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Accurate quantification of number concentration of nanoparticles
(NPs) is critical for their biomedical and catalytic applications. We
developed a novel NP analysis platform based on coupled gel immobilization and a three-dimensional (3D) scattered light imaging (SLI)
platform. This imaging-based technique enables high-throughput
analysis of silver nanoparticles (AgNPs) at single-particle level without
the need for particle labeling or modification. This is a well-established
quantitative characterization technique that can simultaneously measure the number concentration and size distribution of AgNPs. It also
demonstrates the visualization and quantification of the size and 3D
morphology of AgNP agglomerates in solution.

In recent years, nanoparticle (NP) applications in biotechnology
nanomedicine and chemical catalysis have steadily increased.1,2
The number concentration, and stability of NPs in suspensions
are significant in these research fields, and many methods have
been developed for this purpose. Even with the multitude of
methods available for the characterization of particle size, the
number concentration of NPs is still cited as a parameter that is
challenging to determine.3–5 Dynamic light scattering (DLS) and
electron microscopy (EM) have been widely used to provide size
information about NPs, but they are generally not suitable for the
accurate quantification of NP number concentration.6,7
Current methods for the determination of NP number
concentration include optical, electrochemical, and mass spectrometry techniques.8–11 Among these methods, nanoparticle
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tracking analysis (NTA) and single-particle inductively coupled
plasma mass spectrometry (SP-ICP-MS) are promising techniques that allow simultaneous measurements of size distribution and particle number concentration. Although SP-ICP-MS
has been applied in an increasing number of studies, it still
lacks standardized metrological protocols and indirectly quantifies the number concentration of NPs via the theoretical
calculation of their mass level.12,13 The use of NTA for the
determination of particle number concentration has rarely
been reported, probably because of issues associated with the
reliability and variability induced by the Brownian motion of
individual particles.14,15 Another drawback of NTA is that
experimental results strongly depend on the operator, and it
is difficult to compare results from different operators because
of the flexibility and variability of parameter settings.16
Label-free optical techniques have been used to study NPs in
solution or live cells. Interferometric scattering microscopy is used
to detect gold particles as small as 2 nm, but it cannot provide size
information.17 By measuring the signal of scattered light, dark-field
microscopy is used to monitor NPs in live cells while suﬀering from
imaging in the z-direction due to lacking of confocality.18 In a
previous study, we reported a well-established scattered light
imaging (SLI) technique that allows label-free NPs to be monitored
using a conventional confocal fluorescence microscope.19 This
method can be used to accurately track the localization of a variety
of nanomaterials at a single-particle level inside the cell. However,
the use of SLI for single-particle analysis in solution suﬀers from a
major limitation, namely the fact that particles in Brownian motion
need to be accurately tracked and recorded.
In this study, we present a comprehensive particle analysis
workflow based on coupled gel immobilization and threedimensional (3D) SLI. In this platform, NPs are immobilized
into glycerol gel to limit their random motion (Brownian
motion), then their size, particle number concentration, and
stability in suspensions can be simultaneously measured at
single-particle level by 3D SLI.
Here we used a commercial AgNPs with 100 nm (Fig. S1,
ESI†) as model NPs. In this platform, NPs were mixed with
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Fig. 1 Immobilization and characterization of AgNPs. (a) Schematic overview of the coupled gel immobilization and SLI platform. RT, room
temperature. (b) The representative TEM images for AgNPs with (top)
and without (bottom) gel immobilization. (c) The representative SLI images
for AgNPs located at diﬀerent places of gel (from Z0 to Z3). (d) The signalto-noise ratio of scattered light from single AgNP located at diﬀerent
places of gel (n = 20). (e) The size for AgNPs located at diﬀerent places of
gel (n = 50). ***P o 0.001, ns (not significant, P 4 0.05) by Student’s t test.

