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Size polydispersity is a common phenomenon that strongly influences the physicochemical properties of

nanoparticles (NPs). We present an analytical approach that is universally applicable to characterizing opti-

cally anisotropic round NPs and determines directly the number-averaged size distribution and poly-

dispersity via depolarized dynamic light scattering (DDLS). To demonstrate, we use aqueous suspensions

of Au NPs of different sizes and surface functionalization.

Introduction

The physicochemical properties of nanoparticles (NPs), which
are present in several fields of research and applications,1 are
size-dependent. These include catalytic,2,3 magnetic4 and
optical properties,5 visual appearance and colour,6 self-assem-
bly,7,8 aggregation and clustering,9,10 behaviour at the interface
between nanomaterials and biological systems11 as well as the
adsorption of molecules and proteins,12,13 in vitro cellular
dose,14,15 cellular endocytosis,16 and toxicity.17 Particle poly-
dispersity is a common phenomenon that influences the size-
dependent physicochemical properties. Given that hundreds
of papers report on the successful control over NP size, shape,
composition, and surface chemistry, the concern regarding
accuracy and reproducibility has come as no surprise. The
need for advanced characterization has become critical,18 and
establishing accurate experimental protocols dedicated to the
in situ characterization of the number-averaged size distri-
bution of such NPs suspended in e.g. aqueous biological and
physiological environments is of considerable interest.19,20

Dynamic depolarized light scattering (DDLS) potentially offers
clear advantages over competing techniques, especially when
it comes to probing NPs in situ in complex biological and physio-
logical fluids.21 An inherent but often critical feature of scatter-

ing experiments using biological and physiological fluids is
that the measured primary signal, that is, the scattering inten-
sity, contains contributions from proteins. These contributions
to the scattering intensity may be significant; however, separ-
ating the relevant signals from the irrelevant ones is not
trivial, which hinders the effective usage of DLS for investi-
gating NPs in these application-relevant environments. Relying
on depolarization, unwanted scattering signals from proteins
that are not associated with the NPs can be successfully sup-
pressed with an unprecedented signal-to-noise ratio. DDLS
relies on optical anisotropy, which may originate from shape
or internal anisotropy. Any particle – whether dielectric or met-
allic – possessing either one of those, is suitable for DDLS. Yet,
little is known about the quantitative interpretation of DDLS
spectra with regard to number-averaged size distribution,
other than the fact that the field correlation function from
polydisperse samples may be expressed as the Laplace trans-
form of the probability density function describing the dis-
persion in the relaxation rate:22,23
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where P(Γ) is the probability density function of the relaxation
rate, which is the function of the particle radius: Γ(q, r) = 6DR +

q2DT, where DR ¼ kBT
8πη
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correspond to trans-

lational (DT) and rotational (DR) diffusivity, respectively.24–28

hΓji ; Ð1
0 PðΓÞΓjdΓ is the jth raw moment of P(Γ), and j is a

nonnegative integer, kB is the Boltzmann constant, T is the
temperature, η is the viscosity of the solvent, q is the momen-
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, θ is the scattering angle, λ is the

wavelength of the scattered waves, and n is the refractive index
of the suspension. While eqn (1) is a straightforward represen-
tation, its practicality falls short because P(Γ) and 〈Γj〉 rep-
resent only the distribution and raw moments weighted by the
scattering intensity. These are generally not relevant when con-
sidering the above-mentioned size-dependent physicochemical
properties of NPs, and if possible they are to be converted to
number-averaged values.29–31 We introduce here an approach
for DDLS: by expressing 〈Γj〉 as a function of the raw moments
of the particle size distribution, the correlation function can
be expressed via another polynomial, whose coefficients are
now functions of the raw moments of the number-averaged
particle size distribution (ESI,† Correlation function of depolari-
zed scattering from polydisperse nanoparticles). Accordingly,
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where hr ji ; Ð1
0 PðrÞr jdr is the j th raw moment, and P(r) is the

