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ABSTRACT: Nonspecific interactions in biological media can lead to the
formation of a protein corona around nanocolloids, which tends to alter
their behavior and limit their effectiveness when used as probes for
imaging or sensing applications. Yet, understanding the corona buildup
has been challenging. We hereby investigate these interactions using
luminescent quantum dots (QDs) as a model nanocolloid system, where
we carefully vary the nature of the hydrophilic block in the surface
coating, while maintaining the same dihydrolipoic acid (DHLA) bidentate
coordinating motif. We first use agarose gel electrophoresis to track
changes in the mobility shift upon exposure of the QDs to protein-rich
media. We find that QDs capped with DHLA (which presents a
hydrophobic alkyl chain terminated with a carboxyl group) promote
corona formation, in a concentration-dependent manner. However, when

a polyethylene glycol block or a zwitterion group is appended onto DHLA, it yields a coating that prevents corona buildup. Our
results clearly confirm that nonspecific interactions with protein-rich media are strongly dependent on the nature of the
hydrophilic motif used. Additional gel experiments using SDS-PAGE have allowed further characterization of the corona
protein, and showed that mainly a soft corona forms around the DHLA-capped QDs. These findings will be highly informative
when designing nanocolloids that can find potential use in biological applications.

norganic nanocrystals with sizes typically in the range of 1—

100 nm exhibit unique size- and composition-dependent
optical and physical properties that are not observed for bulk
materials or at the molecular scale."™ For instance, colloidal
core—shell nanocrystals made of semiconducting cores (often
referred to as quantum dots), coated with an organic stabilizing
shell, exhibit broad excitation spectra along with narrow and
size-tunable emission profiles. This makes it possible to
simultaneously excite different-sized QDs with a single
monochromatic source and generate emissions at distinct
wavelengths. In addition, luminescent QD materials have high
quantum yields and exhibit remarkable resistance to chemical
and photodegradation, along with enhanced two-photon action
cross-section.””"" These unique properties have made them
appealing for use in a wide range of potential applications in
biology, includin% imaging, sensing, cell-targeting, and as
delivery vehicles.'”*'

A successful application that utilizes these nanomaterials in
biology requires that the nanocrystals be compact in size and
sterically stabilized over a broad range of conditions, and more
importantly do not exhibit nonspecific interactions in bio-
logical media. It has been suggested that nanocrystals that are
poorly stabilized or/and have highly charged surface coatings
tend to promote nonspecific interactions with proteins and
other biomolecules, when introduced into biological media;
these media are naturally complex and contain a variety of
proteins and ions. An absorbed layer of proteins on the
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nanocrystal surfaces is referred to as a “protein corona”.
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In most cases, protein coronas are detrimental to the
integration of these materials within biological systems and
for developing targeted applications. For instance, a protein
corona may trigger aggregation of nanoparticles in biological
media (e.g, cell cytoplasm, extracellular matrix, and blood),
which in turn causes other problems, such as hampering the
nanoparticle targeting efficiency or drastically reducing the
blood retention time.”” Over the past decade, numerous
studies have investigated the origin of corona formation and
attempted to characterize its structure and composition.
Overall, research focusing on protein corona buildup on
colloidal nanomaterials has centered on two broadly defined
ideas. In the first, groups have tried to understand the
correlation between the nature of the inorganic core, the
surface coating strategy used, and the formation of adsorbed
proteins. This includes efforts aimed at identifying the
composition of the corona when present. In the second,
efforts have focused on devising new surface-functionalization
strategies that can promote long-term steric stabilization while
drastically reducing or eliminating nonspecific interactions as a
means of preventing corona buildup in protein-rich media.
Studies have suggested that protein corona composition is
affected by a few key factors, including the nature of the surface
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Figure 1. (A) Agarose gel electrophoresis images collected from DHLA-QDs after incubation with different molar ratios of BSA for 30 min at room
temperature. The molar equivalent of [BSA] in the solution with respect to that of QDs is shown on top. The positive and negative signs (on the
left) represent the anode and cathode, whereas the dashed line shows the position of the loading wells. (B) Plot of the saturation S vs [BSA]
extracted from the gel data shown in panel A. The solid line is a fit to the Hill Equation. (C) Gel image collected from dispersions of QDs
incubated with 10% FBS. The (—) and (+) signs indicate the absence and presence of FBS in the solution. The dashed rectangles outline the weak
bands of yellow QDs and FBS. The bands associated with pure BSA and FBS are shown.

coating, the concentration of proteins, the incubation time, and
the temperature.”’ ™ Several reports have suggested that
protein adsorption is highly dynamic, and in general, the
surface adsorbed layer consists of a hard corona (composed of
strongly bound proteins) and a soft corona (mainly made of
weakly bound proteins).”>*>**~* Overall, prevention of
corona buildup has mostly relied on manipulation and tuning
of the surface chemistry of the colloidal nanomaterials. Two
general surface coating schemes have been pursued. One relies
on the introduction of various-sized poly(ethylene glycol)
blocks in the surface coat.**”** The other exploits the dual
ionic nature of zwitterion groups to reduce the overall
dimension of the nanomaterials and to promote their
dispersion in buffer media over a broad range of conditions,
while reducing or eliminating protein adsorption.””™>" None-
theless, the structure and dynamic properties of the protein
corona on nanocolloids remain complex and are still poorly
understood.”””* Additionally, an in-depth understanding of the
interactions of nanocolloids with biological systems is critically
important for the safe integration of these materials in
biological applications.

