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Abstract

Objectives Nanomedicines represent theragnostic alternatives to traditional candidate drugs, with increased targeting and delivery potential
due to their size and functional tailorability. Biological activity typically relies on nanomaterials permeating into the intracellular environment,
necessitating characterization of uptake and intracellular trafficking pathways. Spheroids’ three-dimensional architecture and heterogenous cel-
lular distribution offer an in-vivo-representative platform to assess the biological activity of nanoparticles (NPs). This study aimed to develop an
AB49 alveolar carcinoma spheroid model as a NP uptake assessment platform for carboxyl-polythene glycol-functionalized gold NPs affording
further biological characterization opportunities in nanomedicine.

Methods A549 spheroids were generated via the liquid overlay method, and their morphology and viability were assessed for 21 days.
Cytotoxicity was assessed via lactate dehydrogenase release. NP uptake was elucidated using uptake pathway inhibition, combined with
CytoViva hyperspectral imaging of sectioned spheroids to count internalized NPs.

Key findings Cytotoxicity was absent for all exposure groups. Clathrin-mediated endocytosis was the primary endocytic mechanism (33.5-
54.8% of uptake), which may precede lysosomal degradation. Lysosomal membrane permeabilization appears to be a potential downstream
application. Low penetration into spheroids (4.5 pm) suggests the failure of NPs to traverse cellular layers in the spheroid.

Conclusions Although poor uptake was observed, a multicellular spheroid model of A549 alveolar carcinoma cells was established, allowing for
similar future uptake assessment of various NPs.
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Introduction Inherent anticancer activity has also been observed in AuNPs,
by way of reactive oxygen species (ROS)-induction, anti-
angiogenesis and lysosomal membrane permeabilization
(LMP).5 7121 The latter is a powerful mechanism of cytotox-
icity, causing leakage of degradative lysosomal enzymes into
the cytoplasm and subsequent autophagy.!®!

Cellular uptake pathways (Figure 1) mediate most of a
cell’s responses to external stimuli; thus, hindered biological
activity may be observed should an agent lack intracellular
access.!'> 4 Most macromolecules and particles gain entry to
the intracellular environment via endocytosis.!'! The uptake
mechanisms and intracellular destinations of many NP types
have not yet been described."s) NP uptake has been associ-
ated primarily with clathrin-mediated endocytosis (CME);
however, other pathways, including caveolae-mediated endo-
cytosis (CvME) and passive diffusion, may contribute.!3 16:17)

Widespread investigation into nanomedicines (the use of
nanomaterials in diverse medical applications) has increased
in recent years, with particular interest in their targeting cap-
abilities and relatively low cytotoxicity, stemming from the
size and functional tailorability thereof."! Nanomedicines
are of interest in diagnostics (visualization and bioimaging),
immunology (vaccines, biodistribution and cytotoxicity)
and therapeutics (drug/gene delivery, anti-angiogenesis and
radiofrequency and photothermal therapy).?! Various
types of nanoparticles (NPs) are used in medicine, including
quantum dots, superparamagnetic iron oxide NPs, carbon
nanotubes, silica NPs, liposomes, dendrimers, nanogels and
gold nanoparticles (AuNPs).[! Gold NPs’ clinical applica-
tions span diagnostics, therapeutics and drug delivery, thereby
making them appealing and versatile nanomedical candidates.
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Figure 1 The major endocytic pathways of a hypothetical cell and intracellular trafficking mechanisms, differing based on size, shape, charge and phase
of the external particles, as well as proteins involved.!™ ™™ Original graphic designed by the lead author. Abbreviations: Arf1/6, adenosine diphosphate
ribosylation factor 1/6; Cdc-42, cell division control protein 42 homolog; ME macropinosome; MVB, multivesicular body; Rac1, ras-related C3 botulinum
toxin substrate 1; RE, recycling endosome; RhoA, ras homolog gene family member A.

An understanding of uptake pathways and the way they
interact is crucial in demystifying intracellular targeting and
therapeutic potentials of candidate drugs or drug-delivery
agents — in this case, AuNPs.I® 1% 11 Tt is essential that such
investigations occur in a biological setting representative of
what may occur in vivo, which is generally not the case with
traditional cell culture models.?%

Multicellular tumour spheroids are widely considered to be
capable of bridging the gap between in-vitro and in-vivo sys-
tems by offering a simple, reproducible and more represen-
tative model, thus more appropriately simulating the cellular
complexity of the tumour microenvironment.?*??l The pre-
dictive capability of these in-vitro systems is increased due to
the superiority of three-dimensional (3D) culturing over two-
dimensional (2D) models to establish cell-cell and cell-matrix
interactions, metabolic gradients, cell differentiation, gene
regulation and cell cycle control.-2¢I This is largely due to the
deposition of extracellular matrix (ECM), which occurs upon
aggregation of adherent cells with one another, resulting in the
formation of compacted spheroids.”?”>28I The ECM, comprising
collagen, elastin, fibronectin, laminin and glycoproteins, op-
poses the unrestrained proliferation of monolayer cultures.
(29,301 These factors provide mechanical structure to tissues;
facilitate adhesion and homeostasis; and regulate cellular mi-
gration, proliferation and differentiation.!3 In this study, a
drug discovery and toxicity testing platform was established
using A549 alveolar carcinoma spheroids, with the goal of
elucidating the uptake mechanisms used by this cell type for
the pilot agent in this study: 14 nm carboxyl-polythene glycol-
functionalized gold nanoparticles (PCOOH-AuNDPs).