probability density distribution of the particle radius. It is
important to mention that eqn (1) is not specific only to DDLS,
and as long as the particles exhibit moderate polydispersity,
the ratios of raw moments in eqn (2) may be substituted for
the corresponding average size, that is, 〈r6〉/〈r3〉 ≅ 〈r〉3 and 〈r6〉/
〈r5〉 ≅ 〈r〉. This simple approximation becomes however
increasingly inaccurate when the degree of polydispersity is
beyond ∼15%. Furthermore, while at first sight DDLS might
seem only as a trivial extension of DLS, there are distinct
aspects. First of all, DDLS in fact enables more elaborate and
advanced analyses of particle systems because DDLS is able to
resolve size distributions better than DLS. To understand this,
let us consider a small change in the radius (r + dr) that will
change both the rotational (DR + ΔDR) and the translational
(DT + ΔDT) diffusion coefficients. Let dr = r + εr, where ε is a
nonzero real number (|ε| > 0), and it is easy to show through a
series expansion that even when the change is very small (that
is, |ε| ≪ 1), |ΔDR/DR| = 3ε while |ΔDT/DT| = ε. This means that
compared to DLS, DDLS has a three times stronger response
towards changes in the particle size. Consequently, owing to
rotational diffusion, DDLS is capable of resolving differences
in particle sizes more effectively than DLS, due to the r−3

dependence of DR dominating the relaxation rate of the
DDLS spectra of NPs. When the NPs are polydisperse, the
rotational and translational diffusion coefficients are also dis-
persed. It follows from this that a standard unimodal distri-
bution in P(Γ) is usually unfit to describe DDLS spectra as
soon as the number weighted polydispersity is beyond
30%.32 Actually, this is the very reason why depolarized field
auto-correlation functions from polydisperse samples appear
as strongly stretched exponential functions.33,34 A detailed
discussion addressing the impact of polydispersity on the

DDLS spectrum is given in the ESI† (Influence of polydisper-
sity on DDLS spectra), and to demonstrate our polydispersity
analysis, we use aqueous suspensions of gold nanoparticles
(Au NPs) of different sizes and surface functionalization.
On the one hand, Au NPs have been receiving increasing
attention due to their unique size-dependent properties35,36

and on the other hand, they possess intrinsic imperfections
that result in optical anisotropy.32,37,38 Yet, these imperfec-
tions are small enough to preserve a rather high degree of
spherical symmetry, which enables the applicability of the
spherical model.

Results and discussion
Citrate-coated gold nanoparticles

Firstly, four different batches of citrate-coated Au NPs were syn-
thesized (Au1, Au2, Au3, Au4). Their transmission electron
microscopy (TEM) micrographs are shown in Fig. 1 and the
results of the image analyses are summarized in Table 1.

Next, both depolarized (DDLS) and polarized (DLS) light
scattering spectra were recorded from dilute aqueous suspen-
sions of the Au NPs (conc. ∼20 μg mL−1). Many parametric
statistical distributions have been applied to describe particle
systems,39 and here we adopt the lognormal distribution to
analyse the DDLS spectra. In this case, the jth raw moment of
P(r) can be written as a function of the average particle size
r and the particle polydispersity index σ defined as the
standard deviation divided by the mean (ESI,† The lognormal
distribution):

hr ji ¼ hrijð1 þ σ2Þ12ðj�1Þj: ð3Þ
By fitting the experimental data against a standard poly-

nomial (Fig. 2), the coefficients corresponding to the ratios of
the raw moments (eqn (2)) are determined. The average par-
ticle size 〈r〉 and the particle polydispersity index σ are deter-
mined from the ratios of the raw moments, using eqn (3). The
DLS spectra of optically anisotropic NPs have two modes
(Fig. 2): one mode corresponds to the translational motion,
and the other one does to both rotational and translational
motions.28 Therefore, the DLS spectra were fitted against a
bimodal function, where each mode is represented by a
stretched exponential:

g1;DLSðtÞ ¼ ye�ðΓ1tÞv1 þ ð1 � yÞe�ðΓ2tÞv2 ; ð4Þ
where Γ1 ≡ q2DT, Γ2 ≡ 6DR + q2DT, 0 < v1, v2 < 1, and 0 < y < 1.

