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We have studied oligo(ethylene glycol) (OEG) thiol self-assembled monolayer (SAM) coated gold nano-
particles (AuOEG) and their interactions with proteins in solutions using electrophoretic and dynamic
light scattering (ELS and DLS). The results are compared with poly(ethylene glycol) (PEG) thiol coated
AuNPs (AuPEG). We show that both AuOEG and AuPEG particles carry a low net negative charge and
are very stable (remaining so for more than one year), but long-term aging or dialysis can reduce the sta-
bility. If the decorated AuNPs are mixed with bovine serum albumin (BSA), both effective size and zeta-
potential of the AuNPs remain unchanged, indicating no adsorption of BSA to the colloid surface. How-
ever, when mixed with lysozyme, zeta-potential values increase with protein concentrations and lead
to a charge inversion, indicating adsorption of lysozyme to the colloid surface. The colloidal solutions
of AuOEG become unstable near zero charge, indicated by a cluster peak in the DLS measurements.
The AuPEG solutions show similar charge inversion upon addition of lysozyme, but the solutions are sta-
ble under all experimental conditions, presumably because of the strong steric effect of PEG. Washing the
protein bound colloids by centrifugation can remove only part of the adsorbed lysozyme molecules indi-
cating that a few proteins adsorb strongly to the colloids. The effective charge inversion and rather
strongly bound lysozyme on the colloid surface may suggest that in addition to the charges formed at
the SAM–water interface, there are defects on the surface of the colloid, which are accessible to the pro-
teins. The results of this study of surface charge, and stability shed light on the interaction with proteins
of SAM coated AuNPs and their applications.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Monolayer-protected colloidal gold has many unusual proper-
ties which have been widely used for biodiagnostics, bio- and
chemical sensors, drug delivery and biomolecular recognition pur-
poses [1–4]. Gold nanoparticles (AuNP) decorated by poly(ethylene
glycol) (PEG) and oligo(ethylene glycol) (OEG) thiol self-assembled
monolayer (SAM) have potential applications in bio-nanotechnol-
ogy due to their unique property of preventing the non-specific
absorption of protein on the colloidal surface as well as bacterial
adhesion [5]. Whereas resistance to protein adsorption by PEG
can be theoretically explained by the unfavorable free-energy
change caused by dehydration and steric confinement of the long
polymer [6,7], a complete picture concerning the mechanism of
protein resistance of OEG SAMs has still not fully been obtained.
Experiments have suggested that the tightly bound water layer
at the interface could form a physical barrier to prevent direct con-
tact between the protein and the interface [8–10]. Recent results in
our group indicate a rather strong interaction of OEG SAMs with
water and the penetration of water into the SAM [11–15]. Feldman
et al. have reported an electrostatic, long-ranged repulsive interac-
tion with fibrinogen functionalized AFM tips upon approaching to
OEG grafted gold substrates [16]. This repulsive potential is
thought to arise from a tightly bound layer of hydroxide ions,
which preferably penetrate into the SAM and create a net negative
electrostatic potential, which then acts against the also negatively
charged protein molecules [17]. Further studies using chemical
force spectroscopy on the direct interactions between a hydropho-
bic probe and OEG SAMs at various pH values and with several
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different added salts indicate that not only the bound water but
also electrostatics has an effect on the interactions [16–23]. Studies
by Kreuzer and Pertsin suggest that the charge at the SAM–water
interface is due to the preferential adsorption of the hydroxide ions
(OH�) over hydronium (H3O+) from the aqueous solution, which
explains the measured negative surface charges [21,23].

Despite the importance of these issues, there have been only a
few studies involving OEG SAM coated AuNPs. Zheng and Huang
have synthesized ethylene glycol (EG) monolayer coated AuNPs
with a mean size of 3.0–3.5 nm [24,25]. The resulting functional-
ized AuNPs are very stable even at high ionic strength and allow
re-dispersion after centrifugation and drying. Protein binding mea-
surements using gel-electrophoresis and ion-exchange chromatog-
raphy with several proteins of different isoelectric point and
hydrophobicity (BSA, lysozyme, cytochrome C, ribonuclease A
and myoglobin) indicate no detectable binding of proteins to the
OEG coated AuNPs [24,25]. AuNPs protected by mixed monolayers
allow the design of specific interactions with target molecules [26].
For this purpose, a biotin group or glutathione has been capped
onto the surface of AuNPs protected by tri(ethylene glycol) thiols.
Specific binding of streptavidin and glutathione-S-transferase to
their respective capped AuNPs is observed [26]. On the other hand,
it is known that directly synthesized alkanethiol-protected gold
colloids are limited to a size of 1–10 nm which limits their applica-
tion [27–30]. The post-decoration method by replacing the citrate
stabilized AuNPs with thiols has no such limit and we have been
successful in decoration up to 40 nm AuNPs with EG6OH [31].
Because of van der Waals adhesion or binding energies increasing
with the size of particles [32], short chain OEG thiols with 2–4 EG
units can stabilize only small AuNPs (<3 nm) in solution. For larger
AuNPs (>10 nm), OEG thiols below six EG units cannot stabilize the
colloids. In our previous work, although difficult, we have been
successful in decorating AuNPs up to 40 nm in diameter with
EG6OH [31].

