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old nanoparticles (NPs) have unique

optical properties that are exploited

for imaging,' 3 biosensing,*> photo-
thermal therapy,®” triggered drug release,2~'?
and numerous other biological applications.'
Because of their size, NP behavior is dominated
by their surface, and surface modification
strategies can enhance functionality, enable
targeting, load drugs, and improve solubility
and biocompatibility.'~"”

However, when NPs are introduced to
biological fluids, they encounter high con-
centrations of proteins which nonspecifi-
cally adsorb to the NP, forming a multi-
layered “protein corona”.'®' The protein
corona is composed of numerous protein
species that bind weakly and dynamically to
the NP with a gradient of binding energies
and thus has presented vexing challenges.
These adsorbed proteins can completely
mask the tailored surface, affecting NP cel-
lular uptake, protein and cell interactions,
and sometimes preventing receptor bind-
ing to ligands on the NP.2°~2% Because
biological behavior is now dominated by
the protein corona, the NP identity is almost
lost, where its material and surface chem-
istry play only a seemingly indirect role.
There has been recent progress in its
characterization,'®**?”~2° but results over-
whelmingly show that protein corona be-
havior is difficult to predict and control.

Because corona formation around NPs is
unavoidable, we believe it is imperative to
strategically factor it into the design of the
NP. Despite its tremendous complexity and
potential for undesirable ramifications, the
protein corona possesses beneficial prop-
erties that can be exploited. The very pro-
teins that adsorb to the NP, the serum
proteins, have been naturally designed for
small molecule transport.3°~32 Serum pro-
teins are versatile and can solubilize either
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ABSTRACT

Loaded NR-ES corona

released payloads

We form coronas of serum proteins on gold nanorods (NRs) coated with cetyltrimethylammo-
nium bromide (CTAB). These coronas can be exploited for their ability to hold small molecular
therapeutics at a capacity much higher (~5—10x ) than what covalent conjugation strategies
can achieve. Coronas are loaded with DNA oligonucleotides and Doxorubicin, showing that
they can hold species of either negative or positive charge. Payload capacity varies with
assembly strategy, ionic strength, and loading concentration. Payload release can be achieved
by increasing the temperature or by ultrafast laser excitation of the NRs at their longitudinal
surface plasmon resonance. DNA leakage from the corona is minimal within the first 3 days of
preparation, although Dox leakage was more significant. The coronas also stabilize the NRs in
buffer and biological media. This study demonstrates the biological utility of the protein
corona around nanomaterials, contrasting the common view of the corona as an undesirable

biological response.
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hydrophobic drugs or charged molec-

ules**73? and have been used to stabilize

NPs against aggregation.*>*' Consequently,

coronas around the NRs composed of se-

rum proteins could potentially act as

sponges with high payload capacity. In  *address correspondence to
comparison, covalent coupling can hold  schifferemit.edu,

one monolayer at maximum*2 but is often J2meskahemit.edu.

less due to chemical coupling inefficiencies  peceived for review March 29, 2012
or surface effects such as intermolecular and accepted July 17, 2012.
repulsion and steric hindrance. Therefore, Published online July 17, 2012
moving beyond covalent strategies poses  10.1021/nn301389¢

great opportunities for increasing NP

payloads. Furthermore, coronas can help  ©2012 American Chemical Society
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Scheme 1. Formation of ES protein coronas on NR-CTAB
and their loading wth DNA and Dox payloads by simulta-
neous or sequential assembly. DNA and Dox can be released
by heat or ultrafast laser excitation of the NRs.

stabilize NPs, which often suffer from aggregation in
buffers and media.**** Finally, tuning corona proper-
ties could potentially enable controlling the NP bio-
logical fate®*® and even disease state.*”*®

Here, we create coronas on cetyltrimethylammo-
nium bromide coated gold nanorods (NR-CTAB) using
serum proteins, which enhance their carrier properties
for DNA oligonucleotides and the anticancer drug
Doxorubicin (Dox), while also improving their stability
(Scheme 1). Corona payload capacity exceeds amounts
achieved by existing covalent strategies and eliminates
the need for ligand exchange. NR optical properties
enable light-triggered release of the payloads from the
coronas. Instead of being an undesirable biological
effect, we demonstrate that the protein corona can be
beneficially exploited, thereby enhancing the proper-
ties of nanomaterials in biology.

