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T
he plasma membrane is a dynamic
structure that functions to separate
the cytoplasm from the extracellular

environment by regulating and coordinat-
ing the entry and exit of small and large
molecules. Small molecules, such as amino
acids, sugars, and ions, can traverse the
plasma membrane through the action of
integral membrane protein pumps or chan-
nels. Macromolecules must be carried into
the cell in membrane-bound vesicles de-
rived by the invagination and pinching-off
of pieces of the plasma membrane in a
process termed endocytosis. The endocytic
pathways (phagocytosis, (macro)pynocitosis)
differ with regards to the size of the endocytic
vesicle and the chemistry of the cargo trig-
gering eithermembrane proteins (hormone

mediated-signal transduction, cell�cell
communication, immune surveillance, cell
motility)1 or cytosolic compartments. With-
in the endosome the cargos are sorted to
distinct destinations, being either recycled
back to the plasma membrane or sorted
into intraluminal vesicles for lysosomal de-
struction via multivesicular bodies.2 The
macromolecular nature of the material trans-
ported by endocytosis makes this route one
of the most important targets for nano-
medicine.3�5 Indeed, many nanoparticle
formulations are customized to bypass cell
membranes and deliver the cargo within
the cell.6�8 However, not much is known
about the intracellular trafficking and fate of
nanomaterials following cargo delivery,9,10

and only a few studies report on their whole
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ABSTRACT Gold nanoparticles have emerged as novel safe and

biocompatible tools for manifold applications, including biological

imaging, clinical diagnostics, and therapeutics. The understanding of

the mechanisms governing their interaction with living systems may

help the design and development of new platforms for nanomedicine.

Here we characterized the dynamics and kinetics of the events

underlying the interaction of gold nanoparticles with a living organ-

ism, from the first interaction nanoparticle/cell membrane, to the

intracellular trafficking and final extracellular clearance. By treating a

simple water invertebrate (the cnidarian Hydra polyp) with function-

alized gold nanoparticles, multiple inward and outward routes were

imaged by ultrastructural analyses, including exosomes as novel undescribed carriers to shuttle the nanoparticles in and out the cells. From the time course

imaging a highly dynamic picture emerged in which nanoparticles are rapidly internalized (from 30 min onward), recruited into vacuoles/endosome (24 h

onward), which then fuse, compact and sort out the internalized material either to storage vacuoles or to late-endosome/lysosomes, determining almost

complete clearance within 48 h from challenging. Beside classical routes, new portals of entry/exit were captured, including exosome-like structures as

novel undescribed nanoparticle shuttles. The conservation of the endocytic/secretory machinery through evolution extends the value of our finding to

mammalian systems providing dynamics and kinetics clues to take into account when designing nanomaterials to interface with biological entities.

KEYWORDS: gold nanoparticles . cell uptake . intracellular trafficking . exocytosis . transmission electron microscopy .
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journey into the cell up to external clearance. Gold
nanoparticles (AuNPs) hold great interest in this field
thanks to properties such as monodispersity, stability,
minimal toxicity, excellent contrasting agent proper-
ties for transmission electron microscopy (TEM) anal-
ysis, which enable to track with unprecedented re-
solution dynamic of uptake, intracellular sorting, and
potential secretion.11�13 Recent results gathered on
the interaction of AuNP with different synthetic lipid
membranes14 or cell lines demonstrated that proper-
ties such size, charge, chemical functionalities, but also
the arrangement of organic ligands on nanoparticle
surface, dictate the internalization route.15,16 More-
over, surface functionalization may influence the fate
of AuNP upon cell uptake: HUVEC cells treated with
AuNP coated by different peptides display distinct
exocytosis profiles.9 Here we investigated the inward
and outward trafficking of AuNPs at whole animal level
using the small invertebrate Hydra vulgaris (Cnidaria,
Hydrozoa), a recently emerged amenable system to
study nanoparticle�cell interactions.17,18 Shaped like a
simple hollow cylinder with a single apical opening
(mouth) surrounded by a tentacle crown and a basal
foot to anchor a substrate (Figure 2B).19 Hydra is a
freshwater polyp successfully used to test diverse
nanoparticles, for example, for evaluation of toxicity
of CdTe quantum dots,20,21 to study cell dynamics
using fluorescent quantum rods,22 or to analyze animal
behavior in response to nanoparticle exposure.23 The
possibility to uniformly expose thewhole animal to any

given substance by simple soaking makes it ideal to
study the mechanism of nanoparticle uptake and fate.
In fact, the tissue structure, organized as just two cell
layers (ectoderm and endoderm) facing respectively
the animal external side and the gastric cavity, enables
us to finely track NPs interaction with Hydra cells upon
pulsed or prolonged exposure at any desired time
point. We have recently shown that the capability of
Hydra cells to uptake solublemacromolecules is greatly
enhanced by the positive net charge. CdSe/CdS poly-
(ethylene glycol) (PEG) coated quantum rods, display-
ing negative zeta potential as-synthesized, under the
condition of charge reversal (i.e., acidic pH) acquire
positive charge and capability to enter Hydra cells at
high efficiency.22 Similarly, short dsRNA, if protonated
at acidic pH, are uptaken at a high rate into the cytosol
and are able to initiate an RNAi response,24 showing
the pivotal role played by the positive charge in
enhancing cell permeability to several structures, che-
mically unrelated. Our group has recently shown that
multifunctional gold nanoparticles, stabilized by PEG
and conjugated to several bioactive molecules (siRNA,
TAT, charged groups) are capable of cytosol delivery of
small interferingRNAs (siRNA) and inductionof a specific
RNAi process.25 The selected siRNA targeted the proto-
oncogene c-myc, a key gene controlling disparate as-
pects of cell physiology including cell growth, cell cycle
progression, biosynthetic metabolism, and apoptosis
and, as expected, found deregulated in the majority
of human cancers. Remarkably, these multifunctional