The A549 cell line was selected due to previous pulmonary
cell studies on the PCOOH-AuNPs, as well as its relevance
in pulmonary toxicity and anticancer studies.!'® 33-3¢1 The
above model was used to assess the cells’ primary uptake
mechanisms used for the PCOOH-AuNPs and the intracel-
lular destinations thereof. The implications of uptake mech-
anism selection are also discussed and contextualized for
nanomedical applications. This study provided a two-pronged
approach to address the global oncological shortfall of severe
drug toxicity, primarily arising out of a lack of specificity. It
includes investigation of effective drug-delivery mechanisms,
using a newly characterized in-vivo-representative cellular
platform for evaluation, thus providing a platform for inves-
tigation of similar mechanisms using other NPs and cell lines.

Materials and Methods

Materials

A549 alveolar carcinoma cells (CCL-185) were procured
from the American Type Culture Collection (ATCC;
Manassas, USA). Low gelling-temperature agarose, di-
methyl sulfoxide (DMSO), heat-inactivated fetal calf serum
(FCS), chlorpromazine, Dynasore, 5-(N-ethyl-N-isopropyl)
amiloride (EIPA), genistein, penicillin/streptomycin, so-
dium azide and the fluorescent dyes, propidium iodide (PI)
and fluorescein diacetate (FDA) were all procured from
Merck (Darmstadt, Germany). Distilled water (dH,O) was
obtained from an ELGA PURELAB Chorus water purifi-
cation system. The PCOOH-AuNPs were obtained from
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Mintek (Randburg, South Africa). Fluorescent treponemal
antibody (FTA) hemagglutination buffer [phosphate-
buffered saline (PBS)] was procured from Becton, Dickinson
and Company (Sparks, USA). The CytoTox-ONE homoge-
neous membrane integrity assay (lactate dehydrogenase
[LDH]) kit was procured from Promega (Madison, USA).
Gibco Dulbecco’s modified eagle medium (DMEM) with
phenol red and TrypLe express enzyme (phenol red free)
were procured from ThermoFisher (Johannesburg, South
Africa). Tissue-Tek O.C.T compound was procured from
Sakura Finetek (Torrance, USA).

Ethical approval

This study, and the entirety of the experimentation referred to
herein, including the use of the commercially available A549
cell line, was approved by the Research Ethics Committee of
the University of Pretoria’s Faculty of Health Sciences (REC
#540/2019).

Synthesis and characterization of PCOOH-AuNPs

The manufacturing and functionalization of PCOOH-AuNPs
were carried out as previously described.!'®3¢ Briefly, aqueous
solutions of sodium citrate and tetrachloroaurate were com-
bined and boiled under reflux for 15 min. This solution was
cooled overnight at room temperature (RT) under constant
stirring and then filtered for sterility using a 0.25-pm syr-
inge filter. This solution was functionalized by saturation
with carboxylated polythene glycol (PEG-COOH) chains
(Figure 2). These PCOOH-AuNPs have a molecular weight
of 526.73 g/mol and possess a COOH group conjugated to a
polythene (PEG) chain.!"!

Assessment of NP interference

To assess potential chemical and physical interference,
PCOOH-AuNPs were diluted in dH,O or DMEM to
6.25 x 10" NPs/ml to determine characteristics in different
solutions. An aliquot of 100 ul PCOOH-AuNP suspension
was measured using a Synergy II microplate reader (Biotek
Instruments, Inc., Winooski, USA) both spectrophotometric-
ally (200-800 nm) and fluorometrically (excitation/emission
wavelengths; 485/590 nm). Additionally, possible interfer-
ences with the LDH assay substrate (resazurin) and fluores-
cent product (resorufin) were measured by incubating equal
volumes (100 pl) of the substrate or product in the presence
and absence of PCOOH-AuNPs, before measuring fluores-
cent activity.