RESULTS AND DISCUSSION

Corona Formation on NRs. NRs were chosen as the scaf-
fold for the coronas because their tunable Near Infrared
(NIR) absorption enables laser-triggered release 124930
NR-CTAB with dimensions of 42.1 + 0.4 nm by 11.7 +
0.2 nm (aspect ratio = 3.6) and a longitudinal surface
plasmon resonance (LSPR) at 800 nm (Figure 1a) were
synthesized using established protocols.® CTAB is
known to limit NR stability, result in cytotoxicity, and
induce aggregation in media.'®°%°3

We formed coronas on NR-CTAB by incubation with
equine serum (ES), a commonly used cell culture
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Figure 1. NR-ES characterization. (a) UV—vis of NR-CTAB
(orange), NR-ES (blue), NR-ES-DNA by sequential (green
dashed line) and simultaneous assembly (green dotted
line), NR-ES-Dox by sequential (red dashed line) and simul-
taneous assembly (red dotted line). Inset, TEM of NR-CTAB
and NR-ES; (b) aggregation index (Al) based on absorption
spectra; (c) average Dy of NRs with ES and payloads mea-
sured by DLS; and (d) zeta-potential. Error bars based on
standard error of triplicates.

serum. Corona formation did not change NR core size
but resulted in a sparse agglomerate of proteins
around the NRs (Figure 1a, inset). The LSPR of NRs with
a corona of ES proteins (NR-ES) broadened, decreased
in intensity, and blue-shifted 2.5 nm relative to NR-
CTAB. LSPR position and width are sensitive to NR-NR
interactions,**** and because these changes were
small, they suggest ES induced slight NR clustering
but not complete aggregation. The aggregation index
(Al) was quantified based on the LSPR spectral
changes, where higher Al values indicate lower
stability.>® NR clustering caused the Al to increase from
148 nm for NR-CTAB to 169 nm for NR-ES (Figure 1b).
Hydrodynamic diameter (D) measured by DLS increased
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from 26 & 3.4 nm to 316 + 14.9 nm (Figure 1c), suggest-
ing that the corona is a large agglomerate containing
several NRs. The zeta-potential of the NR-ES corona
was —264 £+ 1.07 mV, opposite in charge to NR-CTAB
(+44.1 £+ 1.88 mV) because of the negative ES pro-
teins (Figure 1d).>® These results show that ES proteins
formed a corona around NR-CTAB, altering its surface
properties.

Two assembly approaches to load DNA and Dox
onto NR-ES were used (Scheme 1). Sequential assem-
bly involved forming the ES corona around NR-CTAB
first, then adding payload. Simultaneous assembly
involved adding ES and payload simultaneously to
NR-CTAB. The loaded NR-ES LSPR broadened and de-
creased in intensity relative to NR-ES, suggesting that
DNA and Dox loading destabilized the NRs (Figure 1a).
Als for simultaneously assembled coronas for both
payloads were higher than for sequential, suggesting
that simultaneous assembly resulted in greater desta-
bilization (Figure 1b). This is expected as simultaneous
assembly allows a larger amount of ES protein to
interact with both NR-CTAB and the payloads. We also
observed a significant blue shift in the LSPR of simul-
taneously assembled NR-ES-Dox compared to the
others. This is probably due to a higher degree of
aggregation as confirmed from its Al, which resulted
from a high concentration of both positive (Dox and
free CTAB) and negative (ES) charged species interact-
ing together.

The loading approach also affected NR-ES size. Both
simultaneous DNA loading on NR-ES (NR-ES-DNA) and
Dox loading on NR-ES (NR-ES-Dox) exhibited larger Dy
values (Dy = 487 + 43.6 nm for DNA and 1109 =+
204.5 nm for Dox), while sequential loading resulted in
a smaller Dy = 238 £ 44.3 nm for DNA and 186 +
21.4 nm for Dox (Figure 1c). Since tumor vessels are
know to be leakier with large pore sizes, the large
corona complex may be beneficial toward selective
tumor targeting. The differences in Dy also suggest
that the size of the NR-ES with payloads can potentially
be tuned with appropriate assembly conditions.

NR-ES-DNA (sequential: —28.4 + 0.73 mV and si-
multaneous: —27.2 + 0.72 mV) were similar in charge
to NR-ES (—26.4 + 1.07 mV, Figure 1d). NR-ES-Dox was
less negative (sequential: —20.2 £ 1.60 mV and simul-
taneous: —24.4 + 0.92 mV) than NR-ES (—26.4 £+ 1.07 mV)
due to Dox's positive charge. For both payloads,
the two assembly approaches resulted in small differ-
ences in surface charge, which could be due to differ-
ences in spatial distribution of the payloads within the
corona.

