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Abstract: The performance of a miniaturized channel for the separation of polymer and metal
nanoparticles (NP) using Asymmetrical Flow Field-Flow Fractionation (AF4) was investigated
and compared with a conventional AF4 system. To develop standard separation methods,
experimental parameters like cross flow, gradient profile and injection time were varied and optimized.
Corresponding chromatographic parameters were calculated and compared. Our results indicate that
the chromatographic resolution in the miniaturized channel is lower, whereas significantly shorter
analyses time and less solvent consumption were obtained. Moreover, the limit of detection (LOD)
and limit of quantification (LOQ) obtained from hyphenation with a UV-detector are obviously lower
than in a conventional channel, which makes the miniaturized channel interesting for trace analysis.
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1. Introduction

Nowadays, nanoparticles are playing an increasingly important role in our daily lives.
By definition, they are microscopic particles with at least one dimension less than 100 nm [1]. Different
nanoparticles have been developed for commercial applications. For example, silver nanoparticles
are used in textiles, fridges or washing machines, due to their antibacterial properties [2]. Titanium
dioxide nanoparticles are used in sunscreens in order to achieve a better protection from UV radiation,
and in hydraulic fracturing fluids for oil recovery [3]. Since data on toxicity are barely available, their
increasing application in cosmetic products, food and their release in the environment might cause
severe problems. For example, some data indicate that fullerene nanoparticles may trigger extensive
brain damage to fish [4]. Others reported the release of reactive oxygen species by titanium dioxide
nanoparticles causing an immediate “oxidative burst” response in microglia, but also interferences
with the mitochondrial energy production [5]. Thus, an accurate separation, identification and
characterization of nanoparticles becomes increasingly important.

A common method for nanoparticle separation, which was introduced in 1976 by Giddings,
represents field-flow fractionation (FFF) [6,7]. Since FFF is a flow-based separation methodology
utilizing an open separation channel, the typically obtained blocking of columns, when separating
particulate analytes, is avoided. FFF techniques can be applied to particles over a wide size range.
The retention and separation in FFF is caused by an external field. Depending on the applied field,
FFF can be classified into different types, like Thermal Field-Flow Fractionation (ThF3), Centrifugal
Field-Flow Fractionation (CF3), Flow Field-Flow Fractionation (F4) and others. Amongst them,

Separations 2017, 4, 8; doi:10.3390/separations4010008 www.mdpi.com/journal/separations

http://www.mdpi.com/journal/separations
http://www.mdpi.com
http://www.mdpi.com/journal/separations


Separations 2017, 4, 8 2 of 11

the Asymmetrical Flow Field-Flow Fractionation (AF4) represents one of the most universal FFF
techniques [7]. Initially, AF4 was used for the analysis of gelatine nanoparticles in drug carrier
systems [8,9]. Afterwards, various groups reported its use for the separation of gold nanoparticle
mixtures [10,11]. With this regard, the method development, applicability and limitations was
investigated in a multi-detector approach. Gray et al. compared the separation of gold nanoparticles in
the AF4 with Hydrodynamic Chromatography (HDC). The detection limits, resolution, and recoveries
for both techniques were determined. The AF4 method showed a significantly more enhanced
resolution than HDC, but also revealed lower recovery rates [12]. Another problem arises from
difficulties of separating nanoparticles from various organic matrices, like food or environmental
samples [11,13–15]. Since the number of nanoparticles in those matrices is low, high recovery rates
are essential. AF4 has been shown to be an efficient method to separate nanoparticles in such organic
matrices and has been used to separate nanoparticles in chicken meat [16], seawater [17], river
water [18] and soil [19]. However, the application of AF4 in the routine analysis has been limited,
amongst others, due to the large size of the separation channel, which results in long analysis time
and excessive sample and solvent consumption. The miniaturization of the channel size represents
one possibility to reduce the aforementioned channel specific effects. By reducing the conventional
channel dimensions, the sample and solvent demand will consequently be reduced and the separation
speed can be increased without changing the migration flow rate.