In the present study, we investigate the role of surface
chemistry in preventing protein corona formation on
luminescent QDs, surface ligated with a series of dihydrolipoic
acid (DHLA)-based ligands, when mixed with bovine serum
albumin (BSA), or with fetal bovine serum (FBS, a
multiprotein-rich medium). Indeed, fetal bovine serum is a
complex fluid that contains a large number of distinct proteins,
with a total protein concentration of ~450 uM.>* This
selection was motivated by (1) the similarities between fetal
bovine serum and human serum, (2) the fact that 10% fetal
bovine serum is routinely used in many cell culture
experiments, and (3) the high abundance of albumin proteins
in serum. We use agarose gel electrophoresis and SDS-PAGE
(sodium dodecyl sulfate—polyacrylamide gel electrophoresis)
to monitor corona formation and investigate its composition
when possible. Factors such as surface chemistry, the use of
PEG vs zwitterion, surface charge, and incubation time are
tested.
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B RESULTS AND DISCUSSION

Rationale. It has been known that even though the
photophysical properties of nanocolloids, which are of interest
to biology (e.g., absorption, emission, or magnetic signature),
are strongly dependent on the composition and size of the
inorganic cores, their stability in the solution phase is primarily
controlled by the surface coating.””***° When dispersed in
biological media, the coating is used to promote steric
stabilization and reduce interactions with serum proteins.
Consequently, controlled specific interactions, or nonspecific
(less controlled) absorption onto the nanocolloids, are
inherently dependent on the coating strategy employed to
stabilize them.>” ™% Yet, despite several studies focusing on
protein corona buildup on various nanomaterials, a direct and
thorough investigation of the effects of tuning the nature of the
coating (e.g, coordination vs encapsulation, presence or
absence of charges) have not been sufficiently explored.

In this study, we use QDs that have been transferred to
buffer media by ligand exchanging the native cap (TOP/
TOPO, alkylamine, and alkylphosphine) with coordinating
ligands based on the dihydrolipoic acid (DHLA) motif.
DHLA-based ligands have been shown to exhibit higher
affinity to ZnS-overcoated QDs and gold and silver nanocryst-
als than monothiol-appended ligands, for instance.”'~** We
tune the structure and size of the hydrophilic block, which
plays a key role in promotinﬁg the dispersion of nanocrystals in
physiological media.”"**~ Introducing functional groups
such as amine, carboxylate, and methoxy groups gives rise to
positive, negative, and neutral surface charges under physio-
logical conditions. The use of PEG blocks or zwitterion
moieties as hydrophilic motifs can change the overall
hydrodynamic size of the nanocrystals and their affinity to
water. The QD dispersions have been characterized using
UV—vis absorption and photoluminescence spectroscopy
before and after ligand exchange (see Supporting Information,
Figure S1). The essentially identical features in both
absorption and emission profiles indicate that cap exchange
was successful and the core materials remained intact.
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Hydrophilic QDs with Dihydrolipoic Acid Capping. We
start with the simplest and smallest ligand motif of this family
and perform cap exchange of the QDs with DHLA.*"’
Dihydrolipoic acid is essentially made of a hydrophobic short
alkyl chain with a terminal COOH. Because affinity to water
relies on deprotonation of the carboxyl group, DHLA-capped
QDs exhibit limited pH stability (with progressive aggregation
forming at pH < 6) and have relatively low quantum yield.®'
Furthermore, activation of the carboxyl groups (for the
purpose of conjugation) produces progressive aggregation.él’é8
DHLA-QDs are, nonetheless, compact and have been
successfully used to prove the assembly of QD—protein
conjugates and design several energy transfer-based sen-
sors.””’" These properties make DHLA-capped nanocrystals
a good reference system to investigate corona formation on
hydrophilic QDs. The QDs were mixed with BSA at molar
ratios ranging from 1:0 to 1:2000, or with 10% FBS-
supplemented PBS solutions for 30 min. Corona formation
was monitored using agarose gel electrophoresis measure-
ments, where changes in the mobility shift were tracked when
the QDs were exposed to protein-rich solutions or media,
compared to pure QD dispersions (serving as a reference).
This test is simple yet informative, due to the sensitivity of the
electrophoretic mobility to small changes in the surface charge
or/and size of the overall QD-plus-adsorbed protein
complexes. Additionally, the fluorescence properties of the
QDs allow easy visualization of the materials in the gel, using
excitation with a UV lamp.

Figure 1A shows representative agarose gel images collected
from dispersions of DHLA-capped QDs mixed with varying
concentrations of BSA. A protein control sample (BSA only)
was included; the BSA band could be visualized by relying on
its very weak autoflorescence signal. The gel image in panel A
shows that the band for pure QDs is homogeneous and
exhibits the largest mobility shift toward the anode (+), a
property attributed to the presence of a large number of
chargeable carboxylic groups around the nanocrystal (one per
surface ligand). The figure also shows that as the concentration
of BSA increases, the mobility shift gradually decreases,
indicating that the overall size and surface charge of the
fluorescent nanocrystals in the sample have been altered in a
concentration-dependent manner. Interestingly, the most
pronounced change in mobility shift takes place for [QD]:
[BSA] molar ratios ranging from 1:0 to 1:20, followed by
progressive saturation reached at higher protein concentrations
(at QD:BSA exceeding 1:50; see Figure 1A).

