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ABSTRACT: For many applications, it is desirable to stabilize
colloids over a wide range of buffer conditions while still
retaining surface accessibility for adsorption and reaction.
Commonly used charge or steric stabilization cannot achieve
this goal since the former is sensitive to salt and the latter blocks
the particle surface. We use depletion stabilization in the
presence of high molecular weight polyethylene glycol (PEG)
to stabilize a diverse range of nanomaterials including gold
nanoparticles (from 10 to 100 nm), graphene oxide, quantum
dots, silica nanoparticles, and liposomes in the presence of Mg?*
(>1.6 M), heavy metal ions, extreme pH (pH 1-13), organic
solvents and adsorbed nucleosides and drugs. At the same time,
the particle surface remains accessible for adsorption of both
small molecules and macromolecules. Based on this study, high
loading of thiolated DNA was achieved in one step with just 2%
PEG 20000 in 2 h.

Stabilization of colloidal systems is one of the most important
and fundamental aspects of nanoscience, enabling a diverse
range of applications in physical and biological desciplines.t
Charge stabilization is easy to achieve by means of electrostatic
repulsion. For example, citrate-capped gold nanoparticles
(AuNPs) are negatively charged and stable in <10 mM Na* for
many years.? With a slight increase in salt concentration (e.g.
>30 mM Na*), aggregation starts to occur because of charge
screening and AuNPs can approach each other to experience
London attractive force.>* Therefore, charge stabilization is
limited by several factors including susceptibility to salt and the
need for polar solvents. If a particle surface is coated with
polymers such as thiolated polyethylene glycol (PEG), and the
size of the polymer is greater than the London interaction range,
steric stabilization might be achieved.® However, the coated
polymers also block the particle surface from adsorbing other
molecules. A combination of charge and steric stabilization is
also possible, where AUNP capped by thiolated DNA is a good
example.® For many applications involving nanoparticles, such
as surface enhanced spectroscopy, nanoparticle bioconjugation,
catalysis, heavy metal detection, and drug delivery, eliminating
the colloidal stability problem while still retaining surface
accessibility is highly desirable. Charge or steric stabilization,
however, cannot achieve this goal.
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When dispersed in a non-adsorbing polymer solution,
nanoparticles may experience a depletion force originated
from the excluded volume effect, for which no specific
binding between the nanoparticle and polymer is required.”
Theoretic calculations suggest both short-ranged depletion
attraction and long-ranged depletion repulsion.® Depletion
repulsion occurs when the nanoparticle separation is greater
than the correlation length & of polymer concentration
fluctuation in the bulk solution. In a semi-dilute polymer
solution, ¢ is much smaller than the size of the polymer.®
Therefore, dispersed nanoparticles are repelled by each
other unless they can approach to very close proximity,
where the depletion force becomes attractive. More
concentrated and higher molecular weight (MW) polymers
produce stronger depletion forces.*° Depletion stabilization
has several advantages. First, colloidal stability might be
less affected by ionic strength in comparison to charge
stabilization. Second, in contrast to steric stabilization,
nanoparticle surface should still be accessible since it is
neither covalently modified nor strongly adsorbed by
polymer.
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Figure 1. Schematics of the potential energy diagram of AuNP
aggregation (not to scale). In the absence of PEG, AuNPs are
stabilized by charge repulsion (blue bars). Low MW PEGs reduce
the energy barrier for aggregation due to depletion attraction (green
bars) while high MW PEGs increase the barrier height (red bars)
due to depletion repulsion. Steric stabilization by adsorbed PEG is
not considered in this diagram.

Most experimental work on polymer depletion force was
performed using concentrated silica or alumina particles to
study their rheology properties.!* Depletion force has found
applications in nanoparticle purification,>*® self-assembly,**
and protein crystallization.™> However, important questions
regarding salt-dependent colloidal stability as well as surface
accessibility have not been systematically addressed. Herein, we
explore AuNP stability in a diverse range of buffer conditions
using PEG as the depletion agent, since. PEG is chemically
inert, cost-effective and available with a wide range of MWs.®
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Compared to silica or alumina, the aggregation of AuNPs can be
easily observed at a very low concentration (e.g. <0.02% w/w) via a
red-to-blue color change (Figure 1).