DLS determines the Z-average equal to 〈r6〉/〈r5〉. To compare
the DDLS results with DLS, Z-averages were also calculated
from P(r) via the lognormal model: 〈r6〉/〈r5〉 = 〈r〉(1 + σ2)5. In
the case of DLS, the Z-average was directly quantified by fitting
the DLS spectra against the bimodal function, and then using
the slower mode of the fit. This mode corresponds to transla-
tional diffusion. The results are summarized in Table 2. The
agreement between DDLS and DLS is very good. We point out
that the Z-average of polydisperse particles is always greater
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Fig. 1 Transmission electron microscopy (TEM) micrographs of the Au NPs and the results of the image analysis. Right top: the area (A) versus the
perimeter (P) of the particles. The solid line, P2/4π, indicates the relationship for perfect spheres. Data falling below this line indicates deviations from
a sphere. Deviation from the spherical shape may be quantified by the circularity:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πA=P2

p
. Right bottom: the estimated probability density distri-

bution of the diameter (D). f (d ) × dD quantifies the probability that the diameter is found in dD interval about D. The diameter of a particle is evalu-
ated from its perimeter: D = P/π. This value corresponds to the diameter of a perfect sphere of the same perimeter, and it can be shown that for a
convex shape, it is the Feret diameter averaged over all possible particle orientation.39

Table 1 Summary of TEM analyses of citrate-coated Au NPs

Au1 Au2 Au3 Au4

Feret diameter (mean ± std/mean) 20 nm ± 21% 51 nm ± 12% 48 nm ± 9% 102 nm ± 12%
Circularity (mean ± std/mean) 0.98 ± 5% 0.97 ± 2% 0.95 ± 2% 0.93 ± 2%

Fig. 2 The DDLS (a–d, top) and DLS (e–h, bottom) field auto-correlation functions (θ = 10°) corresponding to the four different citrate-coated Au
NPs (Au1–Au4, from left to right). The solid lines are the best fits (DDLS and DLS, eqn (2) and (4) respectively).
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than the number-averaged mean: 〈r6〉/〈r5〉 > 〈r〉 (ESI,†
Z-average). The consistency between DDLS and TEM is good.
Nevertheless, compared to the perimeter-equivalent size deter-
mined from TEM (Table 1), DDLS analyses using the lognor-
mal model tends to determine larger values for size
polydispersity. This difference may result from several
phenomena that are discussed in the ESI† (TEM versus light
scattering).

To test the results provided by DDLS, next we characterized
the aqueous suspensions of the Au1 and Au2 NPs by using two
well-established in situ techniques that also probe hydro-
dynamic size and are commercially available: nanoparticle track-
ing analysis (NTA) and Taylor–Aris dispersion (TDA). Here we
only summarize the results and all details are given in the ESI†
(Nanoparticle tracking analysis and Taylor–Aris dispersion).
Using NTA with the performance available, the instrument was
unable to track the small NPs (Au1 NPs). Considering the
characterization of the Au2 NPs, NTA analysis determined
larger particles and a wider distribution (mean diameter:
81 nm, polydispersity index: 62%) but the overall tendency is
not entirely inconsistent when compared to TEM and DDLS
(Fig. S2†). The discrepancy most likely owes to the fact that the
sensitivity of NTA at the lower end of the size range is cut off.40

This cutoff begins at ∼30 nm in the case of Au NPs, and thus,
one obtains a size distribution that is skewed towards larger
sizes.

Not having this kind of limitation, TDA spectra obtained at
two different detection windows (45 cm and 85 cm, ESI,†
Taylor–Aris dispersion) are in excellent agreement with light
scattering (Table 3). The apparent hydrodynamic radius of the
Au NPs determined by TDA is equal to 〈r4〉/〈r3〉 (ESI,† Taylor-
Aris dispersion). In the case of DDLS, this value can be calcu-
lated via the lognormal model (eqn (3) and Table 2): 〈r4〉/〈r3〉 =
〈r〉(1 + σ2)3.

To test further our DDLS approach, we recorded and
analysed correlation functions from a bimodal dispersion
prepared by mixing the Au1 and Au2 NPs. In the case of
bimodal suspensions, the mean relaxation rate is the
intensity-weighted sum of the relaxation rates of the respective

modes (ESI,† Depolarized scattering from multimodal
suspensions):
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Given that at an equal mass-based concentration the Au2
NPs scatter approximately five times more than the Au1 NPs
(Fig. 3a), we prepared a vol. (Au1) : vol. (Au2) = 5 : 1 bimodal
suspension (Fig. 3b). The relaxation rate 〈Γ〉 as a function of q2

is shown in Fig. 3c. Since A1 < 1 and A2 < 1 the value of 〈Γ〉 is
expected to be between the relaxation rates of the respective
modes, i.e. 〈Γ1〉 ≤ 〈Γ〉 ≤ 〈Γ2〉 when 〈Γ1〉 < 〈Γ2〉. Indeed this is
the case, as shown by the curves predicted by eqn (5), without
involving either adjustable or free parameters. The experi-
mental result and the theoretical prediction agree very well
with one another, which shows that rotational diffusion is way
more sensitive to bimodality than translational diffusion: the
slope of the line hardly changes compared to the intercept.