We attribute this behavior to nonspecific (mostly charge or
electrostatically driven) adsorption of BSA proteins onto the
nanocrystals, i.e., formation of a protein corona around the QD
surfaces. Changes in the degree of BSA adsorption are more
pronounced at smaller protein concentrations, but slowly
saturate as the molar excess of proteins becomes larger.
Assuming that the mobility of the nanocrystals in the gel is
directly affected by the amount of surface-absorbed BSA, one
can then use a plot of the changes in the mobility shift as a
function of the QD:BSA molar ratio, to extract a saturation
plot for the data and gain insights into the BSA binding affinity
onto the QD surfaces (shown in Figure 1B). The saturation
curve is generated from the data on the mobility shift using

_dy—d

dy—d (1)

sat
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where dy, d, and d,,, respectively, designate the migration
distance (from the loading well) corresponding to [BSA] = 0,
at any given value of [BSA], and at saturation concentration.
The data can be fit to a sigmoidal curve using the Hill equation
expressed as’’

[BSA]"

K, + [BSA]" (2)
Fitting the saturation vs [BSA] curve to eq 2 yields a value for
the apparent dissociation constant (Ky), corresponding to 50%
saturation, while the Hill constant (1) is usually used to infer
information about cooperativity in the interactions (here
between proteins and QDs).”""* The experimental curve
shows a well-defined, S-shaped profile routinely observed for
systems with strong interactions.”” The best fit to the
experimental data was achieved using n 1.1 + 0.1 (ie,
~1) and Ky ~ 0.96 uM, which implies that protein adsorption
buildup on DHLA-capped QDs is essentially noncooperative.
In other words, the binding of new proteins is independent of
those already adsorbed on the NP surfaces. (Remark: We
would like to note that in eq 1 we used the more commonly
employed definition for the dissociation constant, Ky = k.g/koy,
where k,, and kg are the intrinsic association (binding) and
dissociation rates, respectively. In our previous reports, we
used the opposite definition for the dissociation constant: K"
= off/kon' 3,74)

We expanded this test to probe the effects of mixing a few
sets of DHLA-capped QDs (having different core sizes, with
green, yellow, and red emissions) with a relatively more
complex system that mimics physiological conditions using
10% fetal bovine serum (in PBS). Dispersions of QDs alone
and QDs mixed with FBS were loaded into adjacent wells to
allow a side-by-side visual comparison of changes in the
electrophoretic mobility upon exposure to the media (see
Figure 1, panel C). Pure QD dispersions and a solution of 10%
FBS were included as references. The gel image in Figure 1C
shows that a pronounced reduction in the mobility shift is
measured for all four sets of QDs when incubated with FBS. In
addition, the positions of retarded bands are similar to those
measured for QDs mixed with BSA at the largest molar excess
shown in Figure 1A. Our findings agree with the results
reported by Nienhaus, Parak, and co-workers who used
fluorescence correlation spectroscopy (FCS) to probe the
corona buildup of human serum albumin (HSA), succinic
anhydride-modified HSA (HSAsuc), and ethylenediamine-
modified HSA (HSAam) around DHLA-QDs, by tracking
changes in the hydrodynamic radius of the nanocrystals with
increasing protein concentration.”>”° Furthermore, they
measured the differences in the degree of adsorption between
those three closely related proteins.

We should also note that there is an enhancement in the
fluorescent band intensity upon mixing with proteins or FBS.
Such an enhancement is commensurate with the protein
concentration, with saturation occurring at [BSA] ~ 4 uM
(approximately at a molar equivalent of 20 BSA per QD). This
result is similar to what we previously reported for DHLA-QDs
self-assembled with polyhistidine-appended proteins,®”’” and
provides further proof (though indirect) that protein
adsorption onto DHLA-QDs is the cause for the changes in
the measured electrophoretic mobility.

QDs Capped with PEG- or Zwitterion-Modified DHLA. The

next set of measurements tested the effects of attaching a
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Figure 2. Agarose gel images collected from (A) DHLA-ZW-QDs and (B) DHLA-PEG,5,-OMe-QDs incubated with increasing molar amounts of
BSA. (C) Gel images of DHLA-PEG;5,-OMe-QDs and DHLA-ZW-QDs before (—) and after (+) incubation with 10% FBS. The QDs were
incubated with the proteins at room temperature for 30 min. The dashed rectangles designate the bands associated with the mobility bands of BSA
or FBS alone in the various configurations. (D) Schematic representation of the two coatings used, namely, DHLA-PEG;5-OMe and DHLA-ZW.
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Figure 3. Schematic representations of the two sets of hydrophilic QDs are shown: (A) DHLA-PEG-COOH-QDs and (D) DHLA-PEG-NH,-QDs.
Agarose gel images acquired from QDs capped with different combinations of ligands and incubated with increasing molar excess of BSA: (B)
DHLA-PEG,-COOH-QDs; (C) DHLA-PEG, g0o-COOH-QDs; (E) DHLA-PEG ,-NH,-QDs; (F) DHLA-PEG g59-NH,-QDs.