We have further established a method based on the depletion
effect in a mixture to characterize the interactions between OEG
SAM coated AuNPs with proteins in solution [31,33,34]. Experi-
mental observations suggest that these functionalized AuNPs exhi-
bit protein resistance, and that the resulting repulsion combined
with the depletion effect make it easy to see aggregation via the
color change of AuNP solutions. The mixture of the protein and
functionalized AuNPs is very sensitive to the nature of the added
salt. Following the Hofmeister series, salting-in salts enhance the
stability of the mixture and salting-out salts reduce it [34]. This
depletion-driven colloid aggregation requires a high protein vol-
ume fraction (>10% depending on the size ratio between colloid
and protein). However, the exact interactions between protein
and colloid at the interface, the status of the surface charge of
the colloid and its effect on the interaction is still not clear.

In this work, we present a systematic characterization of the sur-
face charge of OEG SAM coated AuNPs, their stability and interac-
tions with proteins in solution. We aim to address the following
questions: firstly, what is the state of the surface charge on the
SAM coated AuNPs and what are the control parameters? Secondly,
what is the effect of the surface charge on the interactions with pro-
teins in solutions as well as the long-term stability, and whether the
charge state of proteins, i.e. the acidic or basic nature of the protein,
also affects the interactions? Thirdly, what is the difference between
OEG and PEG SAM coated AuNPs regarding their charge state and
interactions with proteins? As a related issue, we address potential
differences in the properties of self-assembled monolayers (SAMs)
based on the curvature of the underlying surface, as discussed for
instance in Ref. [2]. SAM properties must differ on some level
because on a curved surface the density of SAM head-groups is
always smaller than that of the surface-attachment sites. This
density difference increases with increasing curvature and is most
pronounced for SAMs formed on nanoscopic particles which can
be used as building blocks for special purpose [35,36].
2. Experimental section

2.1. Materials

Citrate-stabilized gold colloids in aqueous solution with mean
size of approximately 10 and 20 nm were purchased from British
BioCell International (BBI) and were used as received. Hexa (ethyl-
ene glycol) terminated thiol, HS(CH2)11(OCH2CH2)6OMe, and
HS(CH2)11(OCH2CH2)6OH abbreviated as EG6OMe and EG6OH,
respectively, were purchased from ProChimia, Poland, and were
used as received. Poly(ethylene glycol) thiol with molecular weight
of 5 kDa (PEG5k) was purchased from Sigma-Aldrich and used as
received. Bovine serum albumin (BSA) and lysozyme (LYZ) from
chicken egg white were purchased from Sigma-Aldrich.
2.2. Preparation of surface-modified gold colloids

The colloidal gold was modified by directly mixing 1 mL stock
solution of thiols (�2 mg/mL) (EG6OH or EG6OMe) to the colloid
solution (10 mL) with gentle stirring. This corresponds to an excess
of EG6OMe by a factor of between 102 and 103, based on a simple
calculation considering the total surface area of gold colloids and
the area occupied by a thiol molecule. The colloid solutions were
incubated at 4 �C in a fridge over night. The stability of the modi-
fied colloids was examined by monitoring the UV–visible spectra
and it was found to be stable in a wide range of temperature (5–
70 �C), pH (1.3–12.4), and ionic strength (NaCl, 0–4.0 M). The col-
loidal solution was further concentrated (approximately by a factor
of 10) by using a rotation-evaporation instrument at �10 mbar at
40 �C for approximately 50 min. Details of this method have been
described in previous publications [31,33].