The first attempt of channel miniaturization was reported by Kang and Moon in 2004.
In this work, a miniaturized AF4 channel with inlet frit was constructed and tested for its applicability
for protein separation [20]. Afterwards, a miniaturized AF4 channel without inlet frit was introduced
by Riekkola et al. in 2006. It was demonstrated that this miniaturized channel was suitable
for protein standard separation and was comparable to the conventional channel [21]. In 2011,
Kim et al. developed a new chip-type AF4 channel design, which was assembled by stacking
multilayers of thin stainless steel plates and a frit. The influence of the channel length was examined
with the separation of protein standards by changing the flow rate [22]. Recently, Müller et al.
developed a new miniaturized AF4 channel for wide application and characterized its separation
performance using nanoparticles [23]. These investigations showed that, with a miniaturized
channel, elution time and sample/solvent consumption can be substantially reduced. However,
a systematic approach in order to comprehensively characterize the performance of a miniaturized
channel including the development of standard separation methods and the investigation of critical
parameters such as recovery rates, limit of detection (LOD) and limit of quantification (LOQ) has not
yet been reported. In this paper, standard separation methods for a conventional and a miniaturized
channel were developed both using organic (polymer) and inorganic nanoparticles. Corresponding
chromatographic parameters were calculated and compared, and both advantages and disadvantages
of the miniaturized channel were discussed.

2. Materials and Methods

Carboxyl-stabilized polystyrene nanoparticle standards with average diameters of 50, 100 and
400 nm (PPs-0.05 COOH, PPs-0.1 COOH and PPs-0.4 COOH) were purchased from Kisker Biotech
GmbH & Co. KG (Steinfurt, Germany). Gold nanoparticle standards with certified diameter
of 13.5 ± 0.1 nm, 28.6 ± 0.9 nm and 56.6 ± 1.4 nm were purchased from the National Institute
of Standards and Technology (NIST, Gaithersburg, MD, USA). Size distributions are based on
dynamical light scattering measurements. Prior to the analysis, all suspensions were diluted to
suitable concentrations with filtrated ultrapure water (Whatman cellulose ester membrane, 0.1 µm pore
size, Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany; MilliQ, Billerica, MA, USA). Nanoparticle
mixtures were prepared by adding the corresponding volume of each individual nanoparticle solutions
(v/v), which were sonicated (10 min) before use. For the separation of the polystyrene nanoparticles,
filtrated ultrapure water containing 0.1% sodium dodecylsulfate (SDS, AppliChem GmbH, Darmstadt,
Germany) and 0.01% sodium azide (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) was used.
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The eluent for the analysis of the gold nanoparticles consisted of filtrated ultrapure water containing
0.01% sodium azide.

All measurements were performed using an AF2000 system (Postnova Analytics GmbH,
Landsberg am Lech, Germany) equipped with an ultraviolet (UV) (PN3211) and a 21-angle multi-angle
laser light scattering (MALS) (PN3621) detector. UV detection was performed at 280 nm for the
polystyrene and at 530 nm for the gold nanoparticles. The AF2000 control unit software was
used for the data acquisition and evaluation. The dimension of the conventional AF4 channel
was 33.5 cm × 6 cm, which results in an effective separation area of 32.8 cm2. A spacer of
350 µm was used for all measurements. The miniaturized AF4 channel was similar in its asymmetric
design to the conventional AF4 channel, but showed reduced dimensions of 8 cm × 2 cm. The spacer
used in the miniaturized AF4 channel was also 350 µm. Hence, the effective separation area of 4.3 cm2

was eight times smaller than that of the conventional channel. Polyether sulfone (PES) and regenerated
cellulose (RC) membranes with an exclusion limit of 10 kDa (Postnova Analytics GmbH, Landsberg
am Lech, Germany) were used in both channels. The injection volume was 20 µL. AF 2000 Control
(2.0.0.1) was used for recording and the evaluation of data.

Using the Rayleigh ratio and the obtained analyte concentration, the gyration radius Rg
of the analyte can be determined using the Zimm equation [24]. Details are given in the
Supplementary Information.

