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A B S T R A C T

Lead ions are deleterious pollutants that often reach drinking water, and can cause significant harm to humans
(particularly children). An ultra-sensitive lead ion detection method using a whispering gallery mode (WGM)
optofluidic microbubble resonator and the classic GR-5 DNAzyme is proposed in this paper. With the auxiliary
piranha and Ploy-L-lysine solution, GR-5 DNAzyme was successfully modified on the inner wall of a microbubble.
The mode field distribution of the microbubble was analysed, and the optofluidic sensor with thin wall exhibited
a maximum bulk refractive index sensitivity of 265.2 nm/RIU. Lead ions at concentrations ranging from 0.1 pM
to 100 pM were tested using the proposed WGM optofluidic sensor. The noise was decreased to 2.43 fM using the
self-referenced differential method. Thus, a limit of approximately 15 fM was obtained for the detection of lead
ions using the WGM optofluidic biosensor. Eight competing metal ions were also used to evaluate the selectivity
of the proposed sensor, with results indicating that it has high selectivity for lead ions. Finally, the sensor
performance is verified using real samples.

1. Introduction

Lead is one of the most toxic metals found in the natural environ-
ment, which has attracted attention because of its deleterious effects.
Lead ions can enter the body via accumulation in the food chain. Even
low concentrations of lead ions in food or drinking water can be
harmful to human health. Reproductive, neurological, cardiovascular,
and developmental disorders are fairly common symptoms of lead
poisoning [1–3]. Children are especially vulnerable to lead ions [4].
The Environment Protection Agency (EPA) of the United States has
ruled that the maximum concentration of lead ions in drinking water
should not exceed 72 nM [3]. Rossi et al. showed that the concentration
threshold for this pollutant should in fact be lower than 1 pM [5]. In
order to reduce the impact of lead ions on human health, numerous
efforts have been made in order to accurately detect concentrations of
lead ions. Traditional instrumental analyses that have been used to
investigate ion concentrations include atomic absorption/emission
spectrometry [6], inductively coupled plasma mass spectrometry (ICP-
MS) [7], x-ray fluorescence spectrometry (XRF) [8], anodic stripping
voltammetry [8] and reversed-phase high-performance liquid chroma-
tography coupled with UV–vis [9], among others. These methods are
highly sensitive in terms of Pb2+ detection, and the detection limits of

these methods are lower than the requirements of the EPA. However,
most of these methods require expensive equipment and professional
operatives [10]; hence, the rapid detection of lead ions is difficult to
achieve in-situ. It is therefore important that a sensitive, selective, ea-
sily operated, and cheap platform is developed for better detection of
poisonous lead ions.

In addition to methods that utilize instrumental analysis, chemical
and biological sensors that are based on the use of DNA enzymes have
been studied extensively in recent years, because of both the high
catalytic turnover that allows the amplification of a signal and the
lower vulnerability to interference from background noise. The first
DNAzyme that used Pb2+ as a cofactor was 8–17 DNAzyme, which was
discovered in 1994 [11]. The next DNAzyme that was developed, GR-5
DNAzyme, has a similar structure and properties to 8–17 DNAzyme;
however, it has better selectivity for lead ions over other competing
metal ions [10,12]. As a whispering gallery mode (WGM) micro-
resonator sensor, it has a high quality factor (Q) and an ultra-small
mode volume (V) [13,14], and has been used for the detection of na-
noparticles [15], single molecules [16], DNA [17], proteins [18] and
other particulate matter [19,20]. Panich et al. [21] used the WGM
microsphere resonator sensor with glutathione to detect lead ions;
however, the bulk refractive index sensitivity of the microsphere is far
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less than that of the microbubble. The flow cell that was used in this
experiment also rendered the sensor less practical. WGM sensors that
are based on optofluidic microbubble resonators have natural micro-
channels, and are therefore particularly suitable for the detection of
liquid analytes [22].

