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Low accuracy is a big obstacle in dark-field microscopic imaging (iDFM) technique in practical applications. In order to reduce the
deviations and fluctuations in the observed or snapped scattered light in iDFM technique caused by unavoidable measurement errors,
bare gold nanoparticles (AuNPs) was introduced as an internal reference (IR). The feasibility of using AuNPs as IR in iDFM in theory
was verified. The function of the IR in improving the precision of the acquired data through post data analysis was identified by three
kinds of experiments: monitoring the oxidation process of silver nanoparticles (AgNPs) at room temperature, quantifying the level of
glucose with AgNPs used as probes and quantifying the change in the light intensity of AuNPs after the plasmonic resonance energy
transfer (PRET) between AuNPs and tetramethylrhodamine (TAMRA).
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1 Introduction

30 Dark-field microscopic imaging (iDFM) technique is an effective
tool to sensitively discern minute changes in the environment
around plasmonic resonant nanoparticles (PRNs) which act as
light scattering probes.'™'? In recent years, several research efforts
have been focused on exploiting the optical properties of PRNs
for achieving high sensitivity and resolution in iDFM
technique.'>? Interesting physical, chemical and biological
processes such as Brownian motion of single DNA molecules,"
the electrodeposition of silver nanoparticles (AgNPs),'* the click
reaction,'> growth of nanoparticles,'® orientation dynamics of
protein-coated gold nanorods,'” and transmembrane dynamics of
nanoparticles'® can be monitored in real-time at the single-
nanoparticle level by using iDFM technique. In addition to
observing dynamic changes, iDFM technique can also be applied
for quantifying targets when coupled with spectroscopic analysis.
For example, cytochrome ¢ has been detected based on selective
plasmonic resonance energy transfer (PRET) between conjugated
biomolecules and one single gold nanoplasmonic probe."
Recently, ATP has been quantified with ultra-sensitivity and
selectivity based on the principle that specific aptamer-ATP
binding induced conformational change could modulate the
surface-dependent self-catalytic growth of gold nanoparticles
(AuNPs).?

Despite its excellent features, iDFM technique still has some
limitations including the low accuracy. There are several factors
affecting the observed or snapped scattered light in iDFM
technique in practical applications. Some of these factors, such as
the light source, and the type of objective lens, can be controlled
by manual operation, while the other factors, such as the distance
between the dark-field condenser and the sample, the precise
60 position of the dark-field condenser and the exact amount of oil
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dropped on the condenser, cannot be fully controlled by manual
operation. Although piezo electric devices with feedback loop
can reduce some of these uncontrollable factors, such as the
distance between the dark-field condenser and the sample, there
are still uncontrollable factors which have a large influence on the
acquired signals (the effect of oil dropped on the condenser is
shown in Fig. S1 in the ESIt) and need to be adjusted by manual
manipulation. When iDFM is used for detecting targets,
achieving the light signals of probes before and after the addition
of targets is necessary. Thus, the sample need to be captured
followed by being removed from the microscope stage to contact
targets and then replaced for the next capture. And during this
process, large deviations caused by these uncontrollable factors
as well as large fluctuations in the achieved signals will occur due
to the incapacity for keeping the acquisition condition absolutely
unchanged in these captures by manual manipulation. Large
deviations caused by uncontrollable factors then make large
unavoidable measurement errors which are hard to regulate until
now.