Tetrachloroaurate

Trisodium citrate

Figure 2 Simplified schematic of PCOOH-AuUNP synthesis.
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Maintenance of the Ab49 alveolar carcinoma cell
line

The A549 alveolar carcinoma cell line was cultured in 75-cm?
cell culture flasks in DMEM supplemented with 10% FCS
and 1% penicillin/streptomycin at 37°C in a humidified at-
mosphere of 5% CO,. At 80% confluence, the medium was
decanted, and cells were washed with PBS. Cells were chem-
ically detached using TrypLE express enzyme, centrifuged
(200g for 5 min) in a 10% FCS-supplemented medium. The
pellet was resuspended in 1 ml 10% FCS-supplemented me-
dium and counted using the trypan blue exclusion assay
(0.1% in PBS) and a haemocytometer.

Seeding and spheroid formation

The liquid overlay technique was employed for a spheroid
generation.’”! To create a low-attachment surface, 75 nl of
1.6% low gelling-temperature agarose was pipetted into clear,
flat-bottom, 96-well plates, swirled to induce concavity, and
allowed to solidify by cooling. The agarose solution was pre-
pared by first creating a 4% (w/v) agarose solution in PBS,
then diluting it to 1.6% using FCS-free DMEM. Edge wells
received 200 pl sterile PBS to reduce evaporation. Cell sus-
pension (100 pl, 7.5 x 10* cells/well) was seeded onto the
agarose bed. Spheroids were kept in culture for a maximum
of 21 days. Experiments requiring higher throughput made
use of 9 x 9 3D Petri Dishes (Microtissues, Inc., Sharon, USA)
for spheroid formation, yielding identical spheroids. The
same agarose as above was used to form a mould yielding 81
spheroids, into which 190 pl cell suspension (7.5 x 10* cells/
spheroid) was added. In all cases, cells were incubated for
72 h to allow for spheroid formation, with the medium being
replenished every 3 days.

Spheroid growth and viability

Spheroid growth and viability were assessed on Days 4, 7, 10,
14,18 and 21. Morphology was evaluated using phase-contrast
microscopy [Zeiss Axiovert 200M inverted microscope (Carl
Zeiss, Inc., Oberkochen, Germany)] and Image] to determine
the circularity index and diameter.’® 3% The spheroid’s cir-
cularity index, indicating the degree of circularity on a scale
from 0 (elongated polygon) to 1.0 (perfect circle), was calcu-
lated using the formula: Circularity = 4m ( 5220 ) 1401
Live/dead staining was used to confirm zones of viability
and cell death within spheroids.*’! Viable, metabolically ac-
tive regions convert non-fluorescent FDA to the fluorescent
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fluorescein,*! while PI intercalates with the nucleic acids of
membrane-compromised cells, thus suggesting cell death.3%3%
Spheroids were harvested and washed thrice with PBS. In a
dark room, 1 ml FDA/PI (5 and 4 pg/ml, respectively) staining
solution was added to each well. Spheroids were washed again
with PBS, then immediately imaged using a Zeiss Axiovert
200M inverted microscope with filter sets for Texas red (for
PI fluorescence) and fluorescein isothiocyanate (for FDA fluor-
escence). Images were processed and combined using Image].

The release of LDH from lysed cells was quantified since
it proportionally reflects cell growth.*?! Spheroids found to
have consistent size and form were selected for experimen-
tation. Spheroids were transferred to opaque-walled 96-well
plates, and the medium was replaced with 50 pl of medium
containing 2% (v/v) CytoTox-ONE lysis solution. Cell-free
blanks were included to account for background noise. Plates
were incubated for 5 min at RT, after which 50 pl CytoTox-
ONE reagent was added to each well. The plates were shaken
for 1 min, incubated for 10 min at RT and the fluorescence
intensity (FI) read (emission/excitation wavelengths of
485/590 nm, respectively). All values were blank-subtracted,
averaged and expressed as a percentage of growth at Day 4,
using the equation (y denoting number of days since Day 4):

Growth (% relative to Day4) = %ﬁgzw x 100.

Assessment of cytotoxicity in spheroids

The cytotoxicity of PCOOH-AuNPs and the uptake inhibi-
tors was assessed using the LDH release assay. Cytotoxicity
testing was performed on Day 7 spheroids. Medium was as-
pirated from spheroids and replaced with 50 ul DMEM alone
(negative control) or supplemented with 0.4% (v/v) DMSO
(vehicle control), 2% (v/v) CytoTox-ONE lysis solution (posi-
tive lysis control), 6.25 x 10" NPs/ml PCOOH-AuNP or
pharmacological inhibitors (concentrations provided in Table
1). A blank consisting of 50 ul DMEM only was used to con-
trol for background noise. Spheroids were exposed for 2 and
24 h to PCOOH-AuNPs alone, and for 3 h to pharmaco-
logical inhibitors (a period exceeding that of literature-based
time needed to inhibit uptake systems). The LDH release was
compared with that of the negative control.

