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Size-Dependent Penetration of Nanoparticles in Tumor
Spheroids: A Multidimensional and Quantitative Study of
Transcellular and Paracellular Pathways

Wenjing Chen, Wenqian Wang, Zhouzun Xie, Franco Centurion, Bin Sun,
David J. Paterson, Simon Chang-Hao Tsao, Dewei Chu, Yansong Shen, Guangzhao Mao,*
and Zi Gu*

Tumor penetration of nanoparticles is crucial in nanomedicine, but the
mechanisms of tumor penetration are poorly understood. This work presents
a multidimensional, quantitative approach to investigate the tissue
penetration behavior of nanoparticles, with focuses on the particle size effect
on penetration pathways, in an MDA-MB-231 tumor spheroid model using a
combination of spectrometry, microscopy, and synchrotron beamline
techniques. Quasi-spherical gold nanoparticles of different sizes are
synthesized and incubated with 2D and 3D MDA-MB-231 cells and spheroids
with or without an energy-dependent cell uptake inhibitor. The distribution
and penetration pathways of nanoparticles in spheroids are visualized and
quantified by inductively coupled plasma mass spectrometry, two-photon
microscopy, and synchrotron X-ray fluorescence microscopy. The results
reveal that 15 nm nanoparticles penetrate spheroids mainly through an
energy-independent transcellular pathway, while 60 nm nanoparticles
penetrate primarily through an energy-dependent transcellular pathway.
Meanwhile, 22 nm nanoparticles penetrate through both transcellular and
paracellular pathways and they demonstrate the greatest penetration ability in
comparison to other two sizes. The multidimensional analytical methodology
developed through this work offers a generalizable approach to quantitatively
study the tissue penetration of nanoparticles, and the results provide
important insights into the designs of nanoparticles with high accumulation
at a target site.
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1. Introduction

Nanoparticles have been developed to
offer new strategies for disease diagnosis
and treatment owing to their unique ad-
vantages in drug delivery, gene therapy,
bio-imaging, and many other biomedical
applications.[1–3] For example, engineered
liposomes, protein, and polymeric nanopar-
ticles have been used to deliver small
molecule drugs for cancer therapy,[4] and
many formulations have been approved
by the US Food and Drug Administration
(FDA), such as doxorubicin-loaded lipo-
some (DOXIL), albumin-bound paclitaxel
(Abraxane), and paclitaxel-incorporated
polymeric micelle (Genexol PM).[5–7] Gold
nanoparticles (AuNPs) and iron oxide
nanoparticles, among the FDA approved
inorganic nanoparticles, have shown great
promises in photothermal therapy and
magnetic resonance imaging diagnosis.[8,9]

Despite these advances, the development
of nanoparticles for preclinical and clinical
uses has encountered many challenges
and faces high failure rate in clinical
trials.[10] One of the primary reasons is the
presence of biological barriers and dense
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extracellular matrix (ECM) hindering the transport of nanoparti-
cles in biological systems and their tissue penetration.[11,12]

To improve the penetration of nanoparticles into tumor tis-
sues, it is crucial to gain a better understanding of the influ-
encing factors and penetration pathways. The physicochemical
properties of nanoparticles such as particle size, shape, and sur-
face charge have been identified as important factors influenc-
ing tissue penetration.[13–15] For example, the penetration of dif-
ferent sizes of fluorescently labeled polystyrene nanoparticles in
cell spheroids was investigated using confocal microscopy and
fluorescence-activated cell sorting.[16–18] However, the existing
studies are limited in using fluorescent dye labeled nanoparti-
cles, which are associated with the issues of leaching and bleach-
ing of fluorescent dyes.[19] Previous studies have identified two
tissue penetration pathways of nanoparticles, which are transcel-
lular and paracellular pathways.[20,21] The transcellular pathway is
the transport of nanoparticles in tissues by crossing the cell mem-
brane and interior of a cell.[22,23] The transcellular pathway in-
cludes energy-dependent (active) and energy-independent (pas-
sive) pathway, which requires and does not require the use of en-
ergy generated by adenosine triphosphate, respectively.[24] Para-
cellular transport involves the movement of particles through the
extracellular matrix in the spaces between cells, which is energy-
independent and follows a downhill gradient.[22] Nevertheless,
quantitative studies on the pathways of tissue penetration and
the associated particle size effect remain underexplored.

