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Gold nanomaterials are currently raising a significant interest for human welfare in the field of clinical
diagnosis, therapeutics for chronic pathologies, as well as of many other biomedical applications. In
particular, gold nanomaterials are becoming a promising technology for developing novel approaches
and treatments against widespread societal diseases such as cancer. In this study, we investigated the
potential of proprietary gold nanoboxes (AuNBs) as carriers for their perspective translation into
multifunctional, pre-clinical nano-enabled systems for personalized medicine approaches against lung
cancer. A safe-by-design, tiered approach, with systematic tests conducted in the early phases on un-
coated AuNBs and more focused testing on the coated, drug-loaded nanomaterial toward the end, was
adopted. Our results showed that uncoated AuNBs could effectively penetrate into human lung adeno-
carcinoma (A549) cells when in simple (mono-cultures) or complex (co- and three-dimensional-
cultures) in vitro microenvironments mimicking the alveolar region of human lungs. Uncoated AuNBs
were biologically inert in A549 cells and demonstrated signs of biodegradability. Concurrently, pre-
liminary data revealed that coated, drug-loaded AuNBs could efficiently deliver a chemotherapeutic
agent to A549 cells, corroborating the hypothesis that AuNBs could be used in the future for the
development of personalized nano-enabled systems for lung cancer treatment.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Gold nanomaterials have been used in biomedical applications
since the discovery of gold colloids more than three centuries ago
[1] and, as stated by Dreaden at al. in a recently published review
[2], “a new ‘Golden Age’ of biomedical nanotechnology is upon us”.
The recent, growing interest in gold nanomaterials arises from their
unique combination of photophysical properties (such as large and
tuneable light extinction, localized surface plasmon resonance
(LSPR), surface-enhanced Raman scattering (SERS) and efficient
daptive Nanostructures and
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thermal ablation, to name a few), which can find exploitation in a
wide range of diagnostic, biomedical and therapeutic applications.

To date, nanometer-sized gold materials are employed in the
healthcaremarket as part of in vitro diagnostic devices [3] (e.g., First
Response� pregnancy test e Carter-Wallace; Duopath� Verotoxins
e Merck Millipore; ImmunoCAP� Rapid test e Phadia, Inc; and
Verigene� platform e Nanospheres [4]) allowing the detection of
biologically relevant molecules from complex fluids, such as blood
plasma, with unprecedented limits of detection. In addition, the use
of gold nanomaterials is currently under clinical evaluation for the
treatment of solid tumours by laser-induced thermal ablation (e.g.
the AuroLase� Therapy [5] by Auroshell� particles [6] e Nano-
spectra Biosciences, at present in phase I of clinical trials [4,7]) or by
delivering anti-cancer agents (e.g. Aurimmune e CytImmune Sci-
ences, currently in phase II of clinical trials [4,7]). Finally, gold
nanomaterials (including nanoparticles, nanoclusters, nanorods,
h to the development of gold nanoboxes as carriers for internalization
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nanoshells and nanoporous surfaces) are employed in biomedical
research [1,8] as in vitro/in vivo imaging tools [2,9], optical sensors
[10,11], photothermal therapeutics [12] and drug delivery systems
[2,13,14]. By exploiting the high affinity of gold surfaces for thiols,
gold nanomaterials provide in fact optimal chemical reactivity
conditions for functionalization of their surface with biologically
activemoieties (e.g. targeting and therapeutic molecules) [1]. In the
near future, safely applicable (e.g. non-toxic) gold nanotechnology-
products are expected to improve patients’ treatment through a
more adaptive and personalized approach to medicine [15], where
a single construct can accumulate in the site of interest (targeting
component) while allowing simultaneous diagnosis of the disease,
tracking of the drug delivery (imaging component) and selective
drug release to the target cells/tissue (therapy component). The
personalized treatment approach through gold nanomaterials will
therefore offer the opportunity to decrease the adverse side-effects
of drugs, focussing the medical efforts at the target tissue/organ
level [16].

The aim of our present experimental study was to evaluate the
biological interactions of uncoated gold nanoboxes [17] (AuNBs)
with in vitro models representative of the human alveolar barrier,
thus defining their potential as candidates for perspective func-
tionalization and translation into pre-clinical nano-enabled
chemotherapeutic agents for the targeted and personalized treat-
ment of lung cancer. AuNBs, which are hollow nanostructures in
the shape of triangular prisms, were selected as nanoprisms are
known to show a much higher degree of enhancement of the
plasmon resonance energy than nanospheres [18], finding appli-
cation, for example, in Surface Enhanced Fluorescence (SEF) and
Surface Enhanced Raman Spectroscopy (SERS) and opening up the
opportunity of using AuNBs as imaging component of a perspective
nano-enabled personalized treatment against lung cancer. World-
wide, lung cancer is one of the leading causes of cancer-related
mortality, with more than 157,000 deaths only in 2010 [19,20].
The survival rate of patients with lung cancer is poor, with less than
15% of patients surviving 5 years after diagnosis [21]. Lung cancer is
also the third most common cancer in Ireland, accounting for 13.9%
of cancers diagnosed in men and 9.4% in women during the 1994e
2008 period [21]. The statistical data on the survival rate of lung
cancer patients clearly evidence the current lack of effective
treatments to cure lung cancer [22] and the pressing need of
developing new therapeutic approaches, such as personalised
nano-enabled treatments, against this disease.

In order to achieve our aim, a cross-disciplinary, three-tiered
approach was used (Fig. 1). In Tier 1 the internalization of two types
of uncoated AuNBs (differing from each other in size, ranging from
30 to 70 nm ca.) was assessed in ín vitro mono-, co- and three-
dimensional (3D)-culture models of human lung adenocarcinoma
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Fig. 1. Schematic of the safe-by-design, tiered approach used in this study t
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(A549) cells, thus allowing an evaluation of their capability as
carriers to enter into the cancer cells. The mechanism and time-
dependence of cell internalization, the cytotoxicity and the
biodegradation of uncoated AuNBs were also determined for
assessing the safety of these nanostructures once they have entered
the cells surrounding the targeted tumour tissue. Despite the fact
that the Au nanoparticles with diameter above 2 nm are generally
considered inert and non-toxic [23e25], dispersions of gold
nanomaterials can in fact induce cytotoxicity [2,24]. Such toxicity
can rise from residual chemicals of the synthesis process [23,26e
28], free small molecules and metal ions present in the solution
[29] or from the degradation of the gold core [23]. In Tier 2 and 3,
through a safe-by-design approach [16], the long-term biocom-
patibility provided by a gelatine coating [30] was combined with
the targeting of cancerous cells over-expressing folic acid (FA) re-
ceptors with the aim of assessing in vitro the ability of AuNBs to
deliver a chemotherapeutic agent, namely Paclitaxel, following
purpose-specific functionalization.

Our results demonstrated that uncoated AuNBs were internal-
ised by A549 cells in mono-, co- and 3D-cultures. Although sig-
nificant AuNBs internalization was achieved after 5e7 h exposure,
AuNBs showed to be biologically safe in A549 cells up to 24 h.
Concurrently, preliminary in vitro data suggested that AuNBs could
indeed be a suitable carrier for the delivery of a chemotherapeutic
agent following purpose-specific functionalization, thus ultimately
advocating for further pre-clinical research on AuNBs as candidate
for nano-enabled targeted treatment of lung cancer.