We first tested the stability of citrate-capped 13 nm AuNPs in
glycerol, ethylene glycol (EG), PEG 200, and 400. The salt that
came with the AuNPs was ~10 mM Na* and no additional salt was
added. AuNPs were stable even in 50% glycerol and EG as indicated
by their characteristic red color (Figure 2A). However, purple
aggregates were detected in >20% PEG 200 and 50% PEG 400.
Since aggregation occurred only at high PEG concentrations, where
the salt concentration remained low, and depletion force is
proportional to PEG concentration, we reason that depletion
attraction might be the main driving force for AuNP aggregation
(Figure 1, green bars). Just three EG molecules polymerize into one
PEG 200; the former is a small molecule but the latter is a polymer
and imparts the depletion effect.}”!® Depletion repulsion appears
insignificant for PEG 200 and 400 due to their low MW.*°
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Figure 2. Stability of citrate capped 13 nm AuNPs in the presence of
various solutes. (A) Aggregation starts to occur in 20% (w/w) PEG 200
or 50% PEG 400 (no additional salt added). (B) Stability of AuNPs in
10 mM Mg?*. Stabilization is achieved in high concentrations of high
MW PEGs. (C) Long-term stabilization of AuNPs in 2% PEG 20000.
AuUNPs of 13 nm (D) and 50 nm (E) in the presence of various salt and
PEG concentrations or molecular weights.

Next we tested PEGs with MW greater 2000, where AuNPs
remained stable in the absence of added salt (see Supporting
Information). With 10 mM Mg?, stabilization was achieved with
10% PEG 8000, 5% PEG 20000, or 2% PEG 35000 (Figure 2B).
Since charge repulsion was largely screened by Mg?*, AuNP
stability was attributed to depletion stabilization, although steric
stabilization by adsorbed PEG cannot be ruled out at this moment.
Consistent with theoretical calculations, our data also show that
depletion stabilization is a function of PEG size; larger PEGs show
the stabilization effective at lower concentrations. From the
thermodynamic standpoint, PEG creates a crowded environment
favorable for AuNP aggregation and this is depicted in Figure 1 by
the position of the red bar being the lowest after aggregation. To
achieve aggregation, however, AuNPs need to overcome the
depletion repulsion barrier on top of the electrostatic barrier. Even
after screening the electrostatic barrier, the remaining depletion
barrier can still be high enough to maintain colloidal stability.

To test the limit of salt that AuNPs can tolerate, we incubated 13
nm AuNPs in 10% PEG 20000 with increasing concentration of
Mg?* (Figure 2D), where AuNPs remained stable even with 1.6 M
MgCl.. In contrast, 2 mM Mg?* induced aggregation instantaneously
in the absence of PEG. Without any covalent ligands, this level of

stabilization against salt is quite remarkable. Next we tested
larger AuNPs, which are known to be more difficult to
stabilize.?® We challenged 50 nm AuNPs dispersed in 10%
PEGs with 10 mM Mg?* (Figure 2E). Stabilization was achieved
with PEG 8000 and higher, similar to the case of 13 nm AuNPs.
We also tested long-term stability; 50 nm and 100 nm AuNPs
remained stable even after incubating with 1 M NaCl in just 2%
PEG 20000 for 2 months at room temperature (Figure 2C).

AuNPs have been a popular probe for detecting heavy metal
ions, which may also cause non-specific AuNP aggregation.?
We next studied the protection effect of PEG in the presence of
2-10 mM heavy metal ions (Figure 3A); AuNPs aggregated in
water but 2% PEG 20000 showed effective protection. The same
PEG concentration was also able to protect AuNPs from pH 1
to 13 (Figure 3B) and in 67% isopropanol or acetonitrile (Figure
4C). Various nucleotides and doxorubicin can adsorb onto
AuUNPs and cause aggregation, which was also suppressed by
PEG (Figure 4D). This may enable surface enhanced
spectroscopy under a diverse range of conditions. We further
tested other nanomaterials including graphene oxide (Figure
4E), fluorescein-labeled 50 nm silica nanoparticles (Figure 4F),
green fluorescent quantum dots (Figure 4G), red fluorescent
guantum dots (Figure 4H), rhodamine-labeled liposomes
(Figure 41) and iron oxide magnetic nanoparticles (Figure 4J).
For all the materials, 10 mM Mg?* induced aggregation in the
absence of PEG. With 5% PEG 20000, stabilization was
achieved in most cases except for the magnetic nanoparticles,
whose surface contained organic amine. It is likely that this
surface ligand influenced the depletion force. The effect of
nanoparticle surface property will be a subject of further studies.
In general, high stability against salt in PEG is true for a diverse