Herein, we developed a label-free, quantitative analytical
method by integrating inductively coupled plasma mass spec-
trometry (ICP-MS), two-photon microscopy, and synchrotron
X-ray fluorescence microscopy (XFM) to study the distribu-
tion and penetration pathways of AuNPs of different sizes in
a tumor cell spheroid model (Figure 1). While several tech-
niques have been employed to investigate the penetration of
gold nanoparticles,[14,25–27] the key distinction of the three tech-
niques that we selected to use lies in their direct quantification
of AuNPs in cells and in spheroids, eliminating the need for ad-
ditional compounds to modify AuNPs. To study the tissue pen-
etration pathways, a classic inhibitor sodium azide (NaN3) was
used to block the energy-dependent transcellular pathway, which
was compared with the groups without sodium azide treatment.
By combining the findings through inductively coupled plasma
mass spectrometry, two-photon microscopy, and synchrotron X-
ray microscopy in 2D and 3D tumor models, we identified a
correlation between nanoparticle size and penetration pathways,
which provides insights for the future design of nanomedicines
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for promoting the tissue penetration of nanosystems and effi-
cient treatment and diagnosis of diseases.

2. Results and Discussion

2.1. Synthesis and Characterization of AuNPs

Citrate-protected AuNPs of different sizes (15, 22, and 60 nm)
were synthesized to study the effect of particle size on tis-
sue penetration behavior in tumor spheroids. Under transmis-
sion electron microscope (TEM), the AuNPs appeared to be
quasi-spherical in shape, and the average particle size was mea-
sured to be 15, 22 and 60 nm and was denoted AuNP-15,
AuNP-22, and AuNP-60, respectively (Figure 2a–c). Dynamic
light scattering (DLS) measurement showed the average hydro-
dynamic sizes of AuNP-15, AuNP-22, and AuNP-60 to be 17,
35, and 67 nm (Figure 2d). The zeta potential of all AuNPs
was ≈−35 mV, without significant differences amongst differ-
ent sizes (Figure 2e). The formation of AuNPs was character-
ized by UV–vis absorption spectroscopy, where the maximum
absorbance peaks ≈520 nm were ascribed to the surface plasma
resonance of AuNPs (Figure 2f). When the particle size increased
from 15 to 60 nm, the maximum absorbance peak exhibited a
red-shift, which is consistent with the previous study.[28] The crys-
tallinity of the synthesized AuNPs with different sizes was inves-
tigated by X-ray diffraction (XRD). As shown in Figure 2g, the
XRD patterns exhibited four distinct peaks, which corresponded
to standard Bragg reflections (111), (200), (220), and (311) of a
face-centered cubic lattice, confirming the crystalline nature of
the AuNPs. This pattern is consistent with previous reports of
the AuNPs nanocrystals.[29] As the particle size decreased from
60 to 15 nm, a broadening of the peaks was observed, which is
attributed to the Scherrer equation. The broadening observed in
smaller particles is due to incomplete constructive interference,
meaning that there are an insufficient number of Bragg planes
to accurately determine the diffraction angle.[30]

2.2. Size-Dependent Cellular Uptake Pathway in 2D Monolayer
Cell Culture

Nanoparticles are known to be internalized into cells via various
pathways, with specific uptake mechanisms dependent on fac-
tors such as nanoparticle size, shape, and surface charge. To elu-
cidate the mechanism of cellular internalization of the AuNPs
with different sizes, NaN3, a typical inhibitor to block energy-
dependent cellular uptake pathways was used to treat MDA-MB-
231 cells.[31–33] The MDA-MB-231 was selected to use as a model
cancer cell line because 1) the MDA-MB-231 is epithelial, and can
form well-defined tumor spheroids with growth and proliferation
characteristics,[34] and 2) using the MDA-MB-231 as a model to
study the mechanism of nanomedicine improves fundamental
understanding of nanomedicine approach to treat triple-negative
breast cancer.[35]

The potential cytotoxicity of AuNPs and NaN3 was first as-
sessed in MDA-MB-231 cell cultures by using CCK-8 assay and
Calcein-AM staining. The value of cell viability in each treat-
ment group was normalized by comparing it with the control
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Figure 1. Schematic illustration of the size-dependent nanoparticle tissue penetration pathway study by using multi-dimensional, quantitative analytical
methods.

