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We  developed  a  method  to separate  colloidally  dispersed  nanoparticles  on  monolithic  capillary  columns.
Silica nanoparticles  were  eluted  according  to  their  sizes,  and  the  plots  of  the  logarithm  of  the  size of
nanoparticles  against  their  elution  volume  showed  good  linearity  (r  =  0.992)  over  wide  range  of sizes.
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Because  of the  high  porosity  of  the monolithic  column  (porosity;  88%),  the  column’s  length  could  be
increased  without  clogging  of  the  dispersed  samples  and  the  pressure  in  a long  column  (500  mm  × 0.2  mm
i.d.) was  low,  with  a value  of  5.8  MPa  at  a  flow  rate  of 1  �L/min.  We  demonstrate  that  this  method
using  monolithic  capillary  columns  could  be  used  as  a powerful  tool  for  size  separation  of  nanometer-
size  materials,  which  will  open  a  new  pathway  to  quality  control  of  nanomaterials  in  nanotechnology
applications.
. Introduction

Recent advances in nanotechnology have enabled the develop-
ent of modern drug carrier systems that play an important role in

he controlled delivery of pharmacological agents to their targets
t a therapeutically optimal rate and dose [1].  “Soft” nanocar-
iers including micelles, polymers, and lipid nanoparticles have
een used for drug delivery [2,3]. Carriers with greater hardness
r density, including colloidally dispersed nanoparticles composed
f silica, gold, or iron oxide, also have been used for drug and gene
herapeutics and for diagnostic imaging [4,5]. These colloidally dis-
ersed nanoparticles are also important in other fields: for example,
old nanoparticles have been used as imaging tools [6];  titanium
ioxide particles have been used as self-cleaning, anti-bacterial
gents and UV protecting agents [7,8]; and cadmium selenide has
een used to create semiconductor nanocrystals (quantum dots)
9].

Exact knowledge of the size and size distribution of these
anoparticles is essential for their application in nanoparticulate
rug delivery systems, because the nanoparticles’ size can substan-
ially affect their physicochemical and biopharmaceutical behavior.

or example, variations in particle size can change drug release
inetics or transport phenomena across biological barriers, as well
s pharmacokinetics in the human body [10–12].

∗ Corresponding author. Tel.: +81 3 3700 9662; fax: +81 3 3700 9662.
E-mail address: kumikato@nihs.go.jp (K. Sakai-Kato).
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Fractionation techniques offer advantages over non-
fractionation techniques for particle sizing because fractionation
techniques produce information about average particle size and the
distribution of particle sizes for a given sample. Non-fractionation
techniques, such as photon correlation spectroscopy, suffer from
lower resolution than that afforded by fractionation techniques
and thus are not as well suited for the analysis of samples with
broad particle size distributions.

Among methods for the size analysis and characterization of
macromolecules, flow-assisted techniques such as size exclusion
chromatography (SEC) [13,14], hydrodynamic chromatography
(HDC) [15,16],  field-flow fractionation (FFF) [17–19] and capillary
hydrodynamic fractionation [20] are suitable for separation of sam-
ples on the basis of differences in the physical size indexes of the
analytes.

When colloids possess an electric charge in buffered aque-
ous solutions, electrophoretic separation methods are also among
those utilized methods for particle separation and characteriza-
tion. Reports have been made to employ capillary electrophoresis
for analytical separations of charged particulate materials, mostly
carried out by capillary zone electrophoresis [21–23].

SEC is the most commonly used fractionation method for par-
ticle sizing. Usually, SEC is performed on a column packed with
polymer gel or porous silica microparticles with pore-size distri-

butions over the range of a few to a few hundred nanometers.
Polymer samples are separated with such packed SEC columns [13].
In addition, nanoparticulate drug carriers such as liposomes are
often separated from small solutes by means of SEC [24].

