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ABSTRACT Bioinspired polydopamine (PDA) has served as a
universal coating to nanoparticles (NPs) for various biomedical
applications. However, one remaining critical question is whether
the PDA shell on NPs is stable in vivo. In this study, we modified gold
nanoparticles (GNPs) with finely controlled PDA nanolayers to form
uniform core/shell nanostructures (GNP@PDA). In vitro study showed
that the PDA-coated GNPs had low cytotoxicity and could smoothly
translocate to cancer cells. Transmission electron microscopy (TEM)

analysis demonstrated that the PDA nanoshells were intact within

dopamine

Tris pH 8.5

cells after 24 h incubation. Notably, we found the GNP@PDA could
partially escape from the endosomes/lysosomes to cytosol and locate close to the nucleus. Furthermore, we observed that the PDA-coated NPs have very

different uptake behavior in two important organs of the liver and spleen: GNP@PDA in the liver were mainly uptaken by the Kupffer cells, while the

GNP@PDA in the spleen were uptaken by a variety of cells. Importantly, we proved the PDA nanoshells were stable within cells of the liver and spleen for at

least six weeks, and GNP@PDA did not show notable histological toxicity to main organs of mice in a long time. These results provided the direct evidence to

support that the PDA surface modification can serve as an effective strategy to form ultrastable coatings on NPs in vivo, which can improve the intracellular

delivery capacity and biocompatibility of NPs for biomedical application.
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anoparticle-based nanoscience and
N biotechnology have shown great

promise in biological applications
such as drug/gene delivery, biosensing,
bioimaging, and photothermal therapy.' 2
The surface engineering of nanoparticles
(NPs) plays an essential role in improving
their hydrophilicity, colloidal stability, bio-
compatibility, and conjugation of bioactive
functional groups and hence impacts their
interactions with biosystems.>*~ ' For sur-
face modification, a coating on the NPs with
good stability, especially in the complex bio-
logical conditions, is strongly desired to rea-
lize the surface-mediated interaction and
relieve the adverse effect caused by exposing
the NP's core. Much effort has been devoted
to designing stable surface coatings for NPs,
such as polymers with multiple anchoring
sites to NPs'""'21617 and silica shell forming
a highly cross-linked layer on NPs.'>'8~20
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Recently, Messersmith and co-workers
pioneered a single-step formation of robust
adherent polydopamine (PDA) films based
on mussel-inspired polymerization of dopa-
mine at alkaline pHs on various substrates
despite whether the surfaces are hydrophi-
lic or hydrophobic.?’ Moreover, the PDA
exhibits latent reactivity toward amine and
thiol groups.?' ~23 Because of its ease of use
combined with its fascinating properties,
PDA has attracted considerable interest for
various types of applications.2' 32 Notably,
the application of PDA to nanomaterials
has emerged as a particularly important
field. Controllable PDA shells can be formed
on the nanoparticles by simply dispersing
them in an alkaline dopamine solution and
mildly stirring at room temperature.®3~*2
The formed PDA shell can serve as molecu-
larly imprinted polymer coatings on nano-
particles for protein recognition. 333941
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Additionally, many metal nanoparticles can be
formed on the PDA shell in situ, which promotes
the practically wide applications of these nano-
complexes.333>37:384344 pnother important character
is that the PDA shell can be further surface functiona-
lized to improve the nanoparticle stability and selective
recognition with cells.*>*® Moreover, PDA-based cap-
sules can be prepared by assembly of PDA thin films
onto various particles, followed by removal of the
template.*” ~>° Cui et al. also reported a method of
preparing monodisperse PDA capsules with tailoring
size, shell thickness, and hydrophobic cargo loading
via emulsion templating.”’ Westen et al. reported on
coating liposomes with PDA, which demonstrated
their potential as drug delivery vehicle.>> Melanin-like
PDA nanoparticles were prepared by this bioinspired
polymerization of dopamine, which had an excellent
free-radical-scavenging property.*’

Because of the bioinspired nature of polydopamine,
the bioapplication of PDA has attracted great atten-
tion. PDA coatings, which significantly enhanced the
adhesion and proliferation of cells, show good bio-
compatibility and promise for tissue engineering.>®>®
The cytocompatibility of PDA was also demonstrated
at the nanoscale. PDA capsules,”” PDA-coated Fe;0,4
nanoparticles,® and melanin-like PDA nanoparticles*
were found to have negligible cytotoxicity. Hong et al.
investigated the biocompatibility of PDA in vivo,¢
where they found that one-step PDA coating greatly
reduced the inflammatory response to poly-t-lactic
acid surfaces and the immunological responses of
blood on quantum dots. Meanwhile, PDA has been
showing great promise for biomedical applications
with fascinating properties. Stadler et al. demonstrated
that the thin film of PDA formed on liposomes or
polymersomes, which is beneficial to cell adhesion
and proliferation, can be applied to deliver therapeutic
agents to cells.>”8 Cui et al. designed stimuli-respon-
sive Dox-loaded PDA capsules as drug delivery carriers,
which enhanced the efficacy of eradicating Hela can-
cer cells compared to free drug.”® Most recently, Black
et al. coated gold nanorods with PDA that facilitated
the surface functionalization of gold nanorods with
biomolecules, allowing cell targeting and photother-
mal killing of cancer cells.*® Interestingly, Liu et al.
reported that the dopamine-melanin colloidal nano-
spheres can serve as an efficient near-infrared photo-
thermal therapeutic agent for in vivo cancer therapy.>®