In this study, we developed a new scheme in which an internal
reference (IR) was introduced into iDFM technique to reduce the
large fluctuations caused by the uncontrollable factors listed
above. Although IR has been widely used in analytical techniques
including mass spectrometry and chromatographic analysis, it has
not been used as a solution for the low accuracy in iDFM
technique until now. We chose AgNPs and the modified AuNPs
as probes because of their high scattering efficiency and their
wide applications,”' > while we chose the bare AuNPs herein as
the IR because they have the advantageous properties of high
efficiency and  convenient  preparation.’*?
Furthermore, as an IR, the bare AuNPs should have to meet with
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Scheme 1 Illustration of the regulation process. The large deviations of
the scattered light signals from probes caused by the unavoidable factors

s can be regulated by the average value of the scattered light signals from
AuNPs which are used as the IR.

requirements: (1) be inert and not react with the target or interfere
with the process for probing; (2) can be easily distinguished from
10 the nanoparticles used as probes; (3) have similar diameters as
probes so that they will be located in the same focal plane with
probes when they are observed with DFM; (4) be able to work
under the same conditions as probes.
Scheme 1 shows our working route wherein the large
15 deviations in the achieved scattered light signals (herein they are
the scattered light intensities) from the probes caused by the
uncontrollable factors can be regulated by the average value of
the scattered light signals from the bare AuNPs that was
introduced as IR in iDFM technique. We found that the precision
20 of the obtained experimental data from the probes could be
greatly improved after the calibration of errors originating from
adjustments of the relative position between sample and the dark-
field condenser in the case of manual manipulation through post
data analysis. Furthermore, small fluctuations in the acquired data
»s were achieved thanks to the calibration of IR, making the
quantification analysis by utilizing the change in the scattered
light intensity of PRNs reliable in iDFM technique without the
assistance of spectroscopic analysis, and greatly reducing the
detection time from several minutes to several seconds.

» 2 Experimental section

2.1 Apparatus

A magnetic stirrer / hotplate with a temperature controller (HS40,
Torrey Pines Scientific, USA) was used to precisely control the
synthesis of AuNPs and AgNPs. The extinction spectrum for the
35 prepared  nanoparticles measured by UV-Vis
spectrophotometer (U-3010, Hitachi, Japan). A scanning electron
microscope (SEM) (S-4800, Hitachi, Japan) was used to
characterize the morphology of these nanoparticles. Dark-field
microscopic images (iDFMs) were taken by an optical
40 microscope (BX51, Olympus, Japan) equipped with a dark-field
condenser (U-DCW, Olympus, Japan ), a single chip true-color
CCD camera (DP72, Olympus, Japan) and a 100 x objective lens.
A 100 W halogen lamp was employed as the white light source to

were

excite the prepared nanoparticles, which then generated localized
45 plasmon resonance scattering light.

2.2 Synthesis of AuNPs

AuNPs with average diameters of 54 nm and 13 nm were
prepared according to previously reported procedures with slight
modifications.*®*' For preparing the 54 nm AuNPs, HAuCl, (0.5
so wt %; 1 mL)and AgNO; (0.1 wt %; 42.5 puL) were added to 0.3
mL sodium citrate (1 wt %) under stirring. Water was added to
bring the volume of the mixture solution up to 2.5 mL. The
mixture was then incubated in a 25 °C water bath for 10 min. On
the other hand, 47.5 mL water was stirred and heated to reflux,
ss and then the mixture solution was quickly injected into the
boiling water. The solution was further refluxed for 1 h under
vigorous stirring, and then the heating was stopped. The 13 nm
AuNPs were synthesized according to Frens’ method. Briefly,
HAuCl, (0.0385 wt %; 52 mL) was heated to reflux with vigorous
stirring and then 1 mL sodium citrate (5 wt %) was quickly
injected into the solution. The solution was kept under reflux for
15 min, and then cooled down. The prepared AuNPs were
characterized by UV-Vis spectroscopy and SEM, and then used
for iDFM measurements.
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2.3 Synthesis of AgNPs