3. Results and Discussion

In order to theoretically describe the separation performance of the AF4 channels, different
chromatographic parameters were determined and compared, e.g., retention ratio (R), resolution (Rs)
and theoretical plate numbers (N). The retention ratio describes the retention of an analyte zone caused
by the external field. It can be calculated using Equation (1):

R =
tM
tR

(1)

with R—retention ratio, tR—retention time and tM—void time.
The resolution Rs (see Equation (2)) is used to describe how well two peaks are separated

from each other. At Rs ≥ 1.5 the area or height of two adjacent peaks can be accurately measured,
which means that particles are sufficiently well baseline-separated.

RS =
2(tR2 − tR1)

w1 − w2
(2)

with Rs—resolution, tR—retention time, w— peak width.
The plate number N determines the number of theoretical plates, which indicates the separation

efficiency. The higher the plate number, the better the separation efficiency will be. The plate number
N was calculated with Equation (3):

N = 16 (
tR
w
)

2
(3)

with N—plate number, tR—retention time, w—peak width.
Since an adsorption of particles onto the membrane surface, especially at higher cross flow

rates, may not be excluded, the recovery rate represents another important parameter that has to
be considered. Hereby, the UV-Vis detector signal was used, which is proportional to the particle
amount. Initially, particles were injected at a constant detector flow rate without cross and focus flow.
Under these conditions the sample elutes without being affected by any separation force and virtually
any membrane interaction. For reproducibility reasons, five injections were performed successively.
As described in Equation (4), the recovery rate can be easily calculated from the ratio of the peak areas
determined either with or without cross/focus flow.



Separations 2017, 4, 8 4 of 11

Re =
x1

x2
(4)

with Re—recovery rate, x1—peak area determined with cross/focus flow, x2—peak area determined
without cross/focus flow.

3.1. Separation of Polystyrene Nanoparticles

Our investigations started with the optimization of separation conditions for polystyrene (PS)
nanoparticles in a conventional AF4 channel. A polystyrene nanoparticles standard mixture was
used for the separation (50 nm, 0.80 mg·mL−1; 100 nm, 0.16 mg·mL−1 and 400 nm, 0.04 mg·mL−1).
Several parameters were considered: the cross flow, the elution exponent and the injection time.
The cross flow is the part of the main or channel flow that passes the membrane perpendicular to the
channel flow. It represents the main force that is responsible for the separation. The elution exponent
characterizes the rate at which the cross flow decreases. It can be described by Equation (5):

Vx(t) = Vx,i −
Vx,i − Vx, f

(t f − ti)
n (t − ti)

n (5)

with Vx(t)—cross flow at given time, Vx,i—initial cross flow, Vx,f —final cross flow, ti—start time of
cross flow, tf—end time of crossflow, n—elution exponent.

Since a constant (high) cross flow would result in long retention times mainly of larger particles, a
decrease of the separation force during the elution has to be enabled. In our experiments, different
cross flow rates and elution exponents were applied. Moreover, the injection time was varied.
This parameter plays an important role. Particles need sufficient time to get equilibrated while
focusing in the injection zone, whereas too long injection times are supposed to induce aggregation or
at least agglomeration.

By means of these parameters, summarized in Tables 1–3, a better description of the separation
performance of the AF4 system can be given. The results in Table 1 indicate that the highest channel
resolution can be achieved at higher cross flows. However, at these conditions the lowest recovery rates
were obtained, which might be attributed to an adsorption of nanoparticles on the membrane and/or
by irreversible diffusion into membrane pores. Simultaneously, the time for an analysis increases up to
60 min. Lower cross flow rates (e.g., 1.0 mL·min−1) significantly increase the recovery rates to above
90%, but on the other hand decrease peak resolution. As shown in Tables 2 and 3, the influence of the
elution exponent and the injection time on the separation parameters is comparatively small. To keep
the resolution and recovery rates sufficiently high, the following standard separation method for the
conventional channel was used: cross flow 2.5 mL·min−1, injection time 4 min, elution exponent 0.2,
total elution time 60 min.

