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After ligand exchange with PEG, Au NPs with diﬀerently mixed
surface functionalities co-exist in the as-synthesized sample. It is
found that the poorly grafted nanoparticles can be simply removed
using a chromatographic method, and the well grafted nanoparticles can be eluted as a function of the core size.

Nano-sized gold has become extremely attractive for scientists
requiring a versatile platform for a variety of life science and
biomedical applications, including biosensors, bio-imaging,
diagnosis and drug delivery.1 In addition to their size and
shape,2 surface ligands on gold nanoparticles (Au NPs) have
been found to be a crucial parameter for bio-applications
and heavily explored over the last few years.3 Among them,
polyethylene glycol (PEG) grafting is one of the ubiquitously
used techniques,4 which can significantly reduce nonspecific
binding towards cells and serum proteins, and greatly extend
the circulation half-life of Au NPs in vivo.5 Recently, ligand
density was found to be another important parameter for
altering the physical properties (e.g. hydrodynamic size, zeta
potential and mobility)6 and the interaction of Au NPs with bioenvironments.7 Importantly, a densely coated PEG shell was
found to enable the nanoparticles to penetrate the blood–brain
barrier which has long been considered as a large impediment
for treatment of the central nervous system.8
Commonly, the maximum ligand density was expected to be
achieved by adding excess ligands during a given ligand
exchange reaction (the most common approach to obtain
PEGylated Au NPs).9 However, our results show that a remarkable
amount of poorly grafted crude products can still exist in the

as-synthesized samples. Since the ligand exchange reaction is
widely applied to gold nanoparticles, the research based on
these non-uniform particle ensembles, often deriving from the
ligand exchange, may lead to misleading and inaccurate results,
which is of paramount importance in targeting, biodistribution
and pharmacokinetics, but it has been largely neglected over
the past years. Clearly, research needs to be focused on the nonuniformity of as-prepared NP ensembles.10 This increased
awareness of the importance of NP surface properties has
recently led to improved eﬀorts, and some work has indeed
aimed to obtain more uniform NP ensembles from the original
NP samples.10a,11 Herein we show that poorly PEG grafted NPs
can be removed by a simple chromatographic process, while
well grafted particles can be eluted as a function of the gold
core size (Scheme 1). Thus, this facile separation method
provides a simple route to obtain well grafted and uniformly
size-distributed Au NPs which will completely change the
perspective and outlook for both fundamental research and
practical applications involving Au NPs.
Initial PEGylated Au NPs were prepared via a wellestablished ligand exchange process between mPEG-thiols with
diﬀerent molecular weight (MW) and dodecylamine (DDA)
capped Au NPs as described earlier.12 After the usual ligand
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Scheme 1 Schematic illustration of the separation process. First the NPs
are separated by their grafting density, then by size.
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Fig. 2 TEM images of Au NP fractions eluted (A) and retained (B) on the
column with 14.3% aqueous methanol solution. Scale bar is 50 nm.

Fig. 1 (A) Chromatography profiles of 1 kDa, 2 kDa, 5 kDa and 10 kDa
PEGylated Au NPs eluted with 25% methanol. Inset: a photograph of Au
NPs migrating through the column. (B) UV-vis absorption peak of each Au
NP fraction.