However, as a surface coating, the stability of PDA
shell in vivo should be considered seriously. It has been
known that the PDA will degrade oxidatively with the
existence of strong alkaline or hydrogen peroxide.®
For the in vivo case, Bettinger et al. showed that the
implant melanin thin films seemed to degrade in tissue
within up to eight weeks, where the gross erosion
of the melanin implant was almost fully completed.
This phenomenon could be explained by the rigid
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Scheme 1. Preparation of mussel-inspired polydopamine-
coated gold nanoparticles (GNP@PDA), in vitro cell model,
and in vivo animal model used in this study (not to scale).

properties of melanin implants, which led to fracture
of the implant after insertion into the host. The pre-
sence of small melanin particulates could have allowed
immediate uptake by macrophages and giant cells.>
However, it is still unanswered whether PDA, especially
at the nanoscale, is degradable in vivo.>* Meanwhile,
the intracellular degradation of the PDA within cells
remains unexplored.

When it comes to the use of PDA for nanomedicine,
understanding the interaction between PDA surface
and biosystems is very important. In order to better
understand the biofate of these mussel-inspired PDA
nanoparticles, we designed a core/shell nanostructure
(GNP@PDA) with a core of gold nanoparticles (GNPs)
and a shell of PDA, and investigated the cellular up-
take and biodegradability of PDA in vitro and in vivo
(Scheme 1). Gold nanoparticles have promising appli-
cations in fields such as drug delivery and photother-
mal therapy in oncology due to their unique optical
and photothermal properties. *%7 Moreover, the
design of GNP@PDA with a GNP core in our research
has at least two advantages: (1) the uptake of
GNP@PDA in cells and tissues can be quantified by
detecting the Au content using inductively coupled
plasma mass spectrometry (ICP-MS) with high detec-
tion sensitivity; and (2) the intracellular localization of
GNP@PDA can be clearly observed in cellular compart-
ments by transmission electron microscopy (TEM), as
GNPs with high density provide high spatial resolu-
tion for TEM analysis.%" These advantages make the
study of GNP@PDA much more accurate and conve-
nient. In this study, we investigated the cytotoxicity
and cellular uptake of GNP@PDA with shells of differ-
ent thicknesses in vitro. Furthermore, we studied the
blood circulation, biodistribution, and histology of
the GNP@PDA in mice. Both in vitro and in vivo, the
biostability of PDA shell was testified after the
GNP@PDA being uptaken by cells. The results demon-
strate that the PDA modified core/shell NPs have good
biocompatibility and can escape lysosome and enter
cytosol. Importantly, this work confirms that the PDA
nanoshells are stable in vivo for a period of at least six
weeks.
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Figure 1. (a) Digital images of gold nanoparticles incuba-
tion in dopamine solution with different concentrations of
0.1 (1, GNP@PDA-1), 0.2 (2, GNP@PDA-2), and 0.4 mg/mL (3,
GNP@PDA-3) after 1 h reaction. (b) Extinction spectra of
purified GNP@PDA as shown in (a). (c) Representative TEM
images of GNP@PDA with different shell thickness. (d) FT-IR
spectra of purified GNP@PDA as shown in (a).

RESULTS AND DISCUSSION

Synthesis and Characterization of GNP@PDA Core/Shell Nano-
particles. Gold nanoparticles were easily coated with
a shell of PDA by dispersing them in a dopamine
solution at pH 8.5 and mildly stirring at room tempera-
ture for 1 h under air. As shown in Figure 1a, the
reaction solution color became black because of the
polymerization of dopamine, and the color became
darker with increased dopamine concentration from
0.1 to 0.4 mg/mL (Figure S1, Supporting Information,
showed the images of plain GNP suspension without
PDA and PDA suspension without PDA). In the follow-
ing discussion, we refer the core/shell particles ob-
tained from the dopamine solution at concentrations
of0.1,0.2,and 0.4 mg/mL as GNP@PDA-1, GNP@PDA-2,
and GNP@PDA-3, respectively. Figure 1b showed the
UV—vis spectra of purified GNP@PDA, and all of the
PDA-coated GNPs exhibited a characteristic extinc-
tion peak around 550 nm due to surface plasmon

TABLE 1. GNP@PDA Physicochemical Properties

GNP core size [nm]”

