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Abstract Asymmetric flow field-flow fractionation
(AF4) coupled with dynamic light scattering or
multiangle light scattering detectors is a promising
technique for the size-based separation of colloidal
particles (nano- and submicron scale) and the online
determination of the particle size of the separated
fractions in aqueous suspensions. In most cases, the
applications of these detectors are problematic due to
the material-specific properties of the analyte that
results in erroneous calculations, and as an alternative,
different nanoparticle size standards are required to
properly calibrate the size-based retention in AF4. The
availability of nanoparticle size standards in different
materials is limited, and this deviation from ideal
conditions of retention is mainly due to material-
specific and particle coating-specific membrane—par-
ticle interactions. Here, we present an experimental
method on the applicability of polystyrene
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nanoparticles (PS NP) as standard for AF4 calibration
and compare with gold nanoparticle (Au NP) stan-
dards having different nominal sizes and surface
functionalities.

Keywords Physicochemical characterization -
Asymmetric flow field-flow fractionation -
Multiangle light scattering - Nanoparticle standards

Introduction

With the advancement of nanotechnology, the pro-
duction and applications of engineered nanoparticles
are ever increasing. Nanoparticles are currently used
in industrial, biomedical, and consumer products such
as foods and dietary supplements (De et al. 2008;
Sozer and Kokini 2009). The properties of nanopar-
ticles are different from their bulk counterparts mainly
due to their size; therefore, accurate determination of
size and size distribution is a crucial part of their
physicochemical characterization. Furthermore, the
absorption, distribution, metabolism, and excretion of
nanoparticles by biological systems are also depen-
dent on their size and their particle size distribution
(Chithrani et al. 2006; Lewinski et al. 2008). Multiple
methodologies, including dynamic light scattering
(DLS), nanoparticle tracking analysis, capillary elec-
trophoresis, electron microscopy, and asymmetric
flow field-flow fractionation, are available for the
determination of size and size distribution of
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nanoparticles; however, each method has inherit
limitations (Lopez-Serrano et al. 2014). For example,
dynamic light scattering results are biased towards
bigger particles in the suspension (i.e., scattered light
intensity is proportional to the diameter to the power of
6), nanoparticle tracking analysis has limitations when
detecting smaller nanoparticles (~ <20 nm) (Gallego-
Urrea et al. 2011), and capillary electrophoresis has
limitations with the analysis of particles ~ 100 nm
and uncharged nanoparticles (Qu et al. 2014).

Even though AF4 has limitations due to membrane
fouling, its large dynamic size range of analysis is a
distinct advantage over other methodologies (Mu-
dalige et al. 2015c; Ulrich et al. 2012; Wahlund 2013).
AF4 uses a narrow ribbon-shaped channel to generate a
parabolic flow profile, and particles are separated based
on their hydrodynamic diameter. A porous barrier
membrane is used to retain the particles in the channel
(Mudalige et al. 2015¢). Membranes are available in
various molecular weight cutoff sizes and are made up
of synthetic organic polymers and cellulose acetate.

Various detectors are used downstream of an AF4
system for the quantification of fractions, measurement
of sizes, and elemental composition (Mudalige et al.
2015a, 2015b, 2015c). Inductively coupled plasma
mass spectrometry is used for the determination and
quantification of elemental composition (Mudalige
et al. 2015a). DLS and MALS detectors are used for
size determination of fractograms (Mitrano et al.
2012). Applications of DLS and MALS, as detectors
for size determination in AF4, have been problematic
due to multiple factors. For example, these two
techniques are unable to produce reliable measure-
ments for samples containing smaller or diluted
samples due to diminished light scattering intensity
(Gigault and Hackley 2013; Loeschner et al. 2013). As
an alternative, empirical size calibration using the
retention time of size standards is widely applied in the
AF4 (Mudalige et al. 2015b). In this case, well-
characterized size standards are essential, but their
availability is limited. In the past, only the National
Institute of Standard and Technology (NIST) traceable
polystyrene spheres’ standard reference materials
(SRM) were available. NIST recently introduced gold
nanoparticles and silver nanoparticles SRM as size
standards. Due to stability against aggregation and
durability in the storage, the application of polystyrene
size standards for the size calibration in the analysis of
various nanomaterials is still a common practice.
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In AF4 experiments, the retention time of a given
particle is dependent upon cross flow-to-channel flow
ratio, diffusion coefficient of particle, and membrane—
particle interactions (Du and Schimpf 2002; Litzen
and Wahlund 1991; Ulrich et al. 2012). For example,
Gigault and coworkers studied size-independent influ-
ence of the material-specific properties of nanoparti-
cles on their retention behavior in the AF4 by
comparing four different kinds of nanoparticle popu-
lations with identical nominal size (Gigault and
Hackley 2013). Their findings summarize that the
membrane—particle interaction is the main reason for
the size-independent material-specific retention in the
AF4. Bedizen and coworkers studied the membrane—
particle interaction of titanium dioxide with varying
the membrane-type and zeta potential of the particle
by means of changing the running media composition
(Bendixen et al. 2014). As a summary of the study,
zeta potential itself does not predict the retention
behavior of TiO, nanoparticles and forces other than
the electrostatic repulsion play an important role on
the retention (Bendixen et al. 2014).