Coronas Have High Capacity for Payloads. Next, we quan-
tified the amounts of DNA and Dox on NR-ES. Quanti-
fication of thiol-modified payloads is typically achieved
by competitive displacement using small molecule
thiols such as mercaptohexanol (MCH).>7-%8 Surpris-
ingly, a high concentration of MCH was unable to fully
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Figure 2. Quantifying the payloads and ES proteins on NR-
ES from thermal release. (a) Thermal release of DNA (green
diamonds) and Dox (red triangles) as a function of tempera-
ture. (b) ES proteins released from NRs with (green dia-
monds, red triangles) and without DNA/Dox (blue squares)
as a function of temperature. (c) Thermal release at 90 °C for
30 min (solid bars) to obtain DNA and Dox loading by
sequential and simultaneous assembly and release by
MCH displacement (hashed bars). (d) Adsorbed ES proteins
on NRs without (blue) or with DNA (green) and Dox (red) in
NR-ES coronas prepared by sequential (solid) and simulta-
neous (hashed) assembly. Error bars based on standard
error of triplicates.

displace ES and payloads from the NRs, resulting in
displacement of only 10 DNA/NR for sequential assem-
bly and 0.3 DNA/NR for simultaneous (hashed bars,
Figure 2c). This could be due to the corona sterically
blocking MCH from the NR surface, which suggests
that the coronas greatly stabilize the NRs. Payload can
also be quantified by loss of free DNA or Dox in the
supernatant due to NR binding, but this tends to be
inconsistent and unreliable due to the small differ-
ences in the measured total and free molecules.
Consequently, we utilized thermal treatment to
release payloads from the NR-ES. Both DNA and Dox
supernatant fluorescence increased with temperature
(Figure 2a) and was accompanied by ES release
(Figure 2b, green and red). Evidently, high temperature
was able to disassemble the corona to release both ES
and DNA or Dox into the supernatant. We quantified
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released payload by standardizing exposure to T= 90 °C
for 30 min to allow comparison between samples.
Further increases in heating time did not cause further
increases in payload release amount (data not shown).
This approach is somewhat limited due to the fact that
the amount released was not the entire corona and
thus probably underestimates actual loading. How-
ever, heating conditions were kept identical to keep
the results consistent.

The DNA payload was 357 + 64.6 DNA/NR for
simultaneous assembly and 263 + 54.7 DNA/NR for
sequential (quantified from thermal treatment at
T=90 °Cfor 30 min) (solid bars, Figure 2c). Electrostatic
repulsion between the negative DNA and ES proteins
probably hinders DNA binding to NR-ES in sequential
assembly, resulting in lower loading. There were also
more ES proteins on the NRs for simultaneous assem-
bly (5.44 + 0.50 mg/nmol NR) than sequential (4.24 +
0.89 mg/nmol NR, Figure 2d), so simultaneous assem-
bly probably involves residual CTAB mediating repul-
sion. In comparison, covalent attachment strategies
using thiolated single-strand DNA can optimally
achieve coverages of only 80—130 DNA/NR for simi-
larly sized NRs (10 nm x 40 nm).***° Furthermore,
covalent strategies have an upper limit to the number
of DNA that can be attached, which is 1 monolayer
or ~109 DNA/NR for the NRs here.> This shows that
the corona has ~2—3x higher DNA capacity than
monolayer functionalization.

Quantification of Dox loading on NR-ES showed
that sequential assembly could load 4282 + 220 Dox/
NR and simultaneous assembly 3773 + 687 Dox/NR
(Figure 2c). This suggests that alternating “layers” of
the negative ES and positive Dox is beneficial, similar to
layer-by-layer strategies on flat and NP surfaces.®*®'
Compared to DNA, Dox loading was much higher
(~13x), most likely due to Dox being smaller than
DNA and because it is opposite in charge to the ES.
Previous studies that load thiolated Dox onto gold NPs
have achieved a monolayer loading, which would be
533 Dox/NR assuming the same Dox footprint for NPs
and NRs.%®* Thus, coronas can load 7—8x more Dox
than covalent attachment strategies.

For a fixed ES concentration during corona forma-
tion, fewer ES proteins were bound to NRs in the
presence of DNA (sequential: 424 + 0.89 mg/nmol
NR, simultaneous: 544 £+ 0.50 mg/nmol NR) than
without (9.07 + 2.28 mg/nmol NR, Figure 2d). This
indicates that DNA and ES bind competitively to the
NR. For Dox, the amount of ES on the NRs was 2.03 +
0.26 mg/nmol NR for sequential assembly but 12.60 +
2.54 mg/nmol NR for simultaneous. This suggests that
Dox recruits ES to adsorb on NR-CTAB simultaneously.
Conversely, excess unbound ES was removed during
sequential assembly before Dox loading, resulting in
less ES.