A modified route based on a literature procedure was used to
prepare AgNPs with an average diameter of 27 nm.*? Briefly, a
mixture of 20 mL water and 30 mL glycerol was vigorously
stirred and heated up to 95 °C. Then, 9 mg AgNO; was added to
the solvent. After one minute, I mL of sodium citrate (3 wt %)
was quickly injected into the solution. The mixture was stirred at
95 °C for 1 h. After that, 20 uL AgNO; (0.1 g/ mL) and 200 pL
sodium citrate (3 wt %) were sequentially added to the mixture
(time delay - 1 min), and this process was repeated 9 times (time
delay - 5 min). After 0.5 h, the reaction was complete and the
heating was stopped. The solution was further stirred for 1 h. The
prepared AgNPs were characterized by UV-Vis spectroscopy,
SEM, and used for iDFM.
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2.4 Preparation of the tetramethylrhodamine (TAMRA)

so functionalized AuNPs

S

HS-ssDNA-TAMRA functionalized AuNPs were prepared
according to the literature with slight modification.”> DNA
sequence: 5'-HS-GCACGAATTCACACG-TAMRA-3'. First, a
small volume of tris(2-carboxyethyl) phosphine (TCEP) treated
DNA solution (TCEP : DNA =10 : 1, in 10 mM tris-HCI buffer,
pH 7.4) was added into AuNPs solution (DNA : AuNPs =2000 : 1)
and mixed by a brief vortex. After ten minutes, 50 mM
citrate. HCI buffer (pH 3, final 10 mM) was added into the AuNP
solution. The solution was placed in dark for one hour.
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2.5 Preparation of the mixture nanoparticles attached glass
slides

Glass slides (254 x 762 mm, 1 - 1.5 mm in thick) were
sequentially cleaned by chromic acid and distilled water, dried by
nitrogen, and then immersed into 100 mL 0.05 % solution of 3-
os aminopropyltriethoxysilane (APTES) in acetone for 0.5 h. Then
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the slides were washed three times with acetone, and finally dried
at 70 °C for 2 h to obtain positively charged surfaces. After that,
these APTES-modified glass slides were placed into a solution
containing the mixture of negatively charged AgNPs and AuNPs
for 30 minutes to absorb these nanoparticles by an electrostatic
force.

2.6 The way for imaging the same nanoparticles by DFM and
SEM

Firstly, a cross label was marked on one APTES-modified glass
slide, and then the freshly prepared nanoparticles were fixed to
the slide by an electrostatic attraction. One region nearby the
marker was chosen and captured with DFM. In order to find the
same region in the following visual field of SEM, the image
captured by DFM should include one part of the cross label.
Secondly, the visual field in SEM was amplified the same times
as in DFM to quickly find the same region in SEM. The same
region in SEM was found based on the same outline of the
marker as in the DFM image and then SEM images were taken.

2.7 Evaluation the influence of IR on the precision
improvement in monitoring dynamic processes

In order to assess the influence of IR on improving the precision
of the acquired signals in monitoring dynamic processes, the
oxidation process of AgNPs in air at room temperature was
monitored. For achieving co-location of the same nanoparticles
before and after their exposure to air, a cross label was marked on
the APTES-modified glass slide and one region nearby the cross
label was used. After the attachment of the freshly prepared
AgNPs and AuNPs on this region by an electrostatic attraction,
iDFMs of this region before and after the oxidation of these
nanoparticles were taken. During the oxidation process, this
region was directly exposed to air, and iDFMs of this region were
taken (time delay - 15 min) until the light intensity of AgNPs was
unchangeable. To be noticed, during the monitoring process, the
slide was removed from the microscope after one capture of
iDFM and then replaced just before the next iDFM was captured.

