included an illumination module and a
detection module. For illumination, a 365 nm ultraviolet light emitting
diode (Sensor Electronic Technology, Inc., USA) was used for excitation
with a band-pass filter (320–390nm, Jingyibodian Ltd, Beijing, China)
focused into a single point with two collimating lenses (Changchun For-
tune Optronics, Changchun, China) and transformed into a line-shape
beam (length: 4mm, width: 0.8mm) by two cylindrical lenses (Changchun
Fortune Optronics, Changchun, China), whose length is close to the width

FIGURE 1 Schematic of the optical reader.
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of the flow strip. The custom line-shaped excitation beam was able capable
of quantitative fluorescence. To scan the strip, the illumination module was
located at an angle of 45� relative to the strip surface. For fluorescence
signal detection, a photodiode (Opto Diode, USA) with a preamplifier
was used for photoelectrical conversion. The emission from the strip
was collected by two collimating lens (Changchun Fortune Optronics,
Changchun, China) through a high-pass filter (580nm, Jingyibodian,
Beijing, China) before reaching the photodiode. The detection system is
located above the strip vertically for a wide detection angle. Flexible adjust-
ment was employed to ensure that the illumination module and the detec-
tion module met at the same point on the lateral flow strip. To ensure the
effectiveness of the optical module, the above design was evaluated with
optical simulation software (Zemax, Radiant Zemax, USA).

A compact linear stage, including a stepper motor, a gear belt, and a
cassette tray, was constructed to facilitate smooth cassette movement with
high resolution for strip scanning. The scanning resolution was modified
by control of the speed of the cassette.

An electrical module with two microcontrollers (main and auxiliary)
was constructed. The auxiliary controller, AT89C51ED2 (Atmel, USA) was
designed to control the linear stage and collect the photoelectric signal
with a 16 bit analog-to-digital convertor. The main controller, S3C2440AL-
40 (Samsung, Korea) analyzed the scanning measurements, identified the
peak and boundary with a custom algorithm, and calculated the sample
concentration. Serial communication was incorporated between the two
microcontrollers. The optical reader was accessed with a touch-screen inter-
face, and the test results may be saved and printed.

CALIBRATION MODEL FOR QUANTITATIVE TEST

In principle, the concentration of the sample is proportional to the sig-
nal intensity of the test line. However, to compensate for error from the
optical reader, the lateral flow strip, and lateral flow immunoassay, the sig-
nal intensity of the test line was calibrated with the intensity of the control
line. Instead of using four-parameter logistic model, a double-logistic
model with low complexity was chosen to calculate the concentration of
the sample:

lg c ¼ a lg T=Cð Þ þ b; ð1Þ

where c is the concentration of the test sample, T and C are the intensities
of test and control lines, and a and b are modeling parameters.

Figure 2 shows the principle of lateral flow strip scanning with the
line-shape excitation beam. The lateral flow strip moves smoothly on the
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linear stage toward the line-shape illumination beam which is fixed in
position, and the fluorescence from the excitation area is collected and
recorded to generate a curve with two peaks corresponding to the test
(T line) and control lines (C line), respectively. To obtain the best accuracy,
the lateral flow strip should be scanned with an extremely thin line, which,
however, is difficult to achieve experimentally.

Because of the limited thickness of the excitation beam, there are two
designs. In one design, the thickness of the line-shape beam is much
smaller than that of the test line, which allows high resolution scanning.
In the other approach, the two dimensions are comparable, which allows
low resolution scanning. For high resolution scanning, the area of the test
line of the scanning curve may be regarded as the fluorescence intensity.
The fluorescence intensity of the test line area was used to determine the
sample concentration. Because a sandwich immunoassay was adopted, free
fluorescence labels escaping from the test line were captured by the
control line area. An empirical model was therefore developed to calibrate
the test line signal with the control line in the ratio between test line and
control line signals.[28] Therefore, Eq. (1) can be rewritten as:

lg c ¼ a lg ST=SCð Þ þ b; ð2Þ

where c is the concentration of the test sample, ST and SC correspond to the
area of the test and control lines, and a and b are modeling parameters.

However, for low resolution scanning, it is more reasonable to use the
peak value of the test line to approximate the fluorescence intensity
because the boundary between the background and the physical domain

FIGURE 2 Strip scanning with a line-shape excitation beam.
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of the test line cannot be identified accurately with the thick excitation
beam. Therefore, Eq. (1) is rewritten as:

lg c ¼ a lg VT=VCð Þ þ b; ð3Þ

where c is the concentration of the test sample, VT and VC correspond to
the peak value of the test and control lines separately, and a and b are
modeling parameters.

C-reactive protein concentrations in healthy people are normally less
than 10mg=L, which may increase to more than 350mg=L due to dis-
ease.[33] For clinical analysis, quantitative determination of C-reactive pro-
tein sample is not significant at concentrations exceeding 400mg=L.
Therefore, 9 standards with C-reactive protein concentrations between
0.1mg=L and 400mg=L were used to develop model parameters using least
squares.[34] Different models were compared to evaluate their compatibility
to the developed optical reader.