group. As shown in Figure S1, Supporting Information, when
the cells were incubated with 1 μg mL−1 AuNPs (the concen-
tration used in the following experiments) for 24 h, the cell vi-
ability was 97% with no significant difference with the control.
Hence, the AuNPs at 1 μg mL−1 were tolerable to the MDA-
MB-231 cells. When the cells were treated with 0.65 mg mL−1

NaN3 for different time intervals, the cell viability remained at
≈80% up to 16 h, showing no significant impact on cell growth
(Figure S2, Supporting Information). The intracellular traffick-
ing of AuNPs was conducted via CellLight Lysosome-GFP label-
ing to examine the colocalization of AuNPs with lysosomes. The
colocalization analysis was conducted using Li’s Intensity Corre-
lation Quotient (ICQ) method,[36] which showed 0.415 and 0.406
for 2D and 3D respectively (Figure S3, Supporting Information),
indicating the cellular uptake of AuNPs underwent endocytosis
pathway.

Next, the cellular uptake of AuNPs in MDA-MB-231 breast
cancer cells with or without NaN3 treatment was examined by
two-photon microscopy. In the representative two-photon mi-

croscopy images of cells (Figure 3), the red fluorescence sig-
nal corresponded to the two-photon excited luminescence signal
from AuNPs. Mean fluorescence intensity (MFI) in the AuNP
treated cells without NaN3 treatment was used as a control to
normalize the fluorescence signal intensity (Figure 3c,f,i). The
results clearly showed that the addition of NaN3 resulted in a
significant decrease in the uptake of AuNP-22 and AuNP-60,
whereas there were almost no significant differences between
the uptake of AuNP-15 between the cells treated with and with-
out NaN3. It is likely due to the different cellular uptake mecha-
nisms of nanoparticles with different sizes. After using NaN3 to
inhibit the energy-dependent cellular uptake, AuNP-15 entered
cells through energy-independent cellular uptake, whereas no
significant cellular internalization of AuNP-22 and AuNP-60 was
observed, suggesting that AuNP-15 are likely to enter cells mainly
through the energy-independent (passive) pathway while the cel-
lular uptake of AuNP-22 and AuNP-60 is primarily through the
energy-dependent (active) pathway. Our findings are in line with
the previous study which indicated that nanoparticles smaller
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Figure 2. Physiochemical characterizations of 15, 22, and 60 nm gold nanoparticles (AuNP-15, AuNP-22, AuNP-60). a–c) Representative TEM images.
Scale bar = 50 nm. d) Size measurements via DLS. e) Zeta potential measurement. f) UV–visible spectra. g) XRD patterns.

than 20 nm mostly exhibit an energy-independent cellular
uptake.[37–39] In addition, the results, particularly the amount
of internalized AuNPs reduced by 80% in cells treated with
NaN3 and AuNP-60, validated the feasibility of using NaN3 to
inhibit energy-dependent cellular uptake of AuNPs and prevent
the active transport that requires energy in the transcellular
pathways.

2.3. Effect of Particle Size on Tissue Penetration in Tumor
Spheroids: an ICP-MS Study

To investigate the tissue penetration behavior of AuNPs of differ-
ent sizes, MDA-MB-231 tumor spheroids have been developed
(Figure S4, Supporting Information). Tumor spheroids have

been shown as a superior model to mimic tumor tissue character-
istics and provide an important experimental tool for understand-
ing the localized spatiotemporal behaviors of nanoparticles.[40]

To examine how AuNPs penetrate in tumor spheroid and
internalized by cells, the spheroids were incubated with dif-
ferent sizes of AuNPs. After 12 h incubation, the spheroids
were either directly digested or dissociated into individual
cells followed by washing and digestion for ICP-MS mea-
surement. The ICP-MS results obtained from the direct di-
gestion group indicate the total amount of AuNPs in the
spheroids, while the results from the latter group suggest the
amount of AuNPs delivered through the transcellular path-
way. The total amount of AuNPs in spheroids follows the se-
quence: AuNP-22 > AuNP-15 > AuNP-60 (Figure 4a). The
tissue penetration ability of AuNP-60 in the spheroids was
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Figure 3. Two-photon microscopy analysis of cellular uptake of AuNP-15, AuNP-22, and AuNP-60 in MDA-MB-231 monolayer cells. a,d,g) Microscopy
images of cells treated with AuNPs were obtained by merging bright field images and two-photon microscopy images. b,e,h) Microscopy images of cells
treated with AuNPs and NaN3 were obtained by merging bright field images and two-photon microscopy images. c,f,i) Fluorescence intensity analysis
of two-photon microscopy images. Scale bar = 25 μm. (ns: not significant, ****p ≤ 0.0001).

significantly lower than that of AuNP-15 and AuNP-22. Although
AuNP-22 showed slightly increased penetration than AuNP-
15, there was no significant difference between AuNP-15 and
AuNP-22.