hydrophilic motif made of either a polyethylene glycol block or
a zwitterion (N,N-dimethylpropanediamine-sulfobetaine)
group at the lateral end of DHLA, as a means of potentially
controlling the nonspecific interactions with proteins. Indeed,
the use of PEGylated coating has been discussed by a few
groups as effective for reducing the corona buildup on AuNDPs,
though larger PEG blocks (~5 kDa) have often been
employed.*”*” While PEG-OMe is overall neutral, both cations
and anions are simultaneously present in a zwitterion group. As
such, two agarose gels have been loaded with dispersions of
QDs ligated with DHLA-PEG,5,-OMe or DHLA-ZW
preincubated with BSA at QD:BSA molar ratios ranging
from 1:0 to 1:1000. Figure 2A,B shows representative images
collected from gels loaded with dispersions of DHLA-ZW-QDs
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and DHLA-PEG-OMe-QDs, respectively. Clearly, no change
in the mobility shift is observed for any [BSA] value
(compared to the QDs alone) for either set of QDs.
Additionally, while an essentially zero mobility shift has been
measured for DHLA-PEG;5,-OMe-capped QDs, a constant
positive mobility shift toward the anode has been measured for
DHLA-ZW-capped QDs (compare gels in Figure 2A and B).
This difference can be traced back to the fact that PEG-OMe
blocks are overall neutral across a wide pH range, while the
sulfobetaine groups endow the nanocrystal surfaces with a net
negative charge across a wide pH range, which promotes a
positive mobility shift (toward the anode, see Figure 2A).”®
This net negative charge (or zeta potential) originates from the
differential binding of counterions in the surrounding solution
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onto the positive and negative groups of the zwitterion,
following the hard/soft acid/base principle.”” We also probed
the effects of mixing the QDs with 10% FBS (in PBS) on the
mobility of the two sets of DHLA-ZW- and DHLA-PEG-OMe-
stabilized QDs. The image shown in Figure 2C indicates that
no change in the mobility shift is measured for DHLA-ZW-
QDs, though a slight tailing of the band can be seen in the well
loaded with DHLA-PEG;5-OMe-QDs. The slight tailing
observed for the PEG-OMe-QDs-plus-10% FBS mixture
(Figure 2C) can be attributed to the presence of weak,
heterogeneous interactions with minor proteins in FBS. These
observations combined indicate that there are essentially no
measurable changes in the overall dimensions, or charge of the
QDs upon mixing with the proteins at any concentration. We
can thus infer that introduction of a short PEG-OMe block or
a ZW group in the coating eliminates nonspecific adsorption of
BSA and other proteins in the FBS media for these QDs. These
findings are in a§reement with the results reported by Parak
and co-workers.”” They also showed that the DHLA-ZW
coating drastically reduces protein adsorption on luminescent
QDs using FCS measurements. The ability of zwitterion
groups to provide strong steric stabilization for the QDs and to
eliminate the nonspecific absorption of proteins, despite their
very small size compared to PEG blocks, can be attributed to
the rather strong electrostatic interactions with water
molecules, leaving the hydrogen bonding structure with
water molecules unperturbed (compared to bulk water). This
in turn renders it difficult to replace the layer of water
molecules around the zwitterion-coated nanocrystals with
proteins or other biomolecules.®'

It has been suggested that the ability of the PEG coating to
promote long-term steric stability and reduce nonspecific
interactions may be dependent on the presence of terminal
functional groups in the ligands.”” Additionally, using higher
molecular weight PEG blocks (e.g, MW ~ S kDa) can reduce
the affinity to water combined with a decrease in the ligand
density on the NP surfaces (due to the size increase in the
polymer coil size).”**** We investigated this issue by
introducing terminal carboxyl or amine groups at the lateral
end of the PEG coating using two sizes of PEG moieties,
PEGqy, and PEGyyyy; additional details on the synthesis of
these compounds is provided in refs 68 and 84. More precisely,
we used four sets of QDs, (1) one coated with a mixture of
DHLA-PEG;s;-OMe and DHLA-PEG-COOH (referred to
as QD-PEGy,-COOH); (2) one coated with a mixture of
DHLA-PEG;,-OMe and DHLA-PEG;,,-COOH (referred to
as QD-PEG;y-COOH); (3) one coated with a mixture of
DHLA-PEG;s;-OMe and DHLA-PEGy,-amine (QD-PEGg,-
NH,); and (4) one coated with a mixture of DHLA-PEG.,-
OMe and DHLA-PEGg-amine (QD-PEG,q5-NH,); the
same OMe:COOH/NH, molar ratio of 70:30 has been used
for all four sets of QDs. These provide a broad set of
conditions to explore. The dispersions were mixed with
increasing concentrations of BSA before loading onto agarose
gels. The gel images in Figure 3B,C show that a finite mobility
shift toward the anode has been measured for both sets of
PEG-COOH-QDs, regardless of the molar concentration of
added BSA. We should note that the mobility bands of free
BSA are slightly more resolved from those of the QD bands for
DHLA-PEG ypo-COOH-capped nanocrystals compared to
what is observed for nanocrystals presenting DHLA-PEGqg-
COOH capping, a result that can be attributed to the slightly
larger overall size of PEGgg-coating (i.e., larger PEG block).
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The migration of PEG40p-QDs in the gel is thus smaller than
that of PEGg-QDs, yielding mobility bands for PEG -
coated QDs that are more resolved from those of BSA. The
absence of any change in the mobility shift with BSA is overall
similar to the one observed for PEG-OMe-QDs. However, a
negative mobility (shift toward the cathode) is measured for
both sets of QD-PEG-NH, (i.e, in the absence of proteins),
combined with progressive reduction and smearing of the
bands as the BSA concentration is increased. The gel image
shows that band smearing at higher [BSA] extended to positive
mobility. The change in the mobility shift (band position) and,
more importantly, the smearing measured at higher [BSA]
indicate that the terminal amine groups on the QD surfaces
promote some degree of nonspecific interactions and protein
adsorption. Nonetheless, those interactions are rather weak
and generate heterogeneous distributions of adsorbed proteins
on the nanocrystals, which manifests in the substantial
smearing of the mobility bands to include “negative” and
“positive” shifts, as seen in Figure 3E,F.

