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Although few attempts for classification of nanoparticles (NPs) in labscale do exist, the transfer to industrial ap-
plications is still challenging. One promising separation method, which is already established for biological mol-
ecules, is chromatography. Herein, we study the classification of differently sized gold NPs (AuNPs) by size-
exclusion chromatography (SEC). First, we investigated the interactions of AuNPs with potential stationary
phases in order to identify a suitable material for the chromatographic process where irreversible NP adhesion
is excluded. Then, we demonstrate the high reproducibility of our SEC experiments by multiple sample injections
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Separation that lead to constant peak areas. In particular, we show the size-dependent elution behavior of AuUNP mixtures
Chromatography resulting in bimodal elution peaks, where size separation was confirmed by inline measured UV/Vis spectra. Fi-
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nally, NP classification results by using a fraction collector are characterized by retention time, mass balances and
size-dependent separation efficiencies. The adjustment of the particle size distributions (PSDs) is demonstrated
by changing the switching time of the fraction collector. Our study evidences the high potential of SEC for prepar-
ative and continuous separation of NPs.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Particles and especially nanoparticles (NPs) are important materials
in various fields ranging from electronics to medicine [1, 2]. However,
final product properties are determined not only by the chemical com-
position, but also by disperse properties, i.e. particle size, shape and
morphology [3, 4]. For high-quality products, a defined and narrow par-
ticle size distribution (PSD) is desired, since a small change in PSD can
have a large impact on their properties, for instance the interaction of
NPs with light is strongly size- and shape-dependent. NPs can be pro-
duced by top-down (e.g. nanomilling) and bottom-up synthesis in the
gas and liquid phase in technically relevant quantities. Most of these
techniques produce size-distributed NPs and despite the remarkable
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progress in liquid phase syntheses of well-defined NPs of controlled
size and shape, a classification step is mandatory to adjust or modify
the obtained PSD according to the needs of the later product. Specific
targets for the classification are: the separation of a broader feed into
two or more fractions, the removal of fine or coarse tail fractions,
shape separation, as many NP syntheses lead to shape distributions
(e.g. in the case of noble metal nanorods also spheres are obtained), or
the separation of by-products when several phases are formed. For in-
stance, a narrowing of the initial PSD or exclusion of an unwanted par-
ticle fraction might already significantly improve the NP performance of
the later application.

Most technically established classification techniques (e.g. deflector
wheel classifiers [5, 6] and gas cyclones [7, 8] in the gas phase or centri-
fuges [9] and hydrocyclones [7] in the liquid phase) are based on the
force balance between the centrifugal force and the drag force acting
on the particles and are restricted to particle sizes above 1 um. Notewor-
thy, classification of particles >50 nm based on mass forces is challeng-
ing but was only achieved recently using a discontinuous tubular-bowl
centrifuge with high accelerations up to 40,000 x g [10, 11].

For the classification of NPs, a few techniques like electrophoresis,
mobility analysis, analytical ultracentrifugation (AUC) and size-selec-
tive precipitation (SSP) do exist [12]. Electrophoresis of NPs is based
on the size- and shape-dependent mobility of charged particles in a sta-
tionary electrical field. Hanauer et al. showed the separation of silver
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NPs (AgNPs) according to their size and shape by gel electrophoresis
[13]. Furthermore, spherical CdSe quantum dots (QDs) were separated
from CdSe nanoplatelets due to the higher electrophoretic mobility of
the QDs [14]. AUC, a powerful technique in terms of particle size and
shape analysis, which we improved in recent years [15, 16], enables
the separation of NPs to analyze disperse properties with outstanding
resolution. Mastronardi et al. separated SiNPs <10 nm by a density gra-
dient AUC on analytical scale [17]. However, all these techniques are
mainly restricted to the labscale with very small throughput and cannot
be used for industrial separation of NPs.

For the classification of particles smaller than 5 nm, Segets et al. [18]
used SSP [19, 20] and analyzed separation efficiency and yield. This
technique is based on the addition of a second liquid into a colloidal sus-
pension to adjust the van der Waals attraction and thus colloidal stabil-
ity via the dielectric permittivity of the solvent mixture. When the liquid
composition is properly adjusted, due to size-dependent van der Waals
attraction, larger particles reversibly flocculate preferentially into struc-
tures clearly above the primary particle size that can be easily isolated
by preparative centrifugation [21, 22]. At the moment, this method is re-
stricted to a defined set of materials, i.e. semiconductor NPs with
strongly adsorbed ligands at the surface, and requires larger quantities
of solvent mixtures.

In contrast, chromatographic techniques are well established in bio-
technology and polymer science for the separation of macromolecules,
e.g. proteins (particle size <10 nm) or viruses (particle size <100 nm),
their transfer to industrial scale is possible [23-26]. Furthermore, the
potentially aspired continuous operation mode of size-exclusion chro-
matography (SEC) was recently shown for the purification of antibodies
and viruses using Simulated Moving Bed (SMB) chromatography, which
led to a higher productivity by a factor of 11 compared to the batch pro-
cess [27, 28]. In most cases, the isolation of a well-defined target protein
with a distinct size is the major goal of the separation.