Next, the ratio of transcellular and paracellular pathways was
obtained by calculating the average amount of AuNP in differ-
ent groups representing transcellular and transcellular + para-
cellular pathways (Figure 4b). In the spheroids treated with dif-
ferent sizes of AuNPs, the transcellular pathway appeared to be

a dominant mechanism of nanoparticle penetration, accounting
for 91%, 63%, and 75% of total penetration of AuNP-15, AuNP-
22, and AuNP-60, respectively. Amongst the three different sizes
of AuNPs, the percentage of paracellular transport of AuNP-22
was the highest, which is attributed to the highest amount of
AuNPs entering the spheroids. On the other hand, the AuNP-
15 showed the lowest ratio of penetrating through the space
between cells, indicating a transcellular pathway-dependent
pathway.

Small 2024, 20, 2304693 © 2023 The Authors. Small published by Wiley-VCH GmbH2304693 (5 of 11)
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Figure 4. ICP-MS analysis of MDA-MB-231 spheroids treated with AuNPs. a) Mass of AuNPs with different sizes in tumor spheroids. b) The percentages
of AuNPs that penetrate the tumor spheroids via transcellular and paracellular pathways.

2.4. Effect of Particle Size on Tissue Penetration in Tumor
Spheroids: a Two-Photon Microscopy Study

To visualize and further study the tissue penetration of AuNPs
and the particle size effect, tumor spheroids with or without
NaN3 treatment were incubated with different sizes of AuNPs,
and quantitative analysis of the distribution of AuNPs at dif-
ferent distances in the spheroids was obtained by using two-
photon microscopy. To obtain the quantitative information, Im-
ageJ software was used to calculate the mean fluorescence inten-
sity (MFI) at 10 μm intervals from the outer layer to the core of
the spheroid. The MFI values were compared to assess the pene-
tration behavior of AuNPs of the same size under different treat-
ments (Figure S5, Supporting Information). To further improve
the accuracy and reproducibility of data analysis, we developed
a custom analysis platform. This platform uses bright-field im-
ages to determine the boundary of the cell spheroids and cal-
culates each signal-bearing pixel in the R channel of the gold
nanoparticle fluorescence images. The intensities of all pixels at
the same distance were summed up and plotted as a histogram
of intensity versus distance. Normalization of the intensity was
achieved by using the peak value of intensity obtained from the
spheroids treated with each size nanoparticle without NaN3 treat-
ment (Figure 5c,f,i).

By comparing the fluorescence intensity of AuNPs in the
presence or absence of NaN3 we evaluated the penetration be-
havior of AuNP-15, AuNP-22, and AuNP-60. Interestingly, in
the case of AuNP-15, there was no significant difference in
the fluorescence intensity at each depth level with or without
NaN3 treatment, indicating that the permeation of AuNP-15 was
not affected when the energy-dependent penetration pathway
was blocked. This is likely due to AuNP-15 penetrating tumor
spheroids mainly through the passive pathway, which does not re-
quire energy consumption. In contrast, the larger nanoparticles,
AuNP-22 and AuNP-60, showed remarkably shorter penetration
distances in the presence of NaN3. The results are in line with
previous research suggesting that nanoparticles smaller than
50 nm penetrate tumor spheroids via the passive pathway more
easily than the larger particles.[41] After the energy-dependent
pathway was inhibited by NaN3, there was a pronounced re-
duction in penetration in the AuNP-60 treated spheroids, and

their penetration through the energy-independent pathway was
very limited compared to AuNP-15 and AuNP-22, showing that
AuNP-60 penetrated in spheroids mainly through active tran-
scellular pathway. In the case of AuNP-22, although their pen-
etration into the spheroids was significantly reduced after the
energy-dependent pathway was inhibited, the nanoparticles or
part of them could still penetrate spheroids through the energy-
independent pathway. This result, in combination with the ICP-
MS result, suggests that AuNP-22 entered spheroids primarily via
the active transcellular pathway but also through the paracellular
pathway.

