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26 We present a highly sensitive Pb*>" detection method by in-

27 situ real-time imaging of Pb’" catalyzed etching and size

28 reduction of immobilized single gold nanoparticles with

29 darkfield microscopy. The detection limit is 0.2 pM,

30 suggesting direct observation of the catalytic activity of ~ 5

31 lead ions on one gold nanoparticle surface.

32

33

34

35 Lead ions, one of the most toxic metallic pollutions, have become a

36 tremendous threat to human health.! Once Pb*" is into human body,
it is hard to get excreted, and high concentration of Pb*" could

37 impede the circulation and update of blood, causing headache,

38 dizziness, fatigue or even brain damage.? Because of its high toxicity

39 and wide spread in aquatic ecosystem, accurate detection of Pb>" at

40 low concentration is very important. Over the past decades, sensitive

41 and reliable instrumentation techniques based on atomic absorption

42 spectrometry (AAS), inductive coupled plasma mass spectrometry

43 (ICP-MS),* X-ray fluorescence spectroscopy’ and inductive coupled

44 plasma atomic emission spectrometry (ICP-AES)° have been
established for Pb*" detection. Some new analytical methods using

45 specialized probes based on chromophores,’ DNAzymes,®

jg fluorophores,’ olizgonucleotides10 or nanoparticles'' have also been
developed for Pb*" sensing during recent years. For instance, Liu et

48 al. designed a highly sensitive and selective colorimetric sensor by

49 using Pb*"-dependent DNAzyme as a target recognition element and

50 DNA-functionalized gold nanoparticles as a detection sensor.'

51 Huang and co-workers reported a sensitive and cost-effective

52 colorimetric assay based on the fact that Pb>" would accelerate the
etching rate of gold in the ammoniacal S,05> system."

53 Owing to their unique optical and chemical properties including size,

54 shape and environment dependent localized surface plasmon

55 resonance (LSPR) spectra, mild surface chemistry and low

56 biotoxicity, gold nanoparticles (AuNPs) have been utilized in diverse

57 areas as chemical or biological sensors, particularly in the field of

58 single particle detection (SPD)."* SPD represents the ultimately

59

60
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sensitive detection without any target or signal amplification,"” and
single AuNPs can serve as non-fluorescence SPD probes due to their
large LSPR absorption and scattering cross sections and high
photostability.'® For example, by using dark field microscopy
(DFM), Xiao presented a single molecule detection method for DNA
sensing using colour coded single plasmonic nanoparticles and
reached a detection limit of 0.02 pM." Xiong and co-workers
demonstrated highly sensitive sulphide detection in living cell on the
basis of single-particle spectral imaging with AuNR-Ag core-shell
nanoparticles as probes.’® Long group reported a dark-field
microscopy-based method, involving NADH-mediated reduction of
Cu”*" onto AuNPs to form Au@Cu nanoparticles, to detect NADH
activity at single particle level inside cells and monitored the effect
of anticancer drugs on the cell metabolism."’

In this study, by using DFM-based detection of single AuNP
scattering intensity, a highly sensitive method for Pb*" sensing was
proposed. Figure S1 shows the schematic diagram of the reaction.
Different from other target-induced AuNP aggregation-based
colorimetric assays, this method took advantages of Pb*" induced
AuNP size variation. When Pb?" was added into the mixture of
S,05%, 2-mercaptoethanol (2-ME) and AuNPs, the Pb-Au complexes
accelerated AuNPs dissolving into solution and their size reduction,
leading to a sharp decrease in the LSPR scattering intensity of the
AuNPs with little spectral shift. The fact that an individual AuNP
can act as a probe for sensitive detection of Pb*" allows
miniaturization of the sensing system and significant reduction of
sample volume. As a result, Pb*" concentration in homogenous
solution was able to be determined as sensitive as 0.2 pM. Further
calculation indicated that we were actually detecting the catalytic
activity of just ~ 5 Pb>" ions on one AuNP surface when the Pb*"
concentration was 0.2 pM. To our knowledge, this is the first time to
use a non-fluorescence SPD technique for lead ion detection. This
approach could be further applied to study real-time single molecule
reaction kinetics and catalytic mechanisms.
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Figure 1. Schematic diagram of single particle dark field microscopy.