Figure 1. Characterization of AuNPs. The high monodispersity of the gold core of AuNP-N3 (A) and AuNP-siRNA (D) was
confirmed by transmission electron microscopy (TEM, T20 200KeV; FEI) showing an average size of 14 nm. (B) Analysis of the
stability of AuNP-N3: the ratio A519 (contribution of stable AuNPs)/A600 (contribution of aggregated AuNPs) was measured
by UV�vis. (C) Infrared spectra (FTIR, JASCO FT/IR 4100) confirmed the presence of the azide groups covering the gold cores,
showing a characteristic peak at 2100 cm�1. Quantification by Ellman'smethod of the PEG-COOH chains attached in a second
addition after (E) increasing amount of PEG-COOHwith (squares) and without (circles) PEG-N3, (F) increasing amount of PEG-
N3 at constant PEG-COOH added. Data were collected from a single experiment, developed by J. Conde during previous
work.25 Whole characterization of AuNP-siRNA has been extensively reported.25
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myc-siRNA AuNPs induced specific and efficient RNAi
in three different biological systems (human cell cul-
ture, Hydra, and mouse) thus representing a broadly
valid nanotool to achieve gene silencing. In Hydra the
downregulation of the myc gene (previously isolated by
Hartl et al.26) mediated bymyc-siRNA-AuNP induced 80%
downregulation25 and the same effects caused by free
siRNA,24 confirming the specificity of the new approach.
Briefly, Hymyc1 inhibition caused increased proliferation
of interstitial stem cells, suggesting a role in maintaining
the balance between stem cells self-renewal and dif-
ferentiation, as found in other systems. Ultrastructural
analysis by TEM showed the capability of myc-siRNA
nanostructures to directly penetrate Hydra cell mem-
branes,25 while in human cells and mouse lungs classic
endocytic routes were found. Considering the broad
potential of the new nanotool to enter RNAi-based
clinical trials, basic knowledge of the rule governing the
interaction of such smart nanoparticles with a cell mem-
brane is of fundamental importance, together with the
understanding of kinetics of the gold clearance following
siRNA delivery. To get deep insights on these mechan-
isms, here we used an ultrastructural approach to
analyze all steps of AuNP cell/interaction using the
Hydra model. By comparing different chemical func-
tionalities (siRNA and positively charged groups), ad-
ministration dose, and incubation times we identified
novel inward and outward routes, capturing for the
first time at whole animal level AuNP exocytosis. The
strong evolutionary conservation of the endocytic/
secreting machinery in the animal kingdom makes
our findings of broad value not only for nanomedicine/
pharmacological aims, but also to unravel, in vivo, basic
mechanisms and parameters regulating cell portals of
entry, negotiation, and secretion.

RESULTS AND DISCUSSION

Synthesis and Surface Modification of Gold Nanoparticles.
Two types of AuNPs were employed in this study:
surface-modified by azide group (AuNP-N3) and by
siRNA targeting the c-myc gene (AuNP-siRNA). AuNPs
used as starting material for both functionalizations
were synthesized following the straightforward meth-
odology reported.27 The obtained AuNPs had an aver-
age size of 14 nm (Figure 1A,D). Citrate protective layer
was exchanged by a hepta-ethylenglycol spacer in-
cluding a thiol and an azide functional groups. Thiol
moiety was used to react with Au atoms of the AuNP
and to establish a strong Au�S pseudo-covalent bond.
The azide group was incorporated for further funct-
ionalization of the nanoparticles by “click chemistry”
reactions with alkynemoieties (data not shown). More-
over, surface modification with PEG resulted in pro-
longed stability of the nanoparticles in the animal
growing media, minimizing unwanted aspecific protein
interactions and decreased toxicity of the nanoparti-
cles. Removal of citrate groups from the surface of the

nanoparticle caused changes of Z potential changes,
from �38 mV to þ21 mV, which could drastically
modify the cellular uptake. The best conditions for
obtaining stable and derivatized AuNPs were obtained
by adding different AuNP/PEG-N3 ratios. The most
stable nanoparticles were obtained with AuNP/PEG-
N3 ratios between 1:2000 and 1:5000, and around 2600
PEG-N3 chains/AuNP were estimated at the maximum
point. The addition of higher or lower amounts of PEG-
N3 decreased drastically the stability of nanoparticles
(Figure 1B). The presence of N3 moieties on the AuNP
surface was proved by FTIR analysis (Fourier transform
infrared spectroscopy), showing a characteristic peak
at 2100 cm�1 (Figure 1C). MALDI TOF of AuNP-N3 fur-
ther confirmed the presence of PEG-N3 (M�Hþ 451.1).
In the case of the AuNPs-siRNA, the functionalization
was made as previously described,25 decreasing the
total amount of PEG for further incorporation of thio-
lated siRNAs. To overcome the low stability of partially
pegylated nanoparticles using PEG-N3 chains, 50% of
carboxylated PEG chains was added. Quantification of
PEG-COOH and PEG-N3 chains bound to AuNPs was
performed as previously reported.25 Briefly, PEG-COOH
chains were measured directly by the determination
of the excess of thiol groups in supernatant by
Ellman's method, while in the case of PEG-N3 chains,
an indirect methodology was designed. An accurate
description of the quantification of degree of saturation
for the PEG chains on AuNP is reported in ref 25, and
the results shown in Figure 1E,F. The number of PEG
chains on AuNP-siRNA was estimated as 1250.5 (
279.8. The addition of siRNA also improved the stability
of the AuNP due to their negative charge.28 Quantifica-
tion of myc siRNA strands following covalent binding
to AuNPs (see Material and Methods) led to estimate
41.3 ( 0.8 siRNA strands loaded on AuNPs. The addi-
tion of siRNA on NP surface causes a zeta potential
switch toward negative values like �25.5 ( 1.2 mV. In
Table 1 a summary of the AuNP features is reported,
while a scheme of the structure of two nanoparticles is
shown in Figure 2 panels A and H.