glycerol gel (at 45 1C), and the mixture was transferred onto a
glass bottom dish to form into solid gel before SLI analysis
(Fig. 1a). Given that AgNPs were treated at 45 1C during gel
immobilization, the impact of gel immobilization on the size
and shape of AgNPs was firstly studied as an initial quality
control. There was no obvious change in either the size or
morphology of AgNPs in transmission electron microscope
(TEM) images, even after longer (about 10 min) gel treatment
at 45 1C (Fig. 1b). To validate the use of gel immobilization and
SLI for AgNP imaging, we compared the size and the intensity
of scattered light for individual AgNP located at the diﬀerent
height of Z axis in the gel based on SLI images (Fig. 1a). As
shown in Fig. 1c and d, AgNPs located at the bottom (Z1),
middle (Z2), and top (Z3) of the gel showed similar intensity
values of scattered light, and the signal-to-noise ratio (SNR) of
these AgNPs was much higher than that of AgNPs at the
interface between glass and gel (Z0). However, there was
no significant size diﬀerence among AgNPs from Z0 to Z3
(Fig. 1c and e). Moreover, the same distribution width in the
histograms of the size distribution (Fig. S2, ESI†) further
verified the validity of size measurement using coupled gel
immobilization and SLI platform. These results confirmed that
the scattered light signal of AgNPs immobilized into the
glycerol gel are stable and intensive enough for 3D scanning
imaging.
To quantify the particle number concentration of AgNPs in
solution, immobilized AgNPs inside the confocal volume can be
imaged by 3D SLI using confocal microscopy under optimized
conditions (Fig. 2a). As shown in Fig. 2b, a green light spot in
the 3D image was considered to be an individual AgNP. AgNPs
within the gel appeared to be ‘‘entrapped’’ and retained a
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Fig. 2 The measurement of particle number concentration. (a) Diagram
of 3D SLI analysis. (b) The representative SLI images for AgNPs by 3D
reconstruction (left) and planar projection (right). The total number of
AgNPs in the planar images is automatically counted by using Image
J software. (c) Comparison of particle number concentration derived from
3D SLI and obtained by calculation from ICP-MS. (d) Particle number
concentration determined with diﬀerent SLI scanning volume.

spherical shape (Movie S1, ESI†), indicating little or no interaction with the material, as predicted for this gel. Next, information concerning the particle size and number can be
obtained from planar images using the maximum intensity
projection (Fig. 2b, left). The total number of AgNPs in the
planar images can be automatically counted by using Image
J software. Therefore, the number concentration of AgNPs (CN)
in the gel is calculated as follows:
CN ¼

N
V

(1)

where N is the counted number of particles, and V is the confocal
scanning volume. A total of 282 single AgNPs were counted in
a scanning volume of 1.28  105 cubic micrometers (40 mm 
40 mm  80 mm). According to eqn (1), the mean number
concentration of AgNPs in the gel is therefore 2.121  0.124 
109 particle per mL after multiple measurements (n = 8).
To verify the obtained particle number concentration, we
calculated the AgNP concentration based on the mass concentration (CM) of AgNPs in the gel, which was determined by ICPMS. By assuming that the distribution of all AgNPs was uniform
and spherical with a diameter of 100 nm, the volume of each
AgNP (n), the mass of each AgNP (M), the density of each AgNP (r)

0
and the particle concentration CN
are calculated as follows:
4
v ¼ pr3
3

(2)

M = rn

(3)

0
CN
¼

CM CM
¼
M
rv

(4)

where r is the radius of a single AgNP, and r is the density of
silver. According to eqn (2)–(4), the calculated number
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concentration of AgNPs was 2.050  0.025  109 particle per mL
(n = 5). This is in excellent agreement with the AgNP number
concentration directly determined by 3D SLI (Fig. 2c). These
confirmed that 3D SLI is able to directly and accurately quantify
the number concentration of AgNPs.
Next, we measured the particle number of AgNPs (about
10 mg mL1 in gel) in diﬀerent scanning volumes using 3D SLI
analysis (Fig. S3, ESI†). Although the particle number is linear
with the scanning 3D volume (Fig. S4, ESI†), it results in an
over-calculated particle concentration if the scanning volume is
too small (Fig. 2d). A confocal volume larger than 2.0  104 mm3
is suﬃcient to ensure the accuracy of the particle number
concentration, which is in agreement with the ICP-MS results.
This suggests that an adequate confocal scanning volume is
essential to prevent an uneven concentration distribution of
AgNPs in the gel and ensures the accuracy of particle number
concentration. Therefore, pre-concentration is necessary for NP
solutions with a low concentration. However, these results also
indicate that one AgNP can be captured if the 3D scanning
volume is suﬃciently large.
To investigate the sensitivity and resolution of this platform,
AgNPs with sizes ranging from 10 to 100 nm were fixed in gel
respectively. No scattered light was measured for 10 nm AgNPs,
while all other AgNPs were clearly distinguishable in the gel
and appeared as a sharp-edged green dot (Fig. S5, ESI†),
indicating that SLI can be used to detect NPs with diameters
larger than 20 nm. This is consistent with our previous imaging
of diﬀerent sizes of AgNPs in live cells.19 Note that, enhancing
laser power is good for imaging of smaller AgNPs, but results in
ghost of scattered light around the bigger ones (Fig. S6, ESI†).
To measure the imaging size of AgNPs with diﬀerent size, they
were imaged under the same condition in SLI. Then the average
sizes of 20–100 nm AgNPs in SLI were plotted against the values
obtained from TEM, resulting in an excellent linear correlation
(R2 = 0.996) (Fig. S7, ESI†). These confirmed that SLI could
distinguish AgNPs with a size difference of 10 nm. Meantime,
the linear fit of of AgNPs size in SLI could be used as the
calibration curve to calculate the actual size of AgNPs.
Using the aforementioned AgNPs as standard solution, the
size distribution of a particle mixture containing AgNPs with
sizes of 30, 50, and 80 nm was analyzed by 3D SLI. As shown in
Fig. 3, only one peak in the histograms of the size distribution
was observed for each single size AgNP in DLS, TEM, and 3D
SLI analysis. For the mixture, three peaks were observed in TEM
and 3D SLI analysis, but only a broad peak was observed in DLS
analysis. As particle-by-particle counting methods, TEM and 3D
SLI provide robust characterization of heterogeneous particle
size distribution (Fig. S8, ESI†). The mean size and distribution
broadness obtained from 3D SLI were consistent with those
obtained from TEM, demonstrating the ability of this platform
for accurate single-particle sizing analysis.
The present platform also shows applicability for the analysis of NP suspensions by measuring the size and morphology.
Here, a AgNP solution was treated with hydrochloric acid (HCl),
sodium hydroxide (NaOH), and sodium chloride (NaCl)
solution. Then the size and morphology of AgNPs and their
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Fig. 3 Size distributions of a particle mixture containing AgNPs with size
of 30, 50, and 80 nm using (a) DLS, (b) TEM, and (c) SLI. The size of AgNPs
after the observation of TEM and SLI was measured and calculated by
using Image J software (n = 1000).