KAH ET AL.

These results show that the coronas have a high
capacity for DNA and Dox loading. However, we note
that variability in loading is high. Error bars in the
payload quantities were large, especially compared
to covalent attachment strategies.* We believe this
is due to the complex and random nature of corona
formation involving noncovalent interactions between
multiple species.

Tuning Payload Capacity. Next, conditions for varying
the corona payload capacity were examined. Because
electrostatic interactions are largely responsible for
corona assembly and loading, charge screening is
expected to affect payload amount. We varied phos-
phate buffer concentration ([PhB]) in assembly and
measured the effect on loading for fixed DNA/NR and
Dox/NR incubation ratios. DNA loading increased to
658 + 32 DNA/NR at [PhB] = 5 mM (filled diamonds,
Figure 3a). For [PhB] > 5 mM, loaded DNA decreased
gradually to 270 + 87 DNA/NR at [PhB] = 100 mM. This
shows that ionic strength strongly influences DNA
loading on NR-ES, and that an optimal [PhB] exists.
This nonmonotonic dependence on ionic strength has
been observed for electrostatic adhesion of bacteria to
NPs®* and protein—polyelectrolyte complexes where
the Debye screening length at 5 mM PhB is approxi-
mately the size of the protein and thus salt screens
electrostatic repulsion.®®® NR-ES-DNA Al increased
with [PhB] (open diamonds), indicating that the NRs
were less stable. Although ionic strengths of 5—-10 mM
slightly compromised stability, the loading is ~5x
higher than what is typically obtained for thiol-mod-
ified DNA. Thus, tuning [PhB] can balance stability with
loading capacity.

Dox loading increased to 5444 + 458 Dox/NR at
5 mM PhB (filled triangles, Figure 3b). Unlike for DNA,
Dox loading remained relatively constant at ~5000
Dox/NR for [PhB] > 5 mM, showing that Dox loading
was less sensitive to ionic strength. However, the Al for
NR-ES-Dox also increased with [PhB] (open triangles,
Figure 3b), indicating that stability decreased in a
manner similar to NR-ES-DNA. Thus, by varying [PhB],
Dox loading could be optimized to achieve ~10x
higher than covalent attachment strategies.

The amount of ES adsorbed on the NRs without
payload peaked at [PhB] = 5 mM (19.43 + 2.73 mg/
nmol NR) and then decreased with increasing [PhB],
showing that [PhB] strongly influences corona forma-
tion (filled squares, Figure 3c). With DNA or Dox loaded
on NR-ES, the amount of ES adsorbed varied with [PhB]
in the same manner but was lower than in the absence
of payload (Figure S1, Supporting Information).

We examined how varying payload/NR incubation
ratios affected loading. DNA loading increased with
DNA/NR incubation ratio to 444 + 95 DNA/NR at the
highest ratio (filled diamonds, Figure 3d). This shows
that simply increasing DNA concentration during
assembly increases DNA loading. Al decreased from
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Figure 3. Dox and DNA loading as a function of ionic strength and payload/NR incubation ratios. (a) DNA loading (green filled
diamonds) and Al (green open diamonds) as a function of [PhB] at DNA/NR incubation ratio of 2000:1. (b) Dox loading (red
filled triangles) and Al (red open triangles) as a function of [PhB] at Dox/NR incubation ratio of 10°:1. (c) ES protein loading
(blue filled squares) and Al (blue open squares) on NRs as a function of [PhB]. (d) DNA loading (green filled diamonds) and Al
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(red open triangles) as a function of Dox/NR incubation ratio at [PhB] = 10 mM. Error bars based on standard error of

triplicates.

185 to 180 nm when the incubation ratio increased
from 100 to 5000:1 (open diamonds), suggesting that
DNA loading slightly stabilized the NRs.

Dox loading also varied with Dox/NR incubation
ratio but exhibited a slightly different profile (filled
triangles, Figure 3e). Only a small fraction of Dox (<400
Dox/NR) was loaded until the Dox/NR incubation ratio
reached 10*1, beyond which Dox loading increased to
1.46 & 0.44 x 10* Dox/NR. The corona's high capacity
for Dox was most likely due to the small size and
positive charge of Dox. NR-ES-Dox Al remained rela-
tively unchanged at ~190 nm for low incubation ratios
but increased to 205 nm at the highest ratio (5 x 10°:1,
open triangles, Figure 3e). Unlike DNA, destabilization
occurred at very high Dox loadings. DNA and Dox
loadings were also quantified in terms of loading
efficiency (Figure S2, Supporting Information).