2.8 Evaluation the influence of IR on the precision
improvement in quantifying targets

To evaluate the effect of IR on improving the precision of the
acquired signals in quantifying targets, glucose was employed as
the target for detection. AuNPs-13 nm can catalytically oxidize
glucose in the presence of O,, producing gluconic acid and H,0,
which can change the scattering light intensity of AgNPs. Thus,
AuNPs-13 nm, AuNPs-54 nm, and AgNPs were used as the
catalysis, IR and probes, respectively. For achieving co-location
of the same nanoparticles before and after the reaction, a cross
label was marked on each glass slide. After the attachment of the
mixtures composed by AgNPs and AuNPs-54 nm by an
electrostatic attraction, six marked glass slides were used and
iDFMs of six regions nearby the cross labels corresponding to the
six glass slides were captured, respectively. Then each slide was
removed from the microscope stage and immersed into an open
cell filled with 10 mL aqueous solution consisting of a mixture of
glucose (with varied concentrations) and AuNPs-13 nm (0.335
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nM, final concentration). It must be noted that the above solutions
were prepared immediately prior to use. After one hour, each
slide was removed from the cell, washed with distilled water and
dried with nitrogen. iDFMs of the six chosen regions
corresponding to the six slides were taken again.

3 Results and discussion

3.1 Identification of the feasibility for introducing AuNPs as
the IR in iDFM technique in theory

Firstly, we measured light scattering features of the mixture
nanoparticles composed by AgNPs and AuNPs. Due to the fact
that the scattered light colors of AgNPs are dominated by blue
(Fig. 1A and Fig. S2-1-Fig. S2-7 in the ESI¥, up to 98 %) while
those of AuNPs are dominated by green (Fig. 1B and Fig. S2-1-
Fig. S2-7 in the ESIY, up to 80%), the nanoparticles scattering
blue can be recognized as AgNPs while those scattering green as
AuNPs in iDFMs of the mixtures containing AgNPs and AuNPs
(Fig. 1C) and it would be used in the following investigations.
Then, we identified the feasibility of using the bare AuNPs as
IR in iDFM technique while AgNPs were used to represent the
probes. As stated above, both AuNPs and AgNPs should be
imaged under the same conditions. After expressed as digital
information from image through common software,** the average
values of the scattered light intensities of all AgNPs (blue light,
Tie) and AuNPs (green light, Jyee,) from these images could be
available. In order to make AuNPs function as a suitable IR, the
ratio of Jyye / Iyeen Obtained from the same region at different
captures should be constant unless chemical reactions or physical
changes occur and factors which have the possibility to affect the
ratio Of Iyjye / Jgeen should be tested. Thus, iDFM of the mixture of
AuNPs and AgNPs in the same region was continuously captured
8 times, during which the uncontrollable factors were tested by
]
Ed

AuNPs|C Ag“’s+AuNPs
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Fig. 1 Identification of the feasibility of introducing the bare AuNPs as
the IR in iDFM technique. (A), (B) and (C), iDFMs of AgNPs, AuNPs
and the mixture of AgNPs and AuNPs, respectively. (D) The scattered
light of the same single AgNP from 8 captures. (E) and (F) are the light
intensities of same 50 AgNPs and AuNPs in 8 captures, respectively. The
mixture of AgNPs and AuNPs were absorbed on a region by an
electrostatic attraction. The 50 AgNPs and AuNPs were randomly
selected from the mixture nanoparticles to represent all AgNPs and
AuNPs in this region, respectively. (G) The ratio of T / Igeen for the 8
captures, wherein Towe and 1_green are the average values of the 50 randomly
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seleceted AgNPs (E) and AuNPs (F), respectively.

deliberately shifting the AuNPs and AgNPs loaded slide. That is,
the slide was removed from the microscope stage after one
capture of iDFM and replaced just before the next capture to
make the relative position between sample and the dark-field
condenser keep changing. During this factitious process, the slide
was not subjected to further chemical reactions or physical
changes.

Accordingly, 8 iDFMs were achieved after 8 captures. Fig. 1D
shows the typical fluctuations in light signals of the same single
AgNP from 8 iDFMs. The same 50 spherical but not too bright
blue spots and green spots were randomly selected in these
iDFMs to represent the scattering features of all single
nanoparticles scattering blue (AgNPs) and green (AuNPs),
respectively. All these chosen light spots could be digitalized and
8 columns reflecting the large fluctuations in the achieved signals
caused by uncontrollable factors were obtained (Fig. 1E, 1F). In
order to achieve reliable results and make the sample unbiased
representative of the whole, all typical nanoparticles used in this
study should be randomly selected and evenly distributed in the
whole image (see 3 in the ESIT).

