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ABSTRACT: Transmission electron microscopy (TEM) is a
unique and powerful tool for observation of nanoparticles.
However, due to the uneven spatial distribution of particles
conventionally dried on copper grids, TEM is rarely employed
to evaluate the spatial distribution of nanoparticles in aqueous
solutions. Here, we present a microchip nanopipet with a
narrow chamber width for sorting nanoparticles from blood
and preventing the aggregation of the particles during the
drying process, enabling quantitative analysis of their
aggregation/agglomeration states and the particle concentration in aqueous solutions. This microchip is adaptable to all
commercial TEM holders. Such a nanopipet proves to be a simple and convenient sampling device for TEM image-based
quantitative characterization.

Nanoparticles or nanoparticle-based formulations offer the
advantage of efficient delivery to the target tissue for

enhanced therapeutic or diagnostic purposes, which is usually
related to their size, shape, surface properties, and aggregation/
agglomeration states.1−6 Comprehensive physicochemical
characterization of nanoparticles with respect to their size/
size distribution, aggregation/agglomeration state, and shape
in aqueous or physiological environments is important, yet
challenging,7,8 for their use in biomedical applications9,10 and
compliance with safety regulations.11−14 The aggregation/
agglomeration of nanoparticles in biological fluids plays a
critical role in determining the physical size, shape, and surface
properties that are crucial for biological recognition, yet the
image-based observation of such aggregation/agglomeration is
difficult to achieve. Transmission electron microscopy (TEM)
is a unique and powerful tool for observation of nano-
particles.15−18 However, due to the uneven spatial distribution
of the particles conventionally dried on copper grids, TEM is
rarely employed for the evaluation of the spatial distribution of
nanoparticles in aqueous solutions. Here, a microchip nano-
pipet with a narrow chamber width was constructed to prevent
the aggregation of the particles during the drying process,
enabling the quantitative analysis of their aggregation/
agglomeration states and particle concentration in blood
(Figure 1). The upper substrate of the nanopipet breaks the
surface tension of the sample droplet, suppressing the capillary
flow accompanied with the evaporation of water19 and the

aggregation of the substances when the droplet is convention-
ally dried on a copper grid. This nanopipet acts as a prefilter for
simple and convenient sorting of PEGylated gold nano-
particles20 in whole blood, 50% diluted blood, and 5% glucose
solution. The slight aggregation of carboxyl-PEG5k-modified
gold nanoparticles (∼18%) in a 50% diluted blood sample was
observed while they were well-dispersed in a 5% glucose solu-
tion. Moreover, a consistent concentration for the cPEG5k-
GNPs was obtained using the nanopipet and inductively coupled
plasma-mass spectrometry (ICPMS) analysis for both in vitro
50% diluted blood and in vivo whole blood.
We examined the possibility of the use of a nanopipet to

obtain the aggregation/agglomeration states of particles in
aqueous solutions. Carboxyl-PEG5k-modified gold nanopar-
ticles (cPEG5k-GNPs) (Figure 1S, Supporting Information),
which are known to be long circulating and in a well-dispersed
colloidal form in blood,20 were dissolved in 5% glucose solution
and used as model particles for examining and comparing the
spatial distribution of the particles in TEM specimens dried in
the nanopipet (with an SixNy-film) and on copper grids (with
either a carbon-film or an SiOx-film). An even spatial
distribution of the particles was observed in the nanopipet
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with an SixNy-film
21 (water contact angle: ∼32°), with the

particle number in four randomly chosen 2.0 μm × 2.7 μm
image zones determined to be 478, 467, 502, and 504 (Figure 2a,b).
The distance of each cPEG5k-GNP to the nearest adjacent particle
(d) was also measured for all four of the 2.0 μm ×
2.7 μm image zones, and the particle number percentage (n/N)
was plotted versus the distance to the neighboring particle (d). A
single broad distribution peak was observed with a mean distance of
69.4 ± 21.6 nm (Figure 2c), which is larger than the diameter of
cPEG5k-GNP (∼39.6 nm as observed by TEM, ∼ 39.3 nm as
measured by DLS), and indicates that most of the particles are
separated from the neighboring particles. The higher
percentage of particles distributed at d values greater than the
particle diameter suggests that most of the particles are
distributed without contact and separated without aggregation.
These results are in accordance with the understanding of
cPEG5k-GNPs, which are well-dispersed in 5% glucose
solution, and indicate that the nanopipet can preserve the

native spatial distribution of the particles and avoid
aggregation/agglomeration in the sample solution. However,
when the same sample solution was dried on the copper grid
with a hydrophobic carbon-film22 (water contact angle: ∼70°)
and even on the grid with a hydrophilic SiOx-film