The amount of ES proteins in the corona also varied
with payload/NR incubation ratio, where more payload
resulted in less ES (Figure S3, Supporting Information).
Evidently, the payloads and ES proteins bind competi-
tively to the NRs.

Laser-Triggered Release of Payloads. We investigated
whether NR-ES could be triggered to release their
payloads by ultrafast laser irradiation of the NR. Laser
excitation at 800 nm melts the population of NRs that
absorb at 800 nm to form spheres, causing the LSPR to
decrease and blue shift, thus confirming NR melting

KAH ET AL.

(Figure S4, Supporting Information).#¢”°® The subse-
quent payload release could be a result of corona
reorganization around the NRs as they are melted,
the denaturation of the adsorbed serum proteins in
proximity to the heated NRs, or a combination of both
effects. For DNA-loaded NR-ES, released DNA increased
with irradiation time, reaching 155 + 44 DNA/NR by
15 min (Figure 4a). Released amounts of DNA from the
corona were higher than what has been achieved
previously for covalent loading, which was ~90 DNA/
NR for similarly sized NRs.® Laser irradiation released
much less DNA than thermal release (Figure 2a). This is
most likely due to the fact that laser excitation heats an
area of only ~10 nm around the NR (at 7> 100 °C%),
which is much smaller than the corona size (Dy ~
300 nm). Thus, heat generated by the NRs from ultra-
fast irradiation is not sufficient to heat the entire
corona uniformly.

Laser irradiation was also able to release Dox from
NR-ES-Dox. Released Dox amounts increased with
irradiation time, reaching 593 + 6 Dox/NR after
15 min (Figure 4b). High Dox release was also observed
from Dox loaded on hollow gold nanospheres coated
with chemically modified polyethylene glycol instead
of a naturally occurring protein corona.”® DNA and
Dox release were also quantified in terms of release
efficiency (= # released/total loaded on NR x 100%,
Figure S5, Supporting Information).
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DNA as a function of DNA/NR incubation ratio and (h) Dox as a function of Dox/NR incubation ratio. Error bars based on

standard error of triplicates.

The payloads were still functional after triggered
release from the coronas, where DNA was able to
hybridize to its complement for simultaneous assem-
bly. The hybridization curve (Figure 5, filled diamonds)
is similar to that of plain DNA with its complement
(control, open diamonds), indicating that the DNA can
form a hybrid. While the sigmoidal shape is not iden-
tical, the curves still show approximately the same
melting temperature.

In the absence of payload, NR melting was accom-
panied by corona disruption and release of ES pro-
teins. Released ES increased to 4.56 + 1.06 mg/nmol
NR after 12 min, after which there was no additional
release (Figure 4c¢). In the presence of payloads,
the released ES was generally reduced and de-
pended on the assembly approach (Figure S6, Sup-
porting Information).

KAH ET AL.

Triggered Release as a Function of lonic Strength. We
probed the effect of [PhB] on the amount of payload
released by laser excitation for fixed DNA/NR and Dox/
NR incubation ratios. The amount of released DNA
varied with [PhB], peaking at 158 + 22 DNA/NR at
5 mM PhB (Figure 4d), and had a similar profile to
loading (Figure 3a). This suggests that lower ionic
strength results in optimal DNA loading and also
laser-triggered release. Laser release of Dox also
peaked at 382 + 37 Dox/NR at 5 mM PhB but decreased
to 162 + 8 as [PhB] was increased to 100 mM
(Figure 4e). The Dox release profile with [PhB] differed
from the loading profile (Figure 3b). Evidently, Dox
release is sensitive to ionic environment, while its
loading is not. In the absence of payload, laser-trig-
gered release of corona proteins from NRs also peaked
at 5 mM PhB (5.9 + 0.1 mg/nmol NR) and then
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Figure 5. Functionality of the laser-triggered released pay-
load. Melting curve of released DNA hybridized to its
complement with a quencher (filled diamonds) compared
to control DNA (open diamonds), demonstrating that the
released DNA from the NR-ES-DNA was able to hybridize to
its complement.

decreased with increasing [PhB] (Figure 4f). With pay-
load present, the amount of ES proteins released by the
laser was lower across all [PhB] (Figure S1b, Supporting
Information), as was observed for loading, again con-
firming competitive binding.