GNP@PDA-1 88.6 = 6.8
GNP@PDA-2 506 + 5.9 108.4 £ 6.5
GNP@PDA-3 1313 £ 85

physical size [nm]”

resonance of 50 nm gold nanoparticles (~535 nm).
The slight red-shift for the extinction peak of
GNP@PDA was due to the increase of refractive index
around GNPs after PDA coating.! Besides, GNP@PDA
showed obvious absorbance at long wavelength
(600—800 nm), which increased when dopamine was
used at higher concentration. It could be mainly attrib-
uted to the extinction of thicker PDA shell, as the
formed PDA at the same condition without GNPs had
obvious absorbance at higher wavelengths (Figure ST,
Supporting Information). In addition, some GNP@PDA
embedded with more than one GNP could also result
in an increase of absorbance at higher wavelengths
due to coupled surface plasmon in closely located
GNPs." In order to minimize the formation of self-
polymerized PDA particles, we used the dopamine
solution at low concentration, which was lower than
0.5 mg/mL.3>* Few self-polymerized PDA particles ex-
isted after purification by centrifugation as confirmed
by TEM (Figure S2, Supporting Information). It is ex-
pected that the PDA had highly wrapping tendency
around nanoparticles due to the preference of nuclea-
tion at nanoparticle surfaces,***® supported by a vari-
ety of interactions between the PDA and the metal
GNP surface, including electron interactions, metal
coordination, and electrostatic interactions.*® Thick-
ness of PDA shell formed on GNP surface changed
from ~19 to ~36 nm when the concentration of dopa-
mine increased from 0.1 to 0.4 mg/mL (Figure 1c,
Figure S2, Supporting Information, Table 1). It demon-
strated that the thickness of PDA shell could be
well controlled at the nanometer scale by adjusting
the concentration of dopamine. In the FT-IR spectra of
GNP@PDA (Figure 1d), absorption bands at 3410 cm ™'
(stretching vibration of phenolic O—H and N—H),
1605 cm ™' (stretching vibration of aromatic ring and
bending vibration of N—H), 1510 cm™! (shearing vibra-
tion of N—H), and 1295 cm™"' (stretching vibration of
phenolic C—0), supported the presence of PDA on the
GNPs.?%?7 Zeta potential results showed that the all of
the PDA-coated GNPs had a negative surface charge,
which could be ascribed to the deprotonation of
catechol —OH groups on the PDA shells (Table S1,
Supporting Information). Table 1 summarizes the phy-
sical size and hydrodynamic size of GNP@PDA with
different shell thicknesses. The hydrodynamic size of
GNP@PDA-3 was much larger than their physical size,
indicating that some aggregation happened in the

shell thickness [nm]” hydrodynamic size [nm] (PDI)?

19.0 = 2.6 101.3 £ 0.6 (0.293)
267 £ 2.5 1754 & 3.0 (0.179)
364 + 3.6 3353 & 5.1 (0.211)

“The values were calculated from TEM images by Image J software. ° The values were obtained from DLS measurements of particles in Milli-Q water and given in mean = SD

(PDI: polydispersity index) of triple measurements.
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Figure 2. (a) Cellular uptake of GNP@PDA per well by HepG2 cells at time points of 12, 24, and 36 h. (b) Normalized uptake of
GNP@PDA per well at different points of time to that at 12 h. (c) Cellular uptake of GNP@PDA per cell by HepG2 cells at time
points of 12, 24, and 36 h. (d) Normalized uptake of GNP@PDA per cell at different points of time to that at 12 h. Error bars

represent mean £ SD (n = 3).

solution. It suggested that the GNP@PDA with thicker
shell resulted in a large size with weak colloidal
stability. The smaller GNP@PDA-1 also showed better
stability than the larger GNP@PDA-3 in biological
media such as serum-supplemented cell culture media
(Table S2 and Figure S3, Supporting Information).
Moreover, all of the GNP@PDA in serum-supplemented
cell culture media showed better stability than
that in serum-free media. The GNP@PDA were not
stable in the cell culture media with high ionic strength,
but their stability was improved in the serum-
supplemented media because of the protein adsorp-
tion on the NPs.5%63

Interactions between GNP@PDA and Cells in Vitro. To study
the interactions between cells and nanoparticles with
PDA surface, we first examined the cytotoxicity of these
GNP@PDA particles with different shell thicknesses by
using MTT assay. The results showed all three kinds of
GNP@PDA with different sizes had no detectable cyto-
toxicity on HepG2 cells with a concentration of gold up
to 20 mg/L (Figure S4, Supporting Information). Our
observation agreed well with many reports in which
PDA exhibited no cytotoxicity.>¥*>*” Next, we investi-
gated the cellular uptake of these GNP@PDA particles
by cancer cell HepG2. The uptake of GNP@PDA was
quantified at time points of 12, 24, and 36 h by
determining the gold quantity within cells by ICP-MS
(Figure 2). We found that the uptake per well increased
when prolonged the incubation time from 12 to 36 h
for all three kinds of GNP@PDA (Figure 2a). It indicates
that the PDA coatings can smoothly translocate nano-
particles into cancer cells. The uptake of large particles
was higher than that of small particles; in particular, the
uptake of GNP@PDA-3 was much higher than that of