2. Materials and methods

Chemicals and solvents were purchased from commercial sources (Sigmae
Aldrich, Fisher Scientific, Invitrogen and Calbiochem) and used as provided, unless
otherwise specified in the manuscript.

For clarity purposes, uncoated AuNBs tested in Tier 1 will be referred to as AuNB1

and AuNB2, gelatine-coated AuNBs used in Tier 2 as AuNB3, and, in Tier 3, gelatine-
coated Paclitaxel-loaded AuNBs and gelatine-coated Paclitaxel-loaded AuNBs to
which FAwas conjugatedwill be indicated as AuNB4 and AuNB5, respectively (Fig. 2).

2.1. Synthesis of uncoated AuNBs (AuNB1 and AuNB2)

AuNBs in two different size ranges were synthetized according to previously
published protocols [17,31]. A complete description of the synthetic procedure is
reported in the Supporting Data.

2.2. Physico-chemical characterization of uncoated AuNBs

Table 1 reports the main properties of uncoated AuNBs (AuNB1 and AuNB2).
Uncoated AuNBs were characterised by transmission electron microscopy (TEM),
He-ion microscopy (HIM), Nanoparticles Tracking Analysis (NTA) and pH measure-
ments, as described below.

2.2.1. Transmission electron microscopy (TEM) of AuNBs
The TEM specimens were prepared on 200-mesh Cu lacey carbon grids by drop-

casting andwere visualized under a FEI Titan Transmission ElectronMicroscope (FEI,
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Fig. 2. Schematic of the structure of uncoated (AuNB1 and AuNB2) and functionalized (AuNB3, AuNB4 and AuNB5) AuNBs.

D. Movia et al. / Biomaterials xxx (2014) 1e15 3
Oregon, USA) operating at 300 kV. Size distributions graphs based on TEM images
are reported in Fig. S1 in the Supplementary Data. The average size values (Table 1)
were calculated on a sample population of 100 AuNBs.

2.2.2. He-ion microscopy (HIM)
AuNBs specimens were prepared on 200-mesh Cu lacey carbon grids or on sil-

icon substrates by drop-casting, and imaged by a Zeiss Orion Plus He-ionmicroscope
using an accelerating voltage of 30 kV. Samples were transferred into the chamber,
which had undergone plasma clean overnight prior to loading samples, using a load
lock. The working distance was 8 mm and a 10 mm aperture. The probe current was
between 0.5 and 1.5 pA. Images were acquired by collecting the secondary electrons
emitted by the interaction between the He-ion beam and the specimen with an
Everhart-Thornley detector. The image signal was acquired in a 32 or 64 line inte-
gration to each contributing line of the image.

2.2.3. Nanoparticle tracking analysis (NTA) and pH measurements
Stock solutions of AuNBs were vortexed for 5 s and then diluted in DEPC treated

ultrapure DI water at final concentration of 1.3 � 10�11 M. The dispersions were
analysed via the NTA NS500 system (NanoSight, Amesbury, UK), thus determining
hydrodynamic radius and zeta potential. Measurements were carried out at pH ¼ 7
and room temperature six depth positions, recording two videos of 60 s at depth 1
and two videos of 30 s at each subsequent position and applying a voltage of 24 V.
The validation of the protocol used in this study to perform the NTA measurements
has been previously published [32]. pH was measured by a Russell RL060P portable
pH meter (Thermo Electron Corporation, USA) coupled with a Pellon junction
microelectrode (VWR, Ireland). All pH measurements were carried out under the
same environmental conditions.

Based on the higher stability of the AuNB2 aqueous solution (zeta
potential¼�57.4� 8.2mV) and therefore shelf-life and applicability as compared to
AuNB1 dispersion, AuNB2 were then brought forward in Tier 2 and Tier 3 for a proof-
of-principle study on targeted anti-cancer drug delivery.

2.3. Synthesis of functionalized AuNBs (AuNB3, AuNB4 and AuNB5)

In order to provide preliminary evidence on the ability of AuNBs to act as carrier
for anti-cancer treatments, AuNB2 were first coated with gelatine (AuNB3), then
loaded with Paclitaxel (AuNB4) and finally functionalized with FA (AuNB5) (Fig. 2). A
detailed description of the synthetic protocol, adapted from a previously published
work [33], is reported in the Supporting Data. Gelatine was introduced to increase
the long-term biocompatibility of AuNBs [30] and to allow the loading of the
chemotherapeutic agent (Paclitaxel) onto AuNBs surface. Attachment of FA to the
AuNBs surface had the scope of increasing the targeting specificity of our nano-
material [34], producing a targeted nanotechnology-based system that delivers the
drug specifically to the cancer cells reducing the interactions with healthy tissues
[35].
Table 1
Physico-chemical properties of AuNBs. With exception of pH data, all values are
reported as mean � standard deviation.

Stock solutions Final experimental conditionsa

TEM size
(ØTEM, nm)

pH
(in water)

Hydrodynamic radius
(in water, nm)

Zeta potential
(mV)

AuNB1 37 � 6 6.6 90 � 57 �23.4 � 8.3
AuNB2 62 � 12 5.7 105 � 38 �57.4 � 8.2

a Hydrodynamic radius and zeta potential were measured at pH ¼ 7 and AuNBs
concentration equal to 1.3 � 10�11

M.
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2.4. Cell culture

Human alveolar epithelial adenocarcinomic cells (A549 cell line) and human
monocytic leukaemia cells (THP-1 cell line) were obtained from the American Tissue
Culture Collection (ATCC, USA). A549 cells were cultured in Hams F12K media
(supplemented with 2 nM L-glutamine, 1% penicillin/streptomycin and 10% foetal
bovine serum (FBS)), while THP-1 cells were cultured in RPMI 1640 media (sup-
plemented with 2 nM L-glutamine, 1% penicillin/streptomycin and 10% FBS). Cells
were incubated at 37 ⁰C and 5% CO2. Mycoplasma and phenotypic responses were
regularly checked for contamination as part of the laboratory GLP. The passage
number was restricted between five and twelve. At 80% confluence, A549 cells were
detached from T75 flask substrate with TryplE� (Gibco, Invitrogen, Oregon, USA),
centrifuged, counted using a Countess� Automated Cell Counter (Invitrogen, Ore-
gon, USA) and diluted in supplemented media at concentrations appropriate for
each experimental protocol. When 60% confluence was reached, THP-1 cells were
activated in a T25 flask with 30 ng/ml phorbol-12-myristate-13-acetate (PMA)
(SigmaeAldrich, USA) for 72 h to induce their differentiation into adherent mac-
rophages and stop their natural proliferation. After 72 h THP-1 cells were washed
and stained with 20 mM Cell Tracker� Green CMFDA (Invitrogen, Oregon, USA) for
45 min at 37 ⁰C and 5% CO2 to allow their identification in co-culture models. THP-1
cells were then washed with fresh supplemented media, detached from flask sub-
strate with TryplE� (10 min, 37 �C), counted using a Countess� Automated Cell
Counter (Invitrogen, Oregon, USA) and diluted in supplemented media at concen-
trations appropriate for each experiment.