In order to evaluate the suitability of a miniaturized channel design to separate nanoparticle
mixtures, an optimization on the basis of available literature was performed. Since the miniaturized
channel was expected to be very sensitive to overloading, suitable particle concentrations had to be
found first. Therefore, different mixtures of three polystyrene nanoparticles with a size of 50, 100 and
400 nm were applied for separation under the following conditions: cross flow 0.5 mL·min−1, injection
time 4 min, elution exponent 0.2. The results of the calculation of the separation parameters are listed
in Table 4. Three representative fractograms are shown in Figure 1. In particular, the measurement
performed with latex mixture 1 reveals both a low resolution and a low plate number compared to
other measurement data, and clearly shows that the amount of particles has a pronounced influence
on the fractograms, when a critical limit is exceeded.

Overloading might also be one reason for the long tailing of 400 nm particles (Figure 1 at 40 min).
Since the radius of gyration Rg of this peak determined by a MALS detector is around 155 nm
corresponding to a geometric diameter of 400 nm, when assuming a spherical shape, this tailing cannot
be attributed to agglomerates (see Figure S1 in Supplementary Information). The measurements
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performed with latex mixture 3 (mixture used for the conventional channel) and 7 (blue and red lines
in Figure 1) were less influenced by overloading than it could be seen for mixture 1. As a result, the
peak at 37 min is only slightly deformed. Similar effects are revealed considering the plate number.
Overloading drastically reduces the number of theoretical plates. Thus, to achieve better separation
efficiency using the miniaturized AF4 channel, measurements have to be performed with considerably
lower particle concentrations. The difference of the concentration between mixture 3 and 7 also
correlates with the significantly smaller separation area of the miniaturized channel.

Table 1. Chromatographic parameters for the separation of a polystyrene nanoparticlemixture
(50 nm, 0.80 mg·mL−1; 100 nm, 0.16 mg·mL−1 and 400 nm, 0.04 mg·mL−1) at different cross flows.

Cross Flow
(mL·min−1)

Retention
Time tR50nm

Retention
Ratio R50nm

Resolution
Rs

Plate Number
N50nm

Recovery Rate Re (%)

50 nm 100 nm 400 nm

0.5 13.5 0.37 0.37 12.4 78.5 72.9 78.4
1 17.6 0.28 0.81 48.0 85.9 92.6 95.1

1.5 20.9 0.24 1.08 89.1 78.2 88.2 85.1
2 22.6 0.22 1.13 96.3 73.4 81.2 84.2

2.5 24.4 0.20 1.18 116.2 73.1 81.0 79.0
3 25.8 0.19 1.21 152.4 69.4 79.4 80.0

3.5 27.5 0.18 1.27 154 67.2 77.2 77.3

Table 2. Chromatographic parameters for the separation of a polystyrene nanoparticle mixture
(50 nm, 0.80 mg·mL−1; 100 nm, 0.16 mg·mL−1 and 400 nm, 0.04 mg·mL−1) at different
elution exponents.

Elution
Exponent

Retention
Time tR50nm

Retention
Ratio R50nm

Resolution
Rs

Plate Number
N50nm

Recovery Rate Re (%)

50 nm 100 nm 400nm

0.2 22.6 0.20 1.18 116.2 73.1 81.0 79.0
0.3 25.2 0.20 1.22 126.3 72.7 80.4 85.1
0.4 26.6 0.18 1.22 125.9 68.5 79.2 79.0

Table 3. Chromatographic parameters for the separation of a polystyrene nanoparticle mixture
(50 nm, 0.80 mg·mL−1; 100 nm, 0.16 mg·mL−1 and 400 nm, 0.04 mg·mL−1) at different injection times.

Injection
Time (min)

Retention
Time tR50nm

Retention
Ratio R50nm

Resolution
Rs

Plate Number
N50nm

Recovery Rate Re (%)

50 nm 100 nm 400 nm

3 21.6 0.20 1.15 114.2 71.3 78.8 77.4
4 22.6 0.20 1.18 116.2 73.1 81.0 79.2
6 24.6 0.20 1.14 118.9 72.7 80.1 80.0
8 26.6 0.20 1.17 119.2 72.9 80.1 78.9

Table 4. Chromatographic parameters for the separation of mixtures of 50, 100 and 400 nm polystyrene
nanoparticles with different particle concentrations.