These experiments were supplemented with gel electro-
phoresis measurements using the above QD dispersions
(presenting COOH and amine groups) mixed with 10% FBS
solutions. Gels loaded with the green- and red-emitting QDs
having the same combinations of carboxyl and amine coatings
are shown in Figure 4A and B, respectively. Overall, the data

L]
o
o
o
‘s
3
O
W
o

PEG;05-COOH

Figure 4. Agarose gel images of green- (A) and red-emitting (B) QDs
with the various combinations of capping ligands, incubated with 10%
FBS. The anode and cathode are indicated in white, while the dashed
line shows the position of the loading wells. The (+) and (—) signs
indicate with and without incubation with FBS solution, respectively.
The mobility bands for pure FBS are also shown (dashed white
rectangles).

support the main observations recorded for QD dispersions
mixed with BSA above. In the presence of FBS, the QD-PEG-
NH, samples exhibit negative mobility shifts with net
migration toward the cathode. There is smearing in the
mobility bands for both conditions (with and without FBS).
We should also note that the band smearing is less pronounced
in the presence of FBS, as these media have rather large
concentration of proteins. However, the mobility shift
measured for QD-PEG-COOH is marginally changed after
mixing with FBS, an observation that is consistent with the
data shown in Figure 3 above. We should add that similar
results were obtained from yellow- and orange-emitting QDs
(see Supporting Information, Figure S2). Overall, the effects of
changing the PEG segment molecular weight from 600 to 1000
are negligible. This implies that nonspecific interactions with
BSA, or with a wider range of proteins present in FBS, are
more dependent on the nature of the chargeable functionalities
in the PEG coating, with amine groups yielding nanocrystals
that are more susceptible to nonspecific protein adsorption
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Figure 5. (A) Schematic representation of the sucrose cushion along with centrifugation and elution steps, applied during the SDS-PAGE
experiments. (B,C) SDS-PAGE image collected from dispersions of DHLA-QDs and DHLA-PEG,5,-OMe-QDs, respectively. Samples were
incubated with 10% FBS at room temperature for 1 min, 5 min, 15 min, 30 min, 1 h, 2 h, 12 h, and 24 h.

than carboxyl groups. However, shorter PEG-COOH coatings
(PEGyq and smaller) have been reported to exhibit a stronger
tendency to promote nonspecific interactions in protein-rich
media.*”

Semiquantitative Densitometry Analysis. The buildup of a
protein corona around colloidal nanomaterials has been
divided into two types, as proposed by Dawnson’s group and
others:**®*° (1) Soft corona is formed when reversible
adsorption of proteins onto the nanocrystals takes place,
yielding a weakly bound layer that can be detached by a
combination of buffer washing and centrifugation. (2) Hard
corona refers to a strongly adsorbed layer of proteins. Here,
removal of the proteins cannot be simply achieved by washing
and centrifugation, as done above, but rather incubation with a
detergent-containing buffer (such as f-mercaptoethanol, BME,
or sodium dodecyl sulfate, SDS) is needed. Indeed, agarose gel
electrophoresis measurements alone cannot distinguish
between the two types of coronas, since under the conditions
used the nanocrystal-plus-protein layer (weakly or strongly
bound) migrates throughout the gel pores as a unit. Thus,
agarose gel electrophoresis measurements were complemented
with SDS-PAGE experiments and semiquantitative densitom-
etry analysis, to identify whether or not the protein layer
formation produces soft or hard, or a combination of both
types of coronas. In addition, protein adsorption onto
nanocolloids requires sufficient incubation time to ultimately
promote corona buildup. Thus, investigating the effects of
protein concentration and incubation time would yield
additional insights into how nonspecific interactions do or
do not promote protein layer assembly around a nanocrystal.

We have incubated dispersions of DHLA-QDs and DHLA-
PEG;5-OMe-QDs with 10%FBS, for time periods of 1 min, 5
min, 15 min, 30 min, 1 h, 2 h, 12 h, and 24 h. The excess
unbound or weakly adsorbed proteins were then separated
from the QD-bound ones by applying three rounds of sucrose
cushion centrifugation followed by one round of washing using
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PBS buffer (see schematics in Figure SA). Additional
experimental details on the procedure can be found in the
Experimental Section. Figure 5B shows a representative SDS-
PAGE image collected from dispersions of DHLA-capped QDs
incubated with the media for varying times. The gel shows the
presence of a weak intensity protein band at 70 kDa for
incubation times from 1 min to 12 h. However, for 24 h
incubation multiple weak intensity bands spreading from
higher to lower molecular weights are observed. In
comparison, the SDS-PAGE image collected from dispersions
of DHLA-PEG;5,-OMe-capped QDs show that only one weak
intensity band at 70 kDa is measured, independent of the
incubation time up to 24 h (see Figure SC).