Elucidation of cellular uptake mechanism(s) used
by spheroids for NP uptake

Incubation with pharmacological inhibitors and
PCOOH-AuNPs for uptake inhibition assay

The uptake mechanism employed for PCOOH-AuNPs was
determined using the adapted method of Vetten et al., which
involves pharmacological uptake inhibitors (Table 1) to se-
lectively reduce the activity of specific uptake pathways (treat-
ment regimens provided in Figure S1).I"*! Spheroids” medium
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was replaced with 100 ul DMEM alone or supplemented with
pharmacological inhibitors or 0.4% (v/v) DMSO (vehicle
control) for 1 h at 37°C. Thereafter, 33 pl of PCOOH-AuNP
stock suspension was added to each well to achieve a final
concentration of 6.25 x 10" NPs/ml and incubated for a fur-
ther 2 h at 37°C. An additional 24 h exposure timepoint was
included for the uninhibited PCOOH-AuNP sample alone to
assess longer-term uptake thereof.

Sectioning of spheroids for analysis

Before sectioning, the medium was aspirated and spheroids
were transferred onto an aluminium grid. Single spheroids
were then immersed in Tissue-Tek and frozen at -30°C. A
Shandon Cryotome E (Thermo Scientific, Waltham, USA) was
used to create 5 pm sections which were transferred directly
to glass slides for storage and subsequent microscopy.

Hyperspectral imaging using CytoViva

Samples were viewed at x60 magnification on the CytoViva
hyperspectral imaging (HSI) system (CytoViva, Inc., Auburn,
USA), integrated onto an Olympus BX43 microscope, avail-
able at the National Institute for Occupational Health. Dark
field images were acquired using a Dagexcel X16 camera,
and hyperspectral scans of the sectioned spheroids were cap-
tured using ENVI 4.8 software. The CytoViva system en-
ables a label-free approach to intracellular NP detection with
non-destructive sample preparation.’® HSI and spectral angle
mapping (SAM) were used to assess intracellular uptake by
counting PCOOH-AuNPs present intracellularly in a defined
area. The particle filter feature was used to create a spectral li-
brary for the PCOOH-AuNPs, based on the spectra acquired
from a scan of NPs within spheroid sections of the uninhib-
ited uptake control, as detailed in the method by Roth ez al.5%
This approach allows for the subtraction of the negative con-
trol to remove the spectra of the cellular background. SAM
was used to match the spectral library onto corresponding
pixels in the hyperspectral scans of the PCOOH-AuNP-
treated cells, thereby confirming particle presence. Image]
was then used to obtain a count for PCOOH-AuNPs taken
up by the spheroids within a region of interest of fixed area
(A). Data obtained in this way were used as semi-quantitative
measures of PCOOH-AuNP uptake in the absence or pres-
ence of pharmacological inhibitors. NP uptake was calculated
as a percentage of the uninhibited control using the equation:

NP
7( % relative to uninhibited positive control)

Average NP (inbibited exp eriment) 100
= X
Average N (uninhibited positive control)

Table 1 Inhibitory concentrations and targeting of pharmacological uptake inhibitors

Inhibitor Mechanism of action (process inhibited) [reference] Concentration [reference]
Sodium azide ATPase inhibition (all active transport)! 10 mM 4

Dynasore Dynamin inhibition (dynamin-dependent pathways)!'*! 80 pM4 41

EIPA F-actin reorganization, pseudopodia retraction (macropinocytosis and phagocytosis)4¢:47! 25 pMlite. 481

Genistein Tyrosine kinase and dynamin inhibition, actin network disruption (CvME)!!%#! 200 pMiel
Chlorpromazine Rho GTPase inhibition (CME)!'5:# 14 pMisl

Abbreviations: ATPase, adenosine triphosphatase; GTPase, guanosine triphosphatase.
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Statistical analyses

Statistical analyses were carried out using Microsoft Excel
and GraphPad Prism 5. All data were expressed as mean =
standard error with at least three biological, and three tech-
nical, repeats. Statistical significance was set at P values <
0.05. Comparisons to the negative controls were made using
a Kruskal-Wallis test with post hoc Dunn’s test.

Results

Gold NP characterization

The 14-nm PCOOH-AuNPs were provided at a stock con-
centration of 2.5 x 10'> NPs/ml (equivalent to 4.1 nM).
Suspended in DMEM, the PCOOH-AuNPs possessed a
C-potential (surface charge) of -13.7 mV as measured by
the Zetasizer Nano ZS (Malvern) with a size variance of
2 nm (measured by transmission electron microscopy at
Mintek). Ultraviolet—visible spectroscopy (UV-Vis) spec-
troscopy (Figure 3A) revealed spectral peaks at 520 and
560 nm when suspended in dH,0O and DMEM, respectively.
Negligible autofluorescence was observed (Figure 3B) at exci-
tation/emission wavelengths of 485/590 nm. Non-significant
quenching of resorufin (5.26%) and conversion of resazurin
(0.6%) were observed (Figure 3C and D).

Seth-Frerich Fobian et al.