GNP@PDA-1 or GNP@PDA-2. It was observed that the
uptake by cells is the highest for GNP@PDA-3 and the
lowest for GNP@PDA-1 at all three points of time.
However, when the uptake of particles at different
points of time was normalized to that at the point of
12 h, we found that the increased ratio of cell uptake
was the highest for GNP@PDA-1 and was the lowest for
GNP@PDA-3 (Figure 2b). GNP@PDA-3 had a high up-
take at time of 12 h incubation and then increased
~40% at time of 24 h incubation, which was almost
saturated and increased very slowly when time was
prolonged to 36 h. The uptake of GNP@PDA-2 and
GNP@PDA-1 increased linearly with time. Here, the
three kinds of GNP@PDA had the same surface com-
position and had similar zeta potential when incu-
bated in cell culture media containing fetal bovine
serum (10% FBS, ~ —20 mV, Table S1, Supporting
Information). Although nanoparticle size might affect
their endocytosis, in this work, the sedimentation of
GNP@PDA played a main role in causing the uptake
differences among these particles. The GNP@PDA with
a thicker shell showed weaker stability in the cell
culture media, which resulted in large aggregates
and were more likely to sedimentate on the cells
(Figure S3 and Table S2, Supporting Information). The
sedimentation of particles would result in high local
concentration of NPs on the cell surfaces and enhance
the direct interaction between NPs and cells,®'** which
led to fast and high uptake of GNP@PDA-3 compared
to GNP@PDA-2 or GNP@PDA-1. When dividing the
uptake to cell number, the uptake per cell of GNP@PDA
all increased at time from 12 to 24 h, and decreased
from 24 to 36 h (Figure 2c,d). This phenomenon
resulted from the cell division during incubation where
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Figure 3. Representative TEM section images of HepG2 cells after incubation with GNP@PDA-1 (a—d), GNP@PDA-2 (e—h), and
GNP@PDA-3 (i—I) for 24 h. The images in the second column are high magnification of images in the first column; the images
in the fourth column are high magnification of images in the third column. Red arrows and circles mark the particles. N:

nucleus, C: cytosol, Ly: lysosome.

the cell proliferation rate exceeded the nanoparticle
endocytosis rate.

To further elucidate the intracellular existence sta-
tus of GNP@PDA within cells, ultrathin cell section TEM
analysis was carried out.%> As shown in Figure 3, more
GNP@PDA-3 particles were found internalized into
cells than GNP@PDA-1 or GNP@PDA-2; these results
were consistent with the uptake quantified by ICP-MS.
The small GNP@PDA-1 were more likely to localize in
cells as individual particles, while large GNP@PDA-3
were more likely to exist as clusters of several par-
ticles together (Figure 3, Figures S5—S7, Supporting
Information). As quantitative chemical analysis cannot
distinguish the different locations of particles inside
the cell,®® the numbers of particles presented to-
gether in a lysosome or cytosol at the same position
were obtained by counting the particles present
in one representative section (Figure S8, Supporting
Information). It showed that ~65% of sites with
GNP@PDA-1 were one particle in one lysosome or
cytosol, while ~70% of sites with GNP@PDA-3 were
clusters of more than two particles together. It can be
explained by the stability of GNP@PDA in cell culture
media, where most of GNP@PDA-1 were stable as
monodisperse particles, while GNP@PDA-3 were less
stable and tended to form small aggregates (Table S2,
Supporting Information).

LIU ET AL.

It was observed that many of GNP@PDA localized in
the lysosomes within cells (Figure 3, Figures S5—S7,
Supporting Information), which suggested that the cell
internalization of GNP@PDA followed the endocytosis
uptake mechanism.? Interestingly, some of nanoparti-
cles distributed in the cytosol without vesicle struc-
tures wrapped rather than were trapped in the
lysosomes (Figure 3c, Figures S6c and S7d, Supporting
Information). It indicated that the GNPs with a PDA
shell can partly escape from the endosomes/lyso-
somes. There are many amino groups on the PDA shell,
which might lead to the endosomal escape of nano-
particles by proton sponge effect.’” In addition, many
of nanoparticles were found close to the nucleus,
though no NPs were observed in nucleus (Figure 3¢ k).
Despite that the mechanism for perinuclear localiza-
tion of these PDA-coated NPs is not clear yet, this
property can give rise to a higher concentration of
delivery agents around the nucleus. These findings
suggested that polydopamine coating could make the
modified nanostructures partially escape from the endo-
somes/lysosomes to cytosol and appear closely to
the nucleus, which may bring a greater efficacy of the
cytoplasmic as well as nuclear delivery of nanocarriers.