dx.doi.org/10.1016/j.chroma.2011.06.055
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:kumikato@nihs.go.jp
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Recently, Ute et al. reported SEC of a polystyrene polymer on
onolithic silica columns using tetrahydrofuran (THF) as the elu-

nt [25]. Monolithic silica columns have received much attention as
 newly introduced technology for HPLC and capillary electrochro-
atography [26]. These columns consist of a single piece of porous
aterial (most often polymer- or silica-based) with a bimodal pore

tructure consisting of “throughpores” (pore size ∼1.5–5 �m)  and
mesopores in the skeleton” (∼10–25 nm)  [27]. Typically, mono-
ithic columns provide higher porosity compared to conventional
olumns packed with spherical particles, and such higher poros-
ty results in much lower column backpressure. Furthermore, the
hroughpore/skeleton size ratio of 2–4 in a monolithic column is

uch greater than the ratio of 0.25–0.4 typically found in a column
acked with particles [28]. This increased size ratio enables the use
f a long column, thus leading to high separation efficiency [29].
he sizes of the skeletons and throughpores can be independently
ontrolled by changing the preparation conditions, including the
ature of the porogen.

In this paper, we report the size separation of colloidally dis-
ersed nanoparticles by means of a monolithic capillary column.
e  used monolithic columns consisting of silica derivatized with

n amide group, i.e., a neutral hydrophilic bond that prohibits
he adsorption of samples on the silica monolith by ion-exchange
nteraction and that would enable the analysis of charged soft
anocarriers such as liposomes derived from biomaterials. We
nalyzed the colloidal silica nanoparticles by their sizes using a
onolithic capillary column. We  expected that the high porosity

f the monolithic columns would prevent colloidal samples from
logging the columns.

. Materials and methods

.1. Chemicals

Silica nanoparticles (Cataloid S) with sizes of 5, 11, 26, 45, and
8 nm were obtained from JGC Catalysts and Chemicals Ltd. (Kana-
awa, Japan). Methanol (HPLC grade) and dextran standards were
btained from Sigma–Aldrich Corporation (St. Louis, MO,  USA).
odium nitrate was from Kanto Chemicals (Tokyo, Japan). Samples
ere dissolved or dispersed in eluent and filtered through a 0.20-
m filter (Millex-LG, Millipore Corp., Tokyo, Japan) prior to being
pplied to the columns. Polydiversity index (PDI) of silica nanopar-
icles and hydrodynamic diameters of dextran standards in eluent
ere measured using dynamic light scattering measurement (Zeta-

izerNano, Malvern, UK).

.2. LC conditions

Sample separation was performed with a capillary LC system
quipped with a capillary HPLC pump (MP711V; GL Sciences,
okyo, Japan), a four-port internal sample injector (fixed volume:
0 nL; Valco Instrument Co. Inc., Houston, TX, USA), and a capillary
ltraviolet–visible (UV–Vis) detector (MU701; GL Sciences).

Samples were analyzed on a MonoCap Amide column
500 mm  × 0.2 mm;  1 �m skeleton, 2 �m throughpore, and 15 nm

esopore; GL Sciences). The permeability is represented by a K
alue (K = uε0�L/�P, where u stands for the linear velocity of the
luent, ε0 for total porosity of the column, � for solvent viscosity, L
or column length, and �P  for pressure drop [30]). Permeability was

easured in 10 mM sodium phosphate buffer (pH 7.2) containing
ethanol (20% v/v). The total porosity of the column, ε0 was esti-

ated using void times of hollow capillary column and monolithic

apillary column, and total volume of the column. The mobile phase
onsisted of a 10 mM sodium phosphate buffer (pH 7.2) containing
ethanol (20% v/v). The mobile phase was delivered at a rate of
Fig. 1. Effect of eluent composition on elution profile of a sample of 26 nm silica
nanoparticles. Column: Capillary EX nano Monocap Amide (250 mm × 0.2 mm i.d.);
eluent: (a) water or (b) 10 mM phosphate buffer (pH 7.2); flow rate: 1 �L/min.

0.1–1 �L/min and the column was  kept at room temperature. The
detector was  operated at a wavelength of 210 nm.  A sample vol-
ume  of 10 nL was injected for each analysis. The morphology of the
monolithic silica was examined by a scanning electron microscope
(SEM; S-3000N, Hitachi). For the measurement of flow rate, we  used
a flowmeter composed of 5-�L  microsyringe attached to the end of
the column.