PEG5k coated AuNPs were prepared by following the procedure
described in the literature [37]. PEG thiol solution of 0.1 mg/mL
was mixed directly with the colloidal solution in the same volume
(5 mL each). The mixture was stirred at room temperature over-
night. The stability was tested by adding NaCl 1.0 M. No color
change was observed. The decorated colloidal solution was further
concentrated by centrifugation, i.e. 1 mL solution was filled into
sample-tubes, centrifuged for 15 min at 13000 rpm. After that,
0.9 mL of the supernatant was removed and the pellet of colloid
was re-dispersed in the remaining solution by vortex mixing. Note
that this procedure is not suitable for OEG coated AuNPs, since the
pellet cannot be easily re-dispersed.

The protein-colloid mixtures were prepared by addition of a
protein stock solution (10 mg/mL or 0.7 lM for lysozyme, 20 mg/
ml or 0.3 lM for BSA) to the colloid solution. The resulting samples
had a final protein concentration between 0 and 10 mg/mL, as
given in the description of the results. We chose a protein concen-
tration which was high enough to cover the colloid surface in case
of adsorption, but low enough so as to minimize the impact on the
bulk characteristics. The colloid concentration was about two
thirds of the original solution as determined from the absorption
around 525 nm. This is about 4.7 � 1011 particles/mL (0.8 nM) as
the original number density of AuNPs is about 7 � 1011 particles/
mL [31]. Selected sample solutions were further treated with a
washing procedure: The sample solution was first centrifuged for
10 min at 13,000 rpm and three quarters of the supernatant were
then replaced with water. Subsequently, the pellet colloid was
re-dispersed by vortex mixing. The size and zeta potential of the
re-dispersed colloid solution was determined by dynamic and elec-
trophoretic light scattering. This procedure was repeated several
times.
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2.3. Methods

2.3.1. Electrophoretic and dynamic light scattering (ELS and DLS)
Size and zeta potential measurements were carried out using a

Zetasizer Nano (Malvern Instruments Ltd., UK) with a 3 mW He–Ne
laser at k = 633 nm. For dynamic light scattering, the instrument
was used in the backscattering configuration with h = 173�. The
photon autocorrelation functions were collected continuously
using acquisition times of 30 s per correlation function. Measured
autocorrelation functions were converted into the distribution of
particle size (hydrodynamic diameter, 2Rh) by using a cumulant
[38] and CONTIN analysis [38] provided with the Zetasizer Nano
software. Both size and zeta potential measurements were
repeated at least 3 times for each sample and the averaged profiles
(values) were presented.

In DLS measurements, the diffusion coefficient, D, of the parti-
cles is obtained from the autocorrelation function. The particle size
is further estimated via the Stokes–Einstein equation:
D ¼ kBT
6pgRh

ð1Þ
where D is the diffusion coefficient, g the viscosity of the solvent
and the Rh is the hydrodynamic radius of particles. We note that
Eq. (1) is of course an approximation in the limit of non-interacting
and dilute suspensions of particles. For a discussion of its validity, in
particular for solutions of charged proteins, see Ref. [39].

The zeta potential (f) was determined using electrophoretic
light scattering (ELS) with an alternating electrical field. Sample
solutions were filled in a capillary cell (DTS 1060, Malvern Instru-
ments Ltd.). The mobility of particles under an electric field was
measured by a frequency shift (Doppler shift) compared to a refer-
ence beam at a forward angle (h = 12.8�), which is related to the
zeta potential of the target particles by [40]:
n ¼ 3glE
2f ðjaÞe ð2Þ
In
te

ns
ity

 (a
.u

.)

Au20PEG5k

Au20EG6OH

Au20citrate

Au10EG6OH

Au10EG6OMe

To
ta

l C
ou

nt
s 

(a
.u

.)
where g is the viscosity of the solvent, lE is the electrophoretic
mobility of the particles, j is the inverse Debye length and a is
the radius of the particle. Since ja < 1 for our conditions, the Henry
function f(ja) is set to 1, corresponding to the Hückel–Onsager limit
[40]. The n-potential measurement was calibrated using a standard
solution (DTS 1050, Malvern Instruments Ltd.) with a value of
�50 mV. This relation between zeta potential and electrophoretic
mobility holds for a non-conducting sphere, although it has been
applied successfully also to conducting spheres [41]. The exact rela-
tion between zeta potential and electrophoretic mobility depends
fundamentally on assumptions on the adsorbed layers of OEG,
PEG and protein [42]. The analysis performed in this study is thus
not intended to characterize the surface charge in an absolute quan-
titative way. The derived zeta potentials allow, however, qualitative
and relative comparisons and, in particular, a robust monitoring of
inversion of the nanoparticle-protein complexes.
1 10 100 1000 -100 -50 0 50 100
Size 2Rh (nm)