2.4.1. Mono-culture models
A549 and PMA-activated THP-1 cells were plated in 4-well Millicell� EZ Slide

(Millipore�, MA, USA) at a concentration of 5000 and 1000 cells/well, respectively
(final volume: 500 ml/well). Cells were incubated for 24 h at 37 ⁰C (5% CO2) to allow
cell attachment to the glass substrate. When cultured under inverted culture con-
ditions, A549 cells mono-cultures grown on glass slides were placed on sterile glass-
slide holders with the cells facing the bottom of the petri-dish and immersed into a
dispersion of AuNBs in supplemented cell media.

2.4.2. Co-Culture models
To produce a co-culture representative of the cellular composition of alveoli in

the human lungs, A549 and PMA-activated THP-1 cells were seeded in a ratio 9:1
[36]. The 9:1 ratio corresponds to the ratio between the total number of cells
(230 � 109 cells) across the whole alveolar area, which are mainly epithelial cells,
and the number of alveolar macrophages (22 � 109 cells) [37]. A549 cells (doubling
time: 22 h) were plated in 4-well Millicell� EZ Slide at a concentration of 5000 cells/
well and incubated for 24 h at 37 ⁰C and 5% CO2 to allow cell attachment. After 24 h,
PMA-activated THP-1 cells were plated onto the A549 culture at a concentration of
1000 cells/well to achieve a 9:1 ratio (A549:THP-1 cells). Co-cultures were then
incubated for 24 h at 37 ⁰C and 5% CO2 to allow THP-1 cells attachment. The adhesion
of THP-1 cells on top of the epithelial cells was shown by confocal microscopy im-
aging (reported in Fig. S2 in the Supporting Data) at confirmation of the successful
co-existence of the two cell types.

2.4.3. 3D-culture models
A549 cells were seeded onto layers (thickness around 1 mm) of Matrigel�

Basement Membrane Matrix or PuraMatrix� Peptide Hydrogel (both from BD Bio-
sciences, UK). Matrigel� is a solubilized basement membrane preparation extracted
from the Engelbreth-Holm-Swarm (EHS) mouse sarcoma, a tumour rich in extra-
cellular matrix proteins; PuraMatrix� is a synthetic matrix that is used to create
defined 3D microenvironments for a variety of cell culture experiments. Briefly,
Matrigel� Basement Membrane Matrix was thawed by submerging the vial in ice in
a 4 �C refrigerator overnight. The vial was then swirled to ensure that thematrix was
evenly dispersed and, using cooled pipette tips and keeping the glass slides on ice,
the Matrigel� Basement Membrane Matrix was added to the surface of a 4-well
Millicell� EZ slide following the Thick Gel Method described by the supplier. This
h to the development of gold nanoboxes as carriers for internalization
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method is recommended by BD Biosciences to grow cells within a 3D matrix. Slides
were incubated at 37 �C for 30 min prior cell seeding. For PuraMatrix�, the stock
solution (1% w/v) was diluted to the working concentrations of 0.25% with sterile DI
water. 250 ml of PuraMatrix� dilutions were then added to the surface of a 4-well
Millicell� EZ slide and gelation was promoted by carefully and slowly adding sup-
plemented F12Kmedium to each well (500 ml/well). The glass slide was incubated at
37 �C for 1 h to complete the gelation of the hydrogel. After the hydrogel has
assembled, the medium was changed twice over a period of 1 h to equilibrate the
environment to physiological pH. A549 cells were carefully seeded at the top of the
Matrigel� or PuraMatrix� layers at a concentration of 106 cells/ml (500 ml/well).
Cell cultures were grown for 4 d and cell medium was changed every 3 d.

2.5. Cellular internalization of uncoated AuNBs e qualitative analysis

The internalization of uncoated AuNBs into cells was assessed in in vitromono-,
co- and three-dimensional (3D)-cultures. Such in vitro models were exposed to
AuNB1 and AuNB2 at a concentration of 1.3 � 10�11 M for 24 h. After 24 h exposure,
three washings with phosphate-buffered saline (PBS) were carried out in order to
completely remove the unbound and not-internalized AuNBs. Successful internali-
zation of the nanomaterials was assessed by confocal microscopy and TEM.

2.5.1. Confocal microscopy
After fixation with 4% paraformaldehyde (PFA) for 10 min at room temperature,

mono-, co- and 3D-cultures were stained with Hoechst 33342 for nuclei and
rhodamine phalloidin (Invitrogen, Oregon, USA) for F-actin. The slides were incu-
bated at room temperature for 1 h in the dark, rinsed with PBS and mounted in
transparent mounting medium (VECTASHIELD, Vector Laboratories Inc., CA, USA)
prior to confocal microscopy analysis by a ZEISS 510 Meta confocal microscope
equipped with a Zeiss LSM 5 software (Carl Zeiss, Germany). AuNBs were imaged in
reflectance mode at lexc ¼ 561 nm. Qualitative confocal imaging was carried out by
acquiring a series of z-stack images. Surface rendering of z-stack images was carried
out by the open-source software BioImageXD [38] in order to further elucidate the
AuNBs internalization.

2.5.2. Transmission electron microscopy (TEM) of biological specimens
TEM images of ultrathin sections of A549 cells cultured as mono- and 3D-cul-

tures and exposed to AuNB2 were examined. After exposure to AuNB2, A549 cells
were fixed at room temperature in 2.5% glutaraldehyde (GA) in 0.1 M Sørensen’s
phosphate buffer (pH 7.4), rinsed with Sørensen’s phosphate buffer and then post-
fixed for 1 h in 1% osmium tetroxide in 0.1 M Sørensen’s phosphate buffer. After
dehydration at increasing concentrations of EtOH (from 30% up to 100%), the sam-
ples were immersed in an ethanol/Epon (1:1 vol/vol) mixture for 1 h before being
transferred to pure Epon at 37 �C for 2 h. The polymerizationwas carried out at 60 �C
for 24 h. For orientation purposes sections from each sample were cut at 1 mm,
stained with toluidine blue, and examined by light microscopy (Nikon Eclipse TE300
epifluorescence microscope). From these survey sections areas of interest were
identified and ultrathin sections of 80 nm, were obtained with a diamond knife
using a Leica EM UC6 ultramicrotome (Leica, Germany). These sections were
mounted on EM grids (300-mesh Cu grids) and stained with uranyl acetate and lead
citrate before being examined with a TEM (FEI TECNAI Transmission Electron Mi-
croscope or FEI Titan Transmission Electron Microscope (FEI, Oregon, USA)).

2.5.3. Raman spectroscopy
The AuNBs internalized into A549 cells mono-cultures was also detected by

Raman spectroscopy. A549 cells exposed to AuNB1 and AuNB2 as previously
described were fixed with 2.5% GA in 0.1 M Sørensen’s phosphate buffer (pH 7.3).
Raman spectra were acquired using NTEGRA Spectra AFM-Raman microscope (NT-
MDT, Russia) with a cobalt solid-state laser operating at a wavelength of 473 nm. All
spectrums were recorded over the range of 2850e3800 cm�1 for 10 s, at 100% laser
power, using a 100 � oil immersion objective and averaged across 5 scans per
sample. Obtained spectra were analysed with baseline correction, smoothening and
normalization using Renishaw WIRE software (Renishaw, Gloucestershire, UK).