Here, we report and explain the differences
observed in the retention time of gold nanoparticles
and polystyrene size standards with different proper-
ties (i.e., material, surface coating, running media
composition, and membrane). We tested the applica-
bility of polystyrene particles, as calibration standards
for Au NPs having various surface coatings and as a
result, and we calculated the deviations associated
with the size measurement due to the standard
mismatch in the empirical size calibration. In all the
cases, DLVO theory and the effects of diffusion have
been used to explain the observed variable retention.

Experimental section
Materials and reagents

Type L ultrapure water (18.2 MQ cm), obtained from an
EMD Millipore water purification system (Model No:
Direct-Q 3UV, Billerica, MA, USA), was utilized for all
solution preparations. Sodium 3-mercapto- 1-propane-
sulfonate, and bis(p-sulfonatophenyl) phenylphosphine
(phosphine), was purchased from Sigma-Aldrich (Saint
Louis, MO, USA). Sodium citrate was purchased from
Fisher Scientific (Houston, TX, USA). Au NPs refer-
ence materials with nominal diameters of 10 (RM8010),



J Nanopart Res (2016) 18:292

Page 3 of 10 292

30 (RM8012), and 60 (RM8013) nm were purchased
from the National Institute of Standards and Technol-
ogy (NIST, Gaithersburg, MD). NIST traceable nano-
sphere polystyrene nanoparticle standards with nominal
diameter of 20 (3020A), 40 (3040A) 80 (3080A), and
100 (3010A) nm were purchased from Fisher Scientific.
Millipore precut regenerated cellulose membranes with
a molecular weight cutoff of 30 kDa (30kDaMC) and
polyethylene sulfone (PES) membranes with a molec-
ular weight cutoff of 30 kDa (30kDaPES) were
purchased from Wyatt Technology (Santa Barbara,
CA, USA). Amicon Ultra 0.5 ml centrifugal filter units
with a molecular weight cutoff of 3 kDa were pur-
chased from EMD Millipore and used to remove excess
phosphine. Disposable folded capillary cells and sur-
face zeta potential accessory, from Malvern Instruments
(Worcestershire, UK), were used for measuring particle
zeta potential and measuring membrane surface zeta
potential, respectively.

Gold nanoparticle functionalization

Phosphine-coated Au NP suspensions were prepared
by mixing citrate-stabilized Au NP reference materials
with the required amount of phosphine to keep the
phosphine concentration constant, at 0.5 mg/mL.
After the phosphine was added, the solutions were
vortexed at room temperature for 2 min to assist with
the exchange of citrate molecules with phosphine.
Phosphine-coated Au NPs were used directly for AF4
analysis. Sodium 3-mercapto-1-propanesulfonate-
functionalized Au NPs were prepared mixing 10 M
solution of thiol compound dropwise to Au NPs and
were vortexed between additions of each drop. The
functionalized particles were isolated by centrifuga-
tion, using 3 kDa molecular weight cutoff centrifugal
filter units and subsequently suspended in the appro-
priate solvent.