The separation of NPs is challenging compared to proteins since NP
ensembles are typically widely distributed in size and shape while
their surface properties are often not sufficiently understood due to
physi- and/or chemisorbed ligand species at the surface. Separation
via SEC is based on the hydrodynamic volume of particles or molecules,
whereat smaller species diffuse further into the porous structure of the
stationary phase and thus elute the column later than the larger frac-
tion. SEC is so far mainly used for classification of biopolymers and syn-
thetic polymers [29]. However, the analytical separation of NPs by SEC
was already successfully applied [30] and achieved for SiO, NPs [31],
metal NPs [32, 33] and semiconductor NPs [34] in a size range of 2 nm
to 200 nm. In addition, the capability of SEC was demonstrated by
shape-selective separation of NPs, e.g. separation of spheres and rods
[35] or rods and tetrapods [34]. Recycling size-exclusion chromatogra-
phy allowed increased resolution of the separation down to below 1
nm in size [33].

Since now, the separation of NPs by SEC is only described qualita-
tively by retention times and peak resolution but without consideration
of mass balances and size-dependent separation efficiencies. Therefore,
we herein investigated the classification of AuNPs with different sizes
and their mixtures by SEC using an additional fraction collector, which
allowed us to collect size-selected fractions in separate vials. This allows
us to further analyze the obtained fractions, i.e. coarse and fine fraction,
with respect to mass fractions, PSDs and size-dependent separation ef-
ficiencies. The quantitative, mass-balance-based evaluation of SEC is
mandatory for most industrial applications, which require adjustable
cut sizes, high selectivity and yield.

Therefore, we systematically investigate the separation of NPs by
SEC starting with the interactions of NPs, mobile phase and stationary
phase, in order to prevent NP agglomeration as well as irreversible NP
adsorption on the stationary phase. This guarantees an extended use
of the SEC column since the porous system is prevented from blockage.
We will first confirm the feasibility of NP separation for AuNPs using
chromatography and in particular SEC by making use of inline measured

UV /Vis spectra. Then, we investigated the classification of a multimodal
AuNP size mixture that resulted into a clear separation into two frac-
tions eluting at different retention times. Finally, we applied evaluation
methods from particle technology to SEC in order to describe the size-
dependent NP separation quantitatively. Although many open ques-
tions are remaining, we conclude that SEC possesses huge potential
for the preparative and continuous separation of NPs. General evalua-
tion methods known from particle technology can be used and com-
bined with chromatographic methods in order to get an in-depth
understanding of the complex size-dependent classification process.
This paves the way towards PSDs truly tailored for the later application.

2. Materials and methods
2.1. Chemicals

2.1.1. Synthesis of AuNPs and SEC experiments

All chemicals used in this study were of analytical purity. For synthe-
sis of citrate capped AuNPs, millipore water (18.2 MQ cm™ 1), trisodium
citrate dihydrate (NasCgHs0 x 2H,0, Merck KGaA) and chloroauric acid
trihydrate (HAuCl4 x 3H,0, Merck KGaA) were used. For SEC experi-
ments, a 7.5 mM monosodium phosphate (NaH,PO,4, Merck KGaA)
buffer was used.

2.1.2. Stationary phases

Two commercially available stationary phases were tested for their
application in SEC experiments. First, a silica gel purchased from Carl
Roth (stationary phase 1, particle size 85 pm; pore size 15 nm) was
used as a representative silica test phase. In addition, a second material
(stationary phase 2, mean particle size 10 um; pore size 100 nm) was
provided by PSS Polymer Standards Service GmbH as stationary phase
for SEC.

2.2. Methods

2.2.1. Zeta potential and PSD

For analysis of zeta potentials of the initial AuNPs, a Zetasizer Nano
ZS (Malvern Instruments) was used. Samples were measured in a dis-
posable electrophoresis cell (DTS 1070, Malvern Instruments). Using
the Smoluchowski approach, the determined electrophoretic mobilities
were converted to zeta potential. For characterization of synthesized
AuNPs and to obtain the PSDs of the coarse and the fine fraction after
classification, microscopic techniques were used. For the latter, we
used a transmission electron microscope (TEM, Philips CM30 TWIN/
STEM (FEI Company, Eindhoven, the Netherlands)) equipped with a
LaBg filament operated at an acceleration voltage of 300 kV. Images
were recorded with a CCD camera (TVIPS GmbH, Gauting, Germany)
at five frames per second and an image size of 1024 x 1024 pixels. Sam-
ples were trickled and dried on lacey TEM grids (Plano GmbH) prior
analysis.

Additionally, analytical centrifugation (AC) was used to determine
PSDs of initial AuNP samples with high resolution. Measurements
were performed with a LUMiSizer LS 651 (LUM GmbH, Berlin, Ger-
many) at a wavelength A of 470 nm to maximize the sensitivity against
small particles with low scattering. The temperature was set to 20 °C for
all measurements and commercially available polycarbonate cells with
an optical path length of 2 mm (LUM GmbH, Berlin, Germany) were
used. The cuvettes were filled with 430 pl of suspension and inserted
into the rotor. Measurements were performed at 4000 rpm correspond-
ing to a relative centrifugal acceleration (RCA) of 2300 at the cell bot-
tom. The measured sedimentation profiles are shown in SI 1. We used
an algorithm developed at our institute to calculate the PSD from the
sedimentation profiles [36]. The zeta potentials and mean particle
sizes (balanced mean/mean number weighted particle size x; ) ob-
tained with the Zetasizer and AC, respectively, are summarized in
Table 1.
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Table 1
Zeta potential, mean number weighted particle size (x; o), standard deviation o and rela-
tive standard deviation (RSD) of synthesized AuNPs.