In this study, we propose a WGM biosensor based on an optofluidic
microbubble resonator (MBR) together with the GR-5 DNAzyme for the

ultra-sensitive and highly-selective detection of lead ions. Through the
continuous corrosion with the hydrofluoric (HF) acid, an optofluidic
MBR with ultrathin walls can be obtained with a bulk refractive index
sensitivity that reaches as high as 265.2 nm/RIU. The ultra-sensitive
detection of lead ions in deionized (DI) water was achieved by attaching
DNA to the inner wall of the microbubble resonator. Experimental re-
sults indicated that the detection limit of the proposed sensor is

Fig. 1. The schematic of the WGM optofluidic sensing setup.

Fig. 2. (a) The WGM used in the bulk refractive index sensitivity characterization. (b) Measured resonance wavelengths of the WGM as a function of the RI of the
alcoholic aqueous solution. (c) The linear result of fitting the measured data. The coupling of the microbubble and tapered fiber as illustrated in the insert. (d) The
results of the analysis using the Mie theory for modes q = 4, 5, 6.

L. Fu, et al. Talanta 213 (2020) 120815

2



approximately 15 fM, which is 3 orders lower than that of the micro-
sphere resonator [21]. The WGM optofluidic biosensor also exhibits
good selectivity over competing metal ions. The proposed sensor was
finally used to detect lead ions in a real sample. This WGM optofluidic
sensor for the detection of Pb2+ has potential application in environ-
mental monitoring and food safety analysis, among several other pos-
sibilities.

2. Experimental section

The two oligonucleotides used in this experiment were purchased
from Sangon Biotech Co., Ltd (Shanghai, China); the sequence of the
DNAzyme used is 5′-ACAGACATCATCTCTGA AGTAGCGCCGCCGTAT
AGGAG-3′ and the substrate sequence is 5′-CTCACTATrAGGAAGA
GATGATGTCTGT-3'. These two specific oligonucleotides were chosen
following the research by Yildirim et al. [23]. The Ploy-L-lysine solution
(PLL, 0.1% w/v in water, with a molecular weight of 150,000–300,
000) was purchased from Sigma (Shanghai, China). Except for the
0.05 M lead nitrate standard titration, which was purchased from
Aladdin (Shanghai, China), all metal salts used in the selectivity test
including NaCl, CaCl2, ZnCl2, KCl, CuCl2, FeCl3, FeCl2, and MnCl2, were
obtained from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).

All the metal salts were dissolved in DI water. The concentrated sulfuric
acid and hydrogen peroxide used to prepare the piranha solution (a
mixture of 7 vol of concentrated H2SO4 with 3 vol of 30% H2O2) also
come from the Sinopharm Chemical Reagents. The phosphate buffer
solution (PBS, 0.01 M Na2HPO4, pH = 7.2–7.4) was purchased from
Solarbio (Beijing, China).

The detailed process used for the fabrication of the microbubble can
be found in previous work [24]. First, a fusion splicer was used to melt
one end of the capillary at a high temperature in order to seal it. The
other end of the capillary was then connected to a syringe with a Teflon
tube. Finally, air was compressed into the capillary tube while the
middle part of the capillary tube was heated via electrode discharge.
The heated part expands under adequate internal pressure, leading to
the fabrication of a microbubble. Both ends of the capillary containing
the microbubble were then connected to the Teflon tube, forming the
fluidic channel into which liquid analytes can flow.

The initial thickness of the wall of the capillary tube measured using
the fluorescence microscope (Olympus, BX61W1) was 25 μm. The
thickness was reduced to 15 μm because of the conservation of volume
after the fabrication of the microbubble. The mode field distribution of
the microbubble cavity was analysed using the Mie scattering theory.
The results of the calculation indicate that most of the mode field will

Fig. 3. The complete process of the surface functionalization. The piranha solution, PLL solution, DNAzyme strands, and substrate strands are pumped into to
microbubble in sequence. Notes of the items used in the figure are below the dotted line.
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be distributed in the liquid core when the wall of the microbubble re-
sonator is thin. Hydrofluoric acid was therefore used to corrode the wall
of the microbubble resonator. After 90 min of etching with 10% HF
acid, a thickness of approximately 6 μm was achieved in the wall of the
microbubble resonator. The 4% HF acid was then used to further cor-
rode the microbubble resonator. Lower concentrations of HF acid were

used for two purposes; the wall of the microbubble resonator is already
highly thin, and using low concentrations of HF acid slows the speed of
corrosion, ensuring that the wall of the microbubble resonator is not
perforated. This slow corrosion is equivalent to the chemical polishing
of the inner wall of the microbubble resonator. This means that the Q
value of the microbubble resonator is still high when the inner wall is
thin. A final thickness of approximately 5 μm was obtained.