Influence of Surface Chemistry on NP Uptake: Biodistribution
and Ultrastructural Analysis of AuNP-siRNA and AuNP-N3. A
preliminary toxicological evaluation was performed
to ensure the absence of harmful effects elicited by
AuNPs treatments. Living polypswere soaked 24 hwith

TABLE 1. Quantification of the PEG Chains, and siRNA

Strands for AuNP-N3 and AuNP-siRNA Bioconjugates,

Together with the Z-Potential and Dynamic Light Scatter-

ing (DLS) Measurements

AuNP

conjugate

PEG

chains/NP

siRNA

strands/NP zeta potential (mV) DLS (nm)

AuNP-N3 ∼2600 þ21 15.5
AuNP-siRNA 1250.5 ( 279.8 41.3 ( 0.8 �25.5 ( 1.2 138.7
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70 nM AuNP-siRNA, a concentration previously shown
to induce efficient gene silencing25 and with the same
amount of AuNP-N3. Polyp morphology was not af-
fected by NP exposure, neither their reproductive
capability, as shown by the growth rates of treated
animals, not significantly different from control un-
treated animals (Supporting Information, Figure S1).
The bright field images of Figure 2 show a weak
punctuated labeling pattern over the body and tenta-
cles (Figure 2D,E), confirming a low rate of internaliza-
tion of AuNP-siRNA. These NPs were not detectable on
cryosections prepared from treated polyps (Figure 2F)
while on single cell suspensions a pink colored labeling
was found on a small percentage of cells (Figure 2G).
Polyp treatment with AuNP-N3, by contrast, produced
a strong punctuated labeling all over the animals
(head, body, and tentacles) (see Figure 2 I�N). Cryo-
sections of treated specimens (Figure 2O) showed
internalized AuNP-N3 both within the ectoderm and
few endodermal cells, confirming previous evidence
on dynamic processes occurring between the two

cell epithelia, causing displacement or migration of
labeled cells or free NPs from the ectoderm to the
endoderm.22 Single cell analysis confirmed the loca-
lization of these AuNPs into large cytoplasmic struc-
tures (Figure 2P). To investigate the mechanisms
underlying this different internalization efficiency,
polyps were incubated for increasing periods (5 min,
30 min, and 24 h) with both AuNP types before
processing for TEM analysis.

AuNP-siRNA Cell Uptake Dynamics. While a short incuba-
tion time (5 min) was not sufficient to detect AuNP-
siRNA (Figure 3A), the first clear interactions between
AuNP-siRNA and the cell membranewas detected after
30 min of incubation. At this time point (Figure 3B,C)
AuNP-siRNA are found very close to the cell membrane
and also in the act of passing through it, indicating
the capability of AuNP-siRNA to directly penetrate the
plasma membrane of Hydra ectodermal cells. While
most of the literature data report on the endocytic-
endolysosomal pathway as the main route mediating
the entry and fate of NP inside the cells (and often

Figure 2. In vivo uptake and biodistribution of AuNPs in Hydra. Upper panel: interaction of Hydra with AuNP-siRNA. (A)
Schematic illustration of the AuNP-siRNA shows the nanoparticle structure, coated by two different PEG spacers (PEG-COOH,
and PEG-N3), and functionalized with siRNA molecules.25 (B) Bright field image of a living Hydra, carrying two developing
buds, treated 24hwith AuNP-siRNA. Internalized nanoparticles are hardly detectable bywhole animal imaging. Zooming into
(C) head, (D) foot, and (E) tentacle regions shows nanoparticles as dark granules located on ectodermal cells; (F) tissue
cryosections prepared from treated animals. AuNPs are not detectable on suchpreparation,while (G) single cells preparations
AuNPs are visible (arrowed) into the cytosol of ectodermal cells. Scale bars: (B) 500 μm; (C,F,D) 200 μm; (E) 100 μm; (G) 50 μm.
Lower panel: Interaction of Hydra with AuNP-N3. (H) Nanoparticle scheme illustrating the homogeneous PEG-azide coating
the Au core. (I) A strong punctuated dark labeling is present uniformly all over animal. The pattern is clearly evident on
separate imaging of (L) head, (M) foot, and (N) tentacles of treated polyps. (O) Cryosections from labeled polyps showmassive
AuNP-N3 accumulation into the ectoderm (ect) and the endoderm (end). (P) Fixed single cell suspension reveals AuNP-N3

location into vesicle-like structures of different sizes. Scale bars: (I) 500 μm; (L,O,M) 200 μm; (N) 100 μm; (P) 50 μm.
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limiting the cytoplasmic delivery),29 the direct passage
of the gold nanoparticle through the cell membrane
has been rarely reported, and in a few cases has been
associated to the ordered surface structure.30,31 TEM
analysis performed after 24 h of incubation detected
AuNP-siRNA within a dense cytosol region. Figure 3D,E
show free nanoparticles or as clusters of a few units
within a dense region of an ectodermal cell, likely re-
presenting a late endosome. Interestingly, AuNP-siRNA
were also found on membranes of interstitial cells,
laying in the interstices between ectodermal cells,
proving the capability of NP to freely traverse cell
layers, delivering their siRNA cargo far from the admin-
istration site (Figure 3F).