Spheroid morphology and growth

Spheroids gradually increased in diameter over the first 10
days (Figure 4A). On Day 7, an average diameter and circu-
larity index of 702.11 = 10.77 and 0.80 = 0.03 um, respect-
ively, were observed. Diameter continued to increase after
Day 10; however, circularity decreased and greater variability
between spheroids was observed. Spheroid growth, as meas-
ured by LDH release, shown in Figure 4B, was steady but plat-
eaued slightly by Day 21. Based on the diameter, circularity
and morphological observations, Day 7 was selected as ex-
perimental starting point. Live/dead staining indicated zones
of viability and cell death (Figure 4C). Fluorescein fluores-
cence was more intense at the outer layer of the spheroid and
decreased towards the core of the spheroid, where PI fluores-
cence was predominant.

Cytotoxicity assessments

The measured LDH release for the negative control was
15.9% compared with the 100% of the lysis control. The
PCOOH-AuNPs decreased LDH release, non-significantly,
by 3.1% and 3.7% after 2 and 24 h exposures, respectively,
compared with the negative control. Similarly, uptake inhibi-
tors showed no increase in LDH release after 3 h exposure to
inhibitory concentrations thereof (Figure 5).
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Figure 3 UV-Vis spectroscopy mapping of 6.25 x 10" NPs/ml PCOOH-AuUNPs in FCS-supplemented DMEM and dH20 (A). Fluorescence intensity of
6.25 x 10" NPs/ml PCOOH-AUNPs in dH,0 and FCS-supplemented DMEM (B). Resorufin, at experimentally relevant concentration, is indicated for the
relative fluorescent scale. The 485/590 nm excitation/emission wavelengths were used for fluorometric maps. NP interference with the LDH assay, in
terms of quenching of resorufin fluorescence (C) and non-fluorescent substrate conversion in the absence of cells (D). Measurements were carried out
in triplicate, and with three technical repeats. Abbreviations: RFU, relative fluorescence units; ¢, zeta.
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Figure 4 Visual and numerical representation of morphological changes in A549 spheroids over time (A). Outlined are the spheroids at Day 7, when
they were considered appropriate for use in all assays in this study. Spheroids shown here are representative images captured over the course of
experimentation. Scale bars = 100 um. Growth of cells within spheroids over time expressed as a percentage relative to Day 4 spheroids (line of best
fit) (B). Live/dead staining using FDA/PI, where zones of metabolic activity (green) and areas with compromised cell membranes (red) are shown (phase-
contrast image for comparison) (C). Measurements were carried out in a minimum of triplicate, and with three technical repeats.

Spectral angle mapping of internalized
PCOOH-AuNPs

A spectral library (Figure 6A) of endocytosed PCOOH-
AuNPs was created from an HSI scan of the uninhibited
control. Thereafter, background subtraction of the cellular
background spectra of a negative control allowed for the
generation of a spectral library representative of PCOOH-
AuNPs only (Figure 6B). Hyperspectral scans of the spher-
oids were captured in the form of an HSI (Figure 6C). The
PCOOH-AuNP spectral library was mapped onto the scan
using the SAM algorithm, and PCOOH-AuNPs counted in
a constant area within a region of interest (Figure 6D). The

HSI scans from every treatment class (Figure 6E-L) indicated
the accumulation of PCOOH-AuNPs on the periphery of the
spheroid, with poor penetration of 4.5 um (mean value).

NP counts

The 2 and 24 h uninhibited controls displayed 23.5 and
41.6 NPs/area on average, respectively. Comparison between
the 2 h and 24 h exposures revealed a non-significant in-
crease of 18.1 NPs/area, while the vehicle control showed a
non-significant increase of 2.2 NPs/area. Sodium azide and

Dynasore significantly reduced AuNP counts per area by
21.4 NPs/area (P < 0.0001) and 15.8 NPs/area (P < 0.05),
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Figure 5 The lack of cytotoxicity after 2 and 24 h exposures to PCOOH-AuNPs (A) and pharmacological inhibitors” after 3 h exposure (B).
Measurements were carried out in a minimum of triplicate, and with three technical repeats.

respectively. Non-significant reductions were noted for EIPA
(1.5 NPs/area), genistein (0.7 NPs/area) and chlorpromazine
(7.9 NPs/area). Using outlier-excluded NP/area counts (Figure
7A), proportions of endocytic mechanisms employed were
calculated based on well-documented understandings thereof
(Table S1).[13 1551 The dichotomous inhibitor tree is shown
with included uptake proportions in Figure 7B, where an
overlap in the employment of CME and CvME was observed.

