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ABSTRACT

stealthing with the FDA-approved polymer polyethylene glycol
(PEG) [8–10]. After the simple, but widely exploited, use of
PEG as surfactant for NPs (just by adding it in excess), many
efforts are now being carried out unveiling the mechanism of
action and to properly characterize these nanosystems to
achieve a better control over physicochemical properties such
as colloidal stability at working conditions or interactions with
proteins [6, 10–13]. This is of special interest in environments
where high ionic strength solutions, such as the biological
fluids (e.g. blood and cell culture media, CCM), induce a
compression of the solvated double layer of NPs leading to
their aggregation if a steric stabilizing agent is not present [14,
15]. Unfortunately, the loss of colloidal stability might lead to
unpredicted biological responses [16]. Thus, it cannot be
underestimated, especially when high concentration of NPs
are required [17]. Proteins present in biological media often
play the role of stabilizing agent by forming a protective
protein corona on the surface of the NPs, thus avoiding their
aggregation [18, 19]. Albuminization is therefore a wellknown strategy for biocompatibilization, but some biological
responses such as NPs uptake by cells might depend on the
presence or absence of a protein corona [7, 20, 21]. Although a
deep understanding of the protein corona has been achieved
in recent years [191 22], the control over its formation is still
a “yes or no” process which depends mainly on the use of
surfactants with different affinity toward proteins [23]. For
example, large chain PEGs or zwitterionic polymers avoid
protein adsorption, while alkanethiols do not prevent the
formation of a protein corona. However, physicochemical
properties conferred by alkanethiols self-assembled monolayers (SAMs) might be lost when using polymeric agents such
as PEG. For example, the possibility of further chemistry on
the monolayer might be limited by the lower number of
functional groups that can be loaded onto the NP with PEG

Although nanoparticles (NPs) have been traditionally modified
with a single ligand layer, mixture of ligands might help to
combine different functionalities and to further engineer the
NP surface. A detailed study of the competition between an
alkanethiol (11-mercaptoundecanoic acid) and SH-PEG for the
surface of AuNPs and the resultant behaviors of this model
nanoconjugate is presented here. As a result, the physicochemical properties of these conjugates can be progressively
tuned by controlling the composition and especially the
conformation of the mixed monolayer. This has implications
in the physiological stability. The controlled changes on the
SH-PEG conformation rather than its concentration induce a
change in the stabilization mechanism from electrostatic
repulsion to steric hindrance, which changes the biological
fate of NPs. Importantly, the adsorption of proteins on the
conjugates can be tailored by tuning the composition and
conformation of the mixed layer.

INTRODUCTION
In recent years, synthesis and conjugation of nanoparticles
(NPs) have experienced a rapid evolution making possible
advanced medical applications such as carriers for drug
delivery [1, 2], contrast agents for imaging [3], and radiosensitizers for radiotherapy [4] among others. However, this
rapid evolution is often linked to an incomplete characterization or a lack of understanding on the mechanisms involved
on the final application. Surprisingly, while the structure–
activity relationship is a paradigm in biology, the molecular
conformation of nanoconjugates is too often ignored with
huge consequences [5]. In fact, the ability of engineering the
physicochemical properties of these conjugates is important to
tune biological responses such as cell uptake, protein adsorption or immunogenicity among others [6, 7]. This is the case of
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the chemical functionality given by the carboxylic groups of
MUA. This study allows a better understanding on the most
widely used mechanisms of AuNPs stabilization in biological
media: pegylation and protein corona.

