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Theoretical model and quantification of reflectance

photometer
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The surface morphology of lateral flow (LF) strip is examined by scanning electron microscope (SEM)
and the diffuse reflection of porous strip with or without nanogold particles is investigated. Based on the
scattering and absorption of nanogold particles, a reflectance photometer is developed for quantification of
LF strip with nanogold particles as reporter. The integration of reflection optical density is to indicate the
signals of test line and control line. As an example, serial dilutions of microalbunminuria (MAU) solution
are used to calibrate the performance of the reflectance photometer. The dose response curve is fitted with
a four-parameter logistic mathematical model for the determination of an unknown MAU concentration.
The response curve spans a dynamic range of 5 to 200 µg/ml. The developed reflectance photometer can
realize simple and quantitative detection of analyte on nanogold-labeled LF strip.
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In the past several decades, nanogold particles were pop-
ularly used as labels in many common immunoassays,
e.g., sol particle immunoassay[1], flow cytometer, dot
immunogold staining[2], immunoblotting[3], dot immuno-
gold filtration assay[4], etc. During immunobiologic reac-
tion, protein was adsorbed and coated by nanogold par-
ticles due to static effect. Gold labeled lateral flow (LF)
assay has been investigated extensively due to the ad-
vantages of sensitivity, simplicity, and rapid response[5,6].
In this letter, the scattering and absorption behaviors of
nanogold particles are analyzed based on Mie’s theory,
and the diffuse reflection of LF strip is investigated. Be-
sides, a reflectance photometer is developed for LF strip
labeled by nanogold particles. As an example, serial dilu-
tions of microalbunminuria (MAU) are used to calibrate
the reflectance photometer.

For spherical particles of any size, a general theory of
light scattering and absorption was developed by Mie
almost one century ago. The absorption and scatter-
ing characteristics of spherical particles depend on their
shapes, sizes, surrounding media, etc.[7−10] Figure 1
shows the calculated absorption efficiency factor Qabs

and scattering efficiency factor Qsca for a gold particle
(about 60 nm in diameter) in water. The optical con-
stants of nanogold particles referred to values of complex
refractive index in bulk obtained from Weaver et al.[11]

The peak wavelength (resonance wavelength) of Qabs and
Qsca is about 540 nm, where Qabs is about three times
higher than Qsca.

The carrier of LF reaction – the LF strip, is com-
posed of a sample pad, a conjugate pad, an analytical
membrane, and an absorbent pad, as shown in Fig. 2.
The analytical membrane was provided with an analyte-
specific antibody capture line (test line; T line) and a
species-specific antibody line (control line; C line)[12,13].
The T line and C line were in the center of the scan-
ning window. The sampling hole was just on the top
of the sample pad. Firstly, the aqueous sample was

dropped into the sampling pad. Then the aqueous sam-
ple migrated via capillary action along the membrane,
reaching T line and C line. Due to the immunoreac-
tions between antibody and antigen, a certain amount
of nanogold particles was attached on T line and C line.
Because of the distinctive scattering and absorption of
nanogold particles, the diffuse reflection of T line and
C line was different from that of other regions of the
LF strip. Besides, the diffuse reflection signal of T line
was related to the concentration of analyte. The diffuse
reflection signal of C line was to serve as a control for LF
reaction regardless of the absence or presence of analyte.
For convenience, we defined T line and C line as the
functional region, and the other regions of the strip as
the non-functional region.

The surface morphology of the strip was observed by
a scanning electron microscope (SEM, 6360LA, JSM),
as shown in Fig. 3. As seen from the SEM image, the
strip was composed of the intersecting fibers, which con-
structed many pores with different sizes, and resulted in
a rough surface of the strip. Here, the rough and porous
strip was regarded as a nearly ideal diffuse reflector.

Fig. 1. Calculated scattering and absorption coefficients for
homogeneous spherical gold particle with the radius of 30 nm
in water.
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Fig. 2. Schematic illustration of the gold labeled LF strip.

Fig. 3. SEM image of test strip surface.

When the non-functional region of the strip, where
nanogold particles are absent, is illuminated by a light
beam, the scattered luminous flux of LF strip can be ex-
pressed as

Φ′

sca strip = Φi, (1)

where Φi is the incident luminous flux, and Φ′

sca strip is
the scattered luminous flux of the strip within the illu-
minating spot. The diffuse reflection collected by the
optical system is written as

Φ′ = α · Φ′

sca strip = α · Φi, (2)

where α is related to the aperture angle of the collecting
optical system.

When the functional region of the strip is illuminated
by a light beam, the incident energy will be dissipated
in several modes: the scattering of the strip, the scatter-
ing of the nanogold particles, and the absorption of the
nanogold particles. The law of conservation of energy
yields

Φi = Φsca strip + Φsca gold + Φabs gold, (3)

where Φsca strip, Φsca gold, and Φabs gold are the scattered
luminous flux of the strip within the functional region,
the scattered luminous flux, and the absorption lumi-
nous flux of nanogold particles, respectively. What can
be detected by the optical system is the scattered lumi-
nous fluxes of the strip and nanogold particles. Equation
(3) can be rewritten as

Φsca strip + Φsca gold = Φi − Φabs gold

= Φi − N · ϕabs gold, (4)

where N is the number of nanogold particles, and
ϕabs gold is the scattered luminous flux of a single
nanogold particle. So the more nanogold particles

present in the sample, the less light is diffused by the
strip.