3. Results and discussion

Usually, SEC is performed with a column packed with poly-
mer  gel or porous silica microparticles. However, such columns
could become clogged when used to separate colloidally dispersed
nanoparticles with sufficient hardness or high density, such as inor-
ganic nanoparticles. Therefore, in this study monolithic capillary
columns with high porosity were used for the analysis of colloidally
dispersed nanoparticles.

3.1. Detection

In this study, we  used different sizes of silica nanoparticles.
The detection method used was based on turbidimetric detection,
in which colloidal species are observed with a UV–Vis detector
[31,32]. Although silica nanoparticles do not contain any chro-
mophores, it is expected that a portion of incident UV  light is
scattered by the silica nanoparticles, thereby reducing the intensity
of light reaching the photomultiplier. This reduction in light inten-
sity provides an apparent absorption value. In this experiment,
we used different concentrations of silica nanoparticles depend-
ing on their sizes, because the larger the silica colloid, the larger
the pseudo-UV absorbance observed. To achieve an optimal signal-
to-noise ratio, the detector wavelength was set to 210 nm for the
experiments described here.

3.2. Optimization of eluent

It is important that the silica nanoparticles maintain a consis-
tent size during analysis; therefore, an eluent should be chosen
that does not cause gelation, aggregation, or dissolution of the par-
ticles. As shown by the unstable baseline and small sample peak
in Fig. 1(a), water was not appropriate as an eluent compared
with phosphate buffer (Fig. 1(b)). It is considered that the silica
nanoparticles probably are not stable and coagulated in plain water,
and silica nanoparticles are prone to clogging injectors or columns

which lead to small peak area in plain water [33]. For these reasons
we used phosphate buffer as the eluent in our studies.

We also examined the effect of the eluent pH on the peak area
and plate number of silica nanoparticles. We  used 10 mM phos-
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Fig. 2. Effect of eluent pH on (a) peak area and (b) plate number of various sizes of
silica nanoparticles. Eluent: 10 mM phosphate buffer (pH 4, 7.2, or 8); sample: 0.3%
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Fig. 3. Effect of methanol ratio in the eluent on (a) peak area and (b) plate number
w/v) 78 nm,  0.5% (w/v) 45 nm,  1% (w/v) 26 nm,  and 1% (w/v) 11 nm silica nanopar-
icles. Each sample containing one size of particles. Other conditions are the same
s  those described in Fig. 1.

hate buffer at pH 4, 7.2, and 8. As shown in Fig. 2, both the peak
rea and the plate number were the largest at pH 7.2 for all sizes of
ilica nanoparticles. It is probable that coagulation of silica nanopar-
icles takes place at lower pH, due to a decrease in electrostatic
epulsion, and silica nanoparticles are prone to clogging injectors
r columns which lead to small peak area in plain water. Consid-
ring the above results and the stability of the separation column,
e used phosphate buffer at pH 7.2 in our studies.

Examining the effect of phosphate buffer concentration on sam-
le peak size, we found that the sample peak area was  larger

n 10 mM phosphate buffer than it was in 50 mM  phosphate
uffer. This difference was most pronounced for the sample of 78-
m silica nanoparticles (data not shown). The decrease in peak
rea with increasing buffer concentration was probably caused by
anoparticle coagulation that would have been induced by high
oncentrations of sodium cations in the buffer [34]. Therefore, we
sed 10 mM phosphate buffer (pH 7.2) in our experiments.

Finally, we examined the effect of organic solvent on sam-
le peak area. Because slightly larger peak areas were observed
ith methanol than with acetonitrile, we selected methanol as an

rganic solvent (data not shown). This preference for methanol may
e ascribed to a different hydrogen bonding force between silica
anoparticles and methanol or acetonitrile. By adding methanol
t 20% (v/v) to the eluent, peak areas of all sample peaks were
ncreased; however, the plate number did not increase for all sizes
f nanoparticles (Fig. 3). Further increases in the organic solvent

atio up to 90% (v/v) largely decreased the peak area. This observed
ecrease in peak area with increasing organic solvent ratio probably
ccurred because the presence of the solvent decreased the electric
ouble layer around the nanoparticles, which would have resulted
of various sizes of silica nanoparticles. Eluent: 10 mM phosphate buffer (pH 7.2) or
10  mM phosphate buffer (pH 7.2) containing 20% methanol. The other chromato-
graphic conditions were the same as in Fig. 2.

in the reduction of repulsion between each nanoparticle and thus
increased particle aggregation. Therefore, 20% methanol was added
to the phosphate buffer in our experiments. When 10 mM phos-
phate buffer (pH 7.2) containing 20% methanol was  used as the
eluent, the pressure in a long column (500 mm × 0.2 mm i.d.) was
low, with a value of 5.8 MPa  at a flow rate of 1 �L/min. Under
this condition, the permeability K was  6.7 × 10−14 m2 and the total
porosity of the column was  88%.