respect to the densely SAMs obtained with alkanethiols. It is
therefore challenging to find complementary methodologies
which allow a control of the protein adsorption and colloidal
stability, retaining the chemical functionality conferred by
alkanethiols SAMs [24].
In the present work, AuNPs were functionalized with different
ratios of two surfactants widely used to functionalize and
stabilize NPs: 11-Mercaptoundecanoic acid (MUA) and thiolated PEG (SH-PEG, 3.4 KDa). MUA is deprotonated at
physiological pHs and it has been used many times for drug
loading [25] and EDC coupling [26]. MUA provides electrostatic repulsion while SH-PEG provides steric hindrance (these
are the two existing strategies to provide repulsion forces to
avoid NP aggregation). The mixed layer has been studied in
terms of composition and conformation and the combined
synergistic behavior of both surfactants analyzed. Interestingly, it is shown here how the changes on the physicochemical properties of the conjugates are closely correlated to
changes on the conformation of the SH-PEG molecules rather
than on its concentration on the monolayer. This not only
influences the stability of the conjugate under different
conditions, but also the modulation of protein adsorption.
Additionally, an improved stability is achieved without losing

RESULTS AND DISCUSSION
Competing biconjugation of MUA and SH-PEG
About 14.6 ± 1.5 nm AuNPs were synthesized in sodium
citrate following a seeding growth approach as described in
the literature [27] (Figure 1). This approach is based on a
kinetically controlled growth of sodium citrate AuNPs, avoiding new NP nucleation, NP coalescence and instability (pH
drop) during the growth process. These AuNPs were later
functionalized with mixtures of MUA and SH-PEG (MW 3.4
KDa). MUA is an alkanethiol widely used in the study of SAMs
due to the high affinity of the thiol for the gold, the presence of
a hydrophobic chain and because it is depronated at physiological pHs, conferring electrostatic stability to the NPs [24].
PEG is a linear synthetic polymer build up by repeating
[-CH2CH2-O-] units. It is uncharged, water soluble, inert,
considered as non-toxic, and approved for clinical use [28].
Pegylation of NPs has been proposed several times as a
methodology to confer stability to quantum dots and AuNPs in
biological media [29]. Additionally, it has been extensively

Figure 1. Representative TEM images of MUA-capped AuNPs and size distribution. 14.6 ± 1.5 nm AuNPs were synthesized following a
seeding growth mechanism. They were functionalized with MUA before imaging. Scale bars are 200 nm (A, B) and 40 nm (C). Size
distribution is showed in the histogram (D).
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Note that in the case of lowest ratios (highest [MUA]), this
could not be easily measured due to the difficulty to totally
digest the NPs, likely due to the compactness of the layer
when MUA is the highly predominant component of the SAM
[33]. The quantification of MUA is not relevant for this study
and it was not directly measured. However, one could roughly
estimate the amount of MUA assuming that the surface which
is not occupied by SH-PEG would be covered by MUA. For
example, in the case of the ratio 0.5, the amount of SH-PEG
loaded is ca. 0.9 µM, which corresponds to 131 molecules per
NPs and a 39% of surface coverage. Assuming that the
remaining 61% is covered by MUA, and taking into account
that the footprint for alkanethiols on gold is reported to be
0.21 nm2 [34], the number of MUA per NP would be ca. 1945,
which is 15 times higher than the amount of SH-PEG.
Therefore, even if both attach with a thiol group, the resulting
interactions and packing between neighboring molecules
favors MUA over the SH-PEG molecules. This can be explained
by the fact that MUA is a smaller molecule than SH-PEG with a
hydrophobic chain and a hydrophilic head that favors the
formation of dense SAMs on AuNPs [24]. Also, while MUA is
expected to be always radial to the surface [35], molecules as
PEG, at low densities, are expected to be in a folded
conformation in what is known as the mushroom

used to stealth polymeric nanostructures from being rapidly
cleared by the immune system [8, 30–32], since it efficiently
avoids opsonization (the process by which opsonins bind to
the surface of foreign matter so that it will be readily
identified and engulfed by phagocytes).
First, we analyzed how the addition of different ratios of SHPEG/MUA affects the loading of these molecules (Figure 2a).
Since both molecules compete for the AuNP surface, it is
important to assess whether the proportion of both components in solution is maintained or not on the AuNPs surface. It
is surprising how in many reports the proportion in solution
is assumed to be that on the NP, as if different molecules had
identical affinity for the NP surface. The final concentration of
the sum of both species was kept constant (30 µM) and only
the ratio of both components was modified. SH-PEG-FITC (MW
3.4 KDa) was used to quantify the amount of this molecule on
the surface by measuring the absorbance of the supernatants
after removing all AuNPs by centrifugation, or by measuring
the fluorescence of the attached SH-PEG-FITC after digestion
of AuNPs with sodium cyanide of the previously washed
AuNPs [10]. In both cases, the loading of SH-PEG on the NPs
followed a linear trend reaching a final concentration on the
NPs of approximately 2.3 µM (Figure 2). This value corresponds to a final coverage of 334 molecules per NP,
representing a footprint of 2.0 nm2.