The schematic of the experimental setup is shown in Fig. 1. Light
from a tunable laser (Toptica Photonics, CTL 1550) is coupled with the
microbubble resonator through the tapered fiber and used for exciting
the WGM resonance. The output port of the tapered fiber is connected
to the photo detector (Thorlabs, PDA10CF-EC). The voltage signals
formed on the photo detector are all collected by the data acquisition
card (National Instruments, X SERIES DAQ 781048–01) in real time
with a collection interval of 1 s. The other port of the data acquisition
card inputs a triangular wave tuning signal to the laser. The data ac-
quisition and laser control are carried out using customized LabVIEW
software. All liquid flowing through the microbubble is controlled with
a syringe micropump (Harvard Apparatus, Pump 11 Pico Plus Elite) at
10 μL/min. In order to reduce the impact of environmental changes on
the experiment, the coupling of the microbubble and the tapered fiber is
sealed within a transparent acrylic box.

The general principle of the WGM sensing device is based on the
shift in the wavelength of the WGM resonance and can be described as
follows. The sensor is initially in a stable state, and the resonant wa-
velength in the microcavity is at a fixed value. The resonant wavelength
of the microcavity can be described using [25] as

=m Rn2 ,c eff (1)

where m is the azimuthal quantum number, λc is the resonance wave-
length, R is the radius of the microbubble cavity, and neff denotes the
effective refractive index of the WGM. The resonant wavelength

Fig. 4. The resonance wavelength shifts as a function of time during the process
of surface functionalization. The three curves (red, magenta, and navy) that
illustrate a red shift in the wavelength indicate that the PLL, the DNAzyme
strands, and the substrate strands have been successfully attached to the inner
wall of microcavity in sequence. The three other curves (blue, navy, and violet
lines) demonstrate a blue shift in the wavelength, indicating the sequential
removal of superfluous modifier. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. (a) The WGM resonance wavelength as a function of time when the lead ion solution enters the microbubble at different concentrations. (b) The self-
referenced differential method for two different modes and the differential result. (c) Measurement data and calibration curve. (d) Linear fitting results for low
concentrations.
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depends only on the effective refractive index of a specific microbubble.
When the analyte enters the sensing area (microcavity), the effective
refractive index of the WGM changes, which leads to a change in the
resonant wavelength of the microcavity. The resonant wavelength of
the microcavity is initially fixed in the proposed lead ion sensor. The
DNA that is attached onto the inner wall of the microcavity is cut when
the lead ions enter the microcavity. The effective refractive index and
resonant wavelength of the WGM is gradually reduced until the reac-
tion reaches a balanced state, and the resonant wavelength of the mi-
crocavity then returns to a stable state.

3. Result and discussion

The bulk refractive index sensitivity of the microbubble resonator
was characterized before the surface functionalization was initiated,
using an alcoholic aqueous solution with a refractive index gradient of
0.00005. The bulk refractive index of the microbubble was obtained by

calculating the slope of the resonant wavelength shift versus the re-
fractive index change. The relationship between Q and resonance wa-
velength can be written [26] as

=Q ,c
(2)

where λc is the resonance wavelength and Δλ denotes the full width at
half maximum (FWHM) of the WGM, respectively. The transmission of
the WGM (black curve) and the Lorentz fit result (red curve) is shown in
Fig. 2(a). The resonance wavelength and the Q of the WGM are ap-
proximately 1559.797 nm and 4.67 × 104, respectively. The change in
the resonant wavelength with the refractive index is shown in Fig. 2(b).
The expression for the sensitivity of the sensor is as follows [27]:

=S output
input

[ ]
[ ]

,
(3)

where S is the bulk refractive index sensitivity, δ[output] is the change
in the wavelength shift of the WGM, and δ[input] denotes the change in
refractive index. The linear fitting of the refractive index and resonance
wavelength according to Eq. (3) is shown in Fig. 2(c), and a result of
approximately 265.2 nm/RIU was calculated in this study, which is
appropriate for ultra-sensitive detection. The Mie theory was utilized in
order to analyse the mode used for sensing. The sensitivity of the radial
modes (q = 4, 5, 6) with different wall thicknesses is shown in
Fig. 2(d). As mentioned previously, the thickness of the microbubble
wall is approximately 5 μm, and the results indicate that the mode
tested corresponds to the radial fifth order mode (q = 5).