Zeta potential/mV Particle size x; o/nm o/nm RSD/-
—42.7 £ 0.7 222 2.0 0.09
—415+15 30.2 5.9 0.16
—42.0+ 06 37.6 4.1 0.11
—434+£08 423 4.5 0.11

The herein used mean particle size x; ¢ is defined as the abscissa of
the center of gravity by area of the number density distribution qp:

X10 = / o Xqo(x)dx (1)

Xmin

In addition, well-known quantities are available from mechanical
process engineering to characterize PSDs. These are the standard devia-
tion o and the relative standard deviation (RSD; RSD = 0/x; ), which is
a dimensionless quantity to characterize the width of a PSD. RSD < 10%
indicates narrow PSDs, whereas RSD < 5% is usually referred to as
“monodisperse”. However, at this point it has to be mentioned that
the RSD depends on the quantity r based on which the PSD is derived.
Thus, RSD changes, if e.g. the mode particle size (maximum of the den-
sity distribution) or the median particle size (size at which 50% of the
particles are smaller) is used, or if the distributions are calculated num-
ber based (r = 0) or mass based (r = 3). For our calculations, we used
the balanced mean by number, x; 4, since on the one hand, the center
of gravity addresses the non-symmetric shape of the PSDs and on the
other hand, by choosing number as quantity small and large particles
are equally represented.

2.2.2. Mass fraction

For closing the mass balance and to obtain the mass fraction of the
coarse and the fines after classification, particle masses in the feed,
coarse and fines were determined by inductively coupled plasma optical
emission spectrometry (ICP-OES) using an Optima 8300 spectrometer
from Perkin Elmer, Inc. After SEC experiments, samples (typically 3
ml) were digested with 400 ul aqua regia and analyzed.

2.2.3. Stability experiments

For the successful implementation of NP separation by SEC, the var-
ious interactions of NPs, stationary phase and mobile phase are of major
importance. As already mentioned, the principle of SEC is the separation
based on the size-dependent diffusion of NPs through the porous sta-
tionary phase. Hence, any irreversible NP adsorption on the stationary
phase has to be excluded. At this point it has to be mentioned that
achieving no interactions between NPs and stationary phase at all,
which is in principle desired for SEC, is unlikely. However, exclusion of
irreversible attraction is absolutely mandatory, as otherwise stationary
phases would be plugged by adsorbed particles. Therefore, we per-
formed shaking experiments in a simple experimental setup in order
to quantify the adsorption of AuNPs on potential stationary phases.
NPs were mixed with the mobile phase and the stationary phase and
put into a shaking rack to guarantee continuous mixing of particles
over the whole experimental time and to prevent stationary phase par-
ticles from sedimentation (time = tp). The temperature was kept con-
stant at 20 °C. After settling of the stationary phase particles, the
supernatant was analyzed by UV/Vis spectrometry (Cary 100 Scan,
Varian) at defined time steps (time = ty) and compared to the initial
sample to check whether the AuNPs did adsorb or not. The shaking ex-
periments were carried out for up to six days to allow for sufficiently
long times that NPs can diffuse and potentially adsorb on the porous sta-
tionary phase. In addition, with these experiments aggregation/agglom-
eration of AuNPs induced by the stationary phase particles was
investigated. Finally, it has to be mentioned that the effect of marginal

NP adsorption at the vial walls was subtracted by using a blank sample
without stationary phase for each time step.

2.2.4. SEC setup

Chromatographic experiments were performed by a UHPLC setup
from Thermo Fisher Scientific Inc. containing an auto sampler (ASI
100), a gradient pump (LPG-3400SD), a column oven (STH 585), a
diode-array detector (DAD, DAD Ultimate 3000) and a fraction collector
(AFC 3000). With this setup, detection of a full extinction spectrum at
the retention peak maximum was performed, while samples were col-
lected in separate vials after the detector. The flow rate was set to 1
ml min~! using a 7.5 mM NaH,PO, buffer.

2.2.5. Data evaluation of SEC separation

In a first instance, all chromatograms were analyzed with respect to
well-known chromatographic quantities, namely the retention time tg,
the peak width w; and the peak area a;. The resolution of the peak sep-
aration Rs of two peaks i and j was evaluated according to [37]:

e ) @
Wi + W,

In general, a resolution Rs of 1.5 corresponds to a baseline separation,
whereat Rs = 1.0 indicates a peak overlap of 3% [37]. However, in case
of disperse systems as solute, the drawback of this evaluation is the
lack of information about the relation between eluate and the actual
particle size, or even more precise, the evolution of PSD with retention
time.

A generally applicable approach for measuring the success of
classification was established in the field of particle technology,
especially for the separation of large particles >1 um [7, 38, 39].
Noteworthy, this kind of data evaluation was also applied recently
to analyze the classification of small NPs (<5 nm) in liquid phase
[18, 21]. Therefore, all samples were analyzed with respect to the
PSD and the relative masses of the coarse fraction g and the fine
fraction f:

m
g= —mi 3)

_my
f= my 4)

With the mass of feed my, coarse m, and fines my. Herein, the masses
were obtained from ICP-OES measurements. Using the PSDs of the feed
qr(x), the coarse gg(x) and the fines qy(x) derived from TEM, the separa-
tion efficiency T(x) is derived:

T(x) = g 200 = 1—f2£—8 (5)

Noteworthy, since T(x) includes the mass balance, it is independent
of the quantity r based on which the PSD is derived (e.g. number or vol-
ume based). With known T(x), the cut size x, is determined, describing
the particle size which is found equally in the coarse and the fine frac-
tion (T(x) = 0.5). Furthermore, to describe the steepness of the cut, sim-
ilar to RSD, the separation sharpness K is introduced:

X
o X5t (6)
X75¢

Where x5, and x5, are the particle sizes for which T(x) equals 0.25
and 0.75, respectively. Herein, the classification is usually sorted into
ideal with a clear cut between coarse and fines resulting in a step func-
tion (k = 1), analytical (x = 0.8-0.9), sharp (k = 0.6-0.8) and technical
(k = 0.3-0.6) for micron-sized particles. Finally, the yields of the coarse
1 and the fines 1 quantify amounts of particles below x; that went to
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the fine fraction (1 in case of an ideal classification) and above x, that
went to the coarse (1 in case of an ideal classification), respectively:

e (g9 00dx]

= 7
e T s tod 7

e [Fay (0]

T g dx]

Xmin

3. Results and discussion
3.1. Introduction of classification problem

In the following, we will introduce the classification problem which
is regarded to be typical for NPs grown in the liquid phase that are either
synthesized by complex multistep protocols and/or produced at larger
quantities where concentration and temperature distributions in time
and space are difficult to control. For bottom-up synthesis of differently
sized AuNPs, a consecutive NP growing routine is often applied. In this
study, we used a technique developed by Turkevich et al. in order to
synthesize differently sized citrate capped AuNPs [40, 41]. The general
procedure is depicted in Fig. 1a. First, 2.2 mM Na3CgHs0- x 2H,0 in
150 ml millipore water (18.2 MQ cm™') was heated and refluxed at
95 °C. Afterwards, 1 ml of 25 mM HAuCl, x 3H,0 was injected and the
reaction was completed after 10 min (Fig. 1a, step 1). The obtained
AuNPs where then used as seeds for the preparation of differently
sized AuNPs using a successive growth method [42, 43]. Therefore, the
seed suspension was cooled and kept at a temperature of 90 °C for the
rest of the synthesis, followed by an injection of 1 ml of 25 mM
HAuCl, x 3H,0 solution (Fig. 1a, step 2). After 30 min, the injection of
1 ml of 25 mM HAuCl, x 3H,0 was repeated. After three consecutive in-
jections, 55 ml of the reaction dispersion was extracted (Fig. 1a, step 3)
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Fig. 1. (a) Consecutive NP growing routine for the synthesis of differently sized AuNPs
[42]. (b) PSDs of synthesized AuNPs measured by AC.

and replaced by 53 ml of millipore water and 2 ml of 60 mM Na3CgHs0-
x 2H,0 (Fig. 14, step 4).

The resulting dispersion was then used as seeds for the subsequent
growth step. This procedure was repeated three times until four sam-
ples (#1-#4) of AuNPs with mean sizes x; o between 22.2 (#1) and
42.3 nm (#4) were synthesized (scanning electron microscope (SEM)
images and extinction spectra are shown in SI 2). However, due to the
sequential growth steps where any imperfections in the previous step
are input for the subsequent reaction, dispersity accumulates and a
broadening of the PSDs with increasing synthesis cycles is inevitable.
This is confirmed by the number weighted PSDs measured by AC
shown in Fig. 1b. First, in line with the expectations, PSDs of AuNPs
shift to larger particle sizes with each synthesis step. However, with in-
creasing cycles, an additional broadening of the PSD as well as
multimodalities are observed. This is also reflected by RSD, which in-
creases from 0.09 in case of cycle #1 to 0.16 for cycle #2, 0.11 for cycle
#3 and finally 0.11 for cycle 4. In order to adjust the samples for the
later application and in particular when thinking on larger scale pro-
cesses for NP synthesis that will inevitably cause dispersity, a post-syn-
thetic separation or narrowing of the PSDs is absolutely mandatory.
Hence, the question arises whether or not SEC can potentially be used
to narrow down the dispersity of those AuNPs demonstrating its poten-
tial for classification of NPs on technical scale.

3.2. Interactions of NPs and stationary phase

As already mentioned, the interactions between AuNPs and station-
ary phase materials play a major role for the success of NP separation by
SEC. Prior any SEC experiments, we investigated the adsorption of
AuNPs (x;0 = 22.2 nm) on potential stationary phases using shaking
experiments. Additionally, those studies allowed conclusions on the
long-term stability of NPs against agglomeration in contact with sta-
tionary phases. Fig. 2 shows the time-dependent normalized extinction
E of AuNPs at a wavelength of 520 nm for the adsorption experiments
on stationary phase 1 and stationary phase 2. As can be seen, for the sta-
tionary phase 2 (Fig. 2, black squares) the normalized extinction of
AuNPs stays almost constant over the whole experimental time of six
days.

In contrast, the AuNPs clearly adsorb at stationary phase 1 (SiO-, Fig.
2, blue circles) already after two days. This phase cannot be used for the
chromatographic separation of AuNPs, since particles will block the
pores. Thus, we chose stationary phase 2 packed in a chromatography
column for all SEC separation experiments described in the following.
Noteworthy, the concept of shaking experiments can be parallelized,
in order to screen potential stationary phases for the use in SEC with
higher throughput. In the next step, we performed a first series of SEC
experiments to examine reproducibility and to show the detectability

® AuNPs @ stat. phase 1
! m  AuNPs @ stat. phase 2
=~ 1.2
g '
é TS SRS, S e
L 081 %
~
£
S 0.4
w0
i1
0.0— T T T
0 2 . 4 6 8
time / days

Fig. 2. Normalized extinction over six days during shaking experiments of AuNPs (#1: X; o
= 22.2 nm) in contact with stationary phase 1 particles (blue circles) and stationary phase
2 particles (black squares).
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of AuNPs by the HPLC-setup. In particular, reproducibility is of major
importance when quantitative data on classification is strived for.