Figure 2. Mixed layer characterization. (a) Loading of SH-PEG-FITC on AuNPs in function of the ratio SH-PEG-FITC / MUA. In the
absorbance-based method, the amount of SH-PEG-FITC on the supernatant was measured after NP removal and subtracted to the initial
amount added to know the amount loaded on the NPs. In the ﬂuorescence based method, the NPs were washed from the excess and
digested with NaCN to ultimately measure the ﬂuorescence of the SH-PEG bond to the NPs. (b) SPR peak in function of the SH-PEG /
MUA shows a discontinuous behavior of the SPR shift. This different behavior is due to a change on the SH-PEG conformation. This is
corroborated after DLS measures (c). (d) The great raise on the hydrodynamic diameter at loadings ca. 0.9 µM is indicative of the point at
which the stretching of SH-PEG chains is produced.
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component (MUA) monolayers should be determined to
work beyond this limit for mixed layer stability assessment.
MUA-capped AuNPs were prepared and concentrated up to
2.4  1014 NP/mL (0.39 µM) in order to assay their stability
in physiologic conditions at significant doses. Note that an
AuNP concentration in common synthesis is 0.5–10 nM [27,
41]. However, higher concentration of AuNPs is often required
for in vivo and in vitro applications.
About 10% v/v of AuNPs solution at different concentrations
was added to CCM (DMEM without phenol red supplemented
with 10% fetal bovine serum, FBS) and the peak position of
the SPR was measured by UV-VIS. Aggregation of AuNPs is
known to broaden and shift to longer wavelengths the SPR
band and to increase the scattering at the 600–800 nm range
[42]. As expected, it was confirmed that colloidal stability
depended on the AuNPs concentration (Figure 3). Low
concentrations of AuNPs in CCM (≤4.75  1012 NP/mL) are
very stable due to the formation of the widely described
protein corona: Briefly, proteins are adsorbed on the NPs
surface, in this case on the MUA layer, conferring stability
against aggregation by steric repulsion [19, 43]. The stabilizing role of the protein corona was confirmed since all NPs
aggregated when they were incubated in DMEM not supplemented with FBS. On the other hand, highly concentrated
AuNPs (≥9.5  1012 NP/mL) aggregated even in media
supplemented with FBS, as showed by the red-shift and by
the broadening of the SPR band. This indicates that proteins in
media were not capable of stabilizing high concentrations of
MUA-capped AuNPs. Protein in CCM is approximately at 0.1
mM while the highest concentration of AuNPs used here is 2.4
 1013 NP/mL (39 nM). Since the amount of protein in the