PEG-coated gold nanoparticles (PEG-CH3 Au NPs)

Au NPs often carry a synthetic polymer coating that either pro-
motes colloidal stability or allows further functionalization.41

On the account of such functionalities, interactions with
natural biopolymers,19,42,43 salts, vitamins, and lipids44 found
abundantly in biological and physiological fluids, can be
either suppressed45 or enhanced.13 These interactions can
strongly influence the composition and formation of the so-
called protein corona,11 which can control the cellular
response46 and biological fate.13,47 Additionally, the presence
of a polymeric shell will alter the diffusion and sedimentation
rates,48 which are particularly relevant for in vitro nanoparticle
dosimetry.15,49 Next we show that the combination of DDLS
with other techniques, such as small-angle X-ray scattering
(SAXS) and TEM, accurately characterizes the polymer shell
thickness. In a protein-rich environment obtaining satisfactory
micrographs via standard TEM is difficult; however, soft X-rays
can provide sufficient scattering contrast in favour of the in-
organic core, and DDLS has clear advantages when characteriz-
ing the polymer coat in biological/physiological media. We
used another batch of Au NPs (size ∼15 nm, Fig. S6†) coated
with end-thiolated poly(ethylene glycol) (PEG), where the thio-
lated PEG had a methoxy (–OCH3) end group. SAXS and TEM
(ESI,† Small-angle X-ray scattering and TEM of PEG-coated Au
NPs) were used to measure the size of the gold core, while
DDLS analysis was used to determine the hydrodynamic size

Table 2 Summary of DDLS and DLS analyses of the citrate-coated Au NPs

Hydrodynamic diameter Au1 Au2 Au3 Au4

DDLS lognormal model (mean ± std/mean) 23 nm ± 32% 50 nm ± 35% 52 nm ± 21% 101 nm ± 18%
DDLS Z-average via lognormal model 37 nm 89 nm 64 nm 118 nm
DLS Z-average 38 nm 92 nm 66 nm 122 nm

Table 3 Characterization of citrate-coated Au NPs by TDA

Hydrodynamic diameter Au1 Au2

TDA (det. win. @45 cm) 33 nm 64 nm
TDA (det. win. @85 cm) 31 nm 60 nm
DDLS lognormal model 〈r4〉/〈r3〉 33 nm 71 nm

4



defined by the polymer enclosing the core. Fitting the SAXS
spectrum against a spherical model resulted in a narrow core
size distribution (polydispersity index 13%), and an average
diameter of 13.5 nm. TEM characterization of these NPs
resulted in similar values: 16 nm and 16% polydispersity. The
relative difference between the result of SAXS and TEM is not
high (<8%), and can be attributed to the fact that the gold core
is actually slightly spheroidal (ESI, Fig. S6b†). In the presence
of a polymer grafted or adsorbed onto the surface, we can
express the hydrodynamic radius as a function of the core
radius: rH = γ(r) × r, where γ(r) > 1. γ(r) is a function that can
embody properties related to the polymer, such as molecular
weight, graft density, surface coverage and conformation. For
polymer coated particles, we can adapt a modified version of
eqn (2):

g1ðtÞ ¼ 1 � kBT
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where γ represents the factor quantifying the hydrodynamic
radius of the polymer shell. The derivation of eqn (6) is given
in the ESI† (Correlation function of depolarized scattering
from polymer-coated particles). Via the lognormal model
(Fig. 4a), a mean diameter of 2rH = 40 nm (γ ≅ 3) and a poly-
dispersity index of 19% were determined by DDLS analysis.
This means in an average shell thickness of ∼13 nm, in agreement
with previous reports,50,51 which is reasonable given an upper
limit as the polymer contour length, 35 nm, and the Flory
radius as a lower limit, 3 nm.32 To compare DDLS against DLS
(Fig. 4b), Z-averages were obtained in the same way as
explained in the case of the Au1–4 NPs. DLS estimates 46 nm,
and DDLS 48 nm. This agreement is very good for the relative
difference is within 5%.