Determination of particle and membrane zeta
potential

Particle zeta potential measurements were performed
using a Mobiul system (Wyatt Technology). Samples
for the zeta potential measurements were prepared by
diluting the Au NPs solutions with a sodium citrate to
match the ionic strength and composition of the AF4
carrier fluid. Measurements were performed using a
Mgobiul Dip Cell, whereas the membrane zeta

potential was assessed using a Zetasizer Nano ZS
(Malvern Instruments, UK). A detailed description of
the membrane zeta potential measurement technique
is available in our previous publication (Mudalige
et al. 2015c¢). Briefly, membrane samples were cut into
rectangles to an approximate size of 5 mm by 4 mm
and pasted onto the replaceable sample holder of the
Malvern surface cell accessory. A small amount of a
high-viscosity nail polish was used as glue to prevent
the liquid from soaking onto the membrane. Thermo
Scientific NIST traceable, water-soluble, polystyrene
particle size standards (100 nm cat # 3100A) were
used as tracer particles, and the original suspension
media of the particles were replaced with the appro-
priate electrolyte by centrifugation and suspension of
the particle pellets. The sample holder with the glued
membrane was screw-fitted in the cell. Sample height
was adjusted with a cell height adjustment tool. The
sample fitted on the cell was washed with water
followed by the tracer particle electrolyte solution.
The cell was placed in a cuvette with the tracer
particles and equilibrated for 1 h. The zero displace-
ment sample position was adjusted with the count rate
meter of the Malvern Zetasizer system. The zeta
potential of the tracer particles was measured in
triplicate at four different displacement values, using
increments of 125 microns. On the other hand, the zeta
potential of the particles without any effect from the
membrane was measured using a very large displace-
ment value of 1000 microns. The displacement of the
membrane was plotted against the tracer particle zeta
potential, and the membrane zeta potential was
calculated by subtracting the y intercept from the free
tracer particle zeta potential (Figures S1-S6) (Mu-
dalige et al. 2015¢).

Nanoparticle separation by AF4

A Wyatt Technology (Santa Barbara, CA) short
channel Eclipse 3 AF4 system composed of a flow
control unit and channel compartment (short channel
with 145 mm length and 350 micron spacer) was
coupled to an Agilent Technologies (Santa Clara, CA)
1200 high-performance liquid chromatography
(HPLC) system, which contains a pump (G1311B),
auto-sampler (G1329B), and UV-visible detector
(G1315D). A polyvinylidene difluoride (PVDF)
hydrophilic 0.1 micron membrane filter (EMD Milli-
pore, Billerica, MA) was used just after the pump. The
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pump was used to control liquid flow into the channel
compartment, and an auto-sampler was used for
sample introduction.

Precut membranes were soaked overnight in 20 %
isopropanol, washed with Type I ultrapure water and
equilibrated with carrier fluid inside the AF4 channel
for 1 h. Fifty microliter of sample (concentrations at
5 ppm for each size fraction of Au NPs and 10 ppm of
PS NPs) was analyzed during each run using the
conditions listed in Table 1, and each measurements
was conducted in triplicate. The absorbance signal was
collected at a wavelength of 520 nm using a 10 nm
bandwidth with respect to the 890 nm (20 nm)
reference peak for gold nanoparticles and 254 nm
using a 20 nm bandwidth with respect to the 890 nm
(20 nm) reference peak for PS NPs.

Results and discussion

Determination of particle and membrane zeta
potential

The zeta potential and size of the studied standard
nanoparticles and the membranes used in the AF4
experiments in the presence of citrate electrolyte were
assessed before each experiment (Table 2). In the
specific case of the studied nanoparticle standards, the
measurements reveal that all were negatively charged
at the studied conditions, likely due to the deprotona-
tion of the functional groups in the surface capping
(citrate, phosphine, thiol, and carboxyl groups) of the
nanoparticles at the studied pH (8.1) of the carrier fluid
(citrate electrolyte). Moreover, compression of the
electrical double layer (EDL) with an increase in the
ionic strength of the electrolyte resulted in a slight
decrease in the zeta potential of both particles and