agglomerates in aqueous suspensions were imaged and analyzed via 3D SLI after gel immobilization. As shown in Fig. 4a,
larger particles with irregular shapes appeared in SLI images
after NaOH and NaCl rather than HCl treatment, indicating
agglomeration of AgNPs at diﬀerent pH solution. These aggregates were identified in similar morphology as observed by
TEM (Fig. 4b). TEM provides visual size and shape information
about the aggregates at x–y plane, but fails to image them at
z-dimension. Of particular interest in the present study is that
the spatial resolution of 3D-SLI is the key to distinguishing the

Fig. 4 The 3D morphology and size of AgNP agglomeration in solution.
(a) The representative SLI images for the agglomerates of AgNPs in water,
HCl, NaCl, and NaOH solution. Partial enlarged view 1–4 are the 3D
morphology of AgNP agglomerate. (b) The representative TEM images
for the agglomerate of AgNPs in different aqueous suspensions. (c) The
size of AgNPs agglomerates in different aqueous suspensions under 3D
SLI. The maximum light intensity of AgNP agglomerates was projected
onto Z axis plane, and their projection areas were calculated by Image J
software (n = 100). ***P o 0.001, ns (not significant, P 4 0.05) by Student’s
t test.
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aggregation of AgNPs at single-particle level. It enables visualizing 3D morphology of AgNP accumulations by the reconstruction of the z dimension (Fig. 4a and Movie S2–S5, ESI†). The
single AgNP on the edge of big aggregation can be clearly
distinguished in the enlarged 3D SLI images, and it is possible
to distinguish single particle from aggregation according to the
size and shape. Moreover, the practical number of particles and
aggregates was obtained by measuring the projection area of
dispersive AgNPs and their agglomerates (Fig. 4c), which
reveals the different impacts of various environmental factors.
We also analysed 7 other types of NPs in solution (Fig. S9,
ESI†). The size of these NPs is about 30 nm as characterized by
using TEM. Under the observation of SLI, these NPs were welldispersed in solution, but TiO2 and ZnO NPs showed a clear
trend to aggregate in solution compared with other NPs. These
NPs are imaged by 3D SLI and their particle number concentrations can be quantified with this approach. These results
suggest that this method is applicable to characterize some NPs
in solution. However, there are still some technical diﬃculties
to sort out. Because SLI relies on the eﬃciency of scatter light
from NPs, nanomaterial such as graphene can not be imaged
using such a method. It also remains challenging to image NPs
with size less than 20 nm. Moreover, it is necessary to obtain
size standard of each NPs for size measurement because the
light scattering of each type of NPs is diﬀerent.
In this work, we developed a novel imaging-based platform
for the characterization of NPs. The NPs are immobilized into a
gel, and the light scattered by the NPs is stably imaged by a
microscope without the limitation of the Brownian motion of
NPs. Based on 3D SLI, we can provide accurate and stable
measurements of the number concentration and size distribution of NPs. Moreover, we show that this platform is suitable for
monitoring the stability of NPs by acquiring detailed information on single particles and aggregates. To the best of our
knowledge, this is the first report of number quantification and
3D reconstruction of label-free NPs at the single-particle level.
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