Au10citrate

Zeta-potential (mV)

Fig. 1. (left) Size (2Rh) and (right) zeta potential measurements of 10 and 20 nm
citrate stabilized AuNPs before and after decoration by OEG and PEG thiols.
Decoration leads to a slight size increase with OEG, and a larger increase (�22 nm)
by PEG5k. In both cases, the zeta potential values after decoration are significantly
reduced. Plots are shifted vertically for clarity.
2.3.2. UV–visible spectroscopy
UV–visible absorption measurements were performed at room

temperature using a Cary 50 UV–visible spectrophotometer (Var-
ian Optical Spectroscopy Instruments). Quartz and disposable PE
UV cuvettes with an optical path length through the sample of
1.0 cm were used to contain the sample while collecting the spec-
tra in the wavelength range from 300 to 800 nm.
3. Results and discussion

3.1. OEG and PEG SAM decoration and long term stability

We first show the size and zeta potential measurements of the
pure colloid solutions before and after decoration. The results on
the stability of such functionalized nanoparticles after long term
storage and dialysis against pure water are also presented. For
the convenience of description, the EG6OH and EG6OMe decorated
AuNPs are denoted as AuxxEG6OH and AuxxEG6OMe, where ‘‘xx’’
represents the mean size of the gold nanoparticles in nanometers.
AuNP (20 nm) decorated with PEG5k is denoted as Au20PEG5k.

The size (2Rh) and zeta-potential of AuNPs before and after dec-
oration are shown in Fig. 1. Two different citrate-stabilized AuNPs
with nominal mean size of 20 and 10 nm were used. The DLS mea-
surements give sizes (2Rh) of 21.6 nm and 10.1 nm, respectively
(Fig. 1a). After decoration by OEG thiols, the values of mean size
increase to 2Rh = 28.2 ± 0.5 nm and 15.7 ± 0.5 nm for Au20EG6OH
and Au10EG6OMe, respectively. The increase of size is mainly
due to the size of thiol molecules which is about 2.5 nm and overall
the diameter increases by 5.0 nm [43]. Other effects, such as differ-
ent hydration of the different end groups, only contribute minor
changes on size measurements. PEG5k coated 20 nm AuNPs have
a mean size of 2Rh = 43.8 ± 0.5 nm including the thickness of the
PEG5k layer (�11 nm), which is consistent with the value reported
in the literature [37].

The zeta potential measurements (Fig. 1b) shows a different
scenario: while the zeta potential distribution of the 10 nm citrate
stabilized AuNPs is relatively narrow and centered at
�30.9 ± 5.0 mV, the 20 nm AuNPs show a broad distribution with
a maximum at �33.9 ± 5.0 mV. After decoration, the zeta potential
values are significantly reduced. For Au10EG6OMe and Au10E-
G6OH the zeta potential distribution curves are centered at
�5.9 ± 5.0 mV and �15.1 ± 5.0 mV, respectively. In both cases, the
zeta potential values are significantly smaller than the original cit-
rate stabilized AuNPs. Au20EG6OH has a narrower distribution of
zeta potential with a center of �18.0 ± 5.0 mV. For comparison,
Au20PEG5k has weakly negative zeta potential of �9.0 ± 2.0 mV.

The long-term stability of Au20EG6OH solution (without added
proteins) has been examined after storing in a refrigerator at 4 �C
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Fig. 3. Size and zeta potential measurements of Au20EG6OH with varying
concentrations of BSA. There is no visible changes on size and the overall zeta
potential values are negative for all samples tested in this work. The contribution
from free BSA molecules starts visible for 10 mg/mL.
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for 6 months, one and two years after sample preparation. The
results of size and zeta potential measurements are shown in
Fig. 2. For comparison, the results for the citrate stabilized 20 nm
AuNPs and freshly prepared Au20EG6OH are also plotted in Fig. 2.
In all cases, the DLS measurements give a similar size of 28.2 nm
indicating no aggregation in the solution (Fig. 2a). Changes are
observed from the zeta potential measurements (Fig. 2b): after
6 months storage at 4 �C, the zeta potential distribution remains
almost the same compared to the fresh one, with the distribution
centered at ��15.1 ± 5.0 mV, but narrower. After one year, the dis-
tribution becomes broader; after two years storage, it becomes fur-
ther broadened and two peaks are visible: the one with a small
negative value is located in a similar position as the fresh colloids,
while a more negative peak indicates the existence of highly
charged colloids in the solution. Interestingly, in spite of the
changes of the zeta potential, the colloidal solutions are still stable
as no visible change on the size distribution could be seen. Stability
tests with adding NaCl in the solution also support this conclusion;
no visible change could be seen from the UV–visible spectra and
visual inspection. The distribution of the zeta-potential is related
to many factors in the system, such as the distribution of the charge
state, the size distribution of the particles, dielectric constant of the
solvent, and ionic strength. All these factors affect the mobility of
the particles under the applied electric field, giving a distribution
in the zeta-potential measurements. It is interesting to see that
when the nanoparticles are nearly neutral, the zeta-potential distri-
bution is very sharp (as one can see in Figs. 5a and b and 6) as all
these effects are removed if the surface charge is neutralized.