Discussion

Spheroid formation and growth

Day 7 spheroids were compact, with well-defined edges and
high circularity, making them appropriate for experimenta-
tion. These features include viability, representative diffusion
properties and experimental timeframe.””°l Zones of via-
bility were characteristic of liquid overlay-generated spher-
oids, where high metabolic activity was noted in the peripheral
layers. Spheroids with diameters >1000 pm tend to have larger
zones of cell death as a result of poor diffusion of oxygen and
nutrients, depriving cells of essential nutrients.?” 281 This is
similar to what has been noted in in-vivo avascular solid tu-
mours.?s!

As spheroids grew, they compacted and matured; however,
as the liquid overlay model does not continuously renew nu-
trients or remove metabolic waste, structural integrity was
largely diminished after Day 10 with noticeable loss of circu-
larity, compactness and defined edges. Culturing of spheroids
for periods exceeding 21 days requires regular nutrient ex-
change and structural support.?” Scaffold-based techniques,
bioreactors and co-culturing methods may yield greater lon-
gevity.1?”-52 331 Compared with 2D cultures, growth is slowed
once cells form in 3D, as the ECM reduces growth signalling,
which further impacts the longevity.?”! Live/dead staining al-
lows for the visualization of zonation within spheroids based
on viability, providing a more complete picture of growth

patterns. Lower core fluorescein fluorescence corresponds to
lower availability of nutrients and O,, as well as a higher inci-
dence of quiescent cells.?”3* The increased LDH release over
the 21 days corroborates spheroid growth and suggests that
cells maintain their ability to grow regardless of diminishing
structural integrity of the spheroids with age, a caveat of 3D
cultures.

Cytotoxicity studies

Assessing cytotoxicity in this study had two purposes: to
characterize the effects of the selected PCOOH-AuNPs on the
spheroids and to confirm the necessary lack of cytotoxicity in
the uptake inhibitors at their inhibitory concentrations. This
is a necessary preliminary assessment, as a loss of cell via-
bility due to exposure would confound the uptake investiga-
tion. Literature supports the non-toxic nature of the uptake
inhibitors in the ranges which reduce uptake pathways’ func-
tioning.’®! Neither the inhibitors nor the PCOOH-AuNPs
showed cytotoxicity compared with the negative control.
For the purposes and scope of this study, only a single con-
centration of PCOOH-AuNPs was assessed. A lack of short-
term cytotoxicity of similar AuNPs has been reported in
the BEAS-2B bronchial epithelial cell line, as well as others,
including HepG2 hepatocarcinoma, HEK 293 embryonic
kidney, erythrocyte and Cos-1 monkey kidney fibroblast-like
cell lines.!'%55:5¢ This speaks to the inert state of the PCOOH-
AuNPs and supports their potential application in drug de-
livery.le!

Uptake and intracellular trafficking of PCOOH-
AuNPs into spheroids

The HSI scans allowed for the selection of spectral profiles
of the PCOOH-AuNPs within the scanned cellular material,
using the “Particle Filter” function of the software, to create
a spectral library of the PCOOH-AuNPs. However, cellular
material itself can generate background signals, which may
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Figure 6 Spectral library plots from a hyperspectral scan of endocytosed PCOOH-AuNPs: (A) all spectra identified as particles included and (B) spectra

after subtracting negative control as cellular background. A x60 hyperspectral scan of 24 h treated, uninhibited control and its SAM image are shown to
demonstrate the counting process (C and D). Localization of PCOOH-AuNPs in pharmacological inhibitorexposed spheroids (E-L); Representative x60

hyperspectral images captured using CytoViva. Examples of background noise (excluded from analysis) are visible in C, F and K.
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inhibitor selection and pathway deduction, with added uptake mechanism proportions (rounded to the nearest decimal) (B). Ranges are given for CME
and CvME. Measurements were carried out in a minimum of triplicate, and with three technical repeats. *P < 0.05; ***P < 0.0001.

be incorrectly selected as particles, facilitating possible false
PCOOH-AuNP detection during subsequent SAM analyses.
159 To prevent this, the spectral profiles of cellular material,
acquired from the negative control slide, were removed from
the spectral library, as successfully described by Roth et al.l5%

This spectral library was then used in SAM analyses to sub-
sequently identify the uptake of PCOOH-AuNPs in spheroid-
treated samples.

Low total PCOOH-AuNP uptake, of approximately two
PCOOH-AuNPs per cell (24 h), was observed, which contrasts
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with previous investigations of 14 nm citrate-capped- and
PCOOH-AuNPs in 2D cultures.!'® ! In BEAS-2B monolayer
cultures, ~100 internalized AuNPs were reported per cell
within 4 h.’® In monolayer cultures, all cells are uniformly
exposed to NPs; however, in the case of spheroids, AuNP
penetration efficiency and transcytosis affect uptake due to
the 3D architecture of the cellular construct. Comparisons to
other studies are few, owing to the unique nature of each syn-
thetic nanomaterial. Additionally, the peri-spheroidal pres-
ence of ECM, pH alterations and fluctuating nutrient levels,
all affect NP uptake and intracellular destinations.’”! The
AuNPs adsorb proteins, which affects cell-NP interactions
and decreases uptake.’”>%8 Monolayer cultures, which are ex-
posed equally with no multilayer transport required, cannot
be compared with spheroids, reaffirming their inability to suf-
ficiently represent or translate to the in-vivo research envir-
onment. 16235