The optical setup is shown in Figure 1. According to previous
reports, the smaller the AuNP size, the higher the sensitivity. But
due to the limited sensitivity of our CCD camera (see discussions
below), it is hard to obtain enough signal-to-noise ratio if the
diameter of AuNPs is smaller than 30 nm. Therefore, we chose
AuNPs of average size 50.6 + 6.7 nm (Figure S2A) for this SPD
assay. The classical etching experiment was performed to test
whether the etching reaction could happen when using these large
AuNPs. As shown in Figure 2, the absorbance of the AuNP solution
at 533 nm decreased dramatically with Pb*" concentration increasing
from 0.5 nM to 50 uM.
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Figure 2. UV-Vis absorption spectra of 2-ME/S,0;%/AuNPs in response to
Pb®* concentrations ranging from 500 pM~50 uM in bulk solution. The insert
shows the ratio (A’s;3-As33)/A’s3 as a function of the concentration of Pb*'.

Subsequently, we tested the selectivity of the nanoprobes toward
Pb?" for a wide range of biologically and environmentally relevant
metal ions including (Fe**, Co*", Cu®*", Cd*', Ni’, Zn*, AI*, Na",
Mg?" (5 uM)), and Pb>" (5 nM), Figure S3 shows that the probes
responded selectively toward Pb?* ions by a factor of 100 or more
relative to other metal ions. Taken the above data together, the 50
nm AuNPs can be used for highly sensitive and selective Pb**
detection.

As demonstrated in previous reports by others, the scattering
intensity of AuNPs is highly sensitive to their size.”* According to
the Mie theory, the scattering cross section oy, of an AuNP can be
described by*!
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Where A is the wavelength of the light, V is the volume of the AuNP,
and g(A) and g, are the permittivities of the AuNP and surrounding
environment, respectively. The equation shows that the scattering
intensity of AuNP is proportional to the square of its volume.

Figure 3A and 3B present the calculated scattering spectra and the
simulated colour scattering images of 4 different sizes of AuNPs
from 30 nm to 60 nm. It can be seen that, when the size of the AuNP
doubles from 30 nm to 60 nm, both its intensity and color/spectrum
vary a lot, suggesting that single AuNP aggregation-based assays can
be detected using either intensity or colorimetric/spectral sensing.
When the size of AuNP reduces from 50 nm to 30 nm, there is a
significant decrease in AuNP scattering intensity, but the AuNP
colour remains largely green. Thus, Pb® induced single AuNP
etching and size reduction should be more efficiently detected by the
change of AuNP scattering intensity. Figure 3C shows the
quantitative relationship between the AuNP size and intensity. There
is 88% intensity decrease when the particle reduces from 50 nm to
30 nm.
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Figure 3. (A) Simulated scattering spectra and (B) Calculated dark field
scattering images of 30, 40, 50 and 60 nm AuNPs according to the Mie
theory. (C) Normalized scattering intensity maximum as a function of AuNP
diameter.
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Before performing the SPD assay, the signal-to-noise ratio (S/N) of
the optical system needs to be optimized, which is affected by both
the ISO level and the exposure time of the CCD camera. Figure S4
shows the S/N results obtained from a blank AuNP sample with
different camera settings. The highest S/N was reached when we set
the ISO level to 200 and the exposure time to 3 s. Next, we evaluated
the stability of the single particle measurement by monitoring the
time-dependent variation of AuNP intensity. It can be seen in Figure
S5 that the fluctuation of the unreacted AuNPs was ~ 5% within 6 h.
Therefore, AuNP intensity decreased over 5% can only result from
etching reactions. Third, we must take into account the stability of
the reaction system. It is known that Na,S,0; could readily
decompose into SO, and Na,SO, in air, which could hinder the
formation of Au(S,0s)" complexes and slow down the AuNP
etching rate if the Na,S,0; concentration becomes too low. To
alleviate this problem, we had the reactions occur in a 40 pl air-tight
cell created by gluing the coverslip and a concave glass slide
together with nail polish. According to the chemical reaction
equation (4Au + O,+ 2H,0 + 8S,05> — 4Au(S,05),°+ 40H), the
dissolved O, (solubility 0.25 mM/L) in this 40 pl solution is far more
than sufficient for the etching reaction at room temperature of 25°C.
This sealed micro chamber also prevents evaporation of the solution.
Finally, to prove that the Pb>" induced reaction could actually happen
and be observed at the single particle level under DEM, 2 nM Pb*"
solution with 2-ME was added into such a reaction system and
monitored under DFM for 6 h. As shown in Figure S6, the scattering
intensity of singe AuNPs decreased rapidly initially and then slowed
down after 6 h, indicating the single-particle-based etching reaction
did occur and completed in about 6 h. Figure 4 displays typical DFM
images of the single AuNPs before and after reacting with Pb*",
there was an apparent decrease in AuNP intensity after the reaction.
And the TEM results (Figure S2) suggested that the final size of the
AuNPs declined for nearly 5 nm.