3.3. Effect of column length and flow rate on silica nanoparticle
separation

The use of longer monolithic columns would be one possible
way  to better separate mix  samples. Fig. 4(a) shows the effect of
column length on column efficiency for silica nanoparticles with
different sizes. We  used 150, 250, and 500 mm columns; these are
all that are commercially available. The column efficiency slightly
increased with column length for all silicate nanoparticles using
the same eluent and flow rate (1 �L/min). This result is probably
explained by the external-band broadening contributions [35]. The
contribution of external-band broadening contributions to total
system efficiency was  larger as the column length decreased and
the ratio of extra-column variance to total system variance were
37, 54, 78%, when nanoparticles of size of 78 nm were analyzed
onto 500, 250, and 150 mm columns, respectively. The extra-
column variance was  calculated by measuring the half bandwidth
of nanoparticle peak analyzed without column. Although using a
longer column takes a longer time to elute solutes, it has an advan-
tage for better separation of a mixture sample, In fact, as shown in
Fig. 4(b), the separation of silica nanoparticles mixture was gradu-
ally improved by using longer column length, although the elution

time is getting longer.

Further, we examined the effect of flow rate on column effi-
ciency to improve the separation of the silica nanoparticle mixture.
We confirmed the accuracy and precision of flow rate with various
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Fig. 4. Effect of column length on (a) plate number and (b) silica nanoparticle sepa-
ration. Column: Capillary EX nano Monocap Amide (150, 250, and 500 mm × 0.2 mm
i.d.);  eluent: 10 mM phosphate buffer (pH 7.2) containing 20% methanol; sample:
(
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Table 1
Accuracy and precision of flow rate.

Flow (�L/min)

3 2 1 0.5 0.2 0.1

Mean 2.972 1.991 0.999 0.497 0.200 0.0996
SD  0.0157 0.0083 0.0037 0.0023 0.0004 0.0003
Precision (%) 0.53 0.42 0.37 0.47 0.18 0.28
Accuracy (%) 99.08 99.56 99.93 99.30 99.81 99.59

Flow rate was  measured using a flow meter according to the manufacturer’s pro-
tocol. Column: Capillary EX nano Monocap Amide (500 mm  × 0.2 mm i.d.); eluent:
a)  0.3% (w/v) 78 nm,  0.5% (w/v) 45 nm,  1% (w/v) 26 nm, 1% (w/v) 11 nm,  2% (w/v)
 nm silica nanoparticles, (b) mixture of 1% (w/v) 78 nm, 2.8% (w/v) 26 nm,  10% (w/v)
 nm.  Flow rate: 1 �L/min.

ow rate settings using a flow meter at the outlet of the column, and
roved the accuracy and precision of flow rate including low flow
ate we used in our report (Table 1). We  also confirmed that the
ilica nanoparticles have a narrow distribution suitable for assess-
ent of column efficiency. We  measured the polydiversity index
PDI) of each silica nanoparticle by dynamic light scattering. The
DI value is an estimate of the distribution width and for a nar-
ow distribution, a PDI of around 0.1 or lower is expected. The
DI values were 0.018 (78 nm silica), 0.022 (45 nm), 0.053 (26 nm),
10  mM phosphate buffer (pH 7.2) containing 20% methanol.

0.085 (11 nm), 0.169 (5 nm). Although, PDI value of 5-nm silica
nanoparticle was a little larger than 0.1, the distribution of other
nanoparticles was narrow according to PDI values.