3.3. Reproducibility of SEC experiments

To examine reproducibility, we investigated the elution behavior of
AuNPs (#2 where already slight bimodality does occur with x; 9 =
30.2 nm, C30.2 nm = 5.5 x 10! NPs mI~!) by performing two individual
series of three consecutive injections of 30 pl AuNPs at a flow rate of 1
ml min~! using 7.5 mM NaH,PO, as mobile phase. The obtained chro-
matograms are shown in Fig. 3a. Six identical peaks on top of each
other at a retention time maximum of 5.6 min clearly show detectability
of AuNPs and high reproducibility of the performed SEC measurements.
As already mentioned in Section 2.2.3, irreversible NP adsorption on the
stationary phase needs to be excluded. To further address this impor-
tant aspect and to confirm our results from the adsorption experiments,
the peak areas of three independent injections are plotted in Fig. 3b. The
three injections clearly show nearly identical peak areas (deviation of
0.8%) meaning if adsorption takes place it is negligible and within the
experimental scatter of UV/Vis analyses. This again confirms our previ-
ous findings from the shaking experiments and justifies our decision for

AuUNP x =30.2 nm (#2
a) 150 _10Feed (#2) -
—Exp. 1inj. 1
2 — —Exp.1inj.2
c - - - Exp.1inj. 3
— 100 Exp. 2inj. 1
- — — Exp.2inj. 2
o - - - Exp.2inj. 3
=
o
£ 504 1
=
X
(O]
0 T 7
5.0 5.5 6.0 6.5
time / min
b) 5 AUNP X, ;. . =30.2 nm (#2)
c ' ' Experiment 1
4‘E
=
<
(S
~ ‘:.: o
® 5
o 53
— 4
@
X ]
@© S
] 5
(o X
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C) AUNP X, oo = 30.2 nm (#2)
5 1504 t, =5.6 min
<
€
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Fig. 3. (a) Chromatograms of AuNPs (#2: X; o = 30.2 nm) for six independent injections of
30 pl AuNPs suspension at a flow rate of 1 ml min~! using 7.5 mM NaH,PO, as mobile
phase and a detection wavelength of 520 nm. Each set of three injections (Exp. 1 in blue
and Exp. 2 in red, respectively) was performed at different days after completely
restarting the SEC setup. (b) Peak areas and standard deviations of three individual
injections for AuNPs of Exp. 1. (c) Extinction spectrum at the retention peak maximum
at 5.6 min.

stationary phase 2. In general, the high reproducibility of SEC experi-
ments gives confidence for the following studies, since it shows the sig-
nificance and reliability of the obtained results. Furthermore, the inline
recorded extinction spectrum at the retention peak maximum (tz) of
the chromatogram depicts the typical extinction profile of AuNPs with
a surface plasmon resonance (SPR) peak at 510 nm (Fig. 3c). This con-
firms not only the high reproducibility but also detectability of AuNPs
in the SEC experiments, which will be discussed in more detail in the
following.

3.4. SEC of differently sized AuNPs

After showing the feasibility and reproducibility of the SEC experi-
ments, we investigated the effect of particle size on the elution behavior.
Therefore, all AuNP samples with smaller and larger mean particle sizes
(x7.0=22.2nm - x; o = 42.3 nm) were used (note that at constant
mass concentration the number concentration varies from ¢33 nm =
1.1 x 10" NPs ml™", c305 nm = 5.5 x 10" NPs ml™!, C455 nm = 3.4 X
10! NPs mI™!), a flow rate of 1 ml min~' and an injection volume of
30 wl was set using 7.5 mM NaH,PO4 as mobile phase. The obtained
chromatograms normalized to the extinction maximum at 520 nm are
shown in Fig. 4a. Noteworthy, normalization was performed to visualize
the size-dependent elution as the detector signal of the different AuUNPs
varies due to the size-dependent extinction (refer to SI 3).

The chromatograms clearly show a significant shift to smaller reten-
tion times from 5.65 min to 5.54 min with increasing particle diameter.
These results are consistent with expectations for SEC, i.e. larger parti-
cles are less able to diffuse into smaller pores of the stationary phase
and thus elute earlier compared to the smaller AuNPs.

In addition, this finding is confirmed by the inline measured extinc-
tion spectra at the different retention peak maxima shown in Fig. 4b.
With increasing particle size, the maximum of the wavelength A;,qx
slightly shifts to larger wavelengths (red shift; Ajax, 222 nm = 507 nm,
Nmax, 42.3 nm = 515 nm). This fits to the general theory and expectations
for optical properties of differently sized AuNPs governed by size-
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Fig. 4. (a) Normalized chromatograms of differently sized AuNPs (X1 o = 22.2 nm-X; 9 =
42.3 nm) obtained at a flow rate of 1 ml min~', an injection volume of 30 ul and 7.5 mM
NaH,PO, as mobile phase. (b) Extinction spectra at the retention peak maximum
exhibiting N ax between 507 and 515 nm for differently sized AuNPs.
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dependent surface plasmon resonances in such way that the extinction
of larger particles is red shifted (exemplarily, extinction spectra of feed
AuNPs and spectra calculated by MiePlot are shown in SI 4). Hence, the
general application of SEC to NPs seems to be promising since the ex-
pected size-dependent trend of elution behavior was observed and con-
firmed by size-dependent optical properties. In the next step, based on
these results the separation of NP mixtures was investigated, where a
multimodal distribution was generated by mixing of suspensions #1
and #3 (x70 = 22.2 nm and X7 = 37.6 nm, respectively).