exchange, the crude products with ‘‘surface ligand defects’’ (low
grafting density and high residual DDA) should have a much
longer retention time on the column, based on our initial thin
layer chromatography (TLC) experiments (Fig. S1, ESI†), where
we observed that PEGylated Au NPs migrated partially and
DDA-capped Au NPs were retained at the starting point. Upon
loading onto a silica gel column, Au NPs were found to be
separated into both mobile and stationary fractions (Fig. 1A).
The trapped fraction is significant (30–55% of the total
amount), implying that there are at least two different populations of NPs in the original sample. It is notable that the ratio
between these two fractions varies with the age of the sample.
For 5 kDa PEG grafted NPs, after 7 months of storage, 73%
of the Au NPs could migrate through the column, and after
12 months of storage the number increased up to 85%, which
was almost double that of the fresh sample (45%). Earlier studies
suggested that after initial coverage, further grafting should be
very slow (7 days may be required for small molecules).13 In the
case of PEG, further ligand exchange could be even more
difficult due to the steric requirements of the long PEG chains
already present on the surface. We found that separating nanoparticles using column chromatography is an excellent method
to obtain samples that are densely grafted with PEG.
The two fractions from the 5 kDa-Au NP sample revealed
significant diﬀerences in their assembly on the TEM grid
(Fig. 2, Fig. S8, ESI†). In the case of the mobile fraction (F1),
a uniform spacing of 9 nm was observed between each particle,
while the gap between the trapped particles (F2) was much
smaller (some even directly touching each other) with poor
uniformity. These diﬀerences reveal that F1 has a dense and
uniform coverage of PEG ligands compared with the trapped
fraction. TEM images of F1 and F2 when redispersed in DI
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water revealed that a cluster structure was favored for F2 (Fig. S5,
ESI†). We found that this is due to the residual hydrophobic
DDA present on these trapped Au NPs. Besides, dynamic light
scattering data show that the mobile fractions were all very
narrow in size distribution with a polydispersity index (PDI) of
o0.04 (Fig. S5, Table S1, ESI†). It can be concluded that the
mobile fraction corresponds to the well-grafted Au NPs, while
the trapped fraction corresponds to poorly-grafted ones.
Interestingly, Au NPs prepared using diﬀerent PEG : Au NP ratios
(diﬀerent average grafting densities) show diﬀerent surface plasmon
resonance (SPR) absorption peaks after being dried into a film
(Fig. S4B, ESI†), thus providing a qualitative assessment of the
average PEG shell thickness for each sample. These SPR peak
shift and broadening are due to the strong interaction and
coupling between neighboring Au NPs.14 For our 6 nm diameter
Au NPs, the surface saturating PEG ratio is reached at 300 : 1
which is in agreement with TLC data (Fig. S2, ESI†). Au NPs
prepared in a ratio of 50 : 1 (5 kDa PEG : Au NP), well below the
minimum saturation coverage, were selected to further test the
separation performance. After column separation, these particles
showed an absorption peak at around 532 nm (Fig. S4A, ESI†)
which was 18 nm blue shifted compared to the original sample.
In comparison, the immobile fraction (F2) absorbed at 578 nm.
This phenomenon serves as additional evidence of how important
post-synthesis separation is, and that column chromatography can
separate the populations of diﬀerently-grafted and agglomerated
Au NPs.
The size separation was achieved simply by collecting the
mobile fraction at diﬀerent elution volumes. It was found that
the absorption peak generally moved to longer wavelengths
during the elution time (Fig. 1B), which often indicated the
increase of gold core sizes.15 TEM of the original 1 kDa
PEGylated Au NPs together with three selected fractions confirmed the separation of diﬀerently sized gold core populations
(Fig. 3). All chromatographed fractions showed a narrow size
distribution compared to the original batch. This size separation between 3.3 nm and 7.5 nm is very important, as the
critical size for renal clearance is 5.5 nm.16 An increase of the
average diameter (Fig. S7 and S8, ESI†) was also achieved for
5 kDa PEGylated Au NPs, but the size distribution was broader.
This less eﬀective separation was predictable from the small
SPR peak shift (Fig. 1B). Our hypothesis is that the vdW forces
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PEG Au NPs from the original sample. From the column, the
well-grafted PEG-Au NPs are eluted as a function of the gold core
size. Due to the versatility of this chromatography technique, we
believe that the described method can be extended to other
nanoparticle systems, thus providing a new avenue to more
precisely control size and surface functionalities on nanoparticles.
This work is supported by National Natural Science Foundation of China (NSFC 21020102038).
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Notes and references

Fig. 3 TEM images and size histograms of 1 kDa PEGylated Au NPs
separated by a silica gel column. (A) Au NPs before separation, elution
volume (B) 5.0–5.5 mL, (C) 6–6.5 mL and (D) 10–10.5 mL. Scale bar is
50 nm.

of the Au NP cores toward the stationary phase lead to this size
separation process.17 Although the polar interactions between
the analyte and the stationary phase are commonly the major
force to control the elution process, it should be relatively weak
here, with a near unity Rf value on TLC. Au NPs with bigger
cores have a stronger vdW interaction to silica beads (Fig. S9,
see the ESI† for detailed calculations) and a longer retention
time on the column is expected. The UvdW becomes much
weaker when the PEG MW becomes larger than 2 kDa (PEG
shell thickness > 9.6 nm). Thus, increasing PEG MW from
1 kDa to 5 kDa will weaken the vdW forces between silica and
Au NP cores, making column chromatography less eﬀective for
core size separation (smaller absorption peak separation in
Fig. 1B). With a shell thickness of 9.9 nm, 5 kDa (50 : 1)
PEGylated Au NPs showed a boarder band and larger total
elution volume compared to the corresponding NPs with a
500 : 1 ratio (Fig. S3, ESI†). The vdW data combined with the
profiles shown in Fig. 2 suggest that the ligand MW for an
eﬃcient size separation behavior is between 2 kDa and 5 kDa.
In summary, we show that the ligand exchange reaction time
is much longer than generally expected; thus direct synthesis
leads to a large amount of defective, even toxic nanoparticles.
Remarkably, the chromatographic method revealed its abilities
to eliminate the crude products and to separate the well-coated
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