In SEC, for discussion of the effect of flow rate on plate height
(H), Giddings’ coupling theory can be simply represented by [36]

H = 1
(1/A)  + (1/Eu)

+ B

u
+ Cu. (1)

In this equation, u is the eluent linear velocity, and A, B, C, and
E are coefficients that contribute to band broadening and thus
to H. The contribution of each of the terms in Eq. (1) to H are
functions of (1) the coupling effect of eddy diffusion, A term (a
simple flow-splitting phenomenon that is not expected to vary
with linear velocity) and lateral diffusion, E term (extraparticle
mass transfer in case of packed column), (2) longitudinal diffu-
sion, B term, and (3) mass transfer, C term (solute diffuse in and
out the pores and stationary-phase mass transfer effect involving
basic sorption–desorption process). The curves of H versus u are
shown in Fig. 5(a) and part of this graph was  enlarged in Fig. 5(b).
For sodium nitrate, the plate height is mainly determined by longi-
tudinal molecular diffusion, which is a result of the relatively high
values of B term (proportional to molecular diffusion coefficient).
This causes H to increase drastically with low-velocity regions as
shown in Fig. 5(b). On the other hand, the longitudinal effect (2)
is generally insignificant for macromolecules, band broadening is
controlled by mass transfer terms (3) or by coupling effects of
eddy diffusion and lateral diffusion (1). For the mass transfer pro-
cesses (C term), the magnitude of the C term is dependent on the
rate of diffusion of solute in and out of the pore structure. There-
fore, larger, slower-diffusing molecules increase the value of the
C term more than do smaller, faster-diffusing molecules [37]. In
fact, as shown in Fig. 5(a), the H versus u curves of silica nanoparti-
cles were almost linear (r = 0.993–0.998) over the whole range we
examined, which is different from sodium nitrate, as reported using
porous silica particle columns [38]. Furthermore, the slopes of lin-
ear curves increased with an increase in the particle sizes. These
results indicate that C term is a dominant plate-height term for
silica nanoparticles analysis on a monolithic column.

From Fig. 5, we expected that a decrease in u should decrease
H and thus increase peak resolution. In the present study, the peak
resolution improved with decreasing flow rate when a mixture
of different sizes of silica nanoparticles (78, 26, and 5 nm) were
analyzed on a 500 mm  × 0.2 mm  i.d. capillary monolithic column
(Fig. 6). As shown in Fig. 6, an increase in peak resolution was
observed with a decrease in flow rate. The shift of peaks by the
decrease in flow rate was  presumably caused by an increase in per-
meation for nanoparticles into porous structure of silica monolith.
At a flow rate of 0.1 �L/min, some aggregates were detected that

were not observed at faster flow rates. A similar increase in resolu-
tion also has been reported for a mixture of proteins separated at
various flow rates on a silicagel-packed column [39].
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Fig. 5. (a) Plots of plate height (H) values against linear velocity of eluent (u)
and (b) its low velocity region. Column: Capillary EX nano Monocap Amide
(500 mm × 0.2 mm i.d.); eluent: 10 mM phosphate buffer (pH 7.2) containing 20%
methanol; sample: 0.3% (w/v) 78 nm,  0.5% (w/v) 45 nm, 1% (w/v) 26 nm,  1% (w/v)
11 nm,  2% (w/v) 5 nm silica nanoparticles, and 10 �g/mL sodium nitrate.

Fig. 6. Effect of flow rate on peak resolution of silica nanoparticles. Column: Cap-
illary EX nano Monocap Amide (500 mm × 0.2 mm i.d.); eluent: 10 mM phosphate
buffer (pH 7.2) containing 20% methanol; sample: mixture of 1% (w/v) 78 nm,  2.8%
(w/v) 26 nm,  and 10% (w/v) 5 nm silica nanoparticles; flow rate: 1, 0.5, 0.2, or
0.1  �L/min. The other conditions were the same as described in Fig. 1.

Fig. 7. (a) Particle size distribution overlay plot for five sizes of silica nanoparticles
and (b) plot of the logarithm of the mass of 1 mol particles as a function of elution
volume for each size of silica nanoparticles. Column: Capillary EX nano Monocap

Amide (500 mm × 0.2 mm i.d.); flow rate: 0.5 �L/min; samples: solutions of 0.3%
(w/v) 78 nm,  0.5% (w/v) 45 nm,  1% (w/v) 26 nm, 2% (w/v) 11 nm,  and 1.5% (w/v)
5  nm silica nanoparticles. The other conditions were the same as described in Fig. 4.