AuNP-N3 Cell Uptake Dynamics. A different dynamic of
internalization emerged from the TEM analysis of
AuNP-N3 incubated over the same periods with Hydra

polyps (Figure 4) at the same concentration (70 nM).
Supporting Information, Figure S2 shows, after 5min of
incubation AuNP-N3 bound to the glycocalix, a thick
“cuticle layer” composed by glycoproteins and glyco-
saminoglycans, covering the animal's outer surface
(Supporting Information, Figure S3). This molecular

composition of this cuticle layer has been recently id-
entified.32 The strong interaction between the positive
azide group of the AuNP and the negative cuticle
components caused in 30 min the massive accumula-
tion of nanoparticles all around the animal tissue. The
ectoderm appeared as a typical scalloped surface with
branching crypts extending into the epithelium be-
tween cells or groups of cells, uniformly labeled by
electron densematerial (Figure 4A). Interestingly, large
vacuoles in the act of fusing/dividing (Figure 4A and
Supporting Information, Figure S4) were often found in
the apical part of the ectodermal cells, whose prob-
able origin from membrane invagination and fusion
(macropynocytosis) is indicated by the presence of the
glycocalix/cuticle lining the inner side of the limiting
membrane. Single AuNPsmoving through the glycocalix
to reach the cytoplasm revealed the dynamic state of
such structures (Figure 4B, arrows). Remarkably, this
phenomena has been recently described in HeLa cells
incubated with TAT-modified AuNPs: ultrastructural
analysis showed NPs to freely negotiate intracellular
barriers, moving from vesicles to cytoplasm in either
way by direct membrane translocation.33 Our study

Figure 3. Ultrastructural analysis of AuNP-siRNA uptake. Polyps were treated with AuNP-siRNA for (A) 5 min, (B,C) 30 min,
(D�F) 24 h, then carefully washed andprocessed for TEM. Thin sectionswere obtained cutting the animal at themid gastric or
subhypostomal (below the mouth) level, as shown schematically in the upper part of image A. After 5 min, the first
interactions between AuNP and Hydramembranes are not detectable, while after 30 min, at higher magnification (B and C),
single NPs or clusters of 2�3 units are detected in close proximity of the plasma membrane or within it (indicated by black
arrows). In panels D and E images at increasing magnification show AuNP-siRNA located within a dense cytosol region, likely
representing a lysosome. In this environment, NPs are not degraded. (F) AuNP-siRNA are detected after 24 h of incubation on
the membrane of interstitial cells (is). This single stem cell is located in the interstices between ectodermal cells close to the
mesoglea (m), which separates ectoderm (ect) from the endoderm (end). AuNP-siRNA are found also on the mesoglea,
indicating the capability of the NP to reach several tissue districts from the original ectodermal delivery. Scale bars: (A) 2 μM;
(B) 0.5 μM; (C) 0.2 μM; (D) 5 μM; (E) 0.5 μM; (F) 2 μM.
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also shows AuNP-N3 directly crossing intracellular or
plasma membranes (Supporting Information, Figure
S5), as observedwith AuNP-siRNA, suggestingmultiple
mechanisms governing the permeability of cell mem-
brane to AuNPs, and the possibility of identical routes
for different chemical functionalities. The most intri-
guing finding was observed at the 24 h time point
analysis (Figure 4D�F), where AuNP-N3 were found
massively packed into micrometer-sized granular struc-
tures,mixed toglycocalix/subcellular debris components.
These structures, responsible for the punctuated pattern
observed by optical microscopy (see Figure 2 I�P), may
arise from inward budding of themembrane limiting the
endosomal-like structures, as described in mammals.2

Theoccurrenceof self-folding and fusion events between
multiple unitsmay account for the presence of glycocalix
components interspersed between theAuNP aggregates
(Figure 4E,F). Similar vesicles densely packed by AuNPs
have been described also in HeLa cells,33 suggesting a
conserved mechanism exploited by eukaryotic cells to
sort out foreign material. In Hydra they may represent
storage/garbage vacuoles, possibly due to the satura-
tion of the lysosomemachinery unable to sort out high
NP concentration. The current view of endosome and
lysosomes as dynamic organelles that repeatedly fuse

each other and with cell membrane to either degrade,
store, or secrete their content,34 makes at this stage
several hypothesis possible. Our ultrastructural analysis
of AuNP-siRNA or AuNP-N3 uptake indicates that the
surface chemistry of the gold nanoparticles controls
the efficiency of internalization but not themechanism
itself. The positive surface charge does mediate the
intimate contact between the nanoparticles and the
cuticle (due to high binding affinity) greatly enhancing,
together with the high dose, the uptake. Following this
initial interaction, the same mechanisms of entry into
the cells can be exploited by both nanoparticle func-
tionalizations, either through endocytosis (including
macropynocytosis) or direct membrane translocation.
The active/passive nature of themechanismmediating
NP penetration through the membrane and its depen-
dence from the NP surface structure remains to be
elucidated.

Ultrastructural Evidence of AuNP-N3 Exocytosis. To get
deeper insights into the events characterizing the up-
take and fate of AuNP, we focused on AuNP-N3, avoid-
ing the potential effect played by additional biomole-
cules (size, structure, chemistry properties) on the uptake,
and also because these NPs represent starting material
for further functionalizations. A lower dose of AuNP-N3