Particle
Mixture C50nm

C100nm
mg·mL−1 C400nm

Retention
Time tR50nm

Retention
Ratio R50nm

Resolution
Rs

Plate Number
N50nm

1 1.6 0.48 0.02 15.6 0.32 0.64 36.6
2 1.2 0.32 0.02 15.6 0.32 0.72 50.8
3 0.8 0.16 0.04 15.7 0.32 0.73 50.1
4 0.4 0.08 0.04 15.7 0.32 0.79 87.4
5 0.2 0.04 0.02 15.8 0.32 0.73 90.0
6 0.2 0.04 0.01 16.0 0.32 0.75 94.3
7 0.1 0.02 0.01 16.0 0.32 0.79 96.3
8 0.1 0.02 0.005 16.0 0.32 0.76 95.7

Therefore, mixture 7 was used for the separation in the miniaturized channel. One major
advantage of this channel was supposed to be a significantly shorter analysis time accompanied
by less solvent consumption. Thus, the whole elution process was improved based on the previously
determined chromatographic parameters. The procedure consisted of three steps. In the first
step, the cross flow remained constant for 0.2 min, while the focus flow was gradually reduced to
zero mL·min−1. This was followed by a decrease of the cross flow to zero mL·min−1 simultaneously
with the elution progress. During this step, the 50 nm and 100 nm particles eluted. The ‘no cross
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flow’ conditions were kept constant for additional 10 min in order to ensure that the 400 nm particles
can elute completely (see insert in Figure 2). In other words, the time of the second elution step
was varied, whereas both the elution exponent (0.3), and the cross flow (0.7 mL·min−1) were kept
constant for all measurements. The obtained fractograms are shown in Figure 2 and the corresponding
chromatographic parameters are listed in Table 5. The results show that with shorter elution time the
retention ratio increases, which indicates that particles elute faster. However, it can be simultaneously
observed that the resolution and the plate number decrease with decreasing elution times.
These assumptions are supported by Figure 2, where the peaks of the 50 nm and 100 nm particles can
hardly be separated using an elution time of 20 min. In order to perform the separation reasonably fast
and to keep the resolution high, a total elution step of 30 minutes was supposed to be the best value
for the separation of latex mixtures in a miniaturized channel.
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particle concentrations (see Table 4) using the miniaturized channel. Insert shows cross flow profile,
MALS 90◦ detector.
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Figure 2. Fractograms of polystyrene nanoparticle mixture 7 (see Table 4) recorded at different elution
times using the miniaturized channel. Insert shows cross flow profiles, MALS 90◦ detector.

From our previous data (Table 3), it was concluded that the injection time does not have much
influence on the separation. Thus, only the cross flow rates and the elution exponent were further
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optimized. Finally, a standard separation method was obtained using the miniaturized channel
(cross flow 0.7 mL·min−1, injection time 4 min, elution exponent 0.3, total elution time 30 min).

Table 5. Chromatographic separation parameters at different elution times (single measurement).

Total Elution
Time (min)

Retention
Time tR0nm

Retention
Ratio R50nm

Resolution Rs
Plate Number

N50nm

50 15.5 0.35 0.95 117.4
30 14.3 0.38 0.86 68.4
25 13.4 0.41 0.75 54.1
20 12.5 0.45 0.48 51.8

The chromatographic parameters and fractograms obtained with both standard separation
methods are compared in Table 6 and Figure 3. It can be shown that both elution times (60 min to 30 min)
and solvent consumption (from 71.5 mL to 21 mL) can be reduced to at least 50%. This is accompanied
by a significantly reduced sample consumption of approximately 87.5%. The chromatographic data
also reveal that after minor optimization polystyrene nanoparticles can be almost baseline separated
using the conventional channel (Rs = 1.2). Simultaneously, the recovery rate is between 70%–90%.
Using a miniaturized channel, the peak resolution is significantly lower (−28%), which might result
from the shorter elution process. The recovery rates obtained with a miniaturized channel were also
lower as with a conventional channel.

Table 6. Comparison of chromatographic parameters of a polystyrene nanoparticle mixture obtained
with both channels (single measurement).