To test the stability under extreme conditions, the colloid solu-
tion has been dialyzed against degassed milliQ water for 24 h. After
dialysis, the mean size determined by DLS is still 28.2 nm, but the
zeta potential becomes more negative and narrower with a center
of �37.7 ± 5.0 mV. The changes in the zeta potential distribution
may be due to the exchange of citrate molecules with thiols which
leads to a broader distribution of the charge state of the nanopar-
ticles. The colloid solution is stable and no visible change can be
observed in the UV–visible spectrum. However, the colloidal solu-
tion is unstable by addition NaCl (data not shown), suggesting that
the surface charge becomes the dominant stabilization effect and
the nanoparticles behave as charge-stabilized colloids.
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Fig. 2. Size (left) and zeta potential (right) measurements on Au20EG6OH after
storage at 4 �C for various time up to 25 months suggest a long term stability of OEG
coated AuNPs. There is no visible change on size, but zeta potential values shift
slightly to more negative values. For comparison, the data for sample dialyzed
against pure water is also shown, which is mainly stabilized by charge.
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Fig. 4. Size and zeta-potential measurements of Au20PEG5k with varying concen-
trations of BSA. There is no visible changes on size and the overall zeta potential
values are negative for all samples tested in this work. The contribution from free
BSA molecules starts visible above 3 mg/mL.
3.2. Interactions of OEG and PEG SAM coated AuNP with proteins

Au20EG6OH is used as a model system to study the interactions
with proteins in solution. Results from Au20PEG5k are also shown
for comparison. Similar behavior and results of Au10EG6OMe can
be found in supporting materials (Figs. S1 and S2).
3.2.1. Interaction with negatively charged proteins (BSA) at neutral pH
When protein (BSA) is added into the solution of Au20EG6OH,

no visible change can be seen from the size measurements
(Fig. 3), indicating neither significant aggregation nor protein
adsorption. With 10 mg/mL BSA, an additional peak appears at an
effective hydrodynamic diameter around 3 nm, which represents
the faster collective diffusion of free BSA molecules [39]. Adding
BSA leads to a narrowing of the distributions of zeta potential for
the colloid, without significant change in the peak position. The
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Fig. 5. (a and b) Size and zeta potential measurements of Au20EG6OH with varying concentrations of lysozyme (LYZ) in one week (a) and two weeks (b) after sample
preparation. Short after sample mixing, no visible changes on size could be recognized, but zeta potential measurements indicate an effective charge inversion of the colloid,
indicating the adsorption of lysozyme onto the colloidal surface. Two weeks after sample preparation, the size measurements show clearly an additional cluster peak for
samples with zeta potential nearly zero. (c) UV–visible spectra of fresh and aged sample solutions; (d) photographs of sample solutions after preparation (top) and two weeks
(bottom). (c and d) Further confirm the short-term stability of colloid-lysozyme mixtures.
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Fig. 6. Size and zeta-potential measurements of Au20PEG5k with varying concen-
trations of lysozyme. A similar charge inversion as in Fig. 5a with increasing protein
concentration is observed. However, no visible size change could be recognized
even after a month, indicating the long-term stability of PEG coated AuNPs.
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overall charges are still negative and centered around �10 ± 5 mV.
The experiments are repeated for freshly prepared sample solu-
tions and also for samples after two weeks storage. No change
could be observed in the size and zeta potential measurements.