Figure 4. Ultrastructural analysis of AuNP-N3 uptake. Hydra polyps were exposed to AuNP-N3 for (A�C) 30 min, (C�E) 24 h,
then extensively washed and processed for TEM. (A) At 30 min time point, AuNP-N3 were found attached to the glycocalix,
uniformly decorating the animal outer surface (gray arrows), but also inside large vacuoles (black arrow). (B) At higher
magnifications the inner side of this structure appears lined by the glycocalix layer, proving the origin from membrane
invagination (gray arrows). AuNP-N3 are also captured coming out this structure (black arrow) by direct membrane
translocation toward the cytosol. (C) A close view of the AuNP-N3 entrapped into the vacuoles together with the glycocalix
components. (D) At 24 h time point a massive accumulation of AuNP-N3 into micrometer-sized vesicles is found. In images E
and F, higher magnifications of such structures clarify the presence of membrane components in between the packed NPs,
suggesting multiple self-fusion and invagination events. Scale bars: (A,D) 10 μM; (B) 1 μM; (C,F) 0.5 μM; (E) 2 μM.
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was employed for animal treatment (25 nM) and the
analysis, extended along a wider temporal window,
performed by mean of high-pressure cryo-TEM, which
avoids ice-crystal formation and potential fixative arti-
facts, enabling ultrastructural description as close as
possible to the living state. In Figure 5, representative
TEM images of a time course analysis (4�48 h) show
after 4 h incubation the selective binding of the nano-
particles to dense material within the inner glycocalix
layer, lining the round-shaped surface of a vesicle-like
structure (Figure 5A). At 8 h these NP-decorated vesi-
cles are found crossing the cell membrane (Figure 5B,C),
reaching at 14 h time point the cytosol (Figure 5D). The
cytosolic location of AuNP-N3 decreases after longer
incubation times. Indeed, at 24 and 48 h time points
AuNP-N3 were mainly found inside morphologically
distinguishable lysosomes, as single units or small clus-
ters (Figure 5E), indicating the lysosomal pathway as the
main intracellular fate. By counting the NP-containing
lysosomes, their percentage was found directly corre-
lated to the increase of the incubation time, reaching
90% of the total analyzed lysosomes at 48 h (Figure 5H).
Surprisingly, the finding at 48 h of nanozised vesicles
loaded with NPs outside the cell membrane (Figure 5F)
opened the possibility that beside their role as carriers
of AuNP from the external medium inside the cell, they
could also represent endosome recycled material
brought back to the cell membrane. In mammals the
fusion of multivesicular bodies with the cell membrane
may induce the release of 30�100 nm sized exo-
somes into the extracellular space.35,36 Extensive
investigations at this time point performed on at

least five different animals (and an average of 20 ob-
servations) confirmed AuNP-N3 associated to dense
nanovesicles laying just outside the plasma mem-
brane. This material appears secreted by ectodermal
cells, as indicated by the frequent presence of empty
vesicles of identical size on the cytosolic side of the
cell membrane (Figure 5G and Supporting Informa-
tion, Figure S6). The occurrence of secretory events is
suggested also by the cell membrane morphology,
appearing interrupted at different sites due to the
external release of nanovesicles (see Figure S6). To
further confirm the exocytosis pathway, a “pulse and
chase” experiment was carried out. Living animals
were incubated for 24 h with AuNP-N3, extensively
washed, and incubated in fresh medium for a further
24 h and 48 h before processing for TEM andelemental
analysis. TEM images in Figure 6 clearly reveal, 24 h
postincubation, vesicles containing NP in the apical
part of the cell (Figure 6A), on the glycocalix layer
(Figure 6B), and in the act of being released outside the
cell (Figure 6C). Other images captured exocytosis by
the shedding of vesicles densely packedwith AuNPs or
mediated by multiple vesicle release through larger
membrane areas (Figure 6D�F). As the lysosome con-
tent can be directly released outside the cells (Sup-
porting Information, Figure S7A), we conclude that
multiple pathways may be employed for AuNPs secre-
tion. A hypothetical scheme summarizing our experi-
mental findings is presented in Figure 7.

Elemental Analysis Confirms Kinetic of Uptake and Clearance
of AuNP. To quantitatively estimate the amount of
AuNP-N3 internalized by Hydra and possibly the extent

Figure 5. High-pressure cryo-TEM reveals additional internalization pathways. Time course analysis of AuNP-N3 interaction
withHydra vulgaris. Polypswere incubated for the indicated periodswith 25 nMAuNP-N3. (A) Single distinguishable AuNP-N3

appear attached to nanosized vesicles outside the cell membrane, within the glycocalix (Glx). (B) Later on the vesicles are
found traversing the cell membrane (B,C) to reach (D) the cytoplasm. (E) At 24 and 48 h time point most of the AuNP-N3 are
detected inside lysosomes (Lys). (F,G) At 48 h nanosized vesicles loaded by NPs are also found outside the cell membrane. (H)
An estimation of the lysosome containing NPs (expressed as percentage ( SE) shows that they increase from 8 to 24 h of
incubation, when most of uptaken NPs are delivered to lysosomes for degradation. The estimation was done at each time
point on 20 TEM images collected from three different animals. Scale bars: (A,C,D,F,G ) 0.2 μM; (B,E) 1 μM.
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Figure 7. Schematic representation summarizing inward and outward trafficking routes of AuNPs. Following AuNP exposure to
Hydra, several inward routes may be exploited by ectodermal cells, leading to AuNP internalization, illustrated on the left panel:
(i) direct membrane translocation, (ii) loading on nanovesicles, (iii) endocytosis (macropynocytosis) through large membrane
invaginations. These processes occur within 30 min to 24 h, when a massive recruitment of particles from different cytoplasmic
districts into vesicle/vacuole structures is observed. From 24 to 48 h a dynamic exchange of particles between different cell
compartments (late endosome/phagosome-lysosome) takesplace andAuNPs appear also tomoveout of vesiclemembranes. After
48 h of incubation AuNPs are found at a great extent in lysosomes, but also on exosome-like vesicles. We suggest that following
endosomal recruitment several outward routes may take place: (i) through exosomes (possibly derived by late endosomes),
(ii) directmembrane exocytosis of NP-loaded vesicles, (iii) fusion of lysosomeswith cellmembrane. In the scheme the black and red
arrows indicate the inward and outward routes, respectively, the dotted arrows indicate possible intracellular trafficking.