23 (water
contact angle: ∼30°), an obvious uneven spatial distribution of
the particles was observed (Figure 2a,b). From the plot of the
particle number percentage vs distance to the neighboring
particle (d), three peaks were obtained for both the carbon-film
and SiOx-film copper grids (Figure 2c). The presence of two
peaks with a distance smaller than the diameter of the cPEG5k-
GNPs suggests that the particles are vertically stacked or self-
aggregated on the copper grids during the drying process
(gradual evaporation of the bulk solvent), and even the
hydrophilic surface modification with an SiOx-film cannot
prevent aggregation. In another example, 300 nm polystyrene
beads were dried both in nanopipets and on copper grids. The
beads were well separated in the nanopipets but highly

Figure 1. Geometry of the window-type TEM microchip nanopipet and sampling processes for specimen preparation: (a) schematic diagram of the
device, with the dimensions and materials as indicated; (b) the nanopipet acts as a prefilter for simple and convenient sorting of nanoparticles to
prevent entry of larger substances in the blood; (c) magnified schematic diagram of the chamber with a well-defined chamber width for controlling
the drying processes.

Figure 2. Drying processes and distribution of cPEG5k-GNPs on copper grids and the nanopipet: (a) TEM images of cPEG5k-GNPs in a 5%
glucose solution dried on copper grids (with carbon and SiOx films) and in the nanopipet (with an SixNy-film); (b) counted particle numbers in four
individual image zones (2.0 μm × 2.7 μm); (c) particle number percentage vs the distance to neighboring particles in the TEM images (sum of the
four image zones). Scale bar is 50 nm.
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aggregated on the copper grids (carbon film and SiOx film)
(Figure 2S, Supporting Information). The nanopipet clearly
offers a simple and convenient sampling device for preserving
and quantifying the native aggregation/agglomeration states of
the particles, which are free of any artifacts introduced due to
the sampling device.
Furthermore, we examined the possibility of the use of a

nanopipet with a well-defined chamber width to sort out
certain-sized particles from blood, which is an interesting
physiological environment for which the observation and char-
acterization of nanoparticles are challenging.24,25 In addition to
preserving the native spatial distribution of the particles, the
defined narrow chamber structure of the nanopipet can also act
as a prefilter for simple and convenient sorting of nanosized
materials, preventing the entry of larger substances found in
blood; in this case, the blood cells and platelets can be excluded
in the sample loading process (Figure 1b). Thus, only the sub-
micrometer sized particles in blood plasma smaller than the
chamber width of the nanopipet were sampled and observed by
TEM. A 50% diluted blood sample was studied using this
method, and some irregular-shaped nanoscale substances
(5−20 nm) were observed that might be serum proteins,
such as serum albumin (Figure 3a). When cPEG5k-GNPs were
spiked into the 50% diluted blood, both the gold nanoparticles
(indicated with the purple arrow) and the presumed blood
proteins (indicated with the white arrow) were easily visualized,
recognized, and used for image-based quantitative analysis
(Figure 3a). Four nanopipets were used to load the particles
from the same 50% diluted blood sample, and a similar particle
number was observed for each (Figure 3b). The even spatial
distribution of the particles and the reproducible quantitative

results reveal that the nanopipet is a promising sampling device
for sorting particles from blood. Moreover, the aggregation/
agglomeration states of the cPEG5k-GNPs in the 50% diluted
blood were evaluated by plotting the particle number per-
centage vs the distance to the neighboring particles (d). In
Figure 3c, four repeated trials showed that the cPEG5k-GNPs
exhibited a broad peak (∼80% particles) with distances to the
neighbor particles that were larger than the diameter of the
cPEG5k-GNPs, indicating that most of the particles were well
dispersed in the blood. A small additional peak appearing near
the diameter of the cPEG5k-GNPs (∼39.6 nm) with particle
number percentages of 21.7%, 18.4%, 15.4%, and 15.6% was
also observed for all four of the repeated nanopipets. Because
only a single peak was observed when the same concentration
of cPEG5k-GNPs was spiked into a 5% glucose solution, the
additional aggregation peak with a particle number of ∼18%
reveals that the 50% diluted blood induces a slight aggregation
of the particles (Figure 3d). The results confirm that the nano-
pipet offers a simple and convenient sampling device for sorting
nanoparticles and estimating the aggregation/agglomeration
states of nanoparticles in blood with reproducible and quanti-
tative results and can also be used for the anlaysis of other
biological fluids of interest. Moreover, intentionally aggregated,
citrate-modified gold nanoparticles (citrate-GNPs) were
examined. In 5% glucose, the citrate-GNPs showed ∼70%
aggregation with 2−10 nanoparticles in each aggregate, while in
50% diluted blood, the extent of aggregation of the particles
increased to ∼87%, with ∼40% of the aggregates containing
11−100 particles in each aggregate (Figure 3S, Supporting
Information). The nanopipet may, therefore, potentially be able