2.5. Effect of Particle Size on Tissue Penetration and Penetration
Pathway in Tumor Spheroids: a Synchrotron XFM Study

To provide the quantitative and multi-dimensional analysis of
tissue penetration, synchrotron-based XFM was used to exam-
ine the distribution of AuNPs with different sizes in tumor
spheroids. Analysis of cryo-sections using XFM is expected to
yield a reliable elemental distribution map, as it bypasses the
need for chemical fixation and physical sectioning. This is the
first time that XFM was used to study the relationship between
particle size and tissue penetration pathways. Quantification was
performed using GeoPIXE software on XFM images of the tumor
spheroids treated with AuNP-15, AuNP-22, and AuNP-60 with or
without NaN3 treatment (Figure 6).

Among the spheroids treated with nanoparticles of differ-
ent sizes, AuNP-22 showed the highest concentration peak
(924 ppm), while AuNP-60 had the lowest (187 ppm). The results
were consistent with the ICP study. Additionally, the penetration
depth corresponding to the concentration peak of AuNP-60 (at
15 μm) was lower than those of AuNP-15 (at 21 μm) and AuNP-
22 (at 22 μm). The results suggest the size-dependent penetration
ability of AuNPs: AuNP-22 > AuNP-15 > AuNP-60.

Upon the addition of NaN3 to block the active transport path-
way, AuNP-60 could barely penetrate the spheroids, in contrast to
AuNP-15 and AuNP-22 which showed the concentration peaks
at about 200 ppm. Comparing the peak height and area of the
AuNP-15, AuNP-22, and AuNP-60 with or without NaN3 treat-
ment, there was no obvious change in AuNP-15 while much
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Figure 5. Two-photon microscopy analysis of tissue penetration of AuNP-15, AuNP-22, and AuNP-60 with or without NaN3 in 3D MDA-MB-231 tumor
spheroids. a,d,g) Microscopy images of spheroids treated with AuNPs were obtained by merging bright field images and two-photon microscopy images.
b,e,h) Microscopy images treated with AuNPs and NaN3 were obtained by merging bright field images and two-photon microscopy images. c,f,i)
Fluorescence intensity analysis in different distances of two-photon microscopy images. Scale bar = 100 μm.

lower Au concentration in AuNP-22 and AuNP-60 after NaN3
treatment. These findings were in accordance with the conclu-
sions drawn from the two-photon results that suggested AuNP-
15 predominantly penetrated tumor spheroids via passive trans-
port pathway, whereas AuNP-60 primarily penetrated spheroids
via active transcellular pathway. For AuNP-22, energy-dependent
transport through the transcellular pathway was the primary
mode of penetration, although some nanoparticles could perme-

ate via the passive paracellular pathway, corresponding to the two-
photon microscopy study.

From the above studies using various analytical methods, we
observed that nanoparticles of different sizes penetrate tumor
spheroids through distinct main pathways (Table S1, Supporting
Information). AuNP-15, with its small size, can enter cells with-
out energy requirement, likely due to its ability to cross the cell
membrane without affecting membrane integrity. On the other
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Figure 6. XFM analysis of tissue penetration of AuNP-15, AuNP-22, and AuNP-60 with or without NaN3 in 3D MDA-MB-231 tumor spheroids.
a) Elemental mapping of Au (representing AuNPs) and Fe (representing cells) in spheroids treated with AuNPs with or without NaN3 and Au heat
maps. Scale bar = 100 μm. b–d) Quantitative analysis of Au content in XFM images.
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hand, the larger size of AuNP-60 hinders it from directly cross-
ing the dense ECM and cell membrane, and its penetration re-
lies on transcellular energy-dependent pathways for penetration.
The size of AuNP-22 enables transport through the space be-
tween cells, but restricts the penetration pathway through directly
crossing the membrane and energy is necessarily consumed for
cellular uptake. Based on these findings, we conclude that the
nanoparticles of 15 and 60 nm, whose main pathway is transcel-
lular pathway, could be favorably applied in nanomedicine appli-
cations that require transport in the cell interior, such as gene
therapy, while 22 nm nanoparticles, with its excellent penetra-
tion ability and both transcellular and paracellular pathway, can
be used to deliver cargo to the central region of tumor tissues.