Only a small percentage (9.2%) of PCOOH-AuNPs en-
tered the cells via diffusion, possibly due to partial membrane
damage or permeabilized, non-viable cells near the spheroid’s
surface.’” The low observed diffusion may be somewhat due
to the negative charge shown by these PCOOH-AuNPs in the
culture medium.!®® Neutral NPs show lower serum protein
adsorption, resulting in the retention of their lower hydro-
dynamic diameter, thus enabling more passive diffusion to
take place.-¢31 Similarly low passive uptake was reported in
an NP uptake study using erythrocytes.®3!

Macropinocytosis, due to its bulk engulfment of the
surrounding material, lacks selectivity.[* Low employ-
ment thereof (6.6%) was observed in this study, which is
ascribed to the small size of the NPs. Macropinocytosis
is known to be of greater importance for larger particles;
however, smaller NPs found in suspension near the cell
surface may also be taken up, should size changes allow,
for example, during agglomeration.”% ¢ Trafficking of ma-
terial taken up by macropinocytosis is largely dependent
on the internalized substance, making this difficult to hy-
pothesize. 6%

Clathrin- and caveolae-independent endocytosis, while
poorly characterized,!¥ collectively accounted for 17.1% of
uptake. Particles taken up in this way seem to assimilate into
other trafficking pathways, making them relatively untargeted
subcellularly.'s! These flotillin-, RhoA-, Cdc-42-, Arfl- and
Arf6-mediated pathways are able to fuse with endosomes,
thus making degradation possible in the late endosome or
lysosome, possibly causing LMP.FY A known candidate for
clathrin- and caveolae-independent endocytosis is folate.®!
Studies have found that folate and folate-bound molecules or
particles, bound to the folate receptor, are engulfed conserva-
tively and trafficked non-degradatively into the cytoplasm or
endosomes. 5% 66671

In this study, CME was responsible for between 33.5% and
54.8% of PCOOH-AuUNP uptake. The pathway directs in-
ternalized cargo to endosomes, degradative lysosomes or the
plasma membrane.5% % A lysosomal endpoint is less desirable,
because once within a lysosome, particles may be trapped and
prevented from exerting action, unless conjugated to a drug
activated by enzymes or low pH.*> %! In some cases, lyso-
somal trafficking may be desired to facilitate LMP, which can
lead to mitochondrial membrane damage and autophagy.*% ¢!
Therefore, LMP induction has become a common target for
NP-mediated cell killing, though may only take place over
longer periods of NP exposure.[©5 %
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When considering NPs as drug carriers, once within lyso-
somes, molecules of interest may be degraded before activity
is exerted.[*® This is problematic if the desired effect is not me-
diated by the NPs themselves, which would make CME less
desirable during drug delivery. The process of CME can take
place in a receptor-independent manner, via non-specific elec-
trostatic and hydrophobic interactions, rendering it widely
applicable.’® The fate of an endocytosed substrate is often
dependent on cargo-specific interactions with intracellular
trafficking machinery after internalizing.!* ¢! Furthermore,
the cationic charge of the PCOOH-AuNPs in this study sug-
gests that they are more thoroughly endocytosed than anionic
nanomaterials.” Partiality towards CME, as well as in-
creased plasma membrane-NP interaction, escalates not only
the extent but also the rate thereof.[> 7"l Neutral or negatively
charged AuNPs have an 8- and 10-fold decrease in uptake, re-
spectively, into the lung tissue compared with AuNPs carrying
a positive charge.””! Cell line differences also play a role in
pathway selection.!'! Pathways concluding in lysosomal deg-
radation are not favourable for AuNPs. The intracellular
degradation of AuNPs begins with oxidase-mediated ROS in-
duction within the lysosome. The AuNPs remain within cells
as nanoleaves, which follow a similar degradation pathway to
ionic gold.”?! Smaller (4 nm) AuNPs are reported to degrade
faster than larger AuNPs of the same type./”?!

The CvME pathway, accounting for between 3.1% and
24.4% of NP uptake into spheroids, trafficks internalized
particles to caveosomes and/or endosomes at neutral pH,
avoiding degradative fate in the lysosome.% 74 Subcellular
trafficking is towards the smooth endoplasmic reticulum (ER)
and Golgi complex.” This is the most desirable pathway
when considering drug delivery or therapeutics, as the
taken-up substance either remains in the intracellular envir-
onment (cytosolically or within endosomes) or is transported
to deeper cell or tissue layers via transcytosis.!® *% 7 Particles
may be targeted towards CvME through functionalizations
for specifically activating signalling pathways through phos-
phorylation.[®%7%761 As such, CvME is largely dependent on its
endocytic cargo for the direction of trafficking.”