Table 1 AF4 analysis parameters

membranes (Elimelech et al. 1995). Between 0.1 and
1 mM citrate electrolyte, more important variations in
the zeta potential values are observed for 30-nm Au
NPs capped with phosphine (i.e., zeta potential varies
between —112 and —73.5 mV), as compared with
10-nm Au NPs capped with citrate (where zeta
potential only varies between —91.7 and —87.2 mV).
This observation can be explained by the increase in
adsorbed citrate ion density on the surface of the
particles due to the presence of excess citrate at
elevated concentrations. The observed variations in the
zeta potential of surface-modified nanoparticles as a
function of electrolyte concentration are commonly
associated with the properties of the capping ligands at
the particle surface (Hotze et al. 2010). In the particular
case of the membranes used, the increase in electrolyte
concentration has a screening effect in the zeta
potential, while on the membrane from regenerated
cellulose the decrease in zeta potential is more
prominent (Sze et al. 2003) as compared to the PES
membrane (i.e., on the order of —68 to —26.6 mV for
cellulose, and between —95.4 and —79.5 mV for PES
membrane. The negative charge on the membrane is
generated by ionization of the functional group on the
membrane or/and adsorption of anions. The adsorp-
tions of anions are more common in hydrophobic
membranes (Ariza and Benavente 2001; Salgyn et al.
2013). The large negative zeta potential for PES
membrane for all three electrolyte concentrations can
be explained based on the same phenomenon.

AF4 analysis of polystyrene and functionalized
gold nanoparticles

In this study, we evaluated the applicability of PS NPs
as calibration standards for the size measurement of Au
NPs having different surface functionalities. Size-

Step Designation Time(min) Flow(mL/min)
Elution 0.00-1.0 Channel flow 0.5, cross flow 0.0
Focus 1.0-2.0 Channel flow 0.5, cross low 1.0
3 Focus + injection 2.0-5.0 Channel flow 0.5, cross flow 1.0,
injection flow 0.2 mL min
Focus 5.0-8.0 Channel flow 0.5, cross flow 1.0
5 Elution 8.0-120 Channel flow 0.5, cross flow 1.0
Elution 120.0-125.0 Channel flow 0.5, cross flow 0.0
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Table 2 Summary of zeta
potential measurements
under different electrolyte
concentrations at pH 8.1

Particle/surface coating Zeta potential (mV)

0.1 mM citrate 0.5 mM citrate 1.0 mM citrate

1. 10 nm/citrate/Au —91.7 £ 44 —88.0 £ 3.3 —87.2 £ 2.1
2. 30 nm/citrate/Au —106.1 £ 0.3 —88.7 £ 1.8 —85.7+ 1.0
3. 60 nm/citrate/Au —112.1 £ 4.7 —91.9 £ 2.6 —91.5+£0.2
4. 10 nm/phosphine/Au —87.6 £ 3.6 —76.5 £ 0.5 —-764 + 1.0
5. 30 nm/phosphine/Au —119.6 £ 0.1 —87.4 + 3.8 —79.9 +£ 0.6
6. 60 nm/phosphine/Au —124.0 £ 2.7 -92.1+ 14 —89.1 £ 1.2
7. 10 nm/thiol/Au —89.2 £ 09 —84.9 + 3.9 —80.0 4.8
8. 30 nm/thiol/Au —110.1 £ 1.8 —85.8 £ 2.6 —819+ 1.2
9. 60 nm/thiol/Au —1103 £ 3.3 —89.2 +22 —88.0 £ 0.7
10. 20 nm/PS —76.0 + 3.7 —09.4 + 42 —66.1 + 4.7
11. 40 nm/PS 714 £2.7 —68.9 + 1.7 —65.9 £ 0.8
12. 80 nm/PS —985+ 14 —83.2 +£2.0 —80.1 = 1.4
13. 100 nm/PS —102.2 £ 29 —924 4+ 9.1 —91.8 £ 0.9
14. Cellulose membrane —68.0 £ 1.2 —338+23 —26.6 = 1.9
15. PES membrane —954 £+ 45 —84.8 + 3.8 —-795+29

based calibration curves were made for both kinds of
nanoparticles having various surface coatings. Here,
we used sodium citrate solutions of varying concen-
trations at pH 8.1 as working fluid for all the
experiments, due to the instability of citrate-coated
gold nanoparticles in other electrolytes. Citrate ions
physisorbed on the hydrophobic gold surface provide
colloidal stability in aqueous suspensions (Lin et al.
2004). A phosphine compound bearing sulfonate group
at the end of benzene ring was also used as a stabilizing
agent and the phosphine chemisorbed on to the gold
surface making a more stable coating (Lin et al. 2004;
Westermark et al. 1999). Sodium 3-mercapto-1-
propanesulfonate-functionalized gold nanoparticles
were also used, since thiol forms a covalent bond on
the gold surface making it a very stable coating
(Hakkinen 2012).