To test further the accuracy of our DDLS analysis, we
recorded additional DDLS correlation functions at higher
angles (θ = 20°–135°). It follows from eqn (1) that the values of
the statistical moments of P(Γ) are absolutely independent of
the model applied – regardless of shape and distribution –

and can be determined experimentally directly from g1. Based
on the best fit (Fig. 4a) we have simulated the first three raw
moments of P(Γ) at different angles, without involving either
free or adjustable parameters (ESI,† Raw moments of P(Γ)).
The data points corresponding to 〈Γ〉 directly relate to 6DR and
DT, respectively. The data points corresponding to 〈Γ2〉 relate
to the width of the distribution, and the data points corres-
ponding to 〈Γ3〉 to the symmetry/asymmetry of the distribution
(skewness) with respect to the mean. Fig. 5 shows that these
three moments of Γ span are over about ten orders of magni-
tude. Yet, the agreement between experimental data and our
simulation is excellent, which indicates that the characteri-
zation of the size distribution is good.

Citrate-coated gold nanoparticles incubated in BSA solution

In order to show that the here-presented approach is also
helpful for characterizing the formation of the protein corona
in complex physiological/biological media, two Au NP suspen-
sions (Au1 and Au2) were incubated for 16 hours with bovine

Fig. 3 (a) The ratio of depolarized scattering from the Au1 and Au2 NPs measured as a function of the scattering angle. (b) The TEM micrograph of
the bimodal suspension obtained by mixing the Au1 and Au2 NPs. (c) The relaxation rate 〈Γ〉 as a function of q2. The solid lines are relaxation rates
predicted by theory: 1 : 0 → 1 × vol. (Au1) : 0 × vol. (Au2), 0 : 1 → 0 × vol. (Au1) : 0 × vol. (Au2), and 5 : 1 → 5 × vol. (Au1) : 1 × vol. (Au2). The symbol
stands for the experimental result obtained with the bimodal dispersion.

Fig. 4 The DDLS (a) and DLS (b) field auto-correlation functions (θ =
15°) corresponding to the PEG-coated gold citrate NPs. The solid lines
are the best fits.
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serum albumin (BSA). Fig. 6 shows that – as expected – BSA
was adsorbed onto the particle surface. Owing to the increased
hydrodynamic size, the corresponding correlation function
decays slowly, and no sign of aggregation was observed. The
number-averaged mean particle size and polydispersity index
were estimated as above. In the case of the Au1 NPs, the
average hydrodynamic diameter has increased from 23 nm to
45 nm (45 nm ± 32%, mean ± std/mean), and in the case of
the Au2 NPs, 50 nm to 80 nm (80 nm ± 22%). Therefore, the
incubation and the excess of protein resulted in a relatively
thick BSA shell with an average thickness of more than 10 nm,
although addressing the fine details of the formation of the
BSA layer is beyond the scope of this work.52,53 The presence
of a BSA shell formed by adsorption onto the particle surfaces
is clearly indicated also by UV-vis analysis,37 for a red-shift in

the centre position of the LSPR spectra can be observed (ESI,†
UV-vis spectra of gold citrate NPs incubated in BSA solution,
Fig. S7†).

While DDLS enables the suppression of light scattering
from the constituents of complex biological and physiological
media,37 the interpretation may easily become difficult with
DLS. One must take into account at least three modes: one
mode for the translational motion, the second for both
rotational and translational motions, and one must include at
least one more additional mode, to account for the protein
rich media (ESI,† Light scattering from nanoparticles in bio-
logical media). By using a tri-modal approach we could not
find any satisfactory agreement between the DLS model and
the experimental data. It is likely that additional modes are
required. Therefore, while on paper it is straightforward, DLS
in complex fluids is not a viable option in practice, given the
increasing number of free parameters required for data fitting.