conformation [36]. At higher densities, PEG molecules also
take a radial conformation, known as brush conformation [36].
Note that the behavior observed in the loading of SH-PEG on
the NP (Figure 2a) shows that the amount of SH-PEG loaded
depends linearly on the amount added in solution. Interestingly, the surface plasmon resonance (SPR) showed a discontinuous behavior (Figure 2b): The SPR position was only
slightly shifted from ratios SH-PEG / MUA = 0 (all MUA) to
ratios  0.7 ([MUA]added/[SH-PEG]added). From this point, a
shift to shorter wavelengths occurred. The SPR peak dropped
sharply from 521.4 to 520.5 nm. This discontinuous behavior
is not due to a differential loading of both components in
function of the ratio since the loading of SH-PEG increases
constantly as the proportion of SH-PEG added increases.
Therefore, this discontinuity is not related to great changes
on the layer composition, but on conformational changes. It
has been demonstrated that a stretching of a polymeric chain
produce a blue shift of the SPR, due to the decrease of ligand
density in the vicinity of the AuNP [37]. It is also known that a
high density of SH-PEG grafted on the AuNPs surface lead to a
change of conformation from mushroom to brush [36, 38, 39].
Thus, the observed blue shift is likely to be caused by a
stretching of the SH-PEG chains, induced at high grafting
densities of SH-PEG. To corroborate this point, the hydrodynamic diameter of the conjugates, measured by dynamic light
scattering (DLS), was also monitored in function of the SHPEG / MUA ratios (Figure 2c). DLS gives the measure of the
diameter that a sphere with the same translational diffusion
speed than the corresponding NP would have [40] and its
value is influenced by the length of the ligands as well as by
the compactness of the layer. Interestingly, a similar behavior
than previously shown for UV-VIS was observed here: A slight
increase of the hydrodynamic diameter was produced until
ratios  0.7 in which the hydrodynamic diameter raised
rapidly from 14.9 nm to 27.6 nm. This is in agreement with
the predicted stretching of the SH-PEG chains. This is even
more clearly observed when the hydrodynamic diameter is
plotted in function of the SH-PEG loaded onto AuNPs (Figure
2d). The initial loading of SH-PEG did not cause a significant
change on the hydrodynamic diameter. On the contrary, when
the amount of SH-PEG loaded on the AuNPs reached values
around 1 µM (ratio  0.7), the hydrodynamic diameter
dramatically increased. Thus, the change on SH-PEG con‐
formation is produced here at loadings around the 45% of
the maximum amount of SH-PEG able to load onto the AuNPs
(2.3 µM). It is important to know when the conformational
change of PEG takes place since this is what induces a strong
change on the physicochemical behavior and colloidal stability
as it will be demonstrated in the following sections.

Figure 3. Stability in cell culture media (DMEM + 10 % FBS) of
increasing concentrations of MUA capped AuNPs. AuNPs are not
stable at concentrations above 4.75  1012 NP/mL of cell culture
media. This is easily observed by the broadening and the large
red-shift of the SPR band. On the other hand, stability is
maintained at low concentrations due to the formation of the
protein corona.

Stability in physiologic media. Dependence on the AuNPs
concentration
One of the goals of using mixed layer is to gain stability in
physiological media. Thus, the limit of stability for one
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media is not a limiting factor, the aggregation is likely due to a
kinetic issue: The compression of the Stern layer induced by
the high ionic strength of the media facilitates that the highly
concentrated NPs contact between them before proteins
would have the chance to be adsorbed onto the NP surface
and confer steric stability.
It should be pointed out here that the dilutions of the NPs
to achieve the desired concentration were prepared
first and then 10% (v/v) of this solution was added to the
media. This methodology was followed along the present
work since previous experiments showed that if a low
volume – even a small drop – of a very high concentration
of NPs is added to a large volume of CCM, AuNPs aggregate
rapidly, even when the resultant mixture has a low NP
concentration.

Influence of the mixed layer composition and
conformation on the stability of the conjugates
All the AuNPs used in the following experiments were
conjugated using a high concentration (100 µM) of thiols
(MUA +SH-PEG = 100 μM), to ensure the excess of both
components in every point so the conjugation equilibrium is
rapidly reached. Comparison of conjugations using 10, 30
and 100 µM of thiols can be found in the Supplementary
Information. After washing the excess of ligand, 20 µL of
AuNPs (2.4  1014 NP/mL) were added to 180 µL of 10%
FBS-supplemented DMEM in all cases. The stability was
assayed by measuring the SPR band by UV-VIS spectroscopy
after 30 minutes (Figure 4a). As expected, AuNPs which had
MUA predominance over SH-PEG aggregated in physiologic
conditions. On the contrary, AuNPs became stable from ratios
SH-PEG / MUA higher than 0.7 which coincides with the
point where the rise in the hydrodynamic diameter, associated to a conformational change of the SH-PEG, was
observed.
The stability at acidic pH was also tested. MUA-capped AuNPs
are electrostatically stabilized due to the negative charge
given by the deprotonated carboxylic groups. Therefore, MUAcapped AuNPs become unstable once the pH is decreased
below its pKa, and the carboxylic groups subsequently
protonated (an effective surface charge of > |30| mV is
needed to keep NPs stable in solution following the DVLO
theory [44]). On the other hand, the sterically stabilized NPs
should be stable at any pH. To prove the stability of
bifunctionalized AuNPs in the whole range of pH, the pH of
the AuNPs solution was brought to 2.6 by a Glycine / HCl
buffer and the SPR band subsequently measured by UV-VIS
spectroscopy (Figure 4b). Similarly as it was observed in the
stability assay at physiologic conditions, the aggregation of
NPs was evident for ratios of added SH-PEG / MUA lower than
0.7. Thus, here again the change in the mechanism of
stabilization from electrostatic to steric coincides with the
change in the conformation of SH-PEG.