Additionally, we found that the core/shell structures
of GNP@PDA did not change notably in the lysosomes
or cytosol within cells during an incubation period of
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24 h (Figure 3). The PDA shells were clearly proven by
the TEM images, and their thicknesses were the same
as that before cell incubation. It indicated that the PDA
shell was quite stable under this in vitro condition.
It was reported that the PDA was degradable in the
presence of hydrogen peroxide,*>®° an endogenous
molecule produced by reduced nicotinamide ade-
nine dinucleotide phosphate (NADPH) oxidases, which
widely exist in phagocytes and many organs.>® We also
found that the PDA shell was not stable in presence of
hydrogen peroxide; the shell degraded completely in
one week (Figure S9, Supporting Information). The
remaining question is whether the PDA is stable in vivo.

Fate of GNP@PDA in Vivo. To carry out in vivo studies,
we prepared GNP@PDA with a uniform thin shell of
10.3 £ 1.1 nm (Figure 4a,b), which had good stability
for high concentration (>1 mg Au/mL) and long time
storage (at least 4 months). First, we investigated the
kinetics of GNP@PDA circulation in the bloodstream
after being intravenously injected into mice. The blood
circulation curve of the GNP@PDA is shown in Figure 4c
(given in % ID). It revealed that only ~15% of injected
NPs remained in the blood at 5 min postinjection (p.i.),
which indicated most of GNP@PDA were quickly
cleared out from blood. As time increased the NPs in
blood gradually decreased, which can be fitted to a
monoexponential decay model, resulting in a half-
decay time (t;,,) of ~4.9 & 1.1 h. For the biodistribution
of GNP@PDA in main organs, it was found that NPs
accumulated in the liver and spleen with much higher
quantity than in the heart, kidneys, and lung as ex-
pected because of the strong phagocytosis in reticu-
loendothelial system (RES) organs (Figure 4d). The
highest accumulation of NPs were found in the liver
(~40% ID), followed by the spleen (~13% ID). Con-
sidering that the spleen is much smaller than the liver,
the concentration of GNP@PDA in the spleen was much
higher than that in the liver (~100 vs ~30% ID/g). For
these PDA-coated GNPs, once they enter the blood-
stream, they are susceptible to nonspecific plasma
protein adsorption, known as opsonization.’® The op-
sonized nanoparticles can be easily captured by the
RES or mononuclear phagocytic system (MPS), leading
to a rapid clearance of nanoparticles from blood.
Therefore the quantity of GNP@PDA in blood drasti-
cally reduced within only 5 min p.i. The liver and spleen,
which contain a lot of phagocytes, are two main organs
in the RES; it is reasonable that they had such high
accumulation of GNP@PDA. After six weeks p.i., the
biodistribution of GNP@PDA in main organs did not
change much (Figure 4d), which demonstrated that
these PDA-coated GNPs captured by the RES organs
were difficult to clear out, even over a long period. For
an in vivo application such as drug delivery to tumors,
prolonging blood circulation, reducing nonspecific
accumulation, and enhancing targeting efficiency of
nanoparticles are desirable. It is well-known that the
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Figure 4. (a,b) Representative TEM images of GNP@PDA
used for in vivo study (inset: digital image of diluted solution
of GNP@PDA with an Au concentration of 20 mg/L). (c) The
blood circulation curve of GNP@PDA. (d) Biodistribution of
GNP@PDA in main organs at one day and six weeks post-
injection (p.i.).

PDA coating has latent reactivity toward amine and
thiol groups, which endows it with great possibility for
secondary modification. It is believed that the second-
ary modification of PDA will improve their properties
in many applications in vivo as applied for in vitro
studies.*>*%>% |n present work, we mainly focused on
the direct interactions between PDA surface and bio-
systems, so GNPs with PDA shell with further modifica-
tion are yet to be studied.

As shown above, there are very high uptake of
GNP@PDA in the liver and spleen. We further investi-
gated the uptake of NPs in the two organs by TEM
analysis. In the liver, it was observed that GNP@PDA
mainly accumulated in Kupffer cells, while no NPs were
found in hepatocytes whether at 1 day or 42 days p.i.
(Figures S10, S11, Supporting Information). Unlike the
liver, the spleen hosts a number of cell types in addition
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Figure 5. Representative TEM section images of the liver after injection of GNP@PDA for 1 day (a—d) and 42 days (e—h). Red
arrows and circles mark the particles. N: nucleus, C: cytosol, Ly: lysosome, Ph: phagolysosome, Ve: vesicle.

Figure 6. Representative TEM section images of the spleen after injection of GNP@PDA for 1 day (a—d) and 42 days (e—h). Red
arrows and circles mark the particles. C: cytosol, Ly: lysosome, Ph: phagolysosome.

to the macrophages including reticular cells, lympho-
cytes, and a variety of dendritic cells.*® From the TEM
images, we found that the GNP@PDA mainly accu-
mulated in macrophages with rare uptake in lympho-
cytes (Figures S12, S13, Supporting Information). In ad-
dition, GNP@PDA uptake in granulocytes (Figure S14,
Supporting Information), reticular cells (Figure S15,
Supporting Information), and plasma cells (Figure S16,
Supporting Information) was observed. Some NPs
accumulating near the capillary vessel in the spleen
were also found (Figure S17, Supporting Information).
Moreover, there were GNP@PDA accumulating in ery-
throcytes that were phagocytosed by macrophages
(Figure S18, Supporting Information). It indicates that
when the NPs were injected into blood, some of the
NPs were uptaken by erythrocytes, which then were
captured in the spleen. Intracellular localization of

LIU ET AL.