The general surface functionalization procedures used were based
on those developed by Liu et al. [28]. The complete functionalization
process is shown in Fig. 3. The purpose of the functionalization is to fix
the GR-5 DNAzyme onto the inner wall of the microbubble resonator.
The GR-5 DNAzyme cannot effectively bind to the silica wall alone,
meaning that pre-treatment of the inner wall is necessary. The piranha
and PLL solutions are used to achieve this. PLL has a positive charge
while single strands of DNA have a negative charge; the PLL can
therefore be used to absorb single strand DNA. The piranha solution
was allowed to flow through the microchannel for 1 h prior to the
addition of the PLL. The microbubble was then washed in the DI water
for 30 min, resulting in a negatively charged silica surface. The PLL

Table 1
The comparison of the LOD of Our Work and previous lead ion sensors.

Method Strategy Linear range LOD Reference

Microfiber Resonator Black phosphorus functionalized microfiber coil resonator Not mentioned 0.14 nM [29]
Strip biosensor Graphene oxide-assisted Au nanoparticle strip biosensor based on GR-5 DNAzyme 0.01–100 μM 0.05 nM [36]
Fluorescence DNAzyme based biosensor on a Portable Optic Fiber 2–75 nM 1.03 nM [23]
Colorimetry Colorimetric aptasensor using polyethyleneimine and AuNPs 0–10 nM 702 pM [37]
Colorimetry Colorimetric sensor based on DNAzyme 0.1–1 mM 100 pM [38]
WGM resonator WGM microsphere using GSH−Au NPs 2.4–48.26 nM 0.05 nM [21]
optofluidic WGM resonator WGM microbubble using GR-5 DNAzyme 0.1–1 pM 15 fM This study

Fig. 6. The wavelength shifts for lead ions and eight competing metal ions. The
inset shows the signals of the eight competing metal ions with the associated
error bars.

Fig. 7. Experimental results for the sensors
in real samples. (a) Curve describing the
change in the resonance wavelength of the
river water (red line) and the 100 pM Pb2+

river water (blue line). (b) The average sig-
nals with error bars generated by 100 pM
lead ions and river water. (For interpreta-
tion of the references to colour in this figure
legend, the reader is referred to the Web
version of this article.)
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solution was then pumped into the microbubble for 1 h, after which the
microbubble was washed with PBS in order to remove the redundant
PLL, leaving a monolayer of PLL om the wall of the microbubble. The
1 μM DNAzyme strands were then1 dissolved in the PBS and injected
into the microchannel for 1 h, from which the DNAzyme strands were
attached to the wall. Finally, the 1 μM substrate strands were also
dissolved in the PBS and pumped into the microbubble for 1 h. Hybrids
of the substrate and DNAzyme strands were then absorbed onto the
PLL, and the GR-5 DNAzyme was successfully functionalized onto the
inner wall of microbubble. The changes to the resonance wavelength of
the WGM were recorded during the process of functionalization, as
shown in Fig. 4.