Figure 4. Stability in physiologic and acidic media of concentrated AuNPs. (a) The stability of AuNPs functionalized with
different SH-PEG / MUA ratios was assayed by adding 10 % of
2.4  1014 NP/mL solution in DMEM supplemented with FBS.
Destabilization caused a broadening and redshift of the SPR band.
Stability is recovered due to the steric stabilization given by SHPEG in the brush conformation at ratios higher than 0.7 (b) To
assay the stability in acidic media, the pH was decreased to 2.6.
The protonation of the carboxylic groups causes the loss of
colloidal stability when the stability of the NPs is governed by
MUA. On the other hand, AuNPs remain stable when they are
sterically stabilized (PEG in the brush conformation).

Mixed monolayer interaction with protein corona
The interaction between proteins present in the serum and
NPs in physiological conditions has been widely explored [19,
22] and represents the most used methodology of stabilizing
NPs (often unnoticed) in biological environments. In order to
study the adsorption of proteins onto the different conjugates,
our system was purified from the excess SH-PEG and MUA
and then incubated with 10 µM BSA overnight. Albumin was
chosen as a model protein because it has been identified as
the main serum protein absorbed to these type of NPs
(negatively charged, <50 nm NPs) [19]. The adsorption of
protein was analyzed by DLS, UV-VIS and gel electrophoresis.
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The difference was not significant at higher ratios. Thus, once
again the point where PEG adopts the stretched conformation
is related to a change on the physicochemical properties of the
conjugate. In this case, it is clearly seen how the adsorption of
protein can be nicely tuned in function of the composition of
the mixed layer.
A very similar behavior was observed when full sera (FBS)
was used instead of albumin (Figure S4). Protein corona was
formed at ratios <0.7 as indicated by the increase of the
hydrodynamic diameter and the shift of the SPR. Again, the
adsorption was progressively reduced until ratios >0.84,
when it was totally inhibited. Slight differences, such as a 5
nm larger hydrodynamic increase can be attributed to the
complexity of the full sera respect to the one component
(albumin) system.
Gel electrophoresis was performed to further confirm the
different interaction with proteins when changing the composition of the monolayer (Figure 6). Relevant ratios of SH-

It was observed an increase in the hydrodynamic diameter of
AuNPs totally covered by MUA after adding BSA (Figure 5a).
The size increase was 8.1 nm and it is explained by the
adsorption of a monolayer of BSA on the MUA layer [45]. This
size increase became only 5.2 and 3.7 nm at ratios 0.70 and
0.74, respectively. The lower increase in size is attributed to
less protein adsorption [46]. On the other hand, the hydrodynamic diameter was the same before and after addition of
BSA for ratios higher than 0.78, indicating that under these
conditions the protein adsorption was completely inhibited.
The same tendency was observed in the SPR peak analysis
(Figure 5b). The increase in the peak wavelength is attributed
to the change in the surrounding dielectric environment of the
Au surface due to the adsorption of protein [47]. This
wavelength shift was up to 4.55 nm for MUA-capped AuNPs
incubated with BSA. Also here the difference became smaller
for ratios >0.70 (3.75 nm). This difference decreased to 2.83,
2.17, and 1.34 nm at ratios 0.74, 0.78, and 0.8, respectively.