3.5. SEC of AuNP mixtures containing different sizes

To further investigate the separation of AuNPs by SEC, we exemplar-
ily prepared multimodal PSDs consisting of two mean particle sizes
(equal volumetric mixing of #1 with x; o = 22.2 nm and #3 with x;
= 37.6 nm, initial particle concentration ¢35 nm = 1.1 x 10> NPs
ml~!, c37.6nm = 4.8 x 10" NPs ml~'; final particle concentration ¢,
am = 5.5x 10" NPs mI™?, ¢376 nm = 2.4 x 10" NPs ml™ '), in order to
check whether the particles can be separated by their size. We set a
flow rate of 1 mlmin~', an injection volume of 30 ul and used a
NaH,PO, buffer solution (7.5 mM) as mobile phase. The resulting chro-
matogram and the inline spectra recorded at the peak maxima are
depicted in Fig. 5a and b, respectively. The chromatogram clearly
shows two distinct, baseline-separated retention time peaks, although
the PSD of sample #3 is bimodal, which might be due to the low injec-
tion volume. Again the inline spectra recorded at the retention peak
maxima clearly hint to the presence of differently sized AuNPs, meaning
the first retention time peak (tx = 4.9 min, black circle) refers to larger
AuNPs (X109 = 37.6 nm; A\;,ex = 513 nm) and the second retention time
peak (tg = 5.6 min, red dashed circle) refers to the smaller AuNPs (x;.9
= 22.2 nm; Apmax = 511 nm), since the typical red shift of larger parti-
cles is observed (for PSDs of the initial samples refer to Fig. 1b).
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Fig. 5. (a) Chromatogram of a multimodal AuNP mixture (#1 with x, o = 22.2 nm and #3
with x; o = 37.6 nm; final particle concentration 355 nm = 5.5 x 10" NPs ml™", ¢37.6 nm
=2.4x 10" NPs ml~!) with a flow rate of 1 ml min~!, an injection volume of 30 pl and
7.5 mM NaH,PO,4 as mobile phase. Black and red dashed circles indicate peak 1 and
peak 2, respectively. (b) Inline extinction spectra recorded at the peak maxima of the
first peak (black line) and the second peak (red dashed line).

To elucidate this further, we calculated the extinction spectra by
MiePlot for the measured particle sizes and compared them to the mea-
sured extinction spectra (SI 4). As expected, the peak maxima of the cal-
culated spectra are located at smaller wavelengths compared to the
measured ones. This is because for the calculations the mean particle
size was used, neglecting the polydispersity of the actual PSD and thus
the presence of larger particles. Besides, the typical red shift of larger
particles is clearly observed in the same order of magnitude as found
during SEC experiments. However, although a difference in size of 15
nm does exist, already the optical properties of the feed fractions are
quite similar (cf. calculations of extinction spectra via MiePlot in SI 4)
impeding the quantitative evaluation of particle size based on the opti-
cal response only. Therefore, a quantitative analysis of the underlying
PSD is absolutely mandatory to judge whether or not SEC is a competi-
tive strategy for NP classification although already from the chromato-
grams first conclusions can be drawn. A resolution of R¢ = 1.8 for the
separation was derived. For analytical separation a resolution of >1.5
is desired, resulting in a complete baseline separation. Thus, our results
give strong hints that a complete baseline separation of NPs by SEC is
potentially possible, in particular when process parameters like flow
rates and injection volumes as well as the column material will be care-
fully adjusted and optimized in future works.

3.6. Determination of the fractional separation efficiency

After showing the general applicability of SEC for NPs, we used a
fraction collector to separate the initial sample of a multimodal AuNP
mixture (monomodal fraction #1 with x; o = 22.2 nm and bimodal frac-
tion #4 with x; o = 42.3 nm) into two different vials. By doing so, the
two separate fractions were analyzed in terms of mass and PSD by
ICP-OES and TEM, respectively, in order to calculate the size-dependent
separation efficiency. This is necessary to quantify the classification in-
dependent of the quantity (e.g. number, area, volume) that is used for
the derivation of the PSD. Fig. 6a shows the chromatogram with four
visible peaks of an AuNP mixture (equal volumetric mixing of x; o =
22.2 nm and x; o = 42.3 nm; initial particle concentration €335 nm =
1.1 x 102 NPs ml ™!, 423 nm = 3.4 x 10" NPs mI~'; final particle con-
centration €22 nm = 5.5 x 10" NPs ml™!, 423 nm = 1.7 x 10! NPs
ml~") using a flow rate of 1 ml min™', an injection volume of 150 pl
and a 7.5 mM NaH,PO, buffer solution as mobile phase. Noteworthy,
at first glance, the bimodal chromatogram seems to be in line with the
expectations due to the multimodalities in PSD of the single AuUNP sam-
ples (cf. Fig. 1b). However, the separation into four peaks rather likely
occurs due to the significantly increased injection volume (see SI 5), as
small injection volumes of all four fractions constantly led to single
peaks. However, the exact reasons for this concentration-dependent
splitting into multimodal chromatograms are beyond the scope of this
work and have to be addressed in future studies. For the time being,
we would like to discuss the chromatogram in terms of two main
peaks with modal values for the retention time maxima whereat the
first main peak contains three smaller maxima. To quantify the quality
of the cut, we evaluated the retention times of the main peaks to tg
= 6.0 min and tg> = 8.4 min. A peak resolution of Rs = 1.2 was ob-
served indicating two separate peaks, however without baseline sepa-
ration and an overlap of <3% [7].