DI water was pumped into the microbubble after completion of the
surface functionalization, in order to find the best WGM for sensing,
followed by the lead ion solution. Experiments were carried out using
eight different concentrations of lead ions ranging from 0.1 pM to 100
pM. The lead ion solutions were diluted using a 0.05 M lead nitrate
standard titration solution. All transmission spectra were recorded and
changes in the resonance wavelength were analysed via Lorentz Fitting
that was conducted with customized MATLAB code. Fig. 5(a) shows the
change in the WGM resonance wavelength as a function of time. It
should be emphasized that the response speed of the sensor is high, and
the time taken between the first ion entering the microcavity and the
end of the reaction is no more than 20 s. This is significantly faster than
traditional optical fiber sensors, which take approximately 50 s [29]. As
can be seen from Fig. 5(a) the signal generated by the sensor varies
under different concentrations. However, the trend in the changes to
the resonance wavelength is the same, and the general process can be
described as follows. Before lead ions are pumped into the modified
microbubble, the resonance wavelength is nearly constant. After the
motion of the lead ion solution through the microbubble, the resonance
wavelength shifts gradually towards the blue end of the spectrum, after
which it stabilizes. This is because the lead ions cleave the substrate
strands of the GR-5 DNAzyme modified onto the inner walls of micro-
bubble, and chemical equilibrium is attained between the lead ions and
GR-5 DNAzyme. The variation in the resonant wavelength caused by
the different concentrations of lead was then changed into the absolute
value. The signal generated by the different concentrations of lead ions
is portrayed using black dots in Fig. 5(c). The calibration curve (red
line) for the detection of the lead ions in the DI water in Fig. 5(c) can be
fitted via the Michaelis–Menten model according to the following
equation [30]:

=
+

+

+
Pb

K Pb
[ ]
[ ]

,
d

max
2

2 (4)

where δλ is the measured shift in the resonance wavelength, δλmax is
the maximum shift in wavelength obtained in the experiment, [Pb2+] is
the lead ion concentration, and the Kd is the dissociation constant. A
value of approximately 0.16 pM was obtained for Kd and 1.2 pm for
δλmax via the fitting process. The value of Kd is much smaller than that
obtained using the Hill-1 function [31], from which a dissociation
constant of 217 nM was obtained. This effect could be attributed to the
different binding ability of the GR-5 DNAzyme with the Hill-1 function
[32]. Fig. 5(d) illustrates the linear fitting between the lead ion con-
centration and the shift in wavelength at low concentrations, from
which a sensitivity of 0.4726 pm/pM was obtained. The linear fitting
was carried out according to Eq. (3), in which δ[output] describes the
change in the wavelength shift of WGM, and δ[input] denotes the
change in the concentration of lead ions.

After studying the sensitivity of the sensor, another important
parameter was also calculated; the limit of detection (LOD). The LOD is
determined by blank signal standard deviation σ[δλ] and can be ex-
pressed as follows [33,34]:

= =LOD R
S S

3 [ ] , (5)

where S is the sensitivity of the sensor and R is the resolution of the
sensor. R is equal to the triple blank signal standard deviation σ[δλ].
When the sensitivity is determined, the detection limit can only be re-
duced by reducing the noise. The noise generated by environmental
effects (such as mechanical vibration or temperature) and the in-
stability in the laser are almost the same in a specific microbubble. This
means that the change in the resonance wavelength of the two modes
are almost the same. If the curve demonstrating a change in the wa-
velength in mode 1 is subtracted from that of mode 2, the noise can be
almost eliminated. Zhang et al. [35] proposed a self-referenced differ-
ential sensing method to reduce noise based on this theory, where the
noise from vibration was limited by the noise from the laser power
instability (σ = 2 fm). The same method was applied in this study in
order to reduce the noise. After processing the noise data, including
mode 1 (black line) and mode 2 (red line) via the self-referenced dif-
ferential method, the noise was reduced to 2.43 fm, as seen in Fig. 5(b).
Finally, a LOD of nearly 15 fM was observed in the optofluidic WGM
biosensor when carrying out lead ion detection. The LOD of the sensor
is far lower than the requirements of the EPA. The setup in this study,
which was based on a WGM optofluidic microbubble biosensor, has two
advantages when compared to Panich et al. [21], who used a WGM
microsphere and glutathione for lead ion detection. One is the presence
of natural microfluidic channels without the need for any additional
microfluidic cells, making it more suitable for detection using fluids.
The other is the higher bulk refractive index sensitivity, which is due to
the adjustable wall thickness; this means that it can respond to lead ion
solutions at lower concentrations. Thus the LOD of our microbubble
sensor is three orders of magnitude lower than that of the microsphere
sensor. We also compared the LOD and the linear range of the proposed
sensor with those previously reported (Table 1). The LOD of our sensor
is significantly lower than that obtained using these methods.