The average values of the light intensities of the 50 selected
nanoparticles (I, and I_g,een) were calculated. As shown in Fig.
1G, the ratio of Jye / Tyreen is about 0.4, and it remains unchanged
in the absence of further chemical reactions or physical changes,
indicating that the introduction of the bare AuNPs as IR in iDFM
technique is feasible and reliable.

3.2 Introduction of the calibration factor a

Having confirmed the feasibility of the bare AuNPs as IR in
iDFM technique, we further introduced a calibration factor based
on the inert features of IR, «, to reduce the unavoidable errors in
the acquired signals of AgNPs (as the representative of the
probes) resulting from uncontrollable factors during the manual
operation (for further information, see 4 in the ESIt)

1.
o= gn.cn' (1)

green

Wherein 1_green and I_g,een’ represent the average values of the
obtained intensities of the green scattered light from the bare
AuNPs before and after chemical reactions or physical changes.

3.3 Evaluation the function of IR in improving the precision
of the acquired data in monitoring dynamic processes

In order to identify the applicability of the bare AuNPs acting as
an IR to calibrate errors caused by uncontrollable factors in
monitoring dynamic processes, we monitored the oxidation
process of AgNPs in air at room temperature. As is well known,
AgNPs are sensitive to the surroundings, and the easy but slow
oxidation of Ag (0) to Ag,0 in air can result in the decrease in the
light scattering intensity of AgNPs due to the fact that the
plasmon resonance of AgNPs can be significantly affected by the
presence of Ag oxides on their surfaces.” Thus, we could
monitor the change in the average value of the scattered light
intensities of AgNPs in the same region. iDFMs of the same
region before and after the oxidation of AgNPs in air were
captured at an interval of 15 min, and 9 iDFMs were obtained
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(see 5 in the ESIY). To be mentioned, this process was executed

I AuNP(uncalibrated)
I AgNP(uncalibrated)
351 Y777 AuNP(calibrated)
XY AgNP(calibrated)

0 30 75 120
Time (min)

-O—uncalibrated
0.1 —eo—calibrated

0 15 30 45 60 75 90 105 120
Time (min)

Fig. 2 Monitoring the oxidation of AgNPs in air at room temperature.
iDFMs of the same region before and after the oxidation of AgNPs were
captured and used. (A) iDFMs of the mixture composed of AuNP (the
green spot) and AgNPs (the blue spots) after their exposure to air for
different time. These iDFMs are parts of the iDFMs of the whole region.
(B) The average values of the light intensities of AuNPs (from the whole
region) and the light intensities of AgNP (from Fig. 2A, marked by
number 2) at different exposure time in air before and after calibration. (C)
The change in Al / I with increasing the exposure time of AgNPs in air
before (black curve with hollow circles) and after (red curve with solid
circles) calibration. 7 is the average value of the light intensities of AgNPs
from the whole region at the beginning and A7 represents the change of
the average value of the intensities of AgNPs from the whole region after
their exposure in air.

in the presence of the unavoidable errors resulted from
adjustments of the relative position between sample and the dark-
field condenser.

As shown in Fig. 2A, the intensity of the green light from one
single AuNP (marked by number 1) was changing and the latter
three green spots were brighter than the first one, indicating that
large fluctuations in the acquired signals originating from
unavoidable errors had occurred since AuNPs attached on glass
slide are stable in air (see next and Fig. 3, even when they were
mixed with H,0,, they are stable). Although the scattered light
intensity of the blue light from one single AgNP (marked by
number 2) was decreasing with the increasing exposure time in
air, the data was still unreliable considering the large fluctuations.
In such case, a was employed for calibrating these large
deviations through post data analysis. According to Eq. (1), a

ss could be calculated with the average value of the light intensities

of AuNPs at the beginning (/geen) and the other exposure time
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(Igreen )- Then the light intensities of AgNP from Fig. 2A (Fig. 2B,
the blue solid columns) at four different exposure time in air were
calibrated by multiplying the value of a (Fig. 2B, the blue
diagonal stripe columns).