3. Conclusions

This work presented the particle size-dependent penetration be-
havior of nanoparticles in a tumor spheroid model by using a
combination of analytical assays and techniques. AuNPs with
same shape and surface charge but different particles sizes (15,
22, 60 nm) were synthesized, and used to treat MDA-MB-231 tu-
mor cells and spheroids. The distribution and penetration path-
ways of AuNPs were visualized and quantified by using ICP-MS,
two-photon microscopy, and synchrotron XFM. By combining
the results from different analytical methods, it came to conclu-
sions that the tissue penetration of 15 nm AuNPs was energy-
independent (passive) transcellular pathway, while 60 nm AuNPs
penetrated primarily through an energy-dependent (active) tran-
scellular pathway. For the penetration of 22 nm AuNPs, although
active transcellular pathway was dominant, both transcellular
and paracellular pathways play an important role in determining
the tissue distribution and demonstrated the greatest ability to
penetrate tumor spheroids compared to the other two sizes. Over-
all, we have developed a multi-dimensional, quantitative analyt-
ical method to study tissue penetration of nanoparticles, which
we believe can be used as a platform method to study penetration
behavior of various nanoparticles in tissue samples. The findings
through using this method provide insights to guide the design
of other nanoparticle-based delivery systems.

4. Experimental Section
Materials: Gold (III) chloride trihydrate (≥ 99.9%, HAuCl4 · 3H2O)),

hydroquinone (99%), sodium azide (NaN3), penicillin/streptomycin,
Dulbecco’s phosphate buffered saline (PBS), fluoromount aqueous
mounting medium, poly-L-lysine, and hexamethyldisilazane (HMDS)
were obtained from Sigma-Aldrich (Sydney, Australia). Tri-sodium cit-
rate (Na2C6H5O7·2H2O) was bought from Ajax Finechem Pty Limited
(Sydney, Australia). Nitric acid and hydrochloric acid were bought from
RCI Labscan (Gillman, Australia). Dulbecco’s modified eagle medium
(DMEM, high glucose), Dulbecco’s modified eagle medium: nutrient
mixture F12 (DMEM/F12), B27 supplement, trypsin-EDTA (0.25%, phe-
nol red), CellLight Lysosomes-GFP, BacMam 2.0, Dulbecco’s phosphate
buffered saline (PBS) were purchased from ThermoFisher (Sydney, Aus-
tralia). Cell counting kit-8 (CCK-8) was bought from Abcam. Fetal bovine
serum (FBS) was bought from Scientifix Pty Ltd (Clayton, Australia). Glu-
taraldehyde was bought from ProSciTech (Kirwan, Australia). Osmium
tetroxide was bought from Electron Microscopy Sciences (Hatfield, USA).
Ethanol was bought from ChemSupply (Gillman, Australia). Calcein-AM
was purchased from Santa Cruz Biotechology (Dallas, USA) and Cryo-

embedding compound was purchased from Ted Pella (Redding, USA).
Milli-Q water and nitrogen gas were used from the own laboratory.

Synthesis of AuNPs: HAuCl4 solution (0.1 mg mL−1) was heated at
105 °C to a boil and mixed with 1.8 mL of trisodium citrate (10 mg mL−1)
with stirring at 500 rpm. After stirring for 10 min, it was cooled down
to room temperature and then stirred for another 3 h to obtain 15 nm
AuNPs, designated as AuNP-15.[42] To synthesize 22 nm AuNPs (AuNP-
22), 14 mL of 15 nm AuNPs were added to a HAuCl4 solution (90 mL of
0.11 mg mL−1) with stirring at 750 rpm. The suspension was mixed with
0.22 mL of trisodium citrate (10 mg mL−1), followed by the addition of
1 mL of hydroquinone (0.03 m). The following reaction was conducted for
3 h at room temperature while stirring at 750 rpm.[43,44] The 60 nm AuNPs
(AuNP-60) were synthesized by following the same procedure of AuNP-22
synthesis but reducing the amount of 15 nm AuNPs from 14 to 3 mL.

Characterization of AuNPs: The morphology and size of the AuNPs
were measured using a TEM (FEI Tecnaai G2). The particle size distribu-
tion and zeta potential analysis of AuNPs were conducted using Zetasizer
Ultra (Malvern Panalytical). The absorption spectra of AuNP suspension
were recorded on CLARIOstra Plate Reader. XRD measurements were per-
formed using a PANalytical X-ray diffraction system with Co source at a
scanning rate of 0.067° s−1 from 5° to 100°.