Figure 6. Exocytosis of AuNP-N3. Polyps were “pulsed” 24 h with AuNP-N3, extensively washed, and “chased” by incubation
for additional 48 h in fresh medium, before processing for TEM analysis. (A) AuNP-N3 are found on the apical part of the cell,
entrapped into nanosized vesicles that are released out of the animal (B,C). In image D a low magnification image shows the
whole animal tissue section in the act of AuNP-N3 clearance. Other similarmembrane sheddingwithout NP are present on the
animal surface, proving the normal occurrence of this phenomena. The same region at higher magnification is shown in
image E. (F) Other tissue regions showing NP clearance. In this case a larger membrane area is involved, probably reflecting
lysosome exocytosis. Scale bars: (A�C) 0.2 μM; (D) 1 μM; (E,F) 0.5 μM.
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of the exocytosis, elemental analysis by mean of ICP-
AES (inductively coupled plasma atomic emission
spectroscopy) was performed on animals pulsed 24 h
with 25 nM AuNPs (corresponding to 1.25 mg), then
washed and chased in fresh medium for 24 and 48 h.
The Au content (calculated on 150 treated animals) at
the end of the pulse (24 h) was estimated as 93.7 μg,
namely 7.5% of the total dose used for treatment.
Following washing, the Au content decreased down
to 26.1 and 23.1 μg, respectively at 24 and 48 h time
points, indicating a 75% release of the internalized
material. Interesting, this massive release occurred
within the first 24 h of chasing, as after 48 h a quite
similar Au value was measured. From analysis of the
supernatants collected during the “chase” phase, low
but detectable Au amounts (0.8 μg) were found only at
24 h postwashing, confirming AuNP exocytosis mainly
occurring within this temporal window (see Table 2).
Although the number of animals employed for the ICP
was elevated (150), and the experiments were run in
duplicate, the measure of Au content by ICP-AES pro-
duces an estimation of the general trend of the en-
docytosis/exocytosis, and the calculated gold amounts
should not be considered as absolute to calculate the
real extent of these processes. Overall these findings
confirm the kinetics of AuNP entry/exit suggested by
the TEM images: AuNPs are moderately recruited into
vesicles within the first 24 h of incubation, and then
sorted out (1) to lysosomes for external release during
the following 24h, (2) tomore stable structures, possibly
representing storage vacuoles, discharging their con-
tent over a longer period. The unavailability ofmolecular
markers specific for Hydra storage/garbage vesicles
makes it impossible to further characterize the nature
of such structures.

CONCLUSIONS

The complexity of the molecular interactions under-
lying the endocytosis suggests that a great evolution-
ary effort has been spent to regulate the cellular re-
sponse to a variety of different environmental stimuli.
In multicellular organisms the endocytic and secretory
pathways evolved to control all aspects of cell physio-
logy and intercellular communication (immune response,

development, hormone-mediated signal transduction,
neurotransmission). Nanoparticles, being crystalline
solids, can have inherently different properties from
other molecules, which might dictate different me-
chanisms regarding transmembrane transport, intra-
cellular sorting and excretion. While much of the
knowledge regarding the cellular uptake and fate of
gold nanoparticles has been acquired through in vitro

cell culture studies, and relies on the response of single
cells to AuNPs, here we captured these dynamics
in vivo, on a simple animal structured as a living
bilayered tissue, presenting physiological connections
among all cells exposed to NPs. We present direct TEM
evidence of several ongoing mechanisms underlying
inward and outward trafficking of AuNP tailored with
different molecules. The positive surface charge does
control the early interaction with the cells, greatly
enhancing the efficiency of uptake of AuNP-N3 com-
pared to AuNP-siRNA, while the mechanisms of uptake
are shared by the two different functionalizations. In-
terestingly, beside expected endocytosis and macro-
pynocytosis (trapping of large fluid pockets by forma-
tion and enclosure of membrane invaginations), we
showed at least two unusual internalization routes: (1)
direct membrane translocation for both AuNP-N3 and
AuNP-siRNA; (2) cell entry mediated by nanovesicles,
enabled by the combination of the HP-TEM technique
and the low AuNP concentrations. The nanovesicles
may represent glycocalix structural components ex-
ternally released (and thus NPs passively bind and
follow the fate of such structures) or, alternatively, con-
sidering their size and morphology, they may repre-
sent exosomes, that is, endosomal-derived vesicles
shipping extracellular messages, which may entrap
AuNPs. The role of the exosomes in cell and animal
physiology (immune response, cell signaling) has re-
cently emerged,35 thus their labeling with AuNPs may
provide a unique tool to elucidate their biogenesis and
fate. TEM imaging performed at 24 and 48 h timepoints
showed several cell compartments containing the NPs,
spanning from early- to late-endosomes, to lysosomes. In
addition, AuNPs were found in the act of endosome
escaping and traversing intracellular membranes (i.e.,
AuNP-siRNA present on membranes of interstitial cells),
depicting multiple highly dynamic processes elicited in
response to AuNPs, over the first 24 h. The elemental
analysis confirmed the kinetic of internalization and in
addition showed thatwithin48h,most of the internalized
gold was cleared out the animal.
The dynamic and kinetic of the whole journey of

gold nanoparticles within an animal, is here reported
for the first time. On one hand, they perfectly mirror
previous data obtained in mammalian cells, showing
the conservation of such mechanisms throughout
the animal kingdom, but, on the other hand, they
extend the knowledge of new inward and outward
mechanisms negotiating the entrance, trafficking,

TABLE 2. ICP-AES (Inductively Coupled Plasma Atomic

Emission Spectroscopy) Resultsa

time (h postwashing) intracellular Au content (μg) extracellular Au (μg)

0 93,74 ( 1.55 0
24 26,14 ( 1.20 0.819 ( 0.012
48 23,14 ( 0.42 0

a ICP-AES was performed on animals pulsed 24 h with 25nM AuNPs (corresponding
to 1.25 mg), then washed and chased in fresh medium for 24 and 48 h. At each time
point 150 animals (and 1 mL of their incubation medium) were collected and
processed for ICP-AES. Experiments were performed in duplicate. Values are
indicated as micrograms ( SE.
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and clearance of gold nanoparticles in animal cells.
This may have a profound impact in the design of

nanodevices for biomedical application and in basic
cell biology.