These data indicate that the amount and the composition
(i.e., band profile) of recovered proteins is essentially
unperturbed for dispersions of DHLA-PEG;5,-OMe-capped
QDs. In comparison, for DHLA-capped QDs the makeup of
the recovered protein mixture formed during incubation
changed with time, consistent with the Vroman effect.>

An additional experiment using SDS-PAGE has been
performed to investigate changes in the composition of
strongly bound proteins on the same set of QDs when
incubated with 5%, 10%, 20%, 40%, 60%, 80%, and 98% FBS in
PBS solution for 30 min, which mimics protein concentrations
often encountered in vitro (smaller % FBS) and in vivo (larger
% FBS) conditions. The gel data collected under those
conditions show the presence of a weak intensity band at 70
kDa, regardless of the protein concentration in the FBS media
for either set of QDs (see Supporting Information, Figure S3).
This implies that under the incubation conditions used, the
amount of bound protein is very small. In addition, there is no
measurable effect of incubation concentration on the
composition of those proteins. Identification of the most
abundant proteins present in the corona formed on red-
emitting DHLA-capped QDs was carried out using UPLC-
MS/MS measurements (see Supporting Information). We find
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Figure 6. (A) SDS—polyacrylamide gel electrophoresis image from QDs (green emitting) capped with different combinations of DHLA-based
ligands. (B) Integrated optical density of the bands shown in the gel. The peaks were integrated over the molecular weight ranges of ~56—72 kDa
and ~80—95 kDa. Data collected from dispersions of red-emitting QDs are shown in the Supporting Information, Figure SS.

that over the range spanning 95—56 kDa, the dominant
proteins are essentially a-2-HS-glycoprotein and serum
albumin (see Supporting Information, Table S2).

We further characterized the amount of proteins in the “hard
corona”, by performing semiquantitative densitometry analysis
of the bands in the SDS-PAGE images. Figure 6 panel A shows
a representative SDS-PAGE image collected from QDs,
surface-capped with the various DHLA-based ligands
(DHLA-PEG,5-OMe, DHLA-PEGggo,1000-NH,, DHLA-
PEGgg0/1000COOH, DHLA, and DHLA-ZW) incubated with
10% FBS for 30 min. A set of BSA solutions with known
concentrations were included in the gel, as standards for
quantification purposes (see Supporting Information, Figure
S4). The data show that for all QDs, only a weak band at 70
kDa is measured for these dispersions. Quantification of the
amounts of detected proteins was extracted from the integrated
band intensities using Gel-Pro Analyzer and summarized in
Table 1. Overall, the data show that regardless of the exact
structure of the coating used, the estimated molar amounts of
“hard corona” per QD is rather small, ~0.67—0.72 (i.e., less
than one protein per QD). Similar results were obtained using
red-emitting QDs (see Supporting Information, Figures SS and
Table S2).

Table 1. Quantification of Strongly Bound Proteins (“Hard
Corona”) on Green-Emitting QDs, Surface-Capped with
Different Ligand Structures®

pmol of pmol of protein/
ligand coating 10D proteins QDs QD
DHLA-PEG;5,-OMe 458.32 ~75 ~100 ~0.67
DHLA-PEGgNH,  458.03 ~75 ~100 ~0.66
DHLA-PEG op-NH, 45201 ~72 ~100 ~0.63
DHLA PEGq,- 462.66 ~78 ~100 ~0.69
COOH
DHLA-PEG, o9¢- 452.62 ~T72 ~100 ~0.63
COOH
DHLA 493.53 ~96 ~100 ~0.85
DHLA-ZW 469.06 ~82 ~100 ~0.72

“The integrated optical density (IOD) was measured for each band
using Gel-Pro Analyzer.

We now discuss our findings within the framework of soft
corona formation around the surfaces of DHLA-capped QDs,
promoted by nonspecific, electrostatically driven interactions
with proteins in biological media. Our data show that protein
adsorption around the QDs is measured for the coating that
provides the weakest steric stabilization of the QDs in
hydrophilic media.”> The amount of adsorbed proteins
depends on the BSA concentration, with a pronounced
buildup occurring at low concentrations before slowly reaching
saturation at larger values (see Figure 2). Protein adsorption
on the QDs is noncooperative, with a dissociation constant of
~1 uM. When a short PEG block (~600—1000 Da) or a
zwitterion group is introduced at the lateral end of the DHLA
anchor, the amount of absorbed protein measured per QD is
essentially negligible.”” The SDS-PAGE data and the
densitometry analysis imply that the adsorbed proteins
primarily form a soft corona around the nanocrystals. The
formation of a soft corona around DHLA-capped QDs,
combined with the absence of any protein adsorption onto
PEGylated or zwitterion DHLA coating, can be attributed to
the stronger affinity of DHLA anchors compared to their
monothiol counterparts. The high affinity of DHLA to the QD
surfaces would prevent competitive desorption of the ligands, a
property not guaranteed when monothiol-PEG or other weak
coatings are used. Ligand desorption would allow direct
protein interactions with the inorganic surfaces and ultimately
corona buildup.