Size-based retention of the functionalized Au and
PS NPs onto a 30-kDa regenerated cellulose mem-
brane at different electrolyte concentrations is shown
in Fig. 1. Phosphine-coated gold nanoparticles were
unable to recover at 1.0 mM citrate concentration due
to membrane fouling, and therefore, these experiments
are not shown in the figure. Although we generally
observe increased retention time of Au and PS NPs
with increasing nominal size and salt concentrations,
the effect is dependent on the surface functional group.
For instance, in Fig. la, at the lowest electrolyte

concentration (0.1 mM sodium citrate), the retention
time for 10-nm Au NPs is comparable for all the
surface functionalities (citrate, phosphine, and thiol
groups), and more important differences are observed
as the nominal size increases (60 nm). Here, we did
not observe any correlation between zeta potential and
retention time of nanoparticles. For example, phos-
phine-coated nanoparticles having the highest nega-
tive zeta potential should equilibrate far away from the
barrier membrane and must have the shortest retention
time. We observed the longest retention time for the
phosphine-coated particles. In this case, contribution
from membrane—particle interaction other than elec-
trostatic repulsion may play a critical role. Various
forms of membrane—particle interactions such as van
der Waals, dipole—dipole, and hydrophobic interac-
tions were described in recent literature (Du and
Schimpf 2002; Ulrich et al. 2012). Due to the nature of
the surface coating material, the polar group of each
molecule, hydrophobicity, and polarizability may play
a critical role in the membrane—particle interaction
causing variable retention time.

In the case of polyethylene sulfone membranes,
prolonged retention times were observed for all forms
of particles despite having a much higher zeta
potential of the membrane compared with surface
zeta potential of cellulose membrane (Fig. 2). Pro-
longed retention times indicate the relatively strong

@ Springer
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Fig. 1 Size-based retention of polystyrene (dash dotted) with
citrate (dash), phosphine (dotted), and thiol-functionalized gold
nanoparticles (solid) showing material and surface coating
specificity at citrate running media concentrations of 0.1 mM
(a), 0.5 mM (b), and 1.0 mM (c) on a 30-kDa regenerated
cellulose membrane

attractive forces with respect to electrostatic repulsion
between particles and membrane. We also observed
longer retention time for sodium 3-mercapto-1-
propanesulfonate-functionalized Au NPs compared
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Fig. 2 Size-based retention of polystyrene (dash dotted) with
phosphine (dotted), and thiol-functionalized gold nanoparticles
(solid) showing material and surface coating specificity at citrate
running media concentrations of 0.1 mM (a), 0.5 mM (b), and
1.0 mM (c) on a 30-kDa polyethylene sulfone membrane

with bis(p-sulfonatophenyl) phenylphosphine-func-
tionalized Au NPs, which is the opposite of the elution
order observed with the application of cellulose
membrane. A nonlinear retention was observed only
for the polystyrene particles on PES membranes. In
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this case, larger particles which equilibrate closer to
the membrane exhibited longer retention time than
expected. This observation can be attributed to the
membrane—particle distance-dependent interactions.
In the application of polystyrene, particles for cali-
bration may generate completely misleading size
calculations.

As previously mentioned, the observed differences
in retention time for this set of experiments are
dependent upon cross flow-to-channel flow ratio,
diffusion coefficient of particle, and membrane—par-
ticle interactions. Although within all the experiments,
the cross flow was maintained constant (8.1 x 107
m/s), cross flow drags the particles toward the
membrane. Diffusion (D, which is inversely propor-
tional to the particle size) will push particles away
from the membrane (Table 3). The third factor
influencing retention time is the membrane—particle
interaction. The total strength of these forces depends
on the membrane—particle equilibrium distance, which
is determined by particle size, indicating that mem-
brane—particle interactions are also size dependent. To
better understand the differences in the retention time
observed here, classical DLVO theory is used here to
estimate the NPs—membrane surface interaction pro-
files for the experiments conducted in sodium citrate
electrolyte (Petosa et al. 2010). Classical DLVO
theory considers the sum of London van der Waals

attraction, and electrical double-layer repulsion forces
result in the calculation of the total interaction energy
(®rowar). Here the total interaction forces have been
determined by considering the NP—membrane system
as a sphere—plate interaction (Petosa et al. 2010).
Calculated Hamaker constants of 2.68 x 107'° J (Au
NPs—water—cellulose), 2.0 x 107" J (Au NPs—wa-
ter—PES), 4.26 x 1072° J (polystyrene NPs—water—
cellulose), and 3.18 x 107! J (polystyrene NPs—
water—PES) are used for all the studied systems.
Values of the key parameter from the calculated total
interaction energy profiles, namely the maximum
height of the repulsive energy barrier (®,,.x), are
reported in Table 3, and DLVO profiles for mem-
brane—particle interactions are reported in supporting
information (Figure S5-S8). As observed in the table,
for each particle ®,,, decreases in height with
increase in the concentration of sodium citrate for all
the cases. This observation is in consistency with the
results conducted in the AF4 (supporting information
Figures S5-S8).