Conclusions

The analysis presented here determined accurately the
number-averaged size distribution of Au NPs of different size
and surface functionalization. The analysis using the raw
moments is universally valid as long as the scattering intensity
is proportional to the square of the particle volume. This con-
dition is satisfactory for many nanoparticle systems of current
interest. Given that no particle is really homogeneous with a
perfect central symmetry, there are many particle systems that
depolarize light, such as Janus or porous particles. Further-
more, the analysis can be extended for particle systems other
than spherical particles, including spheroids,54 nanorods,55–57

and aggregates.49,58

Materials and experimental methods
Citrate-coated AuNPs

The Au1 particles were synthesized via reduction of Au3+, fol-
lowing the procedure of Grabar, et al.59 Briefly, the vigorously

Fig. 6 Field auto-correlation functions of Au1 (a) and Au2 (b) particles (θ = 15°) with and without BSA. The solid lines are the best polynomial fits.

Fig. 5 The first three raw moments of P(Γ) as functions of q (θ = 20°–
135°). For each g1(t, θ), 〈Γ n〉 is simultaneously but independently quan-
tified through experiments and theory without involving either adjusta-
ble or free parameters (ESI,† Raw moments of P(Γ)). The symbols are
experimental values and the solid lines are obtained via the lognormal
and spherical models whose parameters 〈r〉, σ, and γ were estimated
from a single g1(t ) measured at another angle.
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stirred aqueous tetrachloroauric acid solution (125 mL,
0.25 mM HAuCl4·3H2O, Sigma-Aldrich) was brought to boil,
which was followed by the rapid addition of 12.5 mL of 40 mM
sodium citrate to the vortexed HAuCl4 solution. The solution
was maintained at boiling temperature for another 15 minutes
and then removed from heat, while stirring continuously for
an additional 15 minutes.

The Au2 particles were synthesized by the overgrowth of
gold onto the Au1 particles (seed dispersion) as described by
Brown, et al.60 The growth step was carried out by adding
hydroxylamine-hydrochloride (NH2OH·HCl; 3 mL of 0.2 M;
Sigma-Aldrich) and Au1 NPs (15 mL) to a solution of HAuCl4
(0.25 mM in 270 mL). The resulting gold particles were sub-
sequently functionalized with sodium citrate (1.7 mL of
40 mM sodium citrate), washed by centrifugation at 3500 rpm
for 30 minutes, and finally re-dispersed in Millipore water.

Both the Au3 and Au4 particles were synthesized by the
overgrowth of gold onto small ‘seed’ gold particles, which were
synthesized as reported by Turkevich et al.61 These Au seed
suspensions (d = 15 nm, [Au] = 0.5 mM) were used sub-
sequently to grow larger citrate stabilized Au particles.60 An
aqueous solution of HAuCl4 and hydroxylamine-hydrochloride
was prepared in a glass bottle, and homogenized with a mag-
netic stirrer. The gold seed suspension was added and the
mixture was stirred constantly for approximately 20 min. This
resulted in Au3 NPs. A second growth step was continued
using the same procedure as the first growth step, with the
exception of using the freshly prepared Au3 particles as the
seed solution. This resulted in Au4 particles.

PEG-CH3 Au NPs

First, citrate-stabilized Au NPs ([Au] = 0.5 mM) were syn-
thesized as reported by Turkevich et al.61 Aqueous solutions
(3.4 × 10−3 mM) of thiolated methoxy-poly(ethylene glycol)
(PEG-CH3, Mw = 5000 g mol−1) were sonicated for 15 min, sub-
sequently mixed with 100 mL of the Au NP suspension and
left to react at 25 °C for 24 h. This mixing ratio is expected to
provide approximately 10 molecules of the polymer for each
nm2 of the particle surface. The PEGylated particles were cen-
trifuged twice for 1 h at 104g to remove the excess polymer,
and re-dispersed in 10 mL of water. Finally, the particles were
transferred to a phosphate buffer (PBS, 10 mM sodium phos-
phate monobasic/disodium phosphate hydrogen, pH 7).