For further analysis of the separation, AuNPs were collected into two
separate vials using the fraction collector. We set the switching time (ST)
of the fraction collector to the minimum of the two main peaks (7.2 min,
ST1, blue vertical solid line in Fig. 6a). This led to a total collection time of
5.4 min. In order to describe the separation quantitatively by the separa-
tion efficiency explained in Section 2.2, the masses and PSDs of all frac-
tions were evaluated by ICP-OES and TEM, respectively. This more
demanding procedure was necessary, since the particle concentration
after SEC is too low for analysis via weighing and AC. The calculated
mass fractions are summarized in SI 6, though, the total error in terms
of the global mass balance is 23% (g = 0.46, f = 0.31). However, as
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Fig. 6. (a) Chromatogram of AuNP mixture (#1 with x; o = 22.2 nm and #4 with x; o = 42.3 nm) with a flow rate of 1 ml min~—', an injection volume of 150 Wl and a 7.5 mM NaH,PO,
buffer solution. The blue vertical solid line indicates the switching time (ST) of the fraction collector, i.e. after 7.2 min the vials were changed. (b) Determined PSDs by TEM of feed
(black squares), coarse (blue circles) and fines (red triangles) for ST1. (c¢) Calculated deviation in qo of PSDs for SEC experiment with ST1. (d) Evolution of separation efficiency derived
from the PSD of the small fraction shown in (b) using SEC in combination with the fraction collector. The grey vertical line indicates the particle size at which the fractional error due
to TEM statistics and mass balance is too large and values beyond are not included in the discussion.

repeated experiments confirmed that this error is both, positive and neg-
ative, and due to the previously conducted intense studies on reproduc-
ibility, we think that this is not caused by significant adsorption of AuNPs
at the column material but rather due to the low absolute gold concen-
tration which is situated close to the detection limit of ICP-OES. In future
studies, we will overcome this detection limit by using higher concentra-
tions or optically more active materials like colloidal quantum dots.

The resulting number weighted PSDs of the initial AuNPs as well as
the coarse and fine fraction are depicted in Fig. 6b (for TEM images
refer to SI 7). A clear difference of coarse and fines was observed,
while RSDs are slightly decreased in comparison to the feed (RSDpeeq
= 0.39; RSDcoarse = 0.33; RSDpines = 0.29) indicating a narrowing of
the PSD. Not surprisingly, there is still misclassified material, i.e. small
particles in the coarse and large particles in the fine fraction. In addition
to errors in mass fractions and PSDs due to detection limits of ICP-OES
and TEM statistics, respectively, this is inevitable due to the stochastic
nature of diffusion: few larger particles might stay longer in the pores,
while a remarkable portion of smaller particles elutes faster than the
mean. The only question arises to what extend such outsized particles
do occur and how their amount can be minimized. Whereas the former
aspect will be discussed in the following, the latter has to be addressed
in more detail by future studies.

From the PSDs derived by TEM micrographs, two different size frac-
tions were clearly distinguishable (Fig. 6b). While the larger was not no-
ticeably affected by SEC which could be also due to the small masses and
poor statistics, i.e. error typically occurring at the edges of the distribu-
tion where the mass balance is hardly closed (see Fig. 6¢) [44, 45], the
smaller size fraction evidenced clear shifts in the distributions of feed,
coarse and fines. Thus, we evaluated the separation efficiency within
the boundaries of the smaller size fraction with X;,;, = 15.3 nm and
Xmax = 34.0 nm which are depicted by vertical black lines in Fig. 6d. Al-
though the amount of analyzable size intervals is limited because of the
limited number of particles evaluated by TEM (540 particles), a classifi-
cation effect is clearly recognized. From the PSDs shown in Fig. 6b, a cut

size of x; = 23.9 nm is derived, which is larger than the mode size of the
small fraction in the feed distribution (x,;,,¢ = 21.5 nm). Although the
number of measurement points is clearly limited, from the evolution
of separation efficiency, it already becomes clear that the separation
sharpness is very high, with >80% in the range of an analytical separa-
tion when using the current notation for particles >1 um. Remarkably,
even narrow feed PSDs can be classified which are intrinsically related
to high values for the separation sharpness. Finally, yields of about
43% for the coarse and 33% for the fines were observed which should
be understood in terms of their order of magnitude only due to the
aforementioned uncertainties (small concentrations, limited statistics
due to TEM). Thus, they already evidence the high potential of NP
chromatography.

3.7. Adjustment of cut size by variation of the switching time of the fraction
collector

Until now, we showed the reproducibility of SEC experiments for
separation of AuNPs and discussed the quantitative description of clas-
sification by concepts known from chromatography as well as particle
technology. Finally, to show the strength of SEC as a reliable method
for the separation of NPs, we varied the ST of the fraction collector in
order to adjust the cut size of the obtained separation. Therefore, we
again analyzed the two separate fractions in terms of mass and PSD
and calculated the size-dependent separation efficiency. Fig. 7a shows
the chromatogram of the same AuNP mixture used before (#1 with
X1.0 = 22.2 nm and #4 with x; o = 42.3 nm; equal volumetric mixing
of x;0 = 22.2 nm and x; o = 42.3 nm; initial particle concentration
€222 nm = 1.1 x 102 NPs ml ™}, C42.3 nm = 3.4 x 10! NPs ml~!; final
particle concentration €25 nm = 5.5 x 10" NPs ml ™", 423 nm = 1.7 x
10" NPs ml~1), derived under the same chromatographic conditions
as before (flow rate of 1 ml min~}, an injection volume of 150 pl and a
7.5 mM NaH,PO, buffer solution as mobile phase).
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Fig. 7. (a) Chromatogram of AuNP mixture (#1 with X; o = 22.2 nm and #4 with X, o =
42.3 nm) with a flow rate of 1 ml min—", an injection volume of 150 pl and a 7.5 mM
NaH,PO, buffer solution. The vertical lines indicate three different ST1-3 of the fraction
collector. (b) Separation efficiency curves derived from PSDs for the smaller particle size
fraction shown in SI 8 using SEC and the fraction collector for three different STs. The
grey vertical line indicates the particle size at which the fractional error due to TEM
statistics and mass balance is too large and values beyond are not included in the
discussion.