2.6. Cellular internalization of uncoated AuNBs e time-dependence

Absorbance spectroscopy was used to quantify the amount of uncoated AuNBs
internalized into A549 cells overtime. AuNB1 and AuNB2 have specific absorption
peaks in the UV/Vis region (at 560 nm and 700 nm, respectively) that do not overlap
with those of cellular components (see Fig. S3 in the Supporting Data). A549 cells
mono-cultures were formed in 96-well plates (5000 cells/well) and were exposed to
AuNBs (1.3 � 10�11 M) for 0, 1, 3, 5 and 7 h. At each time-point, cells were washed
carefully with PBS to eliminate any unbound, not-internalized AuNBs; fixation then
followed by incubation with 4% PFA for 10 min. Absorption at 560 nm and 700 nm
was recorded by an Epoch microplate reader (Biotek, USA), calibrated against un-
treated cells and corrected by subtracting the optical aberration of the 96-well
plastic plate at 540 nm. The absorption at 560 nm and 700 nm of known concen-
trations of AuNBs was also recorded at the same time, generating the calibration
curve and allowing the quantification of the internalized AuNBs.
Please cite this article in press as: Movia D, et al., A safe-by-design approac
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2.7. Cellular internalization of uncoated AuNBs e mechanism

To determine if uncoated AuNBs were internalized into cells by active or passive
transport routes, A549 mono-cultures were exposed to AuNB1 and AuNB2

(1.3�10�11 M) for 24 h in the presence of inhibitors of the cellular energy-dependent
mechanisms of uptake, i.e. at 4 �C or in the presence of sodium azide (NaN3). For
qualitative analysis, A549 cells were stained with Hoechst 33342 for nuclei and
rhodamine phalloidin (Invitrogen, Oregon, USA) for F-actin for 1 h at room tem-
perature in the dark. After washing with PBS, specimens were analysed by confocal
microscopy, as previously described. For quantitative analysis, the intracellular
accumulation of AuNBs was quantified by absorption spectroscopy by an Epoch
microplate reader, as aforementioned.

2.8. Cytotoxicity of uncoated AuNBs

High Content Screening and Analysis (HCSA) and Enzyme-Linked Immunosor-
bent Assay (ELISA) assays were used to quantify the cytotoxic responses and cyto-
kine secretion of A549 mono-cultures when exposed to uncoated AuNBs at four
concentrations (2.1 �10�12, 5.3 � 10�12, 1.1 �10�11 and 1.3 � 10�11 M) for 24 h. A549
cells were plated in 96-well plates (Nunc Inc., USA) at a concentration of 5000 cells/
well.

2.8.1. High content screening and analysis (HCSA)
Following exposure to uncoated AuNBs, a multiparametric cytotoxicity assay

was performed using HCS reagent HitKit� as per manufacturer’s instructions
(Thermo Fisher Scientific Inc., USA). Briefly, this kit enables to measure cell viability,
cell membrane permeability and lysosomal mass/pH, which are toxicity-linked
cellular markers. The experimental layout for the automated microscopic analysis,
based on the In Cell Analyzer 1000, was composed of untreated cells (negative
control or N/T), cells treated with uncoated AuNBs and cells exposed to doxorubicin
(positive control or P/T) at a dose (200 mM) above the drug’s IC50. Images were ac-
quired in a stereology configuration of ten randomly selected fields at 10� objective
lens magnification using three detection channels with different excitation filters.
The rate of cell viability and proliferationwere assessed by the automated analysis of
the nuclear count and morphology (DAPI filter); in parallel the fluorescent staining
intensities reflecting cell permeability (FITC filter) and lysosomal mass/pH changes
(TRITC filter) were also quantified for each individual cell present in the examined
microscopic fields (IN Cell Investigator, GE Healthcare, UK).

2.8.2. Cytokines secretion
The secretion of the pro-inflammatory cytokine Interleukin-6 (IL-6) from A549

cells exposed to uncoated AuNBs was quantified by ELISA (Human IL-6 DuoSet ELISA
kit, R&D Systems, Minneapolis, USA), according to the manufacturer’s manual. The
assay was carried out in triplicate on cells supernatant solutions. The optical density
of each well at 450 nm was determined by means of an Epoch microplate reader
(Biotek, USA), calibrated against standards and corrected by subtracting the optical
aberration of the 96-well plastic plate at 540 nm.

2.9. Biodegradation of uncoated AuNBs

In order to investigate whether uncoated AuNBs were degraded by A549 cells,
AuNBs were retrieved from A549 mono-cultures after exposure. Briefly, A549 cells
were washed with PBS after 24, 48 or 72 h exposure to AuNBs in order to completely
remove unbound, not-internalized AuNBs. Cells were then trypsinized, centrifuged
and resuspended in DI water, thus causing cell swelling and osmotic burst. Cell
bursting was facilitated by cell membrane damage caused by placing the water-
saturated cells suspensions at �20 �C. Multiple cycles of centrifugation/resus-
pension were carried out to clean the AuNBs suspensions from the residual bio-
logical material. Collected AuNBs samples were then imaged by TEM and HIM, as
previously described in the physico-chemical characterization section. In addressing
topics of the biological sciences, HIM offers various advantages over conventional
scanning electron microscopy (SEM) approaches, such as the ability to image un-
coated, non-conductive samples without the deposition of a metal (or other
conductive) overcoat [39,40], which can indeed destroy, reduce and/or completely
mask details of the specimen surface. In this study, we deployed the high resolution
imaging capabilities of HIM to image the adsorption of biological material onto
AuNBs surface and the changes in particles morphology with unsurpassed image
quality and detail. The hydrodynamic radius of the collected AuNBs was measured
by NTA, as previously described.

2.10. Biocompatibility of gelatine-coated AuNBs (AuNB3)

Following 24 h and 72 h exposure of A549 mono-cultures to AuNB3 at a working
concentration of 10�11 M, Trypan Blue exclusion assay was carried out. The experi-
mental design included a negative control (untreated cells), a positive control (cells
treated with 70% methanol for 30 min at 37 �C) and cells treated with AuNB2

(10�11 M) as internal control. Each treatment was carried out in triplicate and ex-
periments were carried out in duplicate. Live and dead cells were quantified by a
Countess� cell counter (Invitrogen, UK). The percentage (%) of live cells was then
calculated as for Equation (1):
h to the development of gold nanoboxes as carriers for internalization
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%live cells ¼ live cells
ðlive cellsþ dead cellsÞ � 100 (1)
2.11. Functionalized AuNBs (AuNB4 and AuNB5) for drug delivery e proof-of-principle

Trypan Blue exclusion assay was carried out after exposing A549 mono-cultures
to AuNB4 and AuNB5 (10�11 M) for 24 and 72 h. The experimental design included a
negative control (untreated cells), a positive control (cells treated with 70% meth-
anol for 30 min at 37 �C) and cells treated with molecular Paclitaxel (0.03 mM) as
term of comparison. Experimental protocol and quantification of the percentage of
live cells was performed as described in the previous section.

2.12. Statistical analysis

Two-way analysis of variance (ANOVA) followed by a Bonferroni post-test
analysis was carried out (Prism, Graph-Pad Software Inc., USA). A p value <0.05
Fig. 3. Cellular internalization of uncoated AuNBs in mono-cultures of A549 cells after 24
micrographs of A549 cells exposed to AuNBs and stained with rhodamine phalloidin (F-actin
mode and are shown in green as pseudo-colour. The localization of AuNBs (indicated by ar
Raman spectra (lexc ¼ 473 nm) of (b) AuNB1 and (d) AuNB2. The characteristic Raman ba
(lexc ¼ 473 nm) of (c) AuNB1 and (e) AuNB2 internalized into A549 cells. (f) Brightfield image
which the Raman spectra reported in images c and e were collected, clearly evidencing tha
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was considered statistically significant. Unless differently stated in the manuscript,
all data are presented as mean values (ntest ¼ 3) � standard deviation and
normalized to the negative control.