Figure 3. Observation of cPEG5k-GNPs in 50% diluted blood using the TEM nanopipet: (a) TEM images of the 5% glucose solution, the 50%
diluted blood, and the cPEG5k-GNPs in the 50% diluted blood in the nanopipets; (b) particle number in the four nanopipets in the TEM image
zones (2.0 μm × 2.7 μm); (c) particle number percentage vs the distance to the neighboring particles in the four repeated blood samples in the
nanopipets; (d) comparison of the particle number percentage vs distance to neighboring particles for the cPEG5k-GNPs in 50% blood and in 5%
glucose. Scale bar is 20 nm.
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to distinguish the aggregation extent of intentionally aggregated
nanoparticles in different aqueous environments.
Quantifying the concentration of nanoparticles in a biological

matrix is important for in vivo analysis of their absorption, dis-
tribution, metabolism, and excretion, as well as for pharma-
cokinetic and toxicity studies,26,27 particularly for nanoparticles
composed of elements that are abundant in the biological fluids
in the body (e.g., C, H, O, N, P, Fe, Zn, and Ca) yet still re-
mains a common challenge. In addition to preserving the native
spatial distribution of the particles in order to prepare a
homogeneous specimen and act as a prefilter for sorting
particles from blood, the fixed and well-defined narrow-
chamber volume of the nanopipet has an image volume (V)
equal to the TEM image area multiplied by the chamber width
of the nanopipet (V = L × W × H). The particle number (N)
in each TEM image was thus counted and divided by the total
imaged volume to determine the particle concentration (C) in
each sample solution (C = N/V) (Figure 4a). The number of
cPEG5k-GNPs in the nanopipet counted in the TEM images
was then compared to the ICPMS analysis, which is the gold
standard method for quantifying the concentration of metals
(such as Au, Ag, Fe, etc.). The particle concentration of the
cPEG5k-GNPs counted in the nanopipets (n = 3) and calc-
ulated by ICPMS are consistent in the particle concentration
range from 5 × 1010 to 5 × 1013 particles/mL in 50% diluted
blood (Figure 4b). Furthermore, cPEG5k-GNPs in 5% glucose
(400 μL, 3 × 1014 particles/mL) were injected intravenously in
a rat, and blood samples were collected following injection (t =
0.1, 1, 3, 7, 24, 48 h). Each whole blood sample was sorted
using nanopipets (n = 3) and analyzed by ICPMS. Figure 4c
shows the comparable results obtained for the number of
cPEG5k-GNPs counted in the nanopipets and measured by
ICPMS. This experiment confirmed that the nanopipet is a

simple and convenient sampling device for evaluating the
concentration of nanoparticles using TEM. The success is attri-
buted to the ultrasmall sample volume required (<1 μL), and
this tool may be used to analyze the particle concentration in
local body fluids of interest.
In conclusion, we have constructed a microchip-based nano-

pipet for the preparation of homogeneous specimens and the
sorting of nanoparticles from blood. In addition to morphology-
based information, a TEM image-based quantitative method was
developed for analyzing the shape, size/size distribution,
aggregation/agglomeration states, and concentration of particles
in aqueous environments of interest. Moreover, this nanopipet is
adaptable to all TEM holders, mass producible, disposable, and
convenient for sample loading and observation. A comprehensive
physiological characterization of PEGylated gold nanoparticles,
including their aggregation/agglomeration state and number of
particles in a blood sample demonstrates the potential of this
nanopipet device for nanoparticle characterization in biological
fluids. Because the characterization is based on observation of
individual particles, this method can be easily extended to other
particle-based materials, particularly for quantifying nanoparticles
composed of the elements that are abundant in biological fluids
(e.g., C, H, O, N, P, Fe, Zn, and Ca). In addition to observation
under dry conditions, the sorted thin layer sample solution may
be sealed in nanopipets and imaged in the native aqueous
environment.28−30 In this study, therefore, we demonstrated that
our nanopipet, a simple and conventional sampling device, offers
the possibility of the use of TEM to quantitatively characterize
the size/size distribution, shape, aggregation/agglomeration state,
and particle concentration of nanomaterials in various native
environments of interest.

Figure 4. Quantification of the cPEG5k-GNP concentration in blood samples using the TEM nanopipet and ICPMS analyses: (a) concept for
quantifying the concentration of nanoparticles using the nanopipet; (b) determination of the cPEG5k-GNPs concentration in 50% diluted blood
using ICPMS and a nanopipet (n = 3). The blue line is the linear fitting result with a slope = 1.03 (CICPMS = Cnanopipet) and r2 = 0.997. (c)
Determination of the cPEG5k-GNPs concentration in whole blood samples from a single rat at t = 0.1, 1, 3, 7, 24, and 48 h using ICPMS (n = 1) and
the nanopipet (n = 3) analytical methods. No significant difference was found between the two methods using the t test (p ≤ 0.05) and (d) TEM
images of the cPEG5k-GNPs in the whole blood of a rat. Scale bar is 20 nm.
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