Cell Culture: MDA-MB-231, an epithelial human breast cancer cell
line, was cultured in Dulbecco’s modified eagle medium with 10%(v/v)
fetal bovine serum, 1%(v/v) penicillin/streptomycin in a humidified atmo-
sphere containing 5% CO2 at 37 °C.

Tumor Spheroid Preparation: MDA-MB-231 spheroids were prepared
by the liquid overlay method as previously described.[45] Briefly, cells
were suspended at a density of 8 × 104 cells per mL in a mixture of
DMEM/F12 medium containing B27 supplement (50×), 0.4% BSA, 1%
penicillin/streptomycin, 20 ng mL−1 epidermal growth factor (EGF) and
5 μg mL−1 insulin. 200 μL of the cell suspension was seeded into each well
of an ultra-low attachment 96-well plate (1600 cells per well). The culture
medium was partially (100 μL) replaced with fresh medium every other
day. At 5-day post cell seeding, the size of the cell spheroid reached about
250 μm in diameter.

Sample Preparation for Scanning Electron Microscopy Imaging: To ob-
serve spheroids’ structure via scanning electron microscopy (SEM), 5-
day-old spheroids (7000 cells/spheroid) were transferred to poly-L-lysine-
coated coverslips. After incubating for 40 min at 37 °C, the spheroids
were fixed overnight at 4 °C in 2.5% glutaraldehyde and stained with 1%
osmium tetroxide using Pelco Biowave Pro+ Microwave processing sys-
tem. Next, a serial ethanol dehydration protocol with 30%, 50%, 70%,
90%, and 100% was performed using the Biowave. The samples were
then dried through a graduated series of ethanol:HMDS mixtures (2:1
ethanol:HMDS and 1:2 ethanol:HMDS, respectively) until pure HMDS. Fi-
nally, samples were glutted onto stubs, platinum-coated in Emitech K575x
Pt sputter coater, and detected with InTouchScope SEM instrument (JSM).

Distribution Analysis of AuNPs in 2D and 3D Cell Cultures with Two-Photon
Microscopy: For two-photon imaging analysis in 2D cell culture, MDA-
MB-231 cells were seeded in a 24-well plate with coverslips at a density
of 5 × 104 cells on one coverslip with a thickness of 0.17 mm. After 24 h
incubation, the cells were treated with or without 0.65 mg mL−1 (10 mm)
NaN3. After 30 min treatment, the medium was then replaced with fresh
medium containing 1 μg mL−1 15, 22, and 60 nm AuNPs with or without
0.65 mg mL−1 (10 mm) NaN3. After 12 h incubation, the cells were washed
with PBS three times and fixed with 4% PFA. The coverslips were mounted
on glass slides using aqueous mounting medium. Two-photon imaging
was performed on a confocal laser scan microscope (Zeiss LSM 880) at
800 nm excitation wavelength to observe the distribution of AuNPs in the
cells.[46] The images of cells in 2D and spheroids were acquired using a
Plan-Apochromat 63x/1.4 Oil DIC M27 objective and a Plan-Apochromat
10x/0.45 M27 objective, respectively. To collect the two-photon photolumi-
nescence (TPPL) emitted by the AuNPs, a band pass filter, FF01-641/75-25
(603.5–678.5 nm), was placed before a non-descanned detector on the mi-
croscope.

For two-photon imaging analysis in 3D spheroid cultures, the MDA-
MB-231 spheroids were treated with or without 0.65 mg mL−1 NaN3. Af-
ter 30 min incubation, the medium was removed and replaced with fresh
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medium containing 1 μg mL−1 AuNPs with or without 0.65 mg mL−1

NaN3. After 12 h incubation, the spheroids were removed by pipet and
gently washed with PBS and fixed with 4% PFA. The distribution of AuNPs
in the spheroid was examined via two-photon imaging, using the same
microscope settings as previously described.