3. Results

The three-tiered approach adopted in this study consisted of
systematic tests conducted in Tier 1 on uncoated AuNBs and of
more focused, preliminary testing on the coated, drug-loaded
nanomaterials in Tier 2 and 3. Such approach finds his routes in
the concept of safe-by-design nanomaterials, where efforts are
focused on characterizing the physical, chemical and biological
properties of the core material, followed by “layering” as a method
to produce safe nano-enabled theranostics [16].
h exposure. (a) Projections and rendered reconstructions of representative confocal
, in red) and Hoechst 33342 (nuclei, in blue). AuNBs were imaged in confocal reflectance
rows) in the cells cytoplasm is evident. Scale bars: 10 mm (63 � objective lens). (b, d)
nds of AuNBs (2878, 2940 and 3429 cm�1) are clearly shown. (c, e) Raman spectra
s of A549 cells exposed to uncoated AuNBs. The red lines intersection show the point at
t AuNBs were detectable in the area corresponding to the cells cytoplasm.

h to the development of gold nanoboxes as carriers for internalization
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3.1. Tier 1

Uncoated AuNBs (AuNB1 and AuNB2) were synthetized by
galvanic replacement reactions [17] [41], a method previously re-
ported for the synthesis of bimetallic hollow nanostructures of a
range of shapes and sizes. The AuNBs tested in Tier 1 were hollow
nanoprisms with monodispersed sizes (height of the triangle:
37 � 6 nm for AuNB1 and 62 � 12 nm for AuNB2) and controlled
thickness of the nanobox walls. The AuNBs aqueous dispersions
produced were characterized by optimal colloidal stability (with
zeta potential ranging from �20 to �60 mV ca.), thus allowing
investigating the internalization of uncoated, non-functionalised
AuNBs into the cells and any potential and/or unintended toxic
effect that the gold core may induce as a consequence of cellular
access.

3.1.1. Cellular internalization of uncoated AuNBs e qualitative
analysis

In order to be one-step closer to in vivo complex scenarios, the
effective internalization of uncoated AuNBs (AuNB1 and AuNB2)
Fig. 4. Representative (a) light microscopy and (bee) TEM images of ultrathin cross-section
dots indicated by arrows) into the cellular bodies is evident. Scale bar: 20 mm (100 � objectiv
and contrast as internalized in vacuoles and lysosomes. Images d and e are magnifications of
microvilli; mt: mitochondria; n: nucleus; vc: vacuole.
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was assessed in in vitro mono-, co- and 3D-culture models repre-
sentative of the human alveolar barrier. The exposure time was
fixed at 24 h, which can be considered a pharmacological relevant
time-point if compared to the infusion schedules used in clinical
practice for chemotherapeutic agents such as Paclitaxel, ranging
between 3 h and 24 h [42].

In mono-culture models, the internalization of uncoated AuNBs
was assessed in A549 (Figs. 3 and 4) and THP-1 (see Fig. S4 in the
Supporting Data) cells, as well as in a murine model of phago-
cytic cells (J774 cell line) (as described in the additional experi-
mental section reported in the Supporting Data). While human and
murine macrophage-like (THP-1 and J774) cells were used to
represent the resident phagocytic cells in the alveoli, the A549 cell
line was chosen as a physiologically relevant in vitro model of the
in vivo non-small cell lung cancer (NSCLC) [43], the most prevalent
form of lung cancer originating from epithelial cells, and therefore
as an optimal cellular target for personalized medicine approaches.
In addition A549 cells, as immortalised cell line, are considered one
of the closest cell model to mimic alveolar epithelial type II cells
(e.g. presenting membrane-bound inclusions, which resemble
s (80 nm) of A549 cells exposed to AuNB2 for 24 h. (a) The localisation of AuNB2 (black
e lens). (bee) AuNB2 (indicated by arrows) can be recognized by their geometrical shape
images b and c, respectively. Abbreviations: er, endoplasmic reticulum; ls: lysosome; m:
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lamellar bodies of type II cells) [44] and, therefore, an appropriate
epithelial alveolar cell model [45]. Finally, A549 cells have also
proven to be a robust cell line/alveolar model for several previous
nanomaterial-based studies [46e50].

Confocal microscopy images evidenced that uncoated AuNBs
(imaged in reflectance mode) were effectively internalized into the
A549, THP-1 and J774 cell mono-cultures (Fig. 3a, Fig. S4 and Fig. S6,
respectively) and were found contained within the cells cytoplasm.
Raman spectroscopy also confirmed that uncoated AuNBs were
detectable in the areas corresponding to the A549 cells cytoplasm
(Fig. 3c, e and 3f). In detail, the characteristic Raman signatures of
AuNBs (bands at 2878, 2940 and 3429 cm�1) (Fig. 3b and d) were
detectable when A549 cells were exposed to AuNBs for 24 h (Fig. 3c
and e). Such bands were unique of AuNBs and did not overlap with
the Raman signals of the cell culture substrate (glass) or of the
solutions in which cells were incubated and stored (Fig. S5 in the
Supporting Data).

Further to this, light microscopy (Fig. 4a) and TEM (Fig. 4bee)
imaging of ultrathin cross-sections of A549 cells exposed to AuNB2
and embedded in Epon resin showed that uncoated AuNBs (indi-
cated by arrows in Fig. 4) were localized into the cellular bodies
after 24 h. In detail, TEM images showed that AuNB2 could be found
stored in vacuoles and lysosomes of A549 cells (Fig. 4bee), and
suggested that AuNB2 were trapped by cell membrane invagination
(Fig. 4b and d).

Based on our experimental data showing that AuNB1 and AuNB2
were uptaken in macrophage-like cells (Fig. S4 and Fig. S6), we
developed a co-culture system formed by A549 and THP-1 cells
with the aim of mimicking the pivotal function of macrophages in
the alveoli of the lung against inhaled particulate [51]; macro-
phages could therefore play a major role in the unexpected clear-
ance of AuNBs before they reach the cellular target (i.e., the lung
adenocarcinoma cells). Confocal microscopy analysis of A549/THP-
1 co-cultures demonstrated that AuNB1 and AuNB2 were
Fig. 5. Cellular internalization of uncoated AuNBs in co-cultures of A549 cells and macroph
representative confocal microscopy images of AuNBs-treated co-cultures stained with Hoech
also stained with Cell Tracker� Green CMFDA (in green). AuNBs were imaged in confocal re
the cytoplasm of both cell types is highlighted by arrows. Scale bars: 10 mm (63 � objectiv
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internalized into A549 cells even when co-cultured with
macrophage-like THP-1 cells (Fig. 5), and uncoated AuNBs could be
detected in the cytoplasm of both cell types.