RESULTS AND DISCUSSION

To determine the performance of the optical reader, a phosphate buf-
fer control, 1mg=L C-reactive protein in phosphate buffer, and 400mg=L
C-reactive protein in phosphate buffer were analyzed (Figure 3). 70 mL of
sample were applied into the sample inlet of the strip cassette, and the

FIGURE 3 Fluorescence scans of control phosphate buffer (negative), 1mg=L C-reactive protein in
phosphate buffer (low positive), and 400mg=L C-reactive protein in phosphate buffer (high positive).
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lateral flow strip was incubated for 15min before reading. The control
phosphate buffer yielded no test peak and a high control peak. The
1mg=L C-reactive protein in phosphate buffer yielded a low test and a
moderately high control peak. The 400mg=L C-reactive protein in
phosphate buffer yielded a high test peak and a low control peak. This
experiment indicated that the optical reader is able to distinguish different
concentrations of analyte.

In principle, there are two calibration models which may be employed.
Because the background needs to be subtracted from the signal measure-
ment, single and variable baselines were considered. For a single baseline,
a common background was subtracted from the scanning measurement.
For a variable baseline, more than one background was employed if the
baseline changed around the test or control peaks. Consequently, four
calibration models were considered.

Using the least squares method, nine standards between 0.1mg=L and
400mg=L (0.1, 1, 5, 10, 50, 100, 200, 300, and 400mg=L) were investigated
for linear fitting of the four models as shown in Table 1. The models
include the ratio of area (ST=SC) with a single baseline, the ratio of area
(ST=SC) with variable baseline, the ratio of peak (VT=VC) with a single base-
line, and the ratio of peak (VT=VC) with a variable baseline. The correlation
coefficients of four calibration models were all larger than 0.99 and the
model with the ratio of peaks with a variable baseline, VT=VC was the most
suitable (R2¼ 0.9988). The model for concentration estimation is
described as:

C ¼ 10lg VT =VCð Þ�0:94036�1:4084: ð4Þ

It can be concluded that it is more reasonable to use a variable baseline,
instead of single baseline to extract the most accurate fluorescence signal
because of background shifting on the lateral flow strip due to the relatively
large size of the beam from the light emitting diode.

The accuracy and repeatability of the optical reader were evaluated with
samples of different concentrations. For repeatability verification, each test
was repeated 20 times. It is found that the coefficient of variation (CV) in
the entire quantitative detection range (0.1–400mg=L) was less than 5%.

TABLE 1 Comparison of four calibration models

Model type Slope Intercept R2

VT=VC (Variable Baseline) 0.9404 �1.4084 0.9988
ST=SC (Variable Baseline) 1.0274 �1.5284 0.9953
VT=VC (Single Baseline) 0.8804 �1.2473 0.9937
ST=SC (Single Baseline) 0.9390 �1.2560 0.9938
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The detection limit was defined as the sample concentration correspond-
ing to the test signal at blank� three times the standard deviation, which
was 0.1mg=L. The blank was measured 20 times.

Parallel tests were performed with a standard enzyme-linked immuno-
sorbent assay (ELISA) (RT-6100, Rayto Shenzhen, China). The ELISA
requires a higher sample volume and a longer reaction time with more
complicated detection procedure than the fluorescence reader method.
However, using a high sensitivity C-reactive protein kit (HuiJia Biotechbol-
ogy, China), the ELISA sensitivity was 0.625 ng=mL with 100% specificity,
while the sensitivity of the developed reader was 0.1mg=L with 100% speci-
ficity. Although ELISA provided much better sensitivity, for clinical detec-
tion, the sensitivity and specificity of the developed method is satisfactory.

Compared with the existed optical readers in point-of-care tests, such as
the immunoassay fluorescence reader Finecare (Guangzhou Wondfo
Biotech, Guangzhou, China), the developed optical reader has better sen-
sitivity (0.1mg=L vs. 0.5mg=L), a wider detection range (0.1–400mg=L) vs.
(0.5–200mg=L), a shorter read time (5 s vs. 10 s), and a larger sample size
(70 mL vs. 10mL). The performance of the developed reader is superior to
that of the commercial system, except it requires a higher sample volume.

CONCLUSIONS

A portable, compact optical reader for quantitative C-reactive protein
determination was developed and shown to be suitable for point-of-care
tests. The limit of detection limit for C-reactive protein was 0.1mg=L. Four
calibration models were compared to determine the most compatible one
with the optical reader; the model with ratio of peaks with variable baseline
was shown to be the most appropriate. The coefficient of variation of the
optical reader was less than 5% across the linear dynamic range from
0.1–400mg=L, and less than 16min for the optical reader is required for
the analysis. The optical reader is easily operated with a touch-screen,
and the data may be saved and printed. A similar device is in preparation
by our group for procalcitonin, which is another important biomarker.
We anticipate that the developed optical reader may be easily modified
for diagnostics of other biomarkers for point-of-care tests.
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