Figure 5. Tuning the protein adsorption. (a) Hydrodynamic Diameter before and after incubation with BSA. The formation of a protein
corona at lower ratios is clearly related to the increase of the hydrodynamic diameter. The increase of size is minimized from ratio 0.70.
From ratios 0.78 to 1 this difference on size is negligible and therefore protein adsorption is totally inhibited. (b) SPR peak before and
after incubation with albumin. The same behavior was found by analyzing the peak of the SPR band. The differences between before and
after addition of albumin are reduced from ratios 0.7 to 0.8. From 0.84 to 1 the differences are negligible.

Figure 6. Agarose gel electrophoresis of relevant ratios with (+) and without (–) albumin preincubation. The difference between the
same AuNPs before and after the addition of albumin indicates the formation of a protein corona. This is inhibited at ratios = 0.88, 0.96
and 1. The purplish color of the ratio = 0 and 0.3 appeared only after drying the gel.
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PEG / MUA – AuNPs previously incubated overnight with and
without albumin were loaded into the wells of a 1% agarose
gel. The electrophoresis was run 1 h at 60 V in a 30 mM
sodium borate buffer at pH 8.5. A decrease of the electrophoretic mobility was observed for ratios <0.74, mainly due to
an increase of the size after albumin adsorption, but also to a
decrease of the surface charge. Note also that the electrophoretic mobility of AuNPs after albumin coverage is the same
independently on their mobility without protein incubation.
On the other hand, at ratios >0.8, the mobility is the same
after incubation with albumin than without previous incubation, indicating that no modification of the size and/or surface
charge was induced by albumin incubation. An intermediate
behavior was observed for ratio = 0.74. There is a difference
between both conditions, but it is minimal. This latter case can
be explained because the adsorption of albumin is not fully
inhibited, but minimized.
Two different regimes can be distinguished from these results:
(1) At added ratios SH-PEG /MUA from 0 to 0.7, the SH-PEG
has a low influence on the hydrodynamic diameter, since it is
in the mushroom conformation. Here, the physicochemical
properties are governed by MUA. Therefore, these AuNPs are
not stable in physiologic media when working at concentrations higher than 5  1012 NP/mL, aggregate at acidic pH due
to the protonation of carboxylic groups of MUA. In addition,
these nanoconjugates showed the inability of PEG to confer
steric stabilization in the mushroom conformation. (2) At
added ratios from 0.7 to 1, the SH-PEG changes the conformation from mushroom to brush and new physicochemical
properties were subsequently acquired. These AuNPs are
stable in physiological media at concentrations as high as
2.4  1013 NP/mL. Moreover, they are stable at the whole
range of pHs because of the change in mechanism of
stabilization from electrostatic to steric. The adsorption of
protein is minimized or even inhibited depending on the
amount of SH-PEG.
This has strong consequences on the design of NPs for
medicine. For example, a different degree and type of
complement activation, which ultimately depends on the
recognition of the conjugates by specific proteins, was directly
correlated with the conformation of the PEO monolayer on
polymeric NPs in a recent work [11]. Briefly, Hamad et al
showed that the complement activation was dramatically
reduced for the nanospheres which have PEO chains in the
brush conformation. The changes in the physicochemical
properties of the NPs induced by the change of the PEG
conformation, especially the different protein adsorption, can
explain this different observed biological behavior.

SOR-MATSCI

exploited spontaneous formation of protein corona may fail
to stabilize NPs at high concentrations in physiological media.
To overcome this problem, PEG has been proposed as an
alternative to confer additional stability avoiding protein
adsorption. However, this entails a decrease of functionality
that can be overcome by mixed layers. Since these systems are
more complex, a thorough characterization and understanding
of the system is required. It is shown how changes in the
stability in physiological media, stabilization mechanism, and
protein adsorption are governed by the SH-PEG conformation
on the mixed layer rather than by the composition. This is a
key point in the stabilization by SH-PEG of AuNPs and it can
be easily measured by common techniques such as DLS or UVVIS spectroscopy. The possibility of tuning the adsorption of
proteins is also described here. This might have consequences
in determining the final fate of NPs in organisms since
important processes such as cell uptake [48] or activation of
the complement systems are known to be influenced by the
adsorption of proteins [11]. Last but not least, a properly
designed mixed layer gives the opportunity to tune both
functionality and stability of the NPs.