To evaluate the selectivity of the proposed WGM biosensor, eight
competing metal ions (Na+, Ca2+, Zn2+, K+, Cu2+, Fe3+, Fe2+, and
Mn2+) were tested under the same experimental conditions as that used
for Pb2+. The results of this test are shown in Fig. 6, with the inset
demonstrating the signal and error bars of the eight other metal ions. A
relatively high concentration of these ions was chosen in order to
adequately study the response of the sensor to other non-specific metal
ions. A concentration of> 1 μM of metal ions was used in the se-
lectivity test, including the lead ions. The results of this experiment
indicate a shift in wavelength of> 20 pm for 1 μM Pb2+. However, the
maximum wavelength obtained for the eight competing metal ions was
approximately 1.1 pm, or approximately one-twentieth of the signal
obtained for Pb2+ under the same experimental conditions. The WGM
wall sensor therefore has better selectivity compared to the optical fiber
sensor [39] and the surface enhanced Raman sensor [40]. These ex-
perimental results mean that the WGM biosensor has higher selectivity
for lead ions than other metal ions.

After verifying the selectivity of the sensor, identical investigations
were carried out using real samples. River water was obtained from the
water source protection area of Minjiang River (Fuzhou, China). In
order to obtain clear and transparent analytical samples, the river water
was centrifuged and filtered to remove any suspended solids and im-
purities. Following the centrifugation and filtration, the standard lead
nitrate solution was diluted with river water to obtain a lead nitrate
solution with a concentration of 100 pM. The sensor was then used to
test both the pure river water and the 100 pM Pb2+ solution three
times, the results of which are shown in Fig. 7(a). It can be seen from
the figure that the curve describing the change in wavelength caused by
the presence of lead ions is almost the same in both DI water (Fig. 5(a))
and river water with a Pb2+ concentration of 100 pM. Observations
showed that the resonance wavelength is initially stable and un-
changing. When the lead ions enter the sensor, the resonance wave-
length gradually shifts to blue. After the reaction between the lead and
the DNA reaches equilibrium, the resonance wavelength is stable and
remains unchanged. However, little signal was produced when river
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water was used. Some small step-by-step changes were observed in the
resonance wavelength as the water enters the sensor. It is worth noting
that this signal is not the generated by the sensor, the little change seen
in the resonance wavelength is due to the tiny difference in the re-
fractive index between the river water and the DI water. Fig. 7(b) shows
the average and the error bar of the three signals generated by the 100
pM lead ions and the river water.

4. Conclusion

In this paper, a label-free method for ultra-sensitive detection of
lead ions was demonstrated using a WGM microbubble resonator and
GR-5 DNAzyme. The GR-5 DNAzyme was successfully modified on the
inner wall of the microbubble with the aid of piranha solution and PLL
solution. A bulk refractive index sensitivity of 265.2 nm/RIU was ob-
tained for the microbubble resonator. The LOD of the WGM biosensor
was decreased to 15 fM by using a self-referenced differential for sup-
pression of the noise. The selectivity of the sensor is higher to lead ions
than eight competing metal ions. In addition, the practical application
of the sensor is confirmed by the results from tests using real samples.
The proposed sensor is low cost, simple to operate, and has fast testing
speed. The proposed WGM biosensor for lead ion detection therefore
has potential value for application value in monitoring drinking water,
and food. For detecting lead ions in solid samples such as food, these
samples should be crushed, centrifuged and filtered to obtain a clear
solution. It is worth pointing out that other competing metal ions in real
samples could interfere with the determination accuracy. The se-
lectivity should be further improved as compared with commercial
instruments such as atomic emission spectrometry. It is expected that
the sensing device can also be further optimized in future studies in
order to obtain a lower detection limit. A feasible method for achieving
this could be via the use of a low refractive index ultraviolet glue to
completely cover the coupling of the microcavity and taper fiber, cured
with ultraviolet light to obtain an encapsulated sensor device. This
would improve the robustness of the system and reduce the noise, while
allowing portability; hence, the sensor device could be used for in-situ
detection of lead ions. An alternative means could be the adoption of Au
nanoparticles in order to obtain a plasmonic mode, which also has the
potential to improve the performance of the sensor and decrease the
detection limit.
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