MATERIALS AND METHODS
Nanoparticle Synthesis. Hydrogen tetrachloroaurate (III) hydrate

(HAuCl4) was supplied by Strem Chemicals, and O-(2-aminoethyl)-
O0-(2-azidoethyl)pentaethylene glicol was supplied by Iris Biotech.
Citrate, γ-tiobutirolactone, triethylamine, dimethyl sulfoxide,
sodium dodecyl sulfate, and sodium hydroxide were pur-
chased from Sigma-Aldrich.

Synthesis of Citrate-Gold Nanoparticles (Au NPs). Gold
nanoparticles with an average diameter of ∼14 nm were synthe-
sized by the citrate reduction method as described.26 Briefly,
hydrogen tetrachloroaureate (III) hydrate (Strem Chemicals)
(0.2g; 0.589mmol) wasdissolved in 500mLofMilli-Qwater, heated,
and stirred under reflux. When the solution boiled, sodium
citrate dihydrate (0.598 g; 2.03 mmol) was added resulting in a
red solution. The solution was kept under ebullition and protected
from light for 30 min, and then cooled down and kept protected
from light. The synthesized AuNPs were characterized by UV�vis
due to its surface plasmon resonance (λmax, 519 nm) and by
transmission electron microscopy.

Synthesis of N-(20-azido-3,6,9,12,15,18-hexaoxoicosane)-4-
mercaptobutanamide (HS-(CH2)3-CONH-EG(6)-(CH2)2-N3). For
the synthesis, 0.6 mmol of R-amine-ω-azido hepta(ethylene
glycol) were added to 12.5mL of dimethylsulfoxide under argon
atmosphere in a poly(ethylene glycol) bath at 50 �C and under
continuous stirring. Subsequently, 0.63 mmol of γ-tiobutirolac-
tone and 5.7 mmol of triethylamine were added. After 5 h, the
mixture was cooled down and lyophilized obtaining yellow oil.
The yield of the reaction was 93%, without any further purifica-
tion step. The product was characterized by FT-IR: 3301 cm�1

(NH st), 2870 cm�1 (�CH st), 2530 cm�1 (SH st), 2106 cm�1 (N3

st), 1663 cm�1 (CdO st). 1H-RMN 300 MHz (δ): 2,00 (m, 2H); 2,25
(t, 2H, J = 7,30 Hz); 2,65 (t, 2H, J = 7,00 Hz); 3,01 (s, 1H, SH); 3,32 (t,
4H, J = 5,00 Hz); 3,37 (t, 2H, J = 5,22 Hz); 3,59 (s, 22H); 6,60 (t, 1H,
J = 4,76 Hz), and mass spectroscopy [M�Hþ], 451.1.

Functionalization of AuNPsAuNP-N3. AAuNPsolution (10.7nM)
and HS-(CH2)3-CONH-EG(6)-(CH2)2-N3 (28 μM) was prepared the
presence of SDS (0.028% v/v). NaOHwas further added to a final
concentration of 25mM, and themixturewas incubated for 16 h
at room temperature with strong stirring (it is important to
follow this order of addition in order to avoid aggregation). The
excess of PEGylated chain was washed away by centrifugation
at 14000 rpm at 4 �C for 30 min times three. Z potential values
for this sample provided a value of þ21 mV (pH 7, 1 mM KCl).
MALDI-TOF analysis confirmed the presence of PEG-N3 ([M�Hþ],
451.1). The DLS measurement of AuNP-N3 was 15.5 nm.AuNP-
siRNA. AuNPs functionalizedwithHS-(CH2)3-CONH-EG(6)-(CH2)2-
N3, HS-EG(8)-(CH2)2�COOH, and siRNA were prepared following
the protocols previously published.25 Briefly, a mixture of 10 nM
of citrate�gold nanoparticles, 7 μM SH-EG(8)-(CH2)2-COOH and
7 μM SH-(CH2)3-CONH-EG(6)-(CH2)2-N3, and 0.028% SDS were
prepared. NaOH was further added to a final concentration of
25 mM and the mixture was incubated for 16 h at room tem-
perature. The excess of PEG chains was removed by centrifuga-
tion at 14.000 rpm for 30 min at 4 �C, and the supernatant was
discarded. This washing process was repeated three times, and
the pellet of AuNPs was dissolved in pure water.

For siRNA functionalization, the HS-siRNA previously treated
with DTT and purified was incubated at a constant concentra-
tion of 5 nmol/mL with RNase free solution of AuNP previously
functionalized with PEG (10 nM) containing 0.028% SDS (w/v).
Subsequently, the salt concentration was increased to 0.1 M
NaCl with brief ultrasonication following each addition to in-
crease the coverage of oligonucleotides on the nanoparticle
surface. Following 16 h incubation at 4 �C, the particles were
purified by centrifugation at 14000 rpm 30 min at 4 �C and
resuspended in DEPC-water 3 times.

The siRNA attached to the AuNP-siRNA was determined by
quantification of the excess with the nucleic acid intercalator

GelRed (Biotium), measuring its fluorescence at 602 nm. It was
found that 41.3 ( 0.8 strands/AuNP were bound.

The sequence of the siRNA used targeting the Hydramyc 1
gene (Accession No. GQ856263) is as follows. Sense: 50-thiol
AAGAUGCUCACGCGUCAAGAAUU-30 . Antisense: 50-UUCUUGA-
CGCGUGAGCAUCUU-30 .