Similar results are observed for Au20PEG5k solutions by addi-
tion of BSA (Fig. 4): No change is visible in the size measurements.
Only the peak is slightly broadened. The additional peak appearing
at �3.4 nm above 3 mg/mL protein is due to the free proteins. In all
cases the zeta potentials are negative without significant change.
These results (Figs. 3 and 4) suggest that there is no aggregation
of colloids and no detectable adsorption of protein to the colloid
surface.

3.2.2. Interactions with positively charged protein (lysozyme) at
neutral pH

When lysozyme is added into Au20EG6OH solutions, the stabil-
ity of the mixture is found to be protein concentration dependent.
A series of solutions with the same colloid concentration and
increasing protein concentrations are prepared and measured
immediately, one, two and four weeks after the sample prepara-
tion. Within the first week (Fig. 5a), the sample solutions are sta-
ble: there is only a single peak with mean size of 28.2 nm,
corresponding to the colloid monomer and no clusters are visible
in all DLS measurements. However, the corresponding zeta poten-
tial measurements show an interesting transition from negative to
positive values with increasing the protein concentration. With
1 mg/mL lysozyme, the colloids are nearly neutralized. Further



Fig. 7. Zeta-potential measurements of colloid-protein mixtures after several
rounds of washing by centrifugation. (a) Au20EG6OH with lysozyme and (b)
Au20PEG5k with lysozyme. In both cases, the zeta potential values decreases after
washing, but do not go back to the original state. These results suggest that some of
lysozyme molecules can tightly adsorb to the colloid surface and cannot be washed
away.
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increasing the protein concentration up to 5 mg/mL, the zeta
potential becomes positive. Note here that for all the experiments,
the pH of the solutions is in the range of 6.5–6.8, hence the pH
effect on the surface charges can be neglected.

After two weeks, precipitates are observed for solutions with
0.3 up to 2.5 mg/mL lysozyme (Fig. 5d). However, the precipitates
can be re-dispersed after shaking. The size measurements (Fig. 5b)
after shaking show that the colloid monomer peak remains at the
same position with increasing protein concentration, but a cluster
peak corresponding to a size of a few hundred nanometers
appeared for samples with 0.1–2 mg/mL lysozyme. The intensity
of the cluster peak increases first with protein concentration, then
decreases above 1 mg/mL of protein and the size of clusters is also
smaller. Above 3 mg/mL, no cluster peak is visible. UV–visible mea-
surements (Fig. 5c) before shaking show that the absorption inten-
sity around the plasma peak (525 nm) is significantly reduced, in
consistent with the precipitation of larger clusters. The corre-
sponding zeta-potential values also show a continuous increase
with protein concentration from negative to positive. After four
weeks, the size measurements after shaking show much larger
clusters and the precipitates become difficult to re-disperse (Sup-
porting materials Fig. S3). Similar results are observed for EG6OMe
decorated AuNPs (Au10EG6OMe and Au20EG6OMe with lysozyme,
part of results are shown in supporting materials (Figs. S1 and S2).

The results of Au20PEG5k with lysozyme addition are presented
in Fig. 6. The size of colloid remains at 43.8 nm with increasing pro-
tein concentration. Up to and including 5 mg/mL lysozyme, the sig-
nal of protein is not detectable. The lack of a significant signal is
mainly due to the weak scattering of small lysozyme compared
to the large colloid. The zeta potential measurements present a
similar transition from negative to positive values with increasing
protein concentration (Fig. 5a and b). No visible changes on size
could be recognized even after a month, indicating the long-term
stability of the PEG5k coated AuNPs.

3.2.3. Stability of the attached lysozyme to the colloid surface
A ‘‘washing’’ procedure (see experimental section) has been

employed in order to check the stability of the lysozyme attached
to the colloidal surface. Note that in general centrifugation is not a
suitable way to concentrate or purify the OEG thiol coated AuNPs,
since it leads to irreversible aggregation. However, after protein
adsorption this becomes a convenient way for separation. The sta-
bility of the colloid after centrifugation and re-dispersion indicates
the adsorption of lysozyme. Otherwise the aggregate after centrifu-
gation cannot be re-dispersed as described in the experimental
section. Using the sample solution of Au20EG6OH with 5 mg/mL
lysozyme (one day after mixing) as the first example, we deter-
mine the zeta potential of the resulting colloidal solution after each
round of centrifugation and re-dispersion (Fig. 7 left). After one
round of washing, the zeta potential is reduced but still positive.
After 4 or 5 washing rounds, the peak positions become negative,
with �2.4 ± 2.0 mV and �5.2 ± 2.0 mV for 4 and 5 washing rounds,
respectively. These values, however, are still higher than the sam-
ple without protein (�15.1 ± 5.0 mV in Fig. 1), but similar to that of
the mixture with 0.05 mg/mL lysozyme (�5.4 ± 2.0 mV). These
results suggest that some of proteins strongly adsorb to the colloid
surface and cannot be washed away. If proteins were washed away
completely, no re-dispersion would be seen.