The vertical lines and numbers (blue solid (1), green dashed (2) and
orange dashed dotted (3)) in Fig. 7a indicate the STs of the fraction col-
lector at 5.5 min, 7.2 min and 8.3 min, respectively. The resulting PSDs
of the initial AuNPs as well as the coarse and fine fraction for ST2 and
ST3 are depicted in SI 8. As already discussed along ST1 (Fig. 7a, blue
vertical solid line), also in case of ST2 and ST3 a clear change of both,
the coarse and the fine fraction, was observed, while the RSD is again
slightly decreased compared to the feed (RSDreeq = 0.39; RSDcoarse2 =
0.31; RSDFipes2 = 0.25; RSDcoarse,3 = 0.32; RSDFines;3 = 0.30) indicating
a narrowing of the PSD.

Similar to the experiment in the previous section, noticeable classifi-
cation was only observed in the small particle size fraction. The derived
curves for the separation efficiency (Xmin = 15.3 nm, Xmax = 34.0 nm)
are shown in Fig. 7b (for mass fractions refer to SI 6; for PSDs refer to
SI 8). Even though the amount of analyzable size intervals is small, the
separation efficiency indicates a clear dependence on the ST. For an
early ST (ST2) the separation efficiency curve is shifted to larger particle
sizes whereas for a later ST the separation efficiency curve is shifted to
smaller particle sizes. This is in line with our expectations, since an
early ST (ST2) decreases the number of smaller particles in the early
eluting coarse fraction. Vice versa, a later ST (ST3) increases the number
of smaller particles in the coarse fraction resulting into a decreased cut
size. This depicts how the cut size can potentially be tailored by simply
varying the ST.

Accordingly, by analysis of masses and PSDs of AuNPs, we showed
the challenges (low particle concentration due to dilution) as well as
the large potential (baseline separation, adjustment of cut size) of NP
separation using SEC. To the best of our knowledge, this is the first re-
port combining chromatography and evaluation methods from particle
technology in order to quantitatively describe the separation of NPs by
SEC. Our work demonstrates that SEC is a promising technique for the
continuous, post-synthetic classification of NPs on a technical scale, in

order to narrow or tune the PSD. This paves the way for further studies
to improve the separation of NPs by SEC in order to obtain desired par-
ticle systems with optimized properties for the later application.

4. Summary and conclusion

In this study we showed the applicability of size-exclusion chroma-
tography (SEC) to separate nanoparticles (NPs) with different sizes
using quantitative evaluation methods from the field of particle tech-
nology. First, we implemented stability experiments to investigate the
adsorption behavior of gold NPs (AuNPs) on potential stationary phases.
After selecting an appropriate material for the stationary phase, experi-
ments were carried out to show the detectability of AuNPs by SEC with
high reproducibility. Afterwards, it was proven that elution follows the
general principle of SEC as injection of differently sized AuNPs resulted
in enhanced elution times with decreasing particle size. This is because
smaller particles are diffusing into the smaller pores of the stationary
phase while larger particles move faster through the column. In the
next step, a mixture of AuNPs containing two different sizes was inves-
tigated resulting in two baseline separated peaks. The separation of a
multimodal AuNP mixture into two fractions was realized using a frac-
tion collector. By analyzing the obtained fractions with respect to PSD
and mass, for the first time a quantitative evaluation of NP classification
by SEC was achieved using the separation efficiency T(x). Noteworthy,
this approach is well-known in the field of particle technology, how-
ever, usually not applied to chromatographic separation. Finally, we ad-
justed different PSDs and cut sizes by changing the switching time of the
fraction collector demonstrating the potential of SEC for the post-syn-
thetic tuning of disperse systems. Our results show that although
many open questions in terms of characterization and identification of
optimum process conditions are remaining, SEC is applicable for the
classification and post-synthetic narrowing of the dispersity of colloidal
NPs. In comparison to other methods like field-flow fractionation (FFF),
SEC is in principle a preparative process with a continuous operation
mode, i.e. simulated moving bed (SMB) chromatography.

Symbols
Latin symbols

a Peak area mAU min

c Particle concentration ml~!

E Extinction -

f Fine fraction -

g Coarse fraction -

m Mass g

mg Mass of feed g

m¢ Mass of fines g

mg Mass of coarse g

do Number density distribution nm~!

qr Number density distribution of fines nm~!

qr Number density distribution of feed nm~!

Qg Number density distribution of coarse nm~!

r Quantity -

Rs Resolution -

t Time min

tr Retention time min

T(x) Separation efficiency -

w Peak width s

X1.0 Balanced mean/mean number weighted particle nm

size

X254 Particle size for T(x) 0.25
nm

X75.¢ Particle size for T(x) 0.75
nm

Xmod Mode particle size nm

Xt Cut size nm
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Greek symbols
n Yield -
K Separation -
sharpness
N Wavelength nm
o Standard deviation nm
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