B

Figure 4. Typical AuNP dark field images (A) before and (B) after reacting
with 2 nM Pb*".

To find out the performance of this single particle detection method
for quantitative Pb>" sensing, we performed a series of experiments
with various Pb®" concentrations, [Pb*']. Immobilized single S,0,%F
/AuNPs probes were immersed in the Pb?* solution for 6 h and their
beginning and end DFM images were recorded, respectively. To
investigate the sensitivity and dynamic range, over 50 nanoprobes
were randomly selected at each [Pb*'], and the resulting Al/I, values
were recorded and calculated. We use the intensity ratio, which
compares the intensity variation to the original intensity value of
each AuNPs, to eliminate the factor of AuNP size difference and get
more reliable and precise results. By Gaussian fitting their
distributions, the average Al/l, value at each [Pb2+] (Figure 5A) as
well as their dependence on [Pb*"] (Figure 5B) was obtained. The
limit of detection was found to be 0.2 pM, the lowest in all Pb*"
sensing assays as far as we know. With increasing [Pb>'], Al/I, value
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scaled up roughly linearly with the logarithm of [Pb*'] from 0.2 pM
to 200 pM, but started to level off at higher [Pb®'], indicating that the
dynamic range of this assay was not very large. This is attributed to
that the activity sites for Pb>" adsorption on each single AuNP probe
surface were limited in number and they were all occupied when
[Pb*"] was too large, hindering further acceleration of the etching
rate.
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Figure 5. (A) Distribution of Al/], after adding (1) 0 pM, (2) 0.2 pM, (3) 2
pM, (4) 20 pM, (5) 200 pM, (6) 2 nM, (7) 20 nM, (8) 200 nM Pb**. Over 50
particles were counted in each case. (B) Calculated Al/], values from the dark
field images as a function of Pb*" concentration. (The first point represents
the blank).

Besides ultrasensitive quantification of the concentration of Pb*", we
can also get additional mechanistic insights on the Pb*" catalyzed
AuNP etching reaction at the single particle level. By statistical
analysis of the number of immobilized single AuNPs observed
during darkfield imaging, we estimated that each image containing
~180 nanoprobes. From the image size (1360 x 1024 pixels), the
pixel size (6.45 um) and the magnification of the objective (40 x), it
can be calculated that the sample area corresponding to each image
is 3.6 x 10" m?. According to the size of the air-tight concavity (d =
15 mm and area = 1.78 x 10 m?), there is roughly 8.8 x 10°
immobilized AuNPs enclosed in the reaction chamber. Assuming all
Pb>* ions in the 40 pL solution were adsorbed onto the surface of
AuNPs when the Pb®* concentration is very low, there will be in
average only ~ 5 Pb*" ions adsorbed onto every AuNP surface when
[Pb>"] = 0.2 pM. In other word, at this concentration, we were
monitoring not only the intensity change of single AuNPs, but also
the catalytic behaviors of just a few Pb*" ions. To our knowledge,
this is the first report on real time catalysis reaction studies at nearly
single ion level. On the other hand, from the turning point of the
A/, vs log([Pb*']) curve in Figure 5B, we can determine that on
each AuNP surface, the maximum number of active sites is ~ 5,000
or there are about 0.6 ~ 1.0 active sites per nm’. Further studies
along this line could provide more information.
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In conclusion, by using DFM and single 50 nm AuNPs as the
probes, we have studied Pb*" catalyzed AuNP etching reactions at
the single particle level. Since the LSPR scattering intensity of
AuNPs is highly sensitive to their size and topography change, this
method is able to detect as a low as 0.2 pM Pb*" in the solution or in
average the catalytic behaviors of ~ 5 Pb*" ions on an AuNP surface.
Similar approaches could be developed for ultrasensitive detection of
other heavy metal ions or small molecules and for single particle
catalysis mechanism studies.

This work was supported by NSFC 21127009, NSFC 91027037, and
Hunan University 985 fund.
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