Aging has a crucial impact on the adsorption of protein. For
example, if the samples are stored more than 3 days after mixing,
the washing experiments do not work anymore. The colloid aggre-
gates after the first round of centrifugation cannot be re-dispersed.
This may be due to the strong binding between protein and inter-
face via the hydrophobic interactions [44].

For comparison, a mixture of Au20PEG5k with 5 mg/mL lyso-
zyme is also washed following the same procedure (Fig. 7 right).
After 4 rounds of washing the zeta potential becomes near neutral,
further washing does not change the results significantly. During
the washing procedure, the colloid solutions are always stable
and easy to re-disperse. This can be explained by the steric effect
of the long polymer chain [6,7].
3.3. Discussion

The observed surface charge on the OEG coated AuNPs and their
interactions with proteins provide important information on
understanding the protein non-fouling property at interfaces. Here
we discuss the main observations and implications in the context
of recent literature.

Firstly, these observations confirm the weak charge of OEG SAM
on gold surfaces. Many studies exploring the protein-resistant
mechanism of OEG SAMs on flat gold surfaces indicate that water
penetration and hydroxide adsorption can cause a negative charge
on the SAM surface, leading to a strong repulsive force between
proteins and the interface [10,21,23,45]. Although the SAM on
the surface of AuNP is not necessarily the same as that on the flat
gold surface, the results presented in this work suggest two possi-
bilities for the origin of surface charges: One is the adsorption of
OH-, in which the charges are located at the SAM–water interface.
In the case of PEG, hydroxide ions can penetrate into the polymer
brushes. The other way is the substitution of thiol molecules by
free citrate molecules during aging or dialysis. In this case, the
charges are located on the AuNP surface. Due to the facet nature
of AuNP surfaces [1], the domain boundaries can cause defects in
the SAM, i.e. the thiol molecules in these places have fewer neigh-
boring molecules, which makes them less stable as they have a
higher chemical potential. During a long-term storage or dialysis,
these thiol molecules can detach and be substituted by citrates.
Under these experimental conditions, the existence of the excess
thiol molecules in colloid solutions seems important for their
stability.

Secondly, at a flat interface, it has been shown that both OEG
and PEG coated surfaces exhibit very good protein resistance prop-
erty [46,47]. It is also known that the protein resistance property of
OEG SAMs is highly dependent of the packing density and cover-
age. However, the coating process for colloids is quite different
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from that on flat surfaces due to curvature, faceting and the fact
that the colloids are pre-coated with citrate residues. We did not
attempt to demonstrate if the nanoparticles are fully covered by
the SAM. However, under the same conditions, we have used more
thiols than needed for full coverage and the solutions were incu-
bated over night to produce similar and high coverage. Compared
to these studies at flat interfaces, the scenario of AuNPs is different.
We do observe adsorption of proteins (lysozyme) to the weakly
negatively charged functionalized AuNPs. It is therefore worth-
while to discuss the possible mechanisms of protein adsorption
for OEG and PEG coated AuNPs.

It has been shown that BSA, despite the negative charge at neu-
tral pH, adsorb to negatively charge surfaces, such as citrate-stabi-
lized AuNPs and gold surfaces [48–50]. Protein adsorption of BSA is
still possible even if protein and interface bear opposite global
charges. Adsorption occurs through oppositely charged patches
on protein and surface. In addition, adsorption at interfaces seems
correlated to the secondary and tertiary structure stability of pro-
teins [49]. Adsorption can occur also simply due to the electrostatic
interaction, such as lysozyme adsorption to AuNP or silica surface
in a large pH range, where lysozyme molecules are positively
charged and AuNPs or silica particles are negatively charged
[51,52]. While the flat OEG coated surfaces show good protein
resistance property, the highly curved interface of nanoparticles
can be different. Recently, curvature effect on the dissociation of
ionizable ligands immobilized on nanoparticles has been rational-
ized by a theoretical model [36]. In our case, it is plausible that the
high curvature of nanoparticles leads to a higher defect density and
less ordered conformation of the OEG thiol molecules compared to
flat SAM coated surfaces. These defects together with weak nega-
tive charge and van der Waals attraction can cause the adsorption
or lysozyme.