Finally, in 3D cell cultures, which were used to mimic more
closely the native three-dimensional architecture and microenvi-
ronment of human lung adenocarcinomas [52], our results
demonstrated that uncoated AuNBs were effectively internalized
into A549 cells cultured onto hydrogels layers (Matrigel� and
PuraMatrix�). In particular, confocal analysis and TEM imaging
showed that uncoated AuNBs were localised into the cytoplasm of
cells grown onto PuraMatrix� (Fig. 6aeb) or Matrigel� (Fig. 6c).
Interestingly, transmission electron micrographs evidenced that, in
both 3D cell culture models, AuNBswere localised in lysosomes and
characteristics cytoplasmic lamellar bodies (Fig. 6b and c).

3.1.2. Cellular internalization of uncoated AuNBs e time-
dependence

Absorption measurements by a microplate reader were used
with the purpose of defining the time needed to achieve significant
internalization of uncoated AuNBs into A549 cell mono-cultures. In
detail, the absorbance at 560 nm and 700 nm was measured to
quantify the amount of internalized AuNB1 and AuNB2, respec-
tively. Fig. 7a shows the concentration of AuNBs internalized into
A549 cells at different time-points (0, 1, 3, 5 and 7 h). Significant
internalization of AuNB1 and AuNB2 was achieved at 5 h and 7 h,
respectively.

The influence of the in vitro environment on the time-
dependent AuNBs internalization was also assessed. Confocal mi-
croscopy analysis of A549 cells cultured under inverted conditions
and exposed to uncoated AuNBs showed that the internalization of
these nanomaterials was nearly equal to zero after 24 h when A549
cells were cultured in these conditions (Fig. 7b). In agreement with
previous studies on gold nanomaterials [53] and on other nano-
particulates [2,54], the time-dependent cellular internalization of
age-like THP-1 cells after 24 h exposure. Projections and rendered reconstructions of
st 33342 (nuclei, in blue) and rhodamine phalloidin (F-actin, in red). THP-1 cells were
flectance mode and are shown in white as pseudo-colour. The localization of AuNBs in
e lens).
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Fig. 6. Cellular internalization of uncoated AuNBs in 3D cell cultures grown onto (a, b) PuraMatrix� (0.25%) or (c) Matrigel�. (a) Ortho-images of representative confocal mi-
crographs of 3D cell cultures exposed to uncoated AuNBs and stained with rhodamine phalloidin (F-actin, in red) and Hoechst 33342 (nuclei, in blue). AuNBs were imaged in
confocal reflectance mode and are shown in green as pseudo-colour. The localization of AuNBs (arrows) in the cells cytoplasm is evident. Scale bars: 10 mm (63 � objective lens). (b
and c) TEM images of ultrathin cross-sections (80 nm) of 3D cell cultures grown onto (b) PuraMatrix� (0.25%) or (c) Matrigel� and exposed to AuNB2 for 24 h AuNB2 (indicated by
white arrows) can be recognized by their geometrical shape and contrast as internalized in lysosomes and lamellar bodies. (b) Images ii-v are magnifications of image i. (c) Images ii
and iii are magnifications of image i. Abbreviations: lb: lamellar bodies; ls: lysosome; n: nucleus.
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uncoated AuNBs was therefore strongly influenced by their sedi-
mentation rate.

3.1.3. Cellular internalization of uncoated AuNBs e mechanism
In order to define the mechanism of AuNBs internalization into

lung adenocarcinoma cells, we investigated whether the cellular
Please cite this article in press as: Movia D, et al., A safe-by-design approac
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uptake of the uncoated AuNBs was mediated by an energy-
dependent mechanism. Thus, A549 cells were exposed to AuNB1
and AuNB2 at 4 �C or in the presence of 0.1% sodium azide (NaN3)
for 24 h, and the AuNBs internalization was quantified by absorp-
tion spectroscopy. Results were then compared to the 37 �C
experiment. A549 cells incubated at 4 �C did not exhibit any
h to the development of gold nanoboxes as carriers for internalization
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Fig. 7. (a) Internalization of uncoated AuNBs into A549 cells mono-cultures overtime. Concentration of AuNBs into cells after 0, 1, 3, 5 and 7 h, as quantified by absorption
spectroscopy. Data are reported as mean � standard deviation. (b) Internalization of (i-iii) AuNB1 and (iv-vii) AuNB2 into A549 cells cultured in an inverted configuration. Rendering
of representative confocal images of AuNBs-treated cells, stained with rhodamine phalloidin (F-actin, in red) and Hoechst 33342 (nuclei, in blue). AuNBs (indicated by arrows) were
imaged in confocal reflectance mode and are shown in green as pseudo-colour. (b: vii) Detail of image vi. The light-blue rectangle represents the clipping plane. The presence of a
single uncoated AuNB inside the cell cytoplasm is highlighted. Scale bars: (i-vi) 10 mm, (vii) 5 mm (63� objective lens).
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reduction in the AuNBs uptake as compared to the equivalent in-
cubation at 37 �C (Fig. 8a and b). Moreover, blocking the active
transport mechanism of the A549 cells by 0.1% NaN3 treatment
impeded only the uptake of AuNB1 (Fig. 8a), leaving unaffected the
AuNB2 internalization grade (Fig. 8b). One important aspect to
consider when inhibiting endocytosis is to leave unaffected the F-
actin cytoskeleton of the cell, since reorganization of the actin fil-
aments can impact on cellular uptake processes [55], leading to
multiple effects occurring simultaneously. In our study, the F-actin
filaments maintained their overall morphology and distribution
when A549 cells were treated with NaN3 (Fig. 8c), in accordance
with previously published studies [56].

The hydrodynamic radius of the internalized AuNBs (Fig. 8d)
appeared significantly increased when retrieved from A549 cells
exposed for 24 h, as compared to reference, as-synthetized AuNBs
(0 h). This indicated protein opsonisation, e.g. the adsorption of
proteins such as serum albumin (which is richly in the cell culture
media in the form of FBS) onto the surfaces of uncoated AuNBs
[57,58]. These data were strongly supported by HIM imaging
(Fig. 8e), showing that AuNB2 retrieved from A549 cells mono-
cultures after 24 h incubation were coated in biological material.
Protein opsonisation is strongly linked to endocytosis mechanisms
[59], and it well correlated with our experimental data showing
that AuNBs are internalized by A549 cells within 24 h.

3.1.4. Cytotoxicity of uncoated AuNBs
Cytotoxicity of uncoated AuNBs was measured by HCSA

[47,48,60e62] on all the chosen concentrations (2.1 � 10�12,
5.3 � 10�12, 1.1 � 10�11 and 1.3 � 10�11 M) as fully described in the
materials and methods section. Cell count, cell membrane perme-
ability and lysosomal mass/pH were the cell parameters monitored
(Fig. 9a). In addition, quantification of the secretion of the pro-
inflammatory cytokine Interleukin-6 (IL-6) was carried out for
each particle size and concentration (Fig. 9b and c). A549 cells did
Please cite this article in press as: Movia D, et al., A safe-by-design approac
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not show any obvious reduction in cell count or any significant
change in cell membrane permeability and lysosomal mass/pH
when exposed to uncoated AuNBs for 24 h. It has been extensively
proven that changes in the cellular membrane permeability indi-
cate alterations of the physical condition of the cells, while a
decrease or an increase of lysosomal mass/pH can be associated
with an increased rate of cytotoxicity of the material tested. The
secretion of IL-6 was also reduced when compared to the untreated
(N/T) control, indicating that no inflammatory response was
induced by exposure to uncoated AuNBs for 24 h.