Furthermore, the average values of the light intensities of
AgNPs from the whole image region could also be calibrated. 7 is
the average value of the light intensities of AgNPs at the
beginning, while Al is the change in the average value of the
intensities of AgNPs. As seen in Fig. 2C, before calibration, AT /T
10 was found to be irregular with the increasing exposure time in air
(black curve with hollow circles). After a was employed, the
calibrated Al /I was decreased with the increasing exposure time
in air (red curve with solid circles), showing much more regular
and reasonable results. Therefore, we could conclude that surface
oxidation of AgNPs could be precisely monitored by using the
bare AuNPs as IR in iDFM technique even without the use of in-
situ probing.

o

@

3.4 Evaluation the function of IR in improving the precision
of the acquired data in quantifying targets

20 To evaluate the influence of IR on improving the precision of the
acquired data in quantifying targets, we applied the bare AuNPs
as IR in iDFM technique to quantify chemical reactions. Glucose
was selected as a typical target considering its high importance in
life activities.*® Glucose was detected by combining the glucose
oxidase (GOx)-mimicking activity of AuNPs-13 nm and the
sensitivity of AgNPs to H,0,.:2" %%

2;

a

AuNPs .
——> gluconic

glucose + O, acid + H,0,

Then the resulted H,O, can easily oxidize AgNPs and lead to the
decrease in the light intensity of AgNPs. Based on this, glucose
can be quantified with iDFM technique.

In order to reveal the mechanism for the reaction between
AgNPs and H,0,, DFM and SEM were combined to co-locate the
same nanoparticles before and after the reaction.* As Fig. 3A-3E
(see 6 in the ESIT) show, as an IR, the AuNPs had neither the
change in the scattered light intensity nor the change in the
morphology even after long-term exposure to H,0,. After
exposed to H,0O,, the blue scattered light from AgNPs as
measured by DFM diminished (Fig. 3C, 3D), while their
morphologies scarcely changed as observed by SEM (Fig. 3B,
40 3E, and 7 in the ESIt). We supposed that the reduction in the
intensity of the blue light was due to the fact that the Ag,O shell
formed on the surface of AgNPs affected the plasmon resonance
of these AgNPs,* causing great decrease of the scattered light.

Fig. 4 shows the relationship between the relative change in the
average value of the light intensities of AgNPs (Al / ) and the
concentration of glucose (c) for the detection of glucose. Without
calibration (the black curve), the first three points were irrational
because it was unreasonable that the second and third points were
larger than the first point, indicating the light intensity of AgNPs
so were increased after exposing AgNPs to glucose. As a

consequence, the overall trend of the curve deviated from the

actual and the result was unreliable.
Having confirmed that the scattered light of AuNPs would not
change during the detection process (see 8 in ESIT), AuNPs were
ss used to make sure that the change in the light intensity of AgNPs
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was precise. After calibrated by a in post data analysis (Fig. 4, the

500 nm

Fig. 3 Characterization of the mixture of AgNPs and AuNPs before (A-C)
and after (D, E) their interaction with H,O,. (A, C, D) iDFMs of these

60 nanoparticles. (B, E) SEM images of the same nanoparticles as in Fig. 3A
and 3D, respectively. (C, D) iDFMs of the mixture nanoparticles from the
same region before (C) and after (D) their exposure to H,O,.

B o —e—uncalibrated
0.2 —e—calibrated
~-0.44 ¢
I\
a-0.6-
-0.8
-1.0

0 25 50 75 100 125 6008001000
¢ (nM)

Fig. 4 Detection of glucose with AgNPs as calibrated by AuNPs. Al / ] as

65 a function of the concentration of glucose (c) before (the black curve) and
after (the blue curve) being calibrated with a. I is the average value of the
light intensities of AgNPs from the whole image region at the beginning
and Al represents the change in the average value of the intensities of
AgNPs from the whole region after the reaction.