Triggered Release as a Function of Payload/NR Incubation
Ratio. The amount of laser-triggered released payload
was measured as a function of the payload/NR incuba-
tion ratio during corona formation. The amount of
released DNA increased with DNA/NR incubation ratio,
reaching a maximum of 331 £ 91 released DNA/NR ata
ratio of 5000:1 (Figure 4qg). This was similar to the
loading profile (Figure 3d) and confirms that a greater
loading of DNA increases release amounts.

Laser-triggered release of Dox also increased with
Dox/NR incubation ratio (Figure 4h). Release was not
significant (<100 Dox/NR) for Dox/NR incubation ratios
<10%1 but reached 1567 & 148 Dox/NR at a ratio of
5 x 10%:1. Like DNA, the laser release profile was similar
to the loading profile (Figure 3e). Laser-triggered re-
lease of both payloads was accompanied by ES protein
release, which was generally lower with increasing
payload incubation, as less ES proteins were adsorbed
on the NRs (Figure S3, Supporting Information). These
results show that the amount of DNA or Dox released
by NR laser excitation can be tuned by simply changing
[PhB] or the payload/NR incubation ratio.

Payload Leakage. Because payloads are bound to the
NR-ES noncovalently, where many of the proteins bind
weakly, payload leakage could potentially undermine
the corona's ability to retain therapeutic molecules.
Thus, we investigated payload leakage kinetics over
14 days for both assembly approaches at T = 25 °C.
Initially DNA leakage was low (<30 DNA/NR, Figure 6a).
This lag in leakage shows that the corona can be stably
maintained for 3 days. Afterward, leakage increased
and was faster for sequentially assembled coronas.
After 14 days, 273 + 69 DNA/NR had leaked out of
NR-ES for sequential assembly and 121 & 41 DNA/NR
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Figure 6. Payload leakage kinetics at T=25°Cand [PhB] =
10 mM. (a) DNA leakage from NR-ES-DNA coronas formed
by sequential (green circles) and simultaneous assembly
(green diamonds). (b) Leakage of ES from NR-ES
(blue squares) or NR-ES-DNA coronas formed by sequen-
tial (green circles) or simultaneous assembly (green
diamonds). (c) Dox leakage from NR-ES-Dox coronas
formed by sequential (red circles) and simultaneous
assembly (red triangles). (d) ES proteins leakage from
NR-ES (blue squares) and NR-ES-Dox coronas formed
by sequential (red circles) and simultaneous (red
triangles) assembly. Error bars based on standard error
of triplicates.

for simultaneous assembly. This shows that with time
leakage can be significant. Because sequential as-
sembly appeared to be less robust against leakage, it
suggests that the DNA was probably distributed
more toward the corona periphery. Leakage was also
quantified in terms of percentage (= # payload
leaked/total payload x 100%, Figure S7, Supporting
Information).

Dox leakage was initially more significant, reaching
905 £ 65 Dox/NR (sequential assembly) and 1858 +
704 Dox/NR (simultaneous) after 2 days (Figure 6c¢).
Afterward, leakage slowed and saturated at day 4. The
Dox could have initially leaked from the “soft” corona
as it reorganized in the first few days, and the leakage
stabilized with time when only a small amount of Dox
could have leaked from the “hard” corona.?* The
loading of Dox in the hard corona could have formed
a stable complex that was not prone to leakage. After
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14 days, 1122 4 118 Dox/NR (sequential assembly) and
1954 + 662 Dox/NR (simultaneous assembly) leaked.

Apparently, Dox is more prone to leakage due to its
smaller size. Despite the larger amount of Dox leakage
compared to DNA, the percentage that leaked was
about half of DNA's (Figure S7, Supporting Information).
Simultaneous assembly of Dox on NR-ES was less
robust to leakage, probably due to a larger and looser
corona formed. Therefore, sequential assembly of Dox
is not only more stable in aqueous media but also able
to load and retain more Dox.

Payload leakage was accompanied by ES leakage.
Without payload, ES leakage was initially low and
saturated at 3.12 £ 0.52 mg/nmol NR after 4 days
(Figure 6b). Simultaneous DNA loading increased ES
leakage to 3.87 £ 0.17 mg/nmol NR. Sequential loading
resulted in a linear leakage response, reaching 4.50 +
0.49 mg/nmol NR. Thus, DNA loading caused the
corona to be more facile toward leakage. Dox loaded
sequentially reduced ES leakage (1.71 £ 0.16 mg/nmol
NR, day 14, squares, Figure 6d), while simultaneous
assembly resulted in higher leakage (14.2 & 0.82 mg/
nmol NR, day 14, triangles), but the disparity is prob-
ably due to differences in the amount of adsorbed ES.
Evidently, charged payloads disrupt the ES corona
stability, making them more prone to leakage. Because
the proteins in a corona are thought to form both a
hard corona and a soft corona around NPs,?? location
of the payload most likely influences the amount of
leakage.