3.4. Calibration curve

Fig. 7(a) shows an overlay of the particle size distribution
obtained for five different samples. The nanoparticles were eluted
in order of decreasing size. The logarithm of size of nanoparticles
was  plotted against its elution volume (Fig. 7(b)).

The plot was almost linear (r = 0.992) over a wide range of
sizes including a very large size region beyond the size of meso-
pores (15 nm). Because SEM micrographs show the presence of very
rough surfaces of the monolithic silica support in micron and sub-
micron ranges (Fig. 8), our result indicates that not only mesopores
but also these rough structures contribute to the size separation of
silica nanoparticles.

We  further explored the separation mechanism by drawing
the molecular weight versus elution volume plot using dextran
standards because silica nanoparticles with low molecular weight
cannot be obtained. As shown in Fig. 9, the plot was linear at the high
molecular weight region. Because the average hydrodynamic size of
the largest dextran standard is 48 nm,  this result indicates that the
wide pore size distribution of the monolithic structure contributes
to the selective permeation for a wide range of dextran standards
and that size separation is possible beyond the range provided by
the mesopores. Fig. 9 also shows that the plot curves at the low
molecular weight region of below about 1000, which indicates that
the permeation limit of this column exists as SEC mode.

Others also have reported that the separation of polystyrene
standards according to molecular weight apparently occurred not
only in the mesopores of a silica monolith (internal pore zone)
but also at the outside (external pore zone) [25,40]. Ute et al.
reported that when polystyrene standards were separated on a

monolithic capillary column, the resulting calibration curve was
linear over a wide range of masses as shown here [25]. We  also
examined the repeatability of the elution times using 26 and 76 nm
silica nanoparticles, and relative standard deviations of the elution
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ig. 8. Scanning electron micrographs of monolithic silica capillary columns. Scale
ars corresponding to 100 �m for (a) and 10 �m for (b).

imes were 0.24 and 0.15% (n = 3), respectively. The good linear-
ty and repeatability of elution observed in our study indicates
hat this monolithic column can be used with minimal unfavor-
ble adsorption of the solute on the column skeleton and can be
sed for knowledge of size and size distribution of nanoparticle
amples using the calibration curve. This minimal adsorption is
scribed to alteration of the silica surface by organic functional
roups. By modifying the size of mesopores or throughpores in

onolithic columns, it would be possible to further clarify the sep-

ration mechanism and design columns to resolve nanoparticles

ig. 9. Selective permeation of dextran standards. Column: Capillary EX nano
onocap Amide (500 mm × 0.2 mm i.d.); eluent: 10 mM phosphate buffer (pH 7.2)

ontaining 20% methanol; flow rate: 1 �L/min.; sample: dextran standard; detec-
ion:  UV190 nm.

[
[
[
[
[

[
[
[
[
[
[
[
[

[

[

[

[

[

[

. A 1218 (2011) 5520– 5526 5525

with wide size ranges. Also, quantitative evaluation of particle size
distribution using chromatograms remains to be solved.

4. Conclusions

In this study, we used a monolithic capillary column to develop
a novel technique for the highly resolved separation of colloidally
dispersed nanoparticles by their sizes. Because the column had a
low backpressure, an increase in resolution could easily be achieved
by elongating the column length. By optimizing the flow rate in the
column, we  resolved nanoparticles with only slight differences in
size. The molecular weight versus elution volume plot curves at the
low molecular weight region of below about 1000, which indicates
that the permeation limit of this column exists as SEC mode. In
future studies, the effect of these monolithic column structures (the
sizes of mesopores and throughpores) on nanoparticle separation
should be further explored to clarify the details of separation mech-
anism. This separation method represents a powerful means of size
distribution for quality control of manufactured nanotechnology
medicinal products, and this method can also be used to detect
these products’ impurities, including their aggregates. Therefore,
this method could be used to analyze other industry-important
dispersed nanomaterials, including carbon nanotubes or fullerenes.
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