70 blue curve), the curve became much more regular and reasonable
since the formed Ag,0 shell on AgNPs can lead to the decrease
in the scattered light of AgNPs. When the concentration of
glucose (c) varied from 10 nM to 100 nM, the Al / I showed a
sharp decrease, and after that, the change of Al / I was much more

75 €Ven.

3.5 The flexibility of the IR in practical applications

In practical applications, the probes used in iDFM technique are
not just limited to AgNPs and they can also be AuNPs. In such
case, the bare AuNPs can be chosen as the IR while the
so functionalized AuNPs are chosen as the probes. For example, in
order to investigate the plasmonic resonance energy transfer
(PRET) between AuNPs and TAMRA, AuNPs modified with
HS-ssDNA-TAMRA (AuNPs-TAMRA) were used as the probes.

This journal is © The Royal Society of Chemistry [year]
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Since both the bare AuNPs and the AuNPs-TAMRA have the
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Fig. 5 The bare AuNPs as the IR when AuNPs-TAMRA were the probes.
(A) iDFM of AuNPs. (B) iDFM of AuNPs (marked by the white circles)
and AuNPs-TAMRA. (C) The scattered light intensities of AuNPs and
AuNPs-TAMRA from 5B.

green scattering light, in order to distinguish them, the bare
AuNPs were firstly fixed on the glass slide, one region on the
slide was captured (as seen in Fig. 5A). Then AuNPs-TAMRA
were fixed to the same glass slide, and the same region was
captured again (as seen in Fig. 5B). In Fig. 5B, the light spots
marked by white circles can be identified as the bare AuNPs
while the rest of the spots as the AuNPs-TAMRA. After
expressed as digital information from Fig. 5B, the scattered light
intensities of AuNPs and AuNPs-TAMRA are shown in Fig. 5C.
The average level of the scattered light intensities of them were
18030 and 10384, respectively. In other words, the strong
absorbance of TAMRA in 550 nm reduced the scattering light of
AuNPs which had a peak at ~550 nm by more than 42 %.

Besides, the IR used in iDFM technique is not just limited to
gold nanospheres, and gold nanoparticles with other geometry,
such as nanorods and nanocubes can also be used as the IR.

~
O

70

Except for AuNPs, many non-plasmonic materials, such as
submicron polymer beads, can be used as the IR as long as they
meet the four requirements which have been described in the last
sentence of the third paragraph. The IR is flexible and it can be
changed as the change of probes.

4 Conclusions

In summary, the bare AuNPs was introduced to iDFM technique
as an IR for the first time to reduce the large unavoidable errors
caused by uncontrollable factors in post data analysis, and
improved precision of the acquired signals from AgNPs or
functionalized AuNPs acting as probes has been obtained. The
feasibility of this method was validated and then a calibration
factor (o) was introduced to reduce fluctuations in signals of the
probes. The improved precision by using AuNPs as IR has been
identified by monitoring the oxidation process of AgNPs in air at
room temperature, quantifying the level of glucose, and
quantifying the change in the light intensity of AuNPs after the
PRET between AuNPs and TAMRA in the presence of the
unavoidable errors. To be mentioned, the IR is flexible, and many
materials'® can act as the IR providing they meet the four
requirements which have been listed above. Furthermore, the
small fluctuations in the acquired data make the quantification
analysis by utilizing the change of the scattered light intensity of
PRNs reliable in iDFM technique without the assistance of
spectroscopic analysis, greatly reducing the detection time from
several minutes to several seconds. We believe that the IR can
find wide applications in monitoring some processes which
cannot be accomplished in-situ and quickly quantifying fast
reactions in iDFM technique.
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