Pathway overlap

A mechanism employment percentage overlap of 12.1%
exists between CME and CvME, which may be due to uptake
mechanism efficiency and/or alternative endocytic pathway
employment following inhibition. Endocytic rates could play
a role in the observed overlap, by allowing uptake to occur
more rapidly via one endocytic pathway than another.””
Because of the relatively short incubation time employed in
this study, the rate at which endocytosis occurred may play
a confounding role, as seen in investigations by Rejman et
al."V It was observed that during the first 30 min of uptake,
CME occurred at more than double the rate of CvME, while
the extent and rate of both mechanisms became nearly equal
after 3 h.”7! Similarly, cationic NPs are rapidly endocytosed
via CME."72 Thus, when considering the above results and
an NP exposure time of 2 h, employment of CME may have
been inflated.

The observed overlap in uptake mechanisms may also
imply that a functionality overlap exists between CME and
CvME."I Overlapping functionality is plausible given the
general rapidly adaptative nature of cancerous cells.”® 7!
Thus, secondary activation may be worth investigation.
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Endocytic pathways and endosomal trafficking are extremely
dynamic pathways, as their responses to stimuli differ based
on the needs of cells.[ 8! Inhibition studies have shown that
multiple pathways can be employed by a single cell line, for
endocytosis of the same NPs.BU A study by Medina-Kauwe
corroborates the above, further noting that altered endocytic
mechanisms may have worthwhile drug delivery implications.
182 Directing the uptake and intracellular trafficking of poten-
tial drugs presents the possibility of delivering active ingredi-
ents to specific intracellular compartments.’®?! This has been
achieved by several pathogens, such as the simian virus 40,
which uses CvME by binding two CvME-specific receptors,
thereby avoiding degradation.[s2-87]

Gold NP penetration and intercellular trafficking

The PCOOH-AuNPSs’ penetration into the cores of spheroids
was relatively low and was not trafficked more than one cell
layer deep. This indicates low levels of transcytosis and diffu-
sion, as well as high intracellular retention of PCOOH-AuNPs
following endocytosis. Regarding NP size, Perrault et al. re-
port that smaller AuNPs (sizes tested: 20-100 nm) tend to
show better penetration into vasculature than larger ones.!®>
881 However, larger NPs (40-100 nm) showed no statistically
significant difference between each other, and it was observed
that the 20 nm NPs were able to move through interstitial
space.® Movement through interstitial space was not emu-
lated in this study’s spheroid model; this may be ascribed
to the relative simplicity and lack of varying cell types.l?” %
Penetration of particles through a spheroid is a function of
the employed uptake mechanism. As such, CvME is more
likely to facilitate transcytosis.*8! Therefore, the finding that
it is not primarily employed in this study is corroborated by
low penetration and transcytosis.*® Tailoring NPs to trigger
CvME has the potential to increase penetration.””! An exem-
plary application of this knowledge is described by Gradishar.
1761 Briefly, albumin-bound drugs preferentially target CvME,
preventing subsequent breakdown and increasing efficacy.
Tumour (spheroid) permeability and compaction also play a
key role in NP penetration.[>° In general, poorly permeable
tumours were reported as largely unaffected by therapy with
a drug and nanocarrier, whereas more permeable tumours
indicated increased susceptibility to treatment.”®! This high-
lights the importance of consistency and reproducibility in a
spheroid model .

Conclusions

A model was successfully developed for the investigation of
PCOOH-AuNP uptake into 3D AS549 alveolar carcinoma
spheroids using a label-free approach. Spheroids were grown
to an appropriate and reproducible size and density within 7
days and, as such, allowed for a platform to be developed for
various in-vivo-representative analyses. The PCOOH-AuNPs
investigated were not cytotoxic at 6.25 x 10" NPs/ml to
A549 alveolar carcinoma cell spheroids.

HSI and SAM of internalized PCOOH-AuNPs revealed
CME to be the primary uptake mechanism employed for these
NPs. This is undesirable, given its degradative subcellular des-
tination, but there are advantages to CME, such as its effi-
ciency, lack of receptor specificity and potential for LMP
induction. Alternatively, CvME, responsible for the second-
highest amount of endocytosis, would be more desirable for

Seth-Frerich Fobian et al.

NPs designated for drug delivery and applications thereof.
Although these PCOOH-AuNPs did not permeate deeply into
the spheroid, evidence of their ability to do so exists and can
inform future design of improved, more efficacious AuNPs.
NPs of various functionalization are to be tested in the spher-
oidal model to further elucidate their uptake mechanisms.

Supplementary Material

Supplementary data are available at Journal of Pharmacy and
Pharmacology online.
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