Characterization

For TEM, 50 μg mL−1 Au NP suspensions (Au1 and Au2) were
incubated with 5 mg mL−1 bovine serum albumin (BSA),
where 40 μL of 130 mg mL−1 BSA solution was added to 1 mL
of Au NP suspension and left for 16 h. Micrographs of the Au
NPs were obtained with a Tecnai Spirit transmission electron
microscope (FEI), operating at 120 kV. The images were
recorded at a resolution of 2048 × 2048 pixels (Veleta CCD
camera, Olympus). The sample preparation followed the proto-
col presented in ref. 62: to prevent the formation of drying
artefacts, the colloidal suspension was mixed with an aqueous
solution of bovine serum albumin (BSA), and 5 μl of this

mixture was drop cast onto a carbon-film square mesh copper
grid (Electron Microscopy Sciences, CF-300-Cu) and dried in
ambient air. The micrographs of the Au NPs were analysed via
image processing (ImageJ, National Institutes of Health, USA).

Light scattering data were collected at a constant tempera-
ture (22 °C) using a commercial goniometer (3D LS Spectro-
meter, LS Instruments AG, Switzerland). The primary beam
was formed by a linearly polarized and collimated laser beam
(Cobolt 05-01 diode pumped solid state laser, λ = 660 nm, Pmax.

= 500 mW, and HeNe laser, λ = 632.8 nm, Pmax. = 21 mW), and
the scattered light was collected by single-mode optical fibres
equipped with integrated collimation optics. The collected
light was coupled into two high-sensitivity APD detectors via
laser-line filters (Perkin Elmer, Single Photon Counting
Module), and their outputs were fed into a two-channel
multiple-tau correlator. The signal-to-noise ratio was improved
by cross-correlating these two channels. With respect to the
primary beam, depolarized scattering was observed via cross-
polarizers. The incoming laser beam was passed through a
Glan–Thompson polarizer with an extinction ratio of 10−6, and
another Glan–Thompson polarizer, with an extinction ratio of
10−8, was mounted in front of the collection optics. Count
rates varied, typically between 50 and 500 kHz, depending on
the particle system and angle of scattering. The average
photon count rate from the dark noise of our APD detector is
not more than 0.5–0.6 kHz. Therefore, as long as the count
rate is sufficiently high (e.g. >30 kHz) – compared to the detec-
tor dark noise – it does not influence the quality of the corre-
lation function. The field auto-correlation functions were
obtained via the Siegert relation: g1ðtÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g2ðtÞ � 1
p

where g2(t )
is the intensity auto-correlation function constructed from the
temporal fluctuations of the depolarized component of the
scattered intensity. Regarding fitting, it is worthwhile to point
out that g1(t ) is always expected to be a monotonic decreasing
function of time, since ∂tg1(t ) < 0. Furthermore, g1(t ) is also
expected to be a convex function, since ∂t2g1(t ) > 0. A sequence
of correlation data that do not satisfy these general properties
are non-physical and represent artefacts, and thus, ideally
should be discarded and not analysed. The residuals between
fit and experimental data should not exhibit any trend as a
function of time, and their distribution should follow a
normal distribution with zero mean.

Small-angle X-ray scattering (SAXS) spectrum was recorded
by using a NanoMax-IQ camera (Rigaku Innovative Techno-
logies, Auburn Hills, MI USA). The aqueous suspension was
kept in a 1 mm capillary at room temperature during the
measurements. Raw data were processed according to standard
procedures, and the scattering spectra are presented as a func-
tion of the momentum transfer q = 4πλ−1 sin(θ/2), where θ is
the scattering angle and λ = 0.1524 nm is the photon
wavelength.

UV-vis spectra of the samples were recorded at 25 °C using
a Jasco V-670 spectrophotometer and a 10 mm-path-length
quartz cuvette.

Taylor–Aris dispersion (TDA) spectra were obtained by
using an ActiPix D100 UV area imaging detector operating at a
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sampling rate of 20 Hz (Paraytec, York, UK) equipped with a
bandpass filter (520 nm) and a neutral density filter of 10%
transmission. The particle suspensions were injected into a
fused silica capillary (74.5 μm inner diameter, Polymicro
Technologies) under a steady laminar flow, using a capillary
electrophoresis injection system (Prince 560 CE Autosampler,
Prince Technologies B.V., Netherlands). After sample injection
(160 mbar for 6 s), a pressure of 40 mbar was applied to trans-
port the NP samples through the capillary at a constant temp-
erature of 25 °C. A 0.001% (wt/v) TWEEN-20 solution was used
as the running buffer. The total capillary length was 130 cm,
and the centers of the two detection windows (width of
10 mm) were at 45 cm and 85 cm.
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