The presence of terminal amine groups in the DHLA-PEG
coating can promote reversible nonspecific protein adsorption
(soft corona), while carboxyl groups do not. This result is
consistent with prior findings indicating that amine-QDs (with
or without PEG blocks) tend to exhibit nonspecific
interactions with cell cultures.”” It implies that electrostatic
attractions between the amine-QDs and negatively charged
proteins in media or with membranes in cell cultures dominate
the interactions. Overall, our results imply that a combination
of strong coordination and a judicious choice of the
hydrophilic motif (e.g,, a zwitterion group or a PEG block
with MW ~600—1000 Da) is more effective for potentially
eliminating the protein corona buildup around QDs and other
nanocolloid surfaces.
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We would like to stress that our conclusion stating that the
adsorbed protein layers formed around the DHLA-capped
QDs are primarily made of soft corona differs from the one
reported by Nienhaus and co-workers in ref 76. Their analysis
of the corona did not include multiple incubations with a
sucrose cushion followed by centrifugation. Our approach used
the protocol detailed by Stauber and co-workers,”*** which
established that an unequivocal identification of the corona
type requires multiple incubations with a sucrose cushion, each
followed by one round of centrifugation. We found that when
one round sucrose cushion centrifugation was applied, the
SDS-PAGE image of the supernatant showed the presence of a
strong protein band spanning a broad molecular weight range,
including 56 and 70 kDa (see Supporting Information, Figure
S6).

B CONCLUSION

We have probed the nonspecific interactions of serum proteins
with luminescent QDs and the potential corona formation
under varying surface coating formulations. For this, we used
core—shell QDs, surface coated with a set of ligands with
varying structures and hydrophilic blocks, based on the DHLA
coordinating motif. Factors such as the structure of the water-
solubilizing block (zwitterion vs PEG), the length of the PEG
block, and the presence or absence of terminally chargeable
groups have been probed. We found that in the absence of a
clearly defined hydrophilic block (i.e., affinity to water is
promoted by the presence of carboxyl groups), protein
adsorption leading to corona formation around the nanocryst-
als took place. In comparison, introducing a PEG block (with
MW = 600—1000 Da) or a sulfobetaine zwitterion group into
the ligand essentially prevented protein adsorption on the
nanocrystals. We also found that when a fraction of the coating
ligands (in a mixed surface ligands coating) presented amine
groups, non-negligible adsorption of BSA formed without
clearly producing features associated with a corona layer, but
ultimately a better-defined corona formed in a more complex
fluid (i.e, FBS). Combining agarose gel with SDS-PAGE
measurements allowed us to show that the adsorbed layer for
DHLA-capped QDs is primarily made of soft corona. These
results show that the nature and structure of the organic
coating plays a major role in promoting or preventing protein
adsorption on nanocolloids. Additional tests using other
colloidal nanocrystals with different shapes and core material
compositions, or/and polymer-based coordinating ligands
based on the DHLA or other motifs (such as imidazole and
phosphonate) for surface functionalization, can provide
additional information on the behavior of a broad range of
nanomaterials in biological media. We anticipate that
information extracted from such studies will help in designing
highly stabilized nanocolloids that prevent nonspecific
interactions with great potential for use in biological studies.

B EXPERIMENTAL SECTION

Quantum Dot Growth. In this study, different sets of
CdSe-ZnS core—shell QDs with emission wavelength varying
from 537 nm (green) to 606 nm (red) were prepared following
previous protocols.”” The QD dispersions were prepared via
reduction of the organometallic precursors in a hot
coordinating solvent mixture made of surfactant and
coordinating molecules, in a two-step reaction. In the first
step, core CdSe nanocrystals were grown first via the reduction
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of cadmium and selenium precursors at ~300—350 °C using a
solvent mixture made of trioctyl phosphine (TOP), trioctyl
phosphine oxide (TOPO), and hexamethylenediamine
(HDA), along with a small fraction (4—5% in w/w) of
hexylphosphonic acid (HPA); these solvent molecules are also
known to coordinate onto the QD surfaces.”” The core
nanocrystal size was controlled by varying the concentration of
the precursors used and by adjusting the annealing temper-
ature. The CdSe cores were then overcoated with a few
monolayers (here ~5—6 monolayers) of ZnS using zinc and
sulfur precursors at lower temperature (150—180 °C). More
details can be found in ref 63.

Ligand Synthesis. The polyethylene glycol-appended
lipoic acid ligands used in this study, namely, LA-PEGs,-
OCH,;, LA-PEG-NH,, and LA-PEG-COOH, were prepared,
purified, and characterized following the procedures we
described in our previous reports.””® The LA-appended
with zwitterion (LA-N,N-dimethylpropanediamine-sulfobe-
taine) ligands was synthesized following the steps detailed in
ref 91. Chemical reduction of the dithiolane groups to provide
the dihydrolipoic acid (DHLA)-modified compounds used for
the ligand exchange of the hydrophobic QDs and phase
transfer was carried out using sodium borohydride, as
described in ref 84. Synthesis of other ligands is provided in
the Supporting Information.