GNP@PDA in vivo can be clearly observed from the
ultrathin TEM section images because of the high
contrast of gold core. In the liver, the GNP@PDA
accumulating in Kupffer cells mainly located in phago-
lysosomes because of the strong phagocytosis process
(Figure 5a,e,g). Many NPs were also located in lyso-
somes (Figure 5b,d,h), which indicated the pinocytosis
of GNP@PDA by the Kupffer cells also existed. Further-
more, the GNP@PDA in cytosol (Figure 5cf) were
found, which confirmed the ability of these PDA-
coated NPs to escape from lysosomes and accom-
plish cytosol delivery. Similar intracellular status of
GNP@PDA was found in the spleen. The NPs accumu-
lated in cells of the spleen were mainly located
in phagolysosomes (Figure 6a,d—fh), and they were
also found in lysosomes (Figure 6b,c) and cytosol
(Figure 6g). No NPs were found in mitochondria or
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Figure 7. Representative H&E stained images of major organs including liver (a,d), spleen (b,e), and kidneys (c,f) of male ICR
mice after a single injection of GNP@PDA for 1 day (a—c) and 42 days (d—f). No notable organ damage or lesions were

observed for GNP@PDA treated mice. Scale bar is 20 um.

nucleus of cells in the liver or spleen. This detailed
information for cellular and intracellular distri-
bution of PDA-coated NPs in immune cells would
be helpful to design nanoparticle-medicated immu-
notherapy.”%”"

While doing in vitro study, we found the PDA shell
retained in HepG2 cells after 24 h incubation (Figure 3).
Here, the in vivo results showed that the thickness of
PDA shell on GNPs also did not change notably in the
liver or spleen from one day to six weeks after injection
(Figure 5, Figure 6). It strongly suggested that the PDA
shells are quite stable in vivo and undegradable at least
in a short period. Sometimes, a material used in vivo is
desired to be degradable in the body in order to be
eventually cleared out. However, PDA as a coating for
surface modification and its stability in vivo for a certain
period could be advantages in many applications. For
an example, the application of PDA as molecularly
imprinted polymer should be greatly beneficial from
the excellent stability of the PDA shell, which could
keep the imprinted sites with precise physical shapes
under various complex biological conditions for a long
time. 33241 In another case, the excellent stability of
PDA coating will enable it to afford durable surface
properties to the modified devices when used in vivo,
such as the scaffold for tissue engineering.3'3%36545>
Furthermore, dopamine has been reported to be
highly cytotoxic,”>”® while the polydopamine showed
good biocompatibility both in vitro®®#54734=577% and
in vivo3%* Hong et al. reported that PDA coating
greatly reduced the immunological responses of blood
on quantum dots.3® It was postulated that the toxic Cd
ions leaching from the core of QDs could be captured
by the PDA nanolayer, improving blood compatibility.
Liu et al. showed that PDA nanoparticles had good
tissue and blood compatibility over a long time.>®
Here we also found the GNP@PDA had no notable
histological toxicity on the main organs up to six
weeks after a single intravenous injection (Figure 7).

LIU ET AL.

Therefore, the PDA surface modification could be a
universal strategy to reduce the toxicity of materials.
Especially for many nanomaterials containing high
toxic component, a compact PDA nanolayer with high
stability in vivo would effectively reduce the potential
detrimental effect of those nanoparticles on the body,
which is induced by the possible leaching of the toxic
element."

CONCLUSION

In summary, we demonstrated that the mussel-
inspired PDA nanoshells on GNPs were very stable
in vivo. We simply modified GNPs with well controlled
PDA nanolayers to form uniform core/shell nanostruc-
tures. The PDA-coated GNPs showed low cytotoxicity
and could smoothly translocate to cancer cells. TEM
analysis demonstrated that the PDA nanoshells were
intact within cells after 24 h of incubation. Intracellular
localization of GNP@PDA showed that PDA coating can
make the modified nanostructures partially escape
from the endosomes/lysosomes to cytosol and locate
close to the nucleus. It suggests that the PDA modifica-
tion is very promising for future novel nanocarriers deliv-
ery methods. In vivo study showed that the GNP@PDA in
the liver were mainly uptaken by the Kupffer cells but
uptaken by a variety of cells in the spleen. The detailed
information of uptake in immune cells would be help-
ful to design nanoparticle-medicated cancer immu-
notherapy. Importantly, the PDA nanoshells were
demonstrated to be stable within cells of the liver
and spleen for up to six weeks, which strongly supports
the excellent stability of PDA in vivo. Moreover,
the GNP@PDA showed no notable histological toxi-
city for a long time. These results strongly suggest
that the PDA surface modification can serve as an
effective strategy to form an ultrastable nanolayer
on materials and improve their biocompatibility
for in vivo application. Meanwhile, the stable PDA
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nanolayers can further react with thiol- and amino-
terminated molecules, which will facilitate the design