3.1.5. Biodegradation of uncoated AuNBs
Evaluating the potential biochemically-induced changes of

nanomaterials after administration can provide invaluable data
(1) on the materials properties that are related to the observed
cell responses or (2) on the potential expected responses
following long-term exposure [63,64]. To assess whether un-
coated AuNBs were subject to degradation following internali-
zation into cells, AuNB1 and AuNB2 were retrieved from A549 cell
mono-cultures by osmotic cell lysis after 24, 48 and 72 h inter-
nalization. TEM analysis showed significant changes in AuNBs
morphology and wall thickness after 72 h internalization into
cells, when compared to the reference, as-synthetized material
(0 h) (Fig. 10a). Similarly, a significant reduction in the AuNBs size
and changes in their morphology were evidenced after 72 h in-
cubation with cells by HIM (Fig. 10b). This data was confirmed by
the size distributions of AuNBs as calculated from TEM images
(Fig. 10c), showing substantial reduction in AuNBs size after 72 h
incubation.

In light of the extensive and comprehensive work carried out in
Tier 1 to assess the biocompatibility and suitability of uncoated
AuNBs as carriers, a safe-by-design approach was applied and the
functionalised, multi-layered AuNBs produced were subject to a
proof-of-principle testing in Tier 2 and 3.
h to the development of gold nanoboxes as carriers for internalization
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Fig. 8. (aec) Inhibition of the internalization of uncoated AuNBs into A549 cells mono-cultures (aeb) Absorbance at (a) 560 nm and (b) 700 nm of untreated (N/T) and AuNBs-
treated A549 cells. 560 nm and 700 nm are the lmax of absorbance of AuNB1 and AuNB2, respectively. A549 cells mono-cultures were exposed to AuNBs at 37 �C (grey bars),
4 �C (light grey bars) or after pre-treatment with NaN3 for 3 h (striped bars). Values are reported as mean � standard deviation and are normalised on untreated controls. (c)
Representative confocal images of A549 cells pre-treated with NaN3 for 3 h. Cells were stained with rhodamine phalloidin (F-actin, in red) and Hoechst 33342 (nuclei, in blue).
Uncoated AuNBs (indicated by arrows) were imaged in reflectance mode and are shown in green as pseudo-colour. Images clearly evidence that F-actin filaments maintain their
overall structure as compared to an untreated (N/T) control and that uncoated AuNBs (arrows) were internalized by A549 cells even in the presence of NaN3. (d) Changes in the
hydrodynamic size (Ø) of uncoated AuNBs before (0 h) and after incubation with A549 cells for 24 h. Data are reported as mean � standard deviation of NTA measurements. (d)
Coloured HIM image of AuNB2 (in yellow) after 24 h incubation with A549 cells. The AuNBs coating with biological material is evident. Scale bar: 100 nm.
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Fig. 9. Changes in the (a) cytotoxicity cell responses (cell count, cell membrane permeability and lysosomal mass/pH) and (b) IL-6 secretion from A549 cells exposed to AuNB1 (black
bars) or AuNB2 (light grey bars) at four concentrations (2.1 �10�12, 5.3 � 10�12, 1.1 �10�11 and 1.3 � 10�11 M) for 24 h, as quantified by HCSA and ELISA respectively. Untreated and
Doxorubicin-treated cells were used as negative (N/T) and positive (P/T) controls, respectively. The symbols (**) and (***) indicate significant changes (p < 0.01 and p < 0.001,
respectively). Data are reported as mean � standard deviation. (c) Statistical significance of the release of IL-6 in A549 cell cultures exposed to AuNB2 as compared to the release of
IL-6 in A549 cell cultures exposed to AuNB1.
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3.2. Tier 2

3.2.1. Biocompatibility of gelatine-coated AuNBs (AuNB3)
Trypan Blue exclusion assay demonstrated that gelatin-coated

AuNBs (AuNB3) (Fig. 11a) did not cause any significant change in
cell viability if incubated with A549 cells mono-cultures. Similarly,
no significant reduction in cell viability was detectable when A549
cells were exposed to AuNB2 for 24 h and 72 h (approximately 90%
of live cells) (Fig. 11a), as previously shown by HCSA.

3.3. Tier 3

3.3.1. Functionalized AuNBs (AuNB4 and AuNB5) for drug delivery e

proof-of-principle
Preliminary data showed that exposure to AuNB4, AuNB5 and

molecular Paclitaxel (0.03 mM) caused a significant reduction in cell
viability following 72 h treatment of A549 cells mono-cultures
(Fig. 11b). Interestingly, folic acid-targeted AuNBs (AuNB5) were
more cytotoxic than the molecular drug formulation, showing a
significant reduction in the percentage of live cells after 24 h and
with less than 40% of live cells after 72 h exposure.

4. Discussion

A systematic qualitative and quantitative study, structured into
a safe-by-design, three-tiered approach (Fig. 1), was carried out to
Please cite this article in press as: Movia D, et al., A safe-by-design approac
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evaluate the biological interactions of AuNBs with in vitro cell
models representative of the human alveolar region, thus defining
their potential (or, conversely, their inefficiency) as candidates for
perspective translation into pre-clinical nano-enabled chemother-
apeutic agents for the targeted and personalized treatment of lung
cancer. Our study included systematic tests on the internalization,
cytotoxicity and biodegradation of uncoated AuNBs (Tier 1), fol-
lowed by preliminary testing on the drug delivery efficacy of AuNBs
that underwent purpose-specific functionalization (Tier 3).