The scattered luminous flux of the strip is angle-
independent, and that of nanogold particles is angle-
dependent. However, only limited scattered luminous
flux can be captured by the optical system. Moreover,
Qsca is about three times lower than Qabs at the reso-
nance wavelength. That is to say, the scattered irradiance
collected by the optical system would be ten to twenty
times lower than that absorbed by nanogold particles.
In order to simplify the theoretical model, the scattered
irradiance of nanogold particles collected by the optical
system could be omitted. The diffuse reflection collected
by the optical system is expressed as

Φ = α · Φsca strip = α · (Φi − Φabs gold)

= α · (Φi − N · ϕabs gold). (5)

From Eqs. (1) and (5), we can deduce that because
of the absorption of nanogold particles, the signal am-
plitude of the functional region is less than that of the
non-functional region. Φ and Φ′ are all independent of
the angle between collecting optical module and the sur-
face normal of LF strip, which hardly influences the final
sensitivity of the reflectance photometer. What needs to
be considered is the miniaturization of the whole volume
and the simplicity of the structure.

The structural illustration of the reflectance photome-
ter is shown in Fig. 4. The reflectance photometer
was composed of optical system (including illuminat-
ing module and collecting module), scanning system,
photoelectric conversion and preamplifier system, data
acquisition and control system.

The illuminating module was composed of the excita-
tion source and the focusing lens. A 532-nm laser diode
(LD) was selected as the excitation source. A cylin-
drical lens (focal length: 32.75 mm) was introduced to
focus the beam to a nearly rectangular spot (i.e., a focal
line) on the strip, parallel to the length axis of C line
and T line. The size of the rectangular spot was 4×
0.02 (mm). The illuminating module was tilted at an
angle of 45˚ relative to the LF strip surface, and the
collecting module was vertical to the strip surface. The
diffused light from the LF strip was firstly collimated by a
collimating lens (focal length: 20.6 mm) with a numerical
aperture (NA) of 0.4 and then focused on the rectangu-
lar slit by a focusing lens (focal length: 20.6 mm). The
focused light through the slit entered a photodiode (PD).
The electronic signal from PD was filtered and amplified,

Fig. 4. Structural illustration of the reflectance photometer
based on one dimensional scanning technology.
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and then acquired with an embedded computer via a mul-
tifunctional data converter.

The scanning system was composed of the micro step-
per motor, the motor driver, and the linear translation
stage. The stage holding the LF strip was driven by
the micro stepper motor to move in one dimension under
the control of the embedded computer. The moving (or
scanning) direction was vertical to the length axis of the
rectangular spot. The scanning range and sampling reso-
lution of stage were 10 mm and 20 µm, respectively, and
totally 500 data points were obtained when the scanning
process finished. The detection of the reflectance pho-
tometer could be completed within 1min (including the
scanning time of 30 s and the information setting time of
30 s).

Figure 5 shows the signal distribution along the LF
strip. Due to the absorption of nanogold particles of
T line and C line, there existed two sunken regions.
Such experimental result is consistent with the theoreti-
cal analysis. The reflection optical density of total sam-
pling points within T line was integrated to indicate the
signal value of T line. It yields

T (od) =
∑

log10

V0

V1
, (6)

where V1 is the signal value of the sampling point, and
V0 is the corresponding baseline signal value (Fig. 5).
The baseline of T line could be deduced from its left
and right boundary points. The integration of reflection
optical density of C line, C(od), could be obtained in the
same way. The ratio T (od)/C(od) is used as the final
test result of one given LF strip.

Fig. 5. Signal distribution along the LF strip.

Fig. 6. Relation between the signal and the concentration of
MAU.

We take the quantification of MAU solution for exam-
ple to study the calibration of the reflectance photome-
ter. MAU is an important marker of diabetes, cardiovas-
cular disease, and hypertension in clinic medicine[14−16].
On LF strip, the binding of the MAU with nanogold-
antibody inhibits the binding of nanogold-antibody with
albumin on the T line. So the higher the concentration
of MAU is, the less the nanogold particles are bound on
T line. Five dilutions of pure cultures of MAU from 5 to
200 µg/ml were tested to deduce the standard quantita-
tive equation of MAU detection. The signals are plotted
against the concentrations for the dose response curve, as
shown in Fig. 6. The dose response curve, which spanned
a dynamic range of 5–200 µg/ml for MAU, could be
described by four-parameter logistic (4PL) model[17,18].
The quantitative equation with the concentration as x
and the signal of MAU as y is deduced as

y = 0.0168 +
2.281− 0.0168

1 + ( x

18.314 )2.479
. (7)

In actual quantitative detection, the signal of an un-
known sample is put into the equation to obtain the
MAU concentration.

In conclusion, the scattering and absorption behaviors
of nanogold particles are analyzed based on Mie’s theory.
The diffuse reflection of porous LF strip with or without
nanogold particles is investigated. Based on the theoret-
ical analysis, a reflectance photometer is developed for
LF strip with nanogold particles as reporter. The high
accuracy micro stepper motor and linear stage provide
one-dimensional scanning with the resolution of 20 µm.
The 20-µm-wide slit is applied to reject stray light. The
integration of reflection optical density is used to indicate
the signals of T line and C line. Serial dilutions of MAU
solution are employed to calibrate the reflectance pho-
tometer. The dose response curve and the quantitative
equation are obtained with 4PL model. The developed
reflectance photometer could realize simple quantitative
detection of nanogold-labeled LF strip.
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