EXPERIMENTAL SECTION

Materials. Dopamine hydrochloride and 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were
purchased from Sigma-Aldrich. Hydrogen tetrachloroaurate
hydrate (HAuCl,-4H,0), trisodium citrate dihydrate (CgHs-
NasO5-2H,0), and other regents were purchased from Sino-
pharm Chemical Reagent Co., Ltd. Cell line HepG2 was pur-
chased from China Center for Typical Culture Collection, and all
reagents for the cell culture were used directly after being
purchased. All water was distilled and subsequently purified to
Millipore Milli-Q quality. For nanoparticle synthesis, all glass-
ware used was cleaned by freshly prepared aqua regia solution
(HCI/HNO3, 3:1). For cell experiments, all of the solutions and
substrates were sterilized in advance.

Synthesis of Citrate Protected Gold Nanoparticles (GNPs). Citrate-
capped GNPs (GNP-Cit) in diameter of ~50 nm were synthe-
sized according to the reference with minor modifications.”
Briefly, 1.214 mL of 10 mM HAuCl, was added to 50 mL of Milli-Q
water, and the solution was heated to boiling. Next, 0.5 mL of
10 mg/mL citrate sodium solution was added to the solution,
which was refluxed for half an hour as the color changed from
dark blue to red. After being cooled to room temperature, these
GNPs were modified with dopamine.

Synthesis of Polydopamine (PDA) Coated GNPs. For in vitro study,
we prepared three kind of PDA-coated GNPs (GNP@PDA) with
different shell thickness by adjusting the concentration of
dopamine in the reaction. In the following discussion, we refer
the particles obtained from the dopamine solution with final
concentrations of 0.1, 0.2, and 0.4 mg/mL as GNP@PDA-1,
GNP@PDA-2, and GNP@PDA-3, respectively. Briefly, 17 mL of
above GNP-Cit solution was added to 17 mL of freshly prepared
dopamine solution in Tris buffer (10 mM, pH 8.5). After being
stirred under air at room temperature for 1 h, the modified GNPs
were purified by centrifugation and redispersed in water. Then
the GNP@PDA were further filtrated through syringe filters with
cellulose acetate membranes with a pore size of 1 um to remove
the bigger impurities like PDA accumulates and GNP@PDA
aggregates.

Characterization of GNP@PDA. UV—vis analysis was carried out
with a UV—vis Shimadzu UV-2505 spectrometer using 1-cm-
path length quartz cuvettes. Spectra were collected within the
range of 400—800 nm. When detecting the spectra of GNPs in
cell culture medium, Dulbecco's Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS)
without phenol red was used to exclude the strong absorbance
of phenol red. Transmission electron microscopy (TEM) analysis
was performed on a JEM-1230EX TEM operating at 80 kV in
bright field mode. For the determination of particle size, over
100 particles were counted in multiple pictures from different
areas of the TEM grid. Dynamic light scattering (DLS) analysis
was performed on 90plus/BI-MAS (90 Plus Particle Size Analyzer,
Brookhaven Instruments Co.). The scattering angle was kept at
90°, and the wavelength in the vacuum was set as 633 nm
during the whole experiment. Zeta potential measurements
were also performed on a Delsa Nano C particle analyzer
(Beckman Coulter Ireland, Inc.).

Cell Culture. HepG2 cells were cultured with regular growth
medium consisting of high-glucose DMEM supplemented
with 10% fetal bovine serum (FBS), 100 U/mL of penicillin, and
100 mg/mL of streptomycin and cultured at 37 °C in a 5% CO,
humidified environment.

Cytotoxicity. Cytotoxicity was performed by standard MTT
assay. The colorimetric MTT test assesses cell metabolic activity
based on the ability of the mitochondrial succinate/tetrazolium
reductase system to convert the yellow dye (MTT) to a purple
formazan in living cells. The metabolic activity of the cell is
proportional to the color density formed. To determine the
relative cell viability by MTT assay, cells were plated at a density
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of 5 x 10> cells per well in a 96-well plate and cultured for 24 h.
The medium was replaced with fresh medium containing the
GNP@PDA of varying concentrations (given in Au atomic con-
centration, which was determined by inductively coupled
plasma mass spectrometry (ICP-MS, Thermo Elemental Corpora-
tion of USA, XSeries Il)). Cells cultured in nanoparticle-free media
were used as a control. After treatment for 24 h, the wells were
washed with phosphate buffered saline (PBS, ~0.15 M NaCl, pH
7.4; to rule out the interference from MTT interacts with GNPs in
the suspension), the medium was replaced with 100 uL of fresh
medium, 20 uL of MTT (5 mg/mL) was added to each well, and
the cells were further cultured at 37 °C for 4 h. The dark blue
formazan crystals generated by the mitochondria dehydrogen-
ase in live cells were dissolved with 150 uL of dimethyl sulfoxide
to measure the absorbance at 570 nm by a microplate reader
(model 550, Bio Rad). The relative cell viability (%) = the
absorption of treated well/the absorption of control well x
100%.