Channel Type Particle
Diameter (nm)

Retention Time
tR (min)

Retention
Ratio R

Plate
Number N Resolution Rs

Recovery
Rate Re (%)

Conventional
50 24.4 0.20 116.2 1.2 73.1

100 31.9 0.16 411.7 1.2/1.5 81.0
400 52.9 0.10 727.9 1.5 88.0

Miniaturized
50 12.5 0.38 68.4 0.86 63.5

100 15.8 0.31 152.7 0.86/1.5 79.8
400 26.9 0.18 514.4 1.5 82.4
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The reproducibility of channel membranes was checked by comparative measurements of
polystyrene nanoparticle mixture 7 performed by triplicate runs on one 10 kDa Polyether sulfone (PES)
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membrane and between three 10 kDa PES membranes (see Supplementary Information, Figure S2).
These results clearly show a high reproducibility of repetitive measurements both in the conventional
and the miniaturized channel. In contrast to that, the comparison of measurements performed on
different membranes shows a shift of retention times of smaller NPs, whereas their peak resolution
remains almost constant (see Supplementary Information, Table S1). Moreover, the separation of larger
NPs also seems to be affected, since one experiment shows a strong tailing at 40 min retention time.
In this particular case, there might obviously be a quality issue regarding the membrane material.
In the production process, membranes might have ‘micro-crevices’ on their surface, which can trap
the nanoparticles and prolong the retention time [25]. Moreover, compression of the membrane and
the spacer can result in different effective channel thicknesses, which can change retention times
accordingly [22].

3.2. Separation of Gold Nanoparticles

The previously chosen conditions (cross flow 2.0 mL·min−1, injection time 6 min, elution
exponent 0.2) were checked for their suitability to separate a gold nanoparticle mixture (I) containing
particles with three different sizes (10 nm, 17.2 µg·mL−1; 30 nm, 16.08 µg·mL−1 and 60 nm,
17.28 µg·mL−1) in a conventional channel. The fractogram is shown in Figure 4 (black line).
The calculated separation parameters are listed in Table 7. It can be seen that the gold nanoparticle
mixture can be almost baseline separated. The recovery rates of the particles are between 70%–80%,
whereby the value for the 60 nm particles is slightly lower than those of the smaller particles. A possible
reason might be that the larger particles could be compressed closer to the membrane, because of the
weaker diffusion force that retracts particles from the membrane throughout the elution. Therefore,
the unwanted interaction between 60 nm particles and the membrane might also be slightly stronger.
The retention times are comparable to those of the polystyrene latex particles (28.7 min for 60 nm
Au and 24.6 min for 50 nm PS). These results also indicate that after some minor optimization both
polystyrene and gold nanoparticle mixtures could be almost baseline separated using a conventional
AF4 channel. The major drawback, however, is the long analysis time of 50–60 min accompanied by a
comparatively large solvent consumption of more than 60 mL per analysis.

These optimized conditions (cross flow 1.0 mL·min−1, injection time 3 min, elution exponent 0.2)
were used for the separation of a gold nanoparticle mixture in a miniaturized channel. For this purpose
the gold nanoparticle mixture I was diluted (1:8 v:v), which resulted in the following nanoparticle
concentrations: 10 nm, 2.15 µg·mL−1; 30 nm, 2.01 µg·mL−1 and 60 nm, 2.16 µg·mL−1 (gold nanoparticle
mixture (II)). The fractogram is shown in Figure 4 (red line). As already shown for the polystyrene
latex particles, the separation of gold nanoparticles in the miniaturized channel proceeded much faster.
However, it can also be seen from the data in Table 7 that the peak resolution and the recovery rates of
the miniaturized channel are lower than those of the conventional channel. A possible reason could
be the comparatively high cross flow, which on the one hand improves the resolution, but on the
other hand may induce agglomeration of particles. This assumption is supported by additional peaks
at 25 min (see Figure 4). The calculated radius of gyration (Rg) was in a range from 40.2 to 87.4 nm,
which corresponds to diameters of agglomerates from 103.7 to 225.5 nm. In order to exclude any
additional contribution from plasmon resonance, the AF4-UV-Vis-MALS system was calibrated and
normalized with certificated 10, 30 and 60 nm NIST Au nanoparticles before (calibration curve,
see Figure S3 in Supplementary Information).
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Figure 4. Comparison of fractograms of mixtures of gold nanoparticles in a conventional (black line,
gold nanoparticle mixture I) and a miniaturized AF4 channel (red line, gold nanoparticlemixture
II, sample dilution 1:8) at previously optimized conditions. Insert shows cross flow profile,
UV-Vis detector.