range of nanoparticle types and sizes.
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Figure 3. Effect of 2% PEG 20000 on the stability of citratecapped
13 nm AuNPs in the presence of (A) various heavy metal ions: 4
mM Ba?*, 10 mM Sr?* and 2 mM for the rest; (B) buffer pH; (C)
67% organic solvents; (D) ribonucleosides (A=5 pM, G=0.25 mM,
C=2 mM, U=20 mM) and doxorubicin (2 pg/mL). Stability of
graphene oxide (E), fluorescein-labeled 50 nm silica nanoparticles
(F), green quantum dots with surface carboxyl (G), red quantum
dots with surface hydroxyl (H), rhodamine-labeled DOPC
liposomes (1), and iron oxide nanoparticles with surface organic
amine (J) in the presence or absence of PEG or Mg?*. The “+” and
“-“signs denote for the presence and absence of PEG.

Although PEG is generally considered to be a nonadsorbing
polymer, it has been reported that PEG can adsorb onto gold
electrodes.?? Therefore, PEG might also be adsorbed by AuNPs



and impart steric stabilization. To test whether the observed AuNP
stabilization was indeed due to the depletion effect, the adsorption
isotherm of a 6-carboxyfluorescein (FAM)-labeled PEG 10000 was
measured. AuNPs were mixed with various concentrations of the
FAM-PEG and the adsorbed PEG was quantified by measuring
fluorescence quenching (Figure 4A). Indeed, a Langmuir adsorption
isotherm was obtained, indicating monolayer and reversible PEG
adsorption by AuNPs. With ~500 nM PEG 10000, the surface of
AuUNPs (5 nM) was saturated. The fact that even 1% PEG 20000
(500 pM) failed to protect AuNPs (Figure 2B) strongly indicated the
importance of PEG concentration beyond the monolayer coverage
on AuNP surface.
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Figure 4. (A) Adsorption isotherm of FAM-labeled PEG 10000 onto 5
nM 13 nm AuNPs. (B) UV-vis spectra of AuNPs in several PEG 20000
concentrations in the presence or absence of 10 mM Mg?*. (C) AuNP
extinction ratio as a function of Mg?* concentration in various
concentrations of PEG 20000. (D) The extinction ratio as a function of
PEG 20000 concentration in the presence of 10 mM Mg?* and 1.5 mM
Mg?* (inset).

To dissect the effect of depletion stabilization from steric
stabilization, we performed a quantitative study using UV-vis
spectroscopy. Dispersed AuNPs show a strong extinction peak at
520 nm due to surface plasmon (Figure 4B, red curve). In the
absence of PEG, AuNPs immediately aggregated upon addition of
10 mM Mg?* with the plasmon peak broadening and shifting to ~650
nm (blue curve). In the presence of 0.1 mM PEG 20000 (0.5%),
AuNPs were still aggregated by Mg?* (green curve), but 2 mM PEG
20000 (4%) effectively stabilized the AuNPs (black curve). Using
the ratio of extinction at 650 nm over 520 nm, we can quantify the
aggregation state of AuUNPs and a higher ratio indicates aggregated
AUNPs. AuNPs were dispersed in various concentrations of PEG
and Mg? was titrated to each sample (Figure 4C). Low
concentrations of PEG have a moderate protection effect when Mg?*
concentration is below 1.5 mM, where samples containing PEG have
extinction ratios <0.2 while the samples without PEG are ~0.6. This
is attributed to steric stabilization by the adsorbed PEG. This steric
protection starts when the PEG concentration is greater than 100 nM
(inset of Figure 5D), which is consistent with the PEG adsorption
isotherm in Figure 4A. With a high Mg?* concentration of 10 mM,
steric stabilization is insufficient and AuNPs aggregate even in the
presence of 100 uM PEG 20000 (Figure 4D). Depletion stabilization
starts to take place with a PEG concentration of 1 mM (i.e. 2%) and
highly effective stabilization is achieved at 2 mM. PEG 20000
reaches the semi-dilute region at ~5.1%,?® where the PEG chains
start to overlap. The onset of effective PEG protection is also around

this concentration, further confirming the depletion stabilization
mechanism. Taken together, steric protection by adsorbed PEG
is quite and effective only at low Mg?* concentrations (e.g. <1.5
mM). For this reason, we did not consider steric stabilization in
Figure 1.