Animal Culturing and in Vivo Experiments. Hydra vulgaris (strain
Zurich, originally obtained by P. Tardent), were cultured in
Hydramedium (SolHy) comprising 1mMCaCl2, 0.1mMNaHCO3,
pH 7.0, fed on alternate days with Artemia nauplii at 18 �C with
12:12 h light. Polyps from homogeneous populations, three
weeks old, were selected for experiments, performed in an air-
conditioned environment at 22 �C. The tests were initiated by
collecting groups of 10 animals in plasticmultiwells, followed by
the addition of 70 nM AuNP (either AuNP-N3 or AuNP-siRNA) in
300 μL of SolHy to each well and incubation for the necessary
time periods. Nanoparticle uptake was monitored in vivo by a
stereomicroscope (Olympus ZSXRFL2). Following extensive
washes, in vivo imaging was accomplished by an inverted micro-
scope (Axiovert 100, Zeiss) equipped with a digital color camera
(Olympus, DP70). For imaging acquisition and analysis the soft-
ware system Cell F (Olympus) was used. At the time indicated
above, animals were taken and processed for TEM analysis.

Hydra Cell and Tissue Analysis. Hydra polyps were macerated
into a suspension of fixed single cells as reported.37 Animals
were anaesthetized in 2% urethane in SolHy for 2 min. The
relaxed andelongatedHydrawere fixedwith Lavdowsky's fixative
(ethanol/formaldehyde/acetic acid/water as 50:10:4:40), rehy-
drated, and mounted on microscope slides in glycerol 50% in
PBS (8 g/L NaCl; 0.2 g/L KCl; 1.44 g/L Na2HPO4 3 7H20; 0.24 g/L
KH2PO4).

Tissue sectioning: Treated animals were soaked overnight in
30% sucrose in PBS and then embedded in the frozen section
medium Neg-50 (Richard-Allan Scientific). Cryosections of 10
μm thickness were obtained by a cryostat (Leitz, digital 1760),
collected on adhesion microscope slides (SuperFrost Plus,
Menzel) mounted in DAKO mounting medium (DAKO) or
dehydrated in ethanol, equilibrated in xylene and mounted in
D.P.X (Sigma) before imaging.

Transmission Electron Microscopy Analysis. Following exposure to
nanoparticles, animals were extensively washed, then treated
with 2% urethane in SolHy to prevent contraction and fixed for
2 h in 2% glutaraldehyde in SolHy. Samples were washed at
least four times with SolHy and postfixed for 45 min with 1%
buffered OsO4. After a series of four washes in SolHy, animals
were dehydrated in a graded ethanol series (30%, 50%, 70%,
90%, 100%), incubated 3 � 15 min with propylene oxide and
then overnight in a 1:1mixture of propylene oxide/Epon 12 resin.
Before they wereflat embedded, the animals were incubated 2�
2 h in Epon 12 resin. Serial thin sections (70 nm) prepared from
animal tentacles and body regions below the head level were cut
with a diamond knife and mounted onto 150�200 mesh Hex
grids. Thin sections were stained with uranyl acetate and lead
citrate. Ultrathin sections were examined with a Leo 912 AB
transmission electron microscope operating at 80 kV.

Sample Preparation for High-Pressure Freezing Procedure
(HPF). Hydra polyps immersed in SolHy were dissected into
appropriate pieces to fit into cup-shaped HPF specimen carriers.
Tissue pieces were pipetted with SolHy into a 0.2- or 0.3-mm
deep carrier and covered with an additional carrier. Finally, the
obtained sandwiches were cryo-immobilized by HPF. Frozen
sandwiches were transferred into appropriate containers for
storage in liquid N2 for later use or subjected to freeze substitu-
tion (FS). The frozen samples were transferred under liquid N2

into cryovials containing frozen FS cocktails (anhydrous acetone
plus 1% OsO4 and 0.1�0.2% uranyl acetate). Subsequently, the
lids were screwed loosely onto the vials to permit safe evapora-
tion of excess N2 gas. The vials were placed into the precooled
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FS device, and after about 1 h the lids were tightened and
FS was performed for at least 8 h at�80 to�90 �C; warming up
to�55 �C at a rate of 5�10 �C per hour, subsequent postfixation
and staining at�55 �C for 6 h, followed bywarming up to�30 �C
at a rate of 5�10 �C per hour where samples were left for an
additional 3 h.38 Finally the samples were washed 3� with
acetone (10min each), 16 h in 10%epoxy resin (Epon) in acetone,
6 h in 30% Epon in acetone, 16 h in 70% Epon in acetone, 6 h in
100% Epon in acetone, and finally 16 h in 100% Epon in acetone.
Then the samples were placed in fresh resin and placed in an
oven at 60 �C overnight.

Sample serial thin (70 nm) sections of tentacles and body
regions were cut with a diamond knife and mounted onto
150�200 mesh Hex grids. Ultrathin sections were examined
with transmission EM Libra 120 EFTEM (Zeiss, Oberkochen,
Germany) at 80 eV.

Elemental Analysis by Inductively Coupled Plasma Atomic Emission
Spectroscopy (ICP-AES). To estimate the extent of endocytosis and
exocytosis of AuNP-N3 in Hydra, living polyps were treated 24 h
with AuNP, washed, and processed for elemental analysis to
evaluate the amount of Au present inside the animals and
released in the medium. A total of 1500 Hydra polyps were
incubated in 3 mL of SolHy with 25 nM AuNP-N3 for 24 h. At this
time point 150 polyps were extensively rinsed and homoge-
nized for ICP-AES. The remaining animals were kept in fresh
medium and saved at 24 and 48 h postwashing. For each time
point the same amount of polyps (150) and incubation media
were saved. Experiments were done in duplicate. For ICP-AES
measurements, all the sampleswere treatedwith 400 μL of aqua
regia overnight and then diluted with Milli-Q water to 20 mL to
reach a final concentration of acid 2% (v/v).
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