Ligand Exchange. Ligand exchange and phase transfer
were carried out in three steps: (1) precipitation of the
hydrophobic nanocrystals to discard excess free native ligands;
(2) mass action driven substitution of the hydrophobic coating
with DHLA-PEG ligands; and (3) purification of the
nanocrystals by removing the solubilized hydrophobic coating
molecules and excess free hydrophilic ligands. Briefly, a stock
dispersion of hydrophobic CdSe-ZnS QDs (~8 uM, 200 uL)
was precipitated using excess ethanol, and the procedure was
repeated once.”” Then, ~40 mg of DHLA-PEG ligands
dissolved in methanol (400 pL) was mixed with the QD-
pellet and further sonicated until the QDs were completely
redispersed in the solution. The mixture was stirred at 60 °C
overnight, and the QDs were precipitated by adding 200 yL of
methanol and excess hexane. After sonication, the mono-
phasic—turbid solution was centrifuged for S min at 3700 rpm,
yielding an orange pellet. The clear supernatant was discarded,
and the pellet was redispersed in a 50:50 mixture of chloroform
and methanol (400 pL total), followed by precipitation using
excess hexane. After centrifugation, the residual precipitate was
dried under vacuum for 15 min. The pellet was dispersed in DI
water, then passed through a 0.45 um syringe filter. In
addition, excess free ligands were removed by applying 3
rounds of concentration/dilution with DI water using a
centrifugal filtration device (Millipore, Mw cutoff = 50 kDa).

The above procedure can also be applied to DHLA (no PEG
block) with few modifications. Following precipitation of the
hydrophobic QDs with excess ethanol, the resulting pellet was
mixed with the pure ligand (~100 yL) and sonicated until the
dispersion became homogeneous. The mixture was stirred at
70 °C overnight, followed by the addition of DMF (1 mL).
The QDs were then precipitated by adding potassium tert-
butoxide.®® After sonication, the monophasic, turbid solution
was centrifuged for 5 min at 3700 rpm. The clear supernatant
was discarded, and the pellet was dried and redispersed in
water. The pH of the solution was adjusted to pH 10 by the
addition of potassium fert-butoxide, which yielded a clear
homogeneous dispersion in water.
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Cap exchange with LA-ZW did not use the chemically
reduced form. Instead, LA-ZW was Ehotochemically ligated
onto the QD in situ using a UV signal.”>”" Briefly, a dispersion
of QDs in hexane was mixed with an equal volume of LA-ZW
solution in methanol (in a scintillation vial), yielding a two-
phase solution made of TOP/TOPO-capped QDs in hexane
(top) and LA-ZW in methanol (bottom). A stir bar was
introduced and the vial was placed in a UV reactor (Luzchem
UV lamp, model LZC-4 V) and irradiated for ~40 min while
stirring. This produced a nanocrystal precipitate, due to the
poor solubility of the ligated QDs in methanol. The clear
supernatant was discarded and the pellet was further washed
with methanol (~500 uL) twice followed by centrifugation for
S min at 3700 rpm. The QD-pellet was dried under vacuum
and then redispersed in DI water, yielding a clear and
homogeneous dispersion.

Gel Electrophoresis. Agarose Gel Electrophoresis. The
gel electrophoresis measurements applied to dispersions of the
QDs alone and QDs mixed with BSA were carried out using a
0.5% agarose gel and tris borate EDTA buffer (TBE, 89 mM
tris, 89 mM boric acid, 1 mM EDTA). The stock dispersion of
nanocrystals was mixed (in Eppendorf tubes) with BSA
solutions at different molar ratios, and then diluted to the
desired final volume by adding phosphate saline buffer (pH
7.4, 20 mM). The final QD concentration was 0.2 uM, while
the molar ratio of BSA with respect to QDs was varied from 0
to 1000. The concentration of FBS was fixed at 10% (v/v).
The content of each sample was incubated for 30 min at room
temperature, and then mixed with 2.5 uL of loading buffer
made of Ficoll 400, immediately prior to use. 25 uL aliquots of
these mixtures were loaded into the gel wells, and then a
voltage of 6.0 V/cm was applied for 40 min to promote the
electrophoretic migration of the QDs. The bands were imaged
under fluorescence mode (using a UV excitation lamp) and
images were collected using an iPhone camera.

SDS-PAGE (Sodium Dodecyl Sulfate—Polyacrylamide Gel
Electrophoresis) Measurements. These measurements were
aimed at identifying the strongly adsorbed protein (or hard
corona protein). For a typical measurement, the following
steps were applied to the QD dispersions after exposure to the
media. (1) A 52.8 L aliquot of 2.13 uM stock QD dispersion
was diluted in PBS buffer to a total volume of 500 uL (a final
conc. of ~0.22 uM), which was first incubated with 10% FBS
for varying time periods. (2) The dispersion was then added to
a sucrose cushion (0.7 M, 500 yL) in an 1.5 mL Eppendorf
tube, without mixing, and then centrifuged at 13,000 rpm (i.e.,
~15,000 g) for 20 min at 4 °C. The supernatant was discarded
and the pellet redispersed in PBS buffer (250 uL). The
procedure was then repeated twice. An additional round of
centrifugation at 13,000 rpm, 4 °C for 20 min, was applied to
the dispersion, the supernatant was discarded, and the pellet
(which contain only QDs with the strongly adsorbed protein)
was redispersed in 2X Laemmli buffer (with 5% BME), then
incubated at 100 °C for 5 min, to allow denaturing and release
of the protein from the nanocrystal surfaces. One round of
room temperature centrifugation at 13,000 rpm for 15 min was
applied to the above mixture in order to precipitate the freed
QDs. The resulting supernatant (containing the proteins) was
transferred to a fresh tube. The concentration of Laemmli
buffer in the sample solution was diluted to 1X using PBS
buffer prior to use. 20 uL aliquots of the above solution were
loaded on 10% SDS polyacrylamide gel and run using 12 V/cm
for 1.5 h; this facilitates the separation of distinct protein based

on molecular weights. An EZ-Run Pre-Stained Rec Protein
Ladder was used as the molecular weight standards.
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