Table 7. Comparison of chromatographic parameters of a gold nanoparticle mixture obtained with
both channels (single measurement).

Channel Type Particle
Diameter (nm)

Retention
Time tR (min)

Retention
Ratio R

Plate
Number N Resolution Rs

Recovery
Rate Re(%)

Conventional
10 13.3 0.45 52.6 1.56 77.9
30 20.5 0.30 146.3 1.56/1.39 80.9
60 28.7 0.28 200.3 1.39 72.1

Miniaturized
10 7.1 0.59 45.5 1.24 50.2
30 11.6 0.36 160.1 1.24/1.04 48.6
60 16.5 0.25 126.2 1.04 45.9

The limit of detection (LOD) and limit of quantification (LOQ) of gold nanoparticles in a
conventional and a miniaturized channel were determined by measuring the signal to noise ratio (S/N)
of the UV-Vis signals. For this purpose, the concentration of gold nanoparticles was diluted stepwise
and applied for separation with the standard method. The concentrations at which the S/N ratios are
equal to 3 and 10, respectively, were defined as LOD and LOQ. Since standard NIST gold nanoparticles
were measured, the corresponding particle concentration can be calculated according to their certified
particle size. The obtained LOD and LOQ for both channels are listed in Table 8. An example
fractogram of LOD and LOQ determination is shown in Figure S4 in Supplementary Information.

Table 8. Comparison of LOD and LOQ for gold nanoparticle mixture obtained with both channels
(single measurement).

Channel Type Particle
Diameter (nm)

LOD mass
concentration

(µg·L−1)

LOD number
concentration
(particle·L−1)

LOQ mass
concentration

(µg L−1)

LOQ number
concentration
(particle·L−1)

Conventional
10 0.45 4.5 ×1010 1.2 1.2 × 1011

30 0.35 1.6 × 109 1.0 4.5 × 109

60 0.3 3 × 108 0.9 9 × 108

Miniaturized
10 0.2 2 × 1010 0.7 7 × 1010

30 0.15 6.8 × 108 0.6 2.7 × 109

60 0.15 1.5 × 108 0.55 5.5 × 108

Our results indicate that the LOD and LOQ obtained with a miniaturized channel are nearly 50%
lower than those of a conventional channel. The peak width obtained using a miniaturized channel is
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narrower, which causes particles to pass the detector cell within a shorter time span. This results in a
higher concentration in a certain time, which increases the S/N ratio.

4. Conclusions

In the current study, the separation performances of a conventional and a miniaturized AF4
channel were compared using polystyrene and gold nanoparticle mixtures. Standard separation
methods for both channels were developed by variation of various separation parameters, such as
cross flow, injection time and elution exponent. The corresponding chromatographic parameters,
e.g., resolution, recovery rate, LOD and LOQ, were calculated. Compared to a conventional channel,
the elution times and solvent consumption in a miniaturized channel could be reduced by at least
50%, whereas the sample consumption decreased by 87.5%. Since the limit of detection (LOD) and
quantification (LOQ) obtained using the miniaturized channel could be at least halved in comparison
to the conventional channel, the possibility for trace analysis of particles with low concentration is
offered. On the other hand, the above-mentioned improvements in terms of solvent and sample
consumptions as well as reduced analysis times are partially at the expense of a lower peak resolution.
Overall, the miniaturized AF4 channel has the potential to be used in routine analysis, where a high
peak resolution is not necessary and cheaper operational costs are advantageous. Moreover, it can be
used as an efficient pre-treatment method, e.g., in two-dimensional separation approaches. Since the
miniaturized AF4 channel shows lower LOD and LOQ, it might also be suitable for trace analysis,
e.g., of particles in environmental matrices.

Supplementary Materials: The following are available online at http://www.mdpi.com/2297-8739/4/1/8/s1.
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