This study was performed to demonstrate the
importance of calibration standard matching for an
accurate size determination in the AF4 and to demon-
strate the magnitude of error associated with the
mismatching of calibration standards. For a better
comparison, we calculated the expected size of gold
nanoparticle using polystyrene nanoparticles as size

Table 3 Summary of Particle/surface Dy (10711 Membrane
experiments conducted m2/s) . . .
under different electrolyte 0.1 mM citrate 0.5 mM citrate 1.0 mM citrate
concentrations at pH 8.1 Gmax (k T) Omax (k T) Gmax (k T)
Cellulose PES Cellulose PES Cellulose PES
1. 10 nm/citrate/Au 4.25 31 46 2 25 0 15
2. 30 nm/citrate/Au 1.42 73 109 4 54 0 31
3. 60 nm/citrate/Au 0.71 150 224 10 110 0 68
4. 10 nm/phosphine/Au 4.25 25 39 0 18 0 11
5. 30 nm/phosphine/Au 1.42 73 110 2 47 0 21
6. 60 nm/phosphine/Au 0.71 152 229 5 9 0 56
7. 10 nm/thiol/Au 4.25 29 44 1 22 0 12
8. 30 nm/thiol/Au 1.42 72 109 2 48 0 25
9. 60 nm/thiol/Au 0.71 143 216 5 100 0 57
10. 20 nm/PS 2.13 66 90 21 65 10 52
11. 40 nm/PS 1.06 117 159 38 120 18 97
12. 80 nm/PS 0.53 295 399 93 279 47 232
13. 100 nm/PS 0.43 373 504 126 374 68 321
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standards in each citrate concentration with both
cellulose and PES membranes. Here, we used linear
regression equations to calculate the retention time of
25.0-nm and 50.0-nm polystyrene particles in partic-
ular experimental conditions. The actual size of Au
NPs at comparable retention times was calculated
using a regression equation for Au NPs. Data for this
are shown in Table 4, which include proportional sizes
of nanoparticles clearly indicating the size deviation
from the expected values.

Conclusion

We have studied the effect of material-specific
membrane—particle interaction on the retention times
of nanoparticles in asymmetric flow field-flow frac-
tionation by varying the membrane type, particle
coating, and the electrolyte concentrations. As
expected, particle zeta potential decreased with the

increase in the electrolyte concentrations and the same
trend was followed for the surface zeta potential of a
regenerated cellulose membrane. In the case of the
PES membrane, zeta potential remains almost the
same with the increase in citrate concentration,
possibly due to the increase in adsorption of citrate
molecules. We did not observe any consistent corre-
lation between the zeta potential and the retention time
in the analysis of functionalized Au NPs and
polystyrene nanoparticles; therefore, non-electrostatic
interactions play a vital part of the membrane—particle
interactions (Ulrich et al. 2012). We observed linear
relationships between particle size and retention time
for all of the experimental conditions, except for the
PS nanoparticles with PES membrane. In this case,
both particle and membrane are hydrophobic organic
polymers having somewhat similar properties and the
nonlinearity is caused by longer retention of the larger
particles due to the distance-dependent membrane—
particle interactions. Most importantly, we calculated

Table 4 Actual size of gold nanoparticles having equivalent retention times of 25.0- and 50.0-nm polystyrene particles at various

analytical conditions

Regression equations are indicated for each analytical condition. (For the comparison, nanoparticles are represented in proportional

size)
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the error associated with the application of the
polystyrene standards for size calibration for gold
nanoparticles having various surface functionalities
and found that the error can be up to 33 %, depending
on analysis condition and the size of the analyte. In
conclusion, appropriate standards having an identical
coating of the sample are necessary for the measure-
ment of the unknown nanoparticles with empirical size
calibration.
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