So far we have demonstrated that high MW PEGs are
effective for stabilizing various nanoparticles in a diverse range
of buffer conditions, solving the salt sensitivity problem. The
nanoparticle surface should remain accessible since the PEGs
are only weakly and reversibly adsorbed. To test this, we mixed
positively charged and fluorescent doxorubicin with AuNPs and
monitored the kinetics of fluorescence change (Figure 5A).
Without PEG, a quick drop in fluorescence was observed since
AuNPs quenched adsorbed doxorubicin (black curve). The
kinetics of adsorption in the presence of 4% and 10% PEG
20000 were also very fast and finished within the first 20 sec
after mixing. Therefore, adsorption of small molecules was not
impeded by PEG.
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Figure 5. (A) Kinetics of doxorubicin fluorescence change upon
mixing with AuNPs (at the 2.8 min time point) in the presence of
varying concentrations of PEG 20000. (B) Loading of thiolated
DNA onto 50 nm AuNPs in 2% PEG 20000 as a function of NaCl
concentration.

The unique properties of depletion stabilization allow us to
carry out reactions that are difficult to achieve otherwise. For
example, to attach a high density of thiolated DNA to AuNPs, a
high salt concentration is required to screen the electrostatic
repulsion between DNA and AuNPs. Confined by the colloidal
stability of AuNPs, however, this reaction cannot be performed
directly in a high salt buffer, where AuNPs would aggregate
before DNA adsorption takes place. To solve this problem, salt
aging (i.e. gradually adding NaCl over 1-2 days) is the current
standard protocol.?® Surfactants need to be added to
functionalize large AuNPs (e.g. 50 nm) and the slow salt aging
is still required.?® Using a fluorinated surfactant, DNA
attachment can be finished in 2 hrs.?® However, surfactants
might be toxic to cells. We recently developed a low pH DNA
loading strategy that also allows for fast DNA attachment.?” Our
observations in this work provide an alternative method since a
high concentration of salt can be added all at once without using
surfactants. Kinetic experiments with a FAMIabeled thiolated
DNA in 2% PEG 20000 showed a biphasic trend with an initial
fast adsorption followed by a slow phase. A higher salt
concentration produced faster adsorption in both phases (see
Supporting Information). Therefore, the AuNP surface is also
accessible for the adsorption of macromolecules. After
dispersing 50 nm AuNPs in 2% PEG 20000, we added the
thiolated DNA in the presence of various concentrations of
NaCl. After 2 h incubation, the attached DNA was quantified.
As shown in Figure 5B, more DNAs were attached in higher
NaCl concentrations. With 600 mM NacCl, we were able to load
719459 DNAs on each 50 nm AuNP in 2 h, comparable with
that achieved using surfactants and salt aging
over 1-2 days.?0:28



In summary, we have shown that depletion force can be applied
to achieve ultrahigh colloidal stability in extremely high ionic
strength, extreme pH, organic solvents, heavy metals, and small
molecule adsorbates, while still retaining surface accessibility. For
most applications, just 2% PEG 20000 is sufficient and the viscosity
brought by the polymer is very low. Depletion stabilization
eliminates the disadvantages of charge or steric stabilization,
enabling the exploration of many colloidal properties and reactions
under otherwise forbiddingly high salt conditions. For example, we
have demonstrated the quick loading of thiolated DNA onto AuNPs.
Recently, various nanomaterials have been tested for drug delivery,
disease diagnosis and imaging applications.*?® When delivered into
cells, these nanomaterials experience a crowded environment
similar to the one reported in this work. The stability and interaction
of nanoparticles with biomolecules are likely to be different from
that in buffers. Therefore the depletion effect needs to be taken into
consideration for the design of such materials. Finally, we
demonstrated that AuNPs are useful for studying depletion force
because of its extremely high extinction coefficients and distance-
dependent color. Useful information can be obtained by a simple
visual inspection.

Supporting Information. Materials and methods, TEM, AuNP
stability, DNA adsorption kinetics. “This material is available free of
charge via the Internet at http://pubs.acs.org.”
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