Protein adsorption to PEG coated AuNPs can occur via different
mechanisms. For polyelectrolyte grafted colloidal surface, it has
been shown that negatively charged proteins (BLG, HSA, BSA) can
adsorb to polyanionic brushes [53,54]. The protein adsorption at
overall electrostatic repulsive surface can be explained by two pos-
sible mechanisms: first, charge regulation or reversal on protein
surfaces due to the local electrostatic potential inside the polyelec-
trolyte brush [55]. Second, the entropically favorable replacement
of small counterions inside the brush by protein molecules due to
the charge anisotropy (patchiness) of the protein [54]. It has been
demonstrated that the adsorbed proteins in the inner layer of the
grafted polyelectrolyte brush are firmly bound and proteins in
the outer layers are only weakly bound and can be washed out
by ultrafiltration. However, these observations and the mechanism
of protein adsorption may not be applicable to our system as PEG is
intrinsically neutral. Even with the weak net charges discussed
above, the charge density is not comparable with that of polyelec-
trolyte brushes. The major factor could be the interaction of the
preferred binding sites on the surface of lysozyme with PEG. Fur-
ness et al. have identified the binding sites using proton nuclear
magnetic resonance spectroscopy [56]. The residues of Trp-62,
Arg-61 and Arg-73 in lysozyme have preferred hydrophobic inter-
action with the ethylene moieties.

It is interesting to see that on both OEG and PEG coated AuNPs,
the adsorption of lysozyme leads to the effective charge inversion
of the colloids. In the case of OEG coated AuNPs, this charge inver-
sion affects the stability of the system (Fig. 5). Studies by Wang
et al. have shown that mixing of lysozyme with charge-stabilized
AuNPs at physiological pH leads to two types of aggregates: pro-
tein–AuNP assemblies and amorphous protein aggregates [51].
Recently, studies on the aggregation of silica nanoparticles with
lysozyme have shown a different stability [52]. It was found that
at pH 4-6, the aggregates are more compact. With increasing pH
(7-9), the aggregates become a loose flocculated network. Further
increasing the pH near the isoelectric point of lysozyme, the size
of aggregates decreases dramatically. The mechanism of this unu-
sual stability is due to the high negative charge of silica nanoparti-
cles. When increasing pH, while the net positive charge of
lysozyme decreases, the negative charge of silica nanoparticles
increases, which reduces the attractive force via protein bridging
[52]. In our system, the pH is nearly constant (6.8–7), the effective
net charge, although weak, has a crucial effect on the stability of
the OEG coated AuNPs. Minor adsorption of lysozyme neutralizes
the surface charge and leads to the aggregation of colloids.

Finally, one should distinguish the different mechanisms of the
colloid aggregation in the current study from our previous studies
[31,33,34]. In the current study, colloid aggregation is mediated by
the adsorbed proteins (lysozyme) at very low concentrations
(<10 mg/mL) due to neutralization of the surface charge. In our
previous work, adding proteins, mainly BSA (>100 mg/mL), into
OEG coated AuNP solutions leads to a depletion-attraction
between the larger colloids, which is an entropic effect, causing
colloid aggregation [31,33,34]. Our further studies using other
net-negatively charged proteins, such as ovalbumin, gamma-glob-
ulin, and bovine beta-lactoglobulin show similar results, i.e. colloid
aggregation is observed above a critical protein concentration.
However, adding lysozyme up to 250 mg/mL the colloid protein
mixture is still stable (data not shown). It becomes clear now that
the adsorption of lysozyme enhances the stability of the colloid,
which is apparently due to the net-positive charge of lysozyme.
4. Conclusions

In this work, we have studied the size and surface charge of OEG
or PEG coated AuNPs and their interactions with proteins in solu-
tion. We find that OEG and PEG coated AuNPs in aqueous solution
present weak negative zeta potentials, indicating a weak negative
charge. The OEG SAM on the colloid surface can be destroyed by
long-term aging or dialysis, which finally renders the colloid
non-resistant against non-specific protein adsorption. While BSA
molecules with negative net charge do not adsorb or bind to these
weakly charged colloids, lysozyme with positive net charge
adsorbs to the surface of OEG/PEG coated colloids. The adsorption
neutralizes the surface charge and leads to the aggregation of OEG
coated AuNPs. The stability of PEG5k coated AuNPs is greater in the
presence of lysozyme due to the entropic steric effect of the long
polymer chain.
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