Stability. Another desirable consequence of corona
formation is improved stability, especially for NR-CTAB
which are known to aggregate in buffer and biological
media, thus compromising utility."®”'72 We investi-
gated stability in 1 x phosphate buffer saline (PBS) and
RPMI 1640 cell culture media, which are both com-
monly used in cell culture for numerous cell lines. NR-
CTAB aggregated in both 1x PBS and RPMI 1640, and
its Al increased from 154 nm in water to 205 nm in
1x PBS and 233 nm in RPMI 1640 (orange, Figure 7).
NR-ES Al was 177 nm in water due to NR clustering
but decreased to 160 nmin 1x PBS and 164 nmin RPMI
1640, demonstrating that corona formation improved
NR stability. Similarly, NR-ES with payloads by
both assembly approaches showed negligible Al in-
creases in 1x PBS and RPMI 1640. Additionally, corona

MATERIALS AND METHODS

Synthesis and Characterization of Gold NRs. NR-CTAB were synthe-
sized by non-seed-mediated growth.>” NR size was determined
by transmission electron microscopy (TEM). The NR-CTAB were
washed once by centrifuging at 12000 rpm for 30 min to
remove excess reactants, resuspended in Milli-Q water, and
kept at room temperature before further experiments. The NR-
CTAB concentration was determined from the UV—vis spectrum
(Cary 100 UV—vis spectrophotometer, Agilent Technologies)
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Figure 7. Stability of NR-ES coronas with and without pay-
load. Al (aggregation index) of NR-CTAB (orange), NR-ES
(blue), NR-ES-DNA (green), and NR-ES-Dox (red) in water,
1x PBS, and RPMI 1640 cell culture media. Error bars based
on standard error of triplicates.

formation on NR-CTAB improved stability in repeated
centrifugation (data not shown). It is known that CTAB
can come off the NR surface, which causes NR aggre-
gation and cytotoxicity.>*”>’* Complete removal of
CTAB by ligand exchange can be difficult to achieve, so
corona formation is a simple alternative that appar-
ently acts as an effective overcoating or cloak, as has
been observed for polyelectrolytes.”

CONCLUSIONS

This study demonstrates that protein coronas
around NRs can improve their carrier properties. The
corona acts like sponge with a high capacity to hold
small therapeutic molecules and can be utilized on
both positive and negative species. Furthermore, the
NR optical properties allow payload release in a remo-
tely controlled manner. Environmental conditions such
as ionic strength, payload/incubation ratio, and assem-
bly strategy can optimize loading, laser-triggered re-
lease, and stability. DNA leakage was minimal for
3 days, although Dox leakage was more significant.
While we still do not fully understand the properties
and consequences of protein coronas, we hope that
this demonstrates that they can be used beneficially.
As we uncover more about protein coronas, eventually
their design and optimization will enhance numerous
biological applications.

and known extinction coefficients.®'® NR concentration in the
experiments was ~1.5 nM.

Assembly of Protein Coronas with Payloads on NRs. Protein coronas
with payload were assembled on NR-CTAB using two ap-
proaches. The first is a sequential approach, where the corona
was formed on NR-CTAB first before the payloads were added.
To form the protein corona, 1 mL of NR-CTAB was centrifuged at
12000 rpm for 30 min before adding 1 mL of 0.4% equine serum
(ES) (ATCC, Inc.) in 10 mM phosphate buffer (PhB, pH 7.4) directly
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to the pellet and incubating it for 6 h at 37 °C. The NR-ES were
washed once with buffer to remove excess protein, followed by
the addition of the payload. The second is a simultaneous
approach where both the 0.4% ES and payload in 10 mM PhB
were added simultaneously to NR-CTAB, followed by overnight
incubation at 37 °C.

The first payload is a negatively charged 20-mer DNA
oligonucleotide with the following sequence: 5-CAG CGT
GCG CCA TCC TTC CC-3' (MW = 6559.4, Integrated DNA Tech-
nologies, Inc.). The 3’ end of the DNA is attached to a FAM probe.
The second payload is a positively charged Doxorubicin (Dox),
an anticancer drug (MW = 579.98, Sigma-Alrich Co.). Both DNA
and Dox were added to NR-ES in final concentrations of 2 and
100 uM, respectively.