MATERIALS AND METHODS
All materials were used as received. HAuCl4, 11-MUA, sodium
citrate, bovine serum albumin, sodium cyanide, CAPS,
and DMEM (with 4500 mg glucose/L, sodium bicarbonate
and pyridoxine hydrochloride without L-Glutamine and
phenol red) were obtained from Sigma-Aldrich. SH-PEG-CM
(3.4 KDa) and SH-PEG-FITC (3.4 KDa) were obtained from
Nanocs. All solutions described here were prepared in Milli-Q
water.

AuNPs synthesis
AuNPs (14.6 nm) were synthesized as reported in the
literature. Roughly, Au seeds (9 nm, 4.2  1012 NP mL–1)
were synthesized by adding an aqueous solution of HAuCl4
(1 mL, 25 mM) to a boiling sodium citrate solution (150 mL,
2.2 mM). When the reaction was completed, the temperature
was decreased to 90°C and HAuCl4 (1 mL, 25 mM) was added
to the previously synthesized AuNPs. This step is repeated
two more times in order to get the final AuNPs (14.6 nm,
4.2  1012 NP mL–1).

Functionalization of AuNPs
The different SH-PEG / MUA ratios were prepared by
mixing the corresponding volumes of 1 mM (or 0.3 mM, or
0.1 mM) solution of each component. About 500 µL of these
mixtures were subsequently added to 4 mL of AuNPs as
synthesized and softly mixed overnight. The SPR bands of
the resulting conjugates were analyzed by UV-VIS spectroscopy at the range of 300–800 nm. The hydrodynamic
diameter was analyzed by DLS, the measures were repeated

CONCLUSIONS
The need of working with highly concentrated stable NPs in
biomedical applications makes essential the search of methodologies to stabilize NPs in physiological conditions and
monitor their physicochemical properties. The widely
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experiments with full serum, 10 µL of deactivated FBS were
added to 1 mL of AuNPs solutions.

three times and the values represented here are the mean
size expressed in number.

Gel electrophoresis

Quantification of the SH-PEG-FITC loaded on the AuNPs
by fluorescence

AuNPs were functionalized with relevant ratios of SH-PEG /
MUA (0, 0.3, 0.6, 0.74, 0.88, 0.96, and 1) as explained above.
Then the samples were split in two parts. 1 mL was incubated
with 7.7 µL of a 1.3 mM BSA solution in 5 mM Hepes buffer
(pH 7.5) o/n and the other part was kept without any
modification. Samples were loaded into the wells of a 1%
agarose gel. The electrophoresis was run under 60 V in a
sodium borate buffer (30 mM, pH 8.5).

The excess of SH-PEG-FITC and MUA was removed by three
centrifugation steps (30000 rcf, 30 min). After the last
washing step, AuNPs were suspended in the same volume of
an aquose NaCN solution (100 mM) and stirred for 6h at 37°C.
The total dissolution of AuNPs was proved by the disappearance of the SPR. All the samples were buffered using CAPS
(25 mM, pH 10.6). Known concentrations of SH-PEG-FITC
under the same conditions were used to do the calibration
curve. About 100 µL of standards and samples were loaded
in a 96-well plate and the fluorescence spectra (λex = 494,
λem = 521) was taken. The concentration of SH-PEG-FITC in
the samples was calculated from the calibration curve.

SUPPLEMENTARY MATERIAL
Calibration curves, loading of thiols at different concentrations, evolution of the hydrodynamic diameter using different
concentration of thiols, and study of the protein corona
formation using full serum can be found in the supplementary
material.

Quantification of the SH-PEG-FITC by absorbance
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