Our results showed that uncoated AuNBs were efficiently
internalized by lung adenocarcinoma (A549) cells (Figs. 3 and 4)
within 5e7 h (Fig. 7a) and were characterized by short-term
biocompatibility, causing no detectable cytotoxic or pro-
inflammatory responses in A549 cells after 24 h exposure (as
assessed by cell count, cell membrane integrity, lysosomal mass/pH
and IL-6 secretion) (Fig. 9). Uncoated AuNBs were detected effec-
tively in the area corresponding to A549 cells cytoplasm by confocal
microscopy (Fig. 3a), TEM (Fig. 4) and Raman spectroscopy (Fig. 3be
f), the readout signals of which are unique and could be used as
fingerprints to detect AuNBs in the complex cell culture environ-
ment. We found that the cellular internalization of uncoated AuNBs
in A549 cells did not decrease at 4 �C compared to the equivalent
exposure at 37 �C (Fig. 8). This standard experiment [48,65] sug-
gested that the AuNBs internalization mechanism did not involve
receptor-mediated endocytosis (RME) pathways. For gold nano-
particles the RME pathways (including caveolae-mediated,
h to the development of gold nanoboxes as carriers for internalization
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Fig. 10. (a) TEM images and (b) HIM images of flat-lying and edge-oriented uncoated AuNBs before (0 h) and after incubation with A549 cells for 24, 48 and 72 h. Arrows indicate
distinct signs of AuNBs degradation. Scale bars: (a) 50 nm; (b) 100 nm. (c) Changes in the height (Ø) distribution of AuNB1 (black bars) and AuNB2 (grey bars) before (0 h) and after
incubation with A549 cells for 24, 48 and 72 h as measured by TEM. Data are reported as mean � standard deviation.
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clathrin-mediated and caveolae/clathrin independent endocytosis)
have been proposed as the primary mechanism of cellular entry
[23,66e68]. However, gold nanomaterials have also been reported
to be uptaken by different pathways depending on the nano-
material size and cell type tested [69,70]. Our results showed that
the internalization of AuNB1 was significantly reduced in A549 cells
pre-treated with 0.1% NaN3 (Fig. 8). This suggested that the AuNB1
internalization mechanism occurs through an energy-dependent
process. NaN3 is widely used in vivo and in vitro to inhibit
cytochrome-C oxidase, the last enzyme in the mitochondrial elec-
tron transport chain, producing a drop in intracellular ATP con-
centration [48,65]. An alternative, non-RME mechanism like
macropinocytosis could be therefore responsible for AuNB1 inter-
nalization. To support the evidence brought in this manuscript, Gao
et al. [70] showed that nanoparticles within the size range of tens to
hundreds of nanometres can enter cells via wrapping even in the
absence of clathrin or caveolin coats. In a contrasting trend, 0.1%
NaN3 did not inhibit the uptake of AuNB2 in A549 cells (Fig. 8),
suggesting that AuNB2 enter the cells by passive transport via cell
membrane deformation and invagination [71] as a consequence of
generic physical interactions with the cells, in an action similar to
the cell-penetrating peptides [59]. Further confirmation of such
mechanism is provided by TEM micrographs, revealing evidence of
morphological changes in the cells structure such as cell membrane
invagination (Fig. 5). The in vitro exposure conditions, such as
Please cite this article in press as: Movia D, et al., A safe-by-design approac
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gravitational AuNBs sedimentation, also seemed to affect the time-
dependent internalization of these nanomaterials (Fig. 7). Sedi-
mentation of nanoparticles in cell culture is a crucial factor that
should be considered when testing nanomaterials since it can affect
their rate and extent of uptake in vitro [53], and ultimately the cell
responses to the nanomaterial subject of investigation. Further
research is needed to evaluate the internalization and cytotoxicity
of uncoated AuNBs in A549 cells under dynamic conditions that
mimic the administration of the nano-enabled drug carrier by
intravenous therapy.

Despite uncoated AuNBs were also internalized into
macrophage-like cell models (Fig. S4 and Fig. S6), AuNB1 and AuNB2
could be effectively delivered to adenocarcinoma cells in in vitro co-
cultures of A549 and THP-1 cells (Fig. 5), suggesting that AuNBs
could be used as carriers within the complex living alveolar tissue
where resident phagocytic cells are present and have the main
function of removing pathogens, senescent cells and external par-
ticles from the lungs [46,72,73]. Therefore, this result excluded that,
in the alveolar region, macrophages could have a role in eliminating
AuNBs before the nano-enabled treatment reaches the cancero-
genic cellular target.

Similarly to the behaviour of other gold nanomaterials [74,75],
uncoated AuNBs were successfully internalized also in 3D cell
cultures mimicking the native three-dimensional architecture and
microenvironment of tumours. Penetration of nanomaterials into
h to the development of gold nanoboxes as carriers for internalization
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Fig. 11. Percentage (%) of live cells in A549 cells mono-cultures exposed to (a) un-
coated (AuNB2) and gelatine-coated (AuNB3) AuNBs, or (b) functionalized (AuNB4 and
AuNB5) AuNBs and molecular Paclitaxel, for 24 and 72 h. Untreated and methanol-
treated cells were used as negative (N/T) and positive (P/T) controls, respectively.
The symbols (*), (**) and (***) indicate significant changes: p < 0.05, p < 0.01 and
p < 0.001, respectively.
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the tumour environment and the tumour uptake are definitely key
issues for exerting effective cancer therapy and they should not be
neglected in nanomedicine studies. Since the penetration of
nanomaterials in tissues is influenced by several physical factors of
the particle itself [76] (e.g. particle size [77,78], hydrophobicity,
hydrodynamic radius) and of the tissue microenvironment (e.g. the
composition of the extracellular matrix [79]), 3D cell cultures
offered a simple ex vivo tumourmodel for assessing the penetration
of uncoated AuNBs of different size in a malignant tissue, and for
evaluating their internalization in A549 cells in amore “in vivo-like”
scenario. Our data indicated that uncoated AuNBs were able to
reach the A549 cells by penetrating through Matrigel� and
PuraMatrix� hydrogel layers, which ultimately reproduced the
dense collagen matrix that surrounds the cancer cells in vivo and
limits the delivery of drugs/nanomaterials to the target cells.

The final fate of uncoated AuNBs was also considered. Bio-
persistence of nanomaterials raises many concerns regarding the
safety of nanomedicine approaches, since it may lead to impaired
cell function following chronic exposure to nanomaterials [80]. The
TEM and HIM results presented in this study showed that AuNBs
that were internalized by A549 cells had reduced size and changed
morphology after 72 h incubation (Fig. 10). This evidence suggests
that AuNBs could be biodegraded by A549 cells and supports the
hypothesis that uncoated AuNBs are a promising candidate as
Please cite this article in press as: Movia D, et al., A safe-by-design approac
into cancer cells, Biomaterials (2014), http://dx.doi.org/10.1016/j.biomate
carriers for future personalised nano-enabled treatments. Further
to this, TEM images showed that AuNB2 internalized into A549
mono-cultures did accumulate into the lysosomes (Fig. 5c and e),
which are the cellular organelles containing acid hydrolase, cata-
bolic enzymes, thus suggesting that AuNBs degradation might
happen in such cells compartment. The acidic environment of the
lysosomes can in fact lead to acid etching of metallic nanoparticles,
resulting in the generation of free ions from the nanoparticles
surface and gradually decrease the nanoparticle core diameter [81].
However, despite biodegradation of uncoated AuNBs was evident
after 72 h exposure, AuNB2 did not showany detectable cytotoxicity
at this exposure time (Fig. 11), suggesting that A549 cells were not
affected by the free ions released by the biodegradation process.

Finally, our preliminary data showed that, while gelatin-coated
AuNBs were not cytotoxic up to 72 h exposure (Fig. 11a), gelatin-
coated AuNBs that were loaded with Paclitaxel (AuNB4) and tar-
geted with FA (AuNB5) did cause a significant reduction in A549
cells viability after 72 h (Fig. 11b), suggesting that effective drug
delivery and release to the cancer cells was achieved. Notably,
exposure to AuNB5 resulted in the greatest therapeutic effect as
compared to AuNB4 and molecular Paclitaxel, thus suggesting that
FA played an important role in the efficient delivery of the nano-
enabled treatment to lung cancer cells via interactions with FA
receptors, which are over-expressed in NSCLC and can be used
therefore as markers for the targeted treatment of lung cancer
[82,83].

5. Conclusions

Creating an intelligent system to deliver therapeutic agents by
taking advantage of targeted cell-type specificity, enhanced
permeation and retention effect and reduced side-effects in phys-
iologically healthy tissues has been the challenge of
nanotechnology-based products in the last decade. In this study, we
showed for the first time that uncoated AuNBs are biologically
inert, can be subjected to biodegradation and can penetrate into
lung cancer cells even in complex co- and 3D-culture microenvi-
ronments. Concurrently, our preliminary data on drug delivery
ultimately validate our hypothesis that a safe-by-design function-
alization of the AuNBs surface could produce in the future an
AuNBs-based personalized medicine approach against lung cancer
that delivers the drug specifically to the targeted cancer cells
without affecting the surrounding healthy tissues.
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