Internalization of GNP@PDA Detected by ICP-MS Analysis. Cellular
uptake of the GNP@PDA was determined by ICP-MS quantita-
tively. HepG2 cells were seeded on a 24-well plate at a density of
1 x 10° cells per well and cultured for 24 h. Then, cells were
incubated with GNP@PDA (added 20 uL of GNP@PDA solution
into 480 uL of fresh culture medium; final concentration of Au
was 5 mg/L) for 12, 24, and 36 h. In all the processes, the cells are
cultured in the medium with 10% FBS. At determined time, the
cells were washed five times with PBS and then treated by aqua
regia (HCI:HNO3 =1:3, volume ratio) for 2 h. The treated solution
was diluted to determine Au concentration by ICP-MS. The Au
amount per well data from ICP-MS analysis are presented as
mean =+ standard deviation (SD) for experiments repeated three
times. Divided by the number of cells, the data of Auamount per
cell was calculated.

Intracellular Fate of GNP@PDA Detected by TEM Analysis. For TEM
cell sections analysis, the cells were seeded on a 6-well plate at a
density of 5 x 10° cells per well. After being cultured for 24 h,
the medium was replaced with fresh medium, and then the cells
were incubated with GNP@PDA with a Au atomic concentration
of 5 mg/L for 24 h. At the determined time, the cells were
washed five times with PBS and trypsizined, centrifuged, and
then fixed with 2.5% glutaradyhyde. After 2 h of fixation at 4 °C,
the samples were washed with phosphate buffer (0.1 M, pH 7.0)
three times. Then the samples were fixed with 1% perosmic
oxide for 2 h at 4 °C. After being washed in water, the samples
were dehydrated in an alcohol series, embedded, and sliced
with the thickness between 50 and 70 nm.

Synthesis of GNP@PDA for in Vivo Study. Briefly, 300 mL of GNP-Cit
solution was added to 300 mL of 0.2 mg/mL freshly prepared
dopamine solution in Tris buffer (10 mM, pH 8.5). After being
stirred under air at room temperature for 1 h, the modified GNPs
were purified twice by centrifugation and redispersed in water.
The GNP@PDA were filtrated through syringe filters with cellu-
lose acetate membranes with a pore size of 1 um. The Au
concentration of GNP@PDA was measured by ICP-MS.

Animals. Animal experiments were performed according to
Guidelines for Animal Care and Use Committee, Zhejiang Uni-
versity. Healthy male ICR mice were purchased from animal
center of Zhejiang Academy of Medical Sciences.

Blood Circulation and Biodistribution of GNP@PDA. GNP@PDA gi-
ven in 0.1 mL of solution with 100 xg Au was injected via the tail
vein in each mouse (male ICR mice, 18—22 g). Blood circulation
analysis was performed by measuring the remaining gold
content from blood taken after injection at different time. Blood
samples were collected at 5 min, 1, 3, 6, 12, and 24 h postinjec-
tion (p.i.); the total blood weight was estimated to be ~7% of
body weight. Biodistribution analysis was performed by mea-
suring the gold content in main organs including the liver,
kidneys, spleen, heart, and lung, collected at 1 day and 42 days
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p.i. The gold content was analyzed by ICP-MS. The intracellular
localization of GNP@PDA in the liver and spleen was investi-
gated by TEM analysis.

ICP-MS Measurement. Organs were washed in PBS, weighted,
and lyophilized for 1 day. Blood was lyophilized directly. The
dried tissues and blood were mashed and dissolved in aqua
regia for 24 h. Then the aqua regia was diluted, and the
precipitated tissue debris was removed by centrifugation at
10000 rpm for 5 min. The Au content in the supernatant was
detected by ICP-MS.

TEM Analysis. Organs were first fixed in 2.5% glutaraldehyde
(in 0.1 M phosphate buffer, pH 7.0). Then the samples were fixed
with 1% perosmic oxide for 2 h at 4 °C. After being washed in
water, the samples were dehydrated in an alcohol series,
embedded, and sliced with the thickness between 50 and
70 nm. TEM analysis was performed on a JEM-1230EX TEM
operating at 80 kV in bright field mode.

Histological Examinations. For histology, mice were sacrificed
at 1 day and 42 days p.i., and major organs (liver, kidneys and
spleen) were harvested. Organs were fixed in 3.7% neutral
buffered formalin, processed routinely into paraffin, sectioned
into 4 um, and stained with hematoxylin and eosin (H&E). The
histology was performed in a blinded fashion by professional
personnel in the medical college of Zhejiang University. The
samples were examined by microscope (Olympus BX61 In-
verted Microscope) in bright-field.
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