NR-ES with payloads (NR-ES-DNA or NR-ES-Dox) were char-
acterized for their morphology in TEM. We probed the change in
the absorption spectrum, hydrodynamic diameter (Dy) using
dynamic light scattering (DLS) (DynaPro Titan, Wyatt Technol-
ogy Corporation), as well as zeta-potential (Malvern Zetasizer
Nano ZS90) for the corona and payloads assembled on the NR-
CTAB.

Quantifying Payloads on NR-ES. The amount of loaded DNA and
Dox were quantified by measuring their fluorescence after
releasing them from the NRs by a thermal release process. This
involved heating 100 uL of 1 nM NR-ES-DNA/Dox solution in a
water bath at 90 °C for 30 min, and the solution turned purplish
red to indicate the onset of NR aggregation as the corona and
payloads were released. NR-ES-DNA/Dox were then centrifuged
at 11000 rpm for 10 min to isolate the fluorescent payload and
ES proteins in the supernatant from the NR pellet. The ES
proteins were quantified by measuring their intrinsic trypto-
phan fluoresence (Aex = 285 nm, A = 343 nm) against known
standards (see fluorescence spectrum of ES proteins in Figure
S8, Supporting Information). While fluorescence quantitation is
limited to species containing aromatic residues (e.g.,
tryptophan) in the media, we were able to obtain a linear
fluorescence calibration curve with known concentration of
ES. DNA was quantified by measuring the fluorescence of
6-FAM fluorescein tag (lex = 495 NM, Aoy, = 518 Nm), and the
Dox was quantified by measuring its intrinsic fluorescence (lex =
480 NnM, Aem = 592 nm). It is important to note that while the pH
sensitivity of 6-FAM fluorescence can be eliminated by disper-
sing NRs and DNA in PhB buffer (pH 7.4), 6-FAM is also sensitive
to both the PhB and protein concentration in the supernatant
(Figure S9, Supporting Information). We eliminate this sensitiv-
ity by obtaining the DNA calibration curve from suspending
DNA in the relevant concentration of PhB and ES proteins found
earlier. Fluorescence of ES proteins and Dox were not affected
by PhB concentration, as well as the presence of each other and
6-FAM.

[PhB] in corona assembly and washing was varied from 0 to
100 mM at fixed DNA/NR and Dox/NR incubation ratios of
2000:1 and 10°:1, respectively. DNA/NR incubation ratio was
varied from 0 to 5000:1, and Dox/NR incubation ratio was varied
from 100 to 5 x 10°:1. In both cases, [PhB] was fixed at 10 mM.

Calculation of the Aggregation Index (Al). NRs' stability was
quantified as an aggregation index (Al).>> The Al is a measure
of the longitudinal surface plasmon resonance (LSPR) peak
broadening derived from the total area under the absorption
spectrum of the LSPR from 600 to 900 nm, divided by LSPR
intensity. The Al gives the equivalent bandwidth of the long-
itudinal peak (with units of nanometer) for a spectrum normal-
ized to the LSPR peak intensity. A higher degree of aggregation
corresponds to a higher Al value.

Triggered Release of Payloads from NR-ES. Samples were pre-
pared in 10 mM PhB at a DNA/NR and Dox/NR incubation ratio
of 2000:1 and 10°:1, respectively, before being irradiated by a
pulsed femtosecond laser that outputs a 1 kHz train of 100 fs
pulses at 790 nm (fwhm = 16 nm, 600 mW) (Spectral Physics,
Inc.). Then, 200 mW of the output with a spot size of 6 mm was
used to irradiate 100 uL of NR-ES-DNA/Dox in 3 x 3 mm quartz
cuvette (Starna Cells) from 0 to 15 min, with regular pipetting at
3 min interval for even irradiation of the sample. The amount of
ES proteins, DNA, and Dox released was quantified by fluores-
cence as described earlier in the quantification of payloads on
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NR-ES. Laser irradiation was repeated for samples with varying
[PhB] and incubation ratios as described earlier.

Leakage of Payloads from NR-ES-DNA/Dox. To determine the pay-
load leakage with time, 1 nM of NR-ES-DNA/Dox (10 mM PhB,
DNA/NR ratio = 5000:1 and Dox/NR ratio = 10°:1) was left at
standard room condition for 14 days. At set time points, 100 uL
of the samples was centrifuged at 11000 rpm for 10 min to
isolate the fluorescent payload and ES proteins that had leaked
into the supernatant from the NR pellet. Quantification of the
leaked DNA, Dox, and ES proteins was by fluorescence.
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