Computational Image Segmentation Method for Analyzing Diffusion: A
computational image segmentation method (CISM) was developed to as-
sess AuNPs penetration in two-photon images of spheroids. This method
had a higher resolution compared to conventional methods, capturing
more detailed features. The images were pre-processed to 512 × 512 pix-
els and cropped them along the spheroid edge using Meta AI’s tool.[47]

The images were then imported to Python for edge detection and iden-
tification of “red points” – pixels with significantly more red than green
or blue values. For each red point, the Euclidean distance to the nearest
edge pixel was calculated and stored. This data, including point coordi-
nates, the nearest edge, distance, and red intensity, was structured into
a Pandas DataFrame and exported to a CSV file. Using this method, im-
age information in one pixel resolution was extracted to calculate further
measures such as AuNPs penetration distance and depth. The details of
workflow and code logic have been provided in Figure S6, Supporting In-
formation.

In Vitro Cellular Localization Studies of AuNPs: For cellular localiza-
tion analysis in 2D cell culture, MDA-MB-231 cells were seeded on cov-
erslips in a 24-well plate at a density of 5 × 104 cells. After 24 h incuba-
tion, the culture medium was replaced with media containing CellLight
Lysosomes-GFP, BacMam 2.0 reagent by following the manufacturer’s in-
structions, and was gently mixed. Then, the medium was replaced with
fresh medium containing 1 μg mL−1 22 nm AuNPs. After 12 h incuba-
tion, the cells were washed with PBS three times and fixed with 4% PFA.
The coverslips were mounted on glass slides using aqueous mounting
medium. For 3D spheroid analysis, the cells were cultured in the T25 flask,
after the cells were well attached, the culture medium was replaced with
medium containing CellLight reagent by following the manufacturer’s in-
structions. After 16 h incubation, spheroids were produced as described in
the method of tumor spheroid preparation and treated with AuNPs as de-
scribed in the section. The cells and spheroids were observed under a con-
focal laser scan microscope (Zeiss LSM 880) with an excitation wavelength
of 800 nm to observe the AuNPs at 505–545 nm excitation wavelength to
observe the lysosomes. The colocalization was analyzed with Li’s method
using ImageJ JaCoP plugin.[36,48] Three individual cells and spheroids were
randomly selected for the colocalization measurement.

ICP-MS Analysis of Tissue Penetration: The concentration of AuNPs in
spheroids was quantitatively determined using ICP-MS. Spheroids were
produced as described in the tumor spheroid preparation part and treated
with AuNPs as described in the section on distribution analysis of AuNPs
in 2D and 3D cell cultures with two-photon microscopy. At the end of
treatment, 10 spheroids for each treatment group were collected using
a pipette and washed with PBS. To measure the intracellular amount of
AuNPs, spheroids were dissociated using trypsin-EDTA for 15 min, fol-
lowed by washing with PBS. Spheroid samples were digested in aqua for-
tis composed of nitric acid and hydrochloric acid (3:1, v/v) before being
subjected to ICP-MS.

Synchrotron XFM Analysis of Tissue Penetration: In an ultra-low attach-
ment 96-well plate, 7000 cells were seeded per well and incubated for 5
days to generate spheroids of ≈300 μm in diameter. After washing with
PBS and cryo-embedding, cryo-sectioning was performed using a micro-
cryotome. Spheroids were sectioned in a thickness of 20 μm and mounted
on silicon nitride windows for XFM analysis.[49] The samples were freeze-
dried at −80 °C for 24 h and then stored in a dust-free container with des-
iccants at room temperature until analyzed.

The AuNPs distribution in the spheroid sections was quantitatively
mapped using the X-ray fluorescence microscopy (XFM) beamline at the
Australia Synchrotron.[50] A Kirkpatrick-Baez mirror microprobe was used
in conjunction with a Maia 384 detector array, and excitation was with an
18.5 keV X-ray beam with the flux of 2 × 1010 photons per second focused
to a 2 × 2 μm spot size. Dwell times ranged from 0.5 to 20 ms per pixel, de-
pending on the samples and the concentration of the element of interest.
XFM map spectra were fitted using GeoPIXE and pixel elemental concen-

trations were determined using a fundamental parameter approach with
a model sample matrix of 20 μm thick cellulose.[51]

In Vitro Cell Viability Evaluation: MDA-MB-231 cells were seeded in a
96-well plate microplate at a density of 104 cells per well and allowed to
adhere overnight. The culture medium was removed and replaced with
a complete medium containing AuNPs at various concentrations (1, 5,
10, and 20 μg mL−1). The cells without AuNP treatment were used as a
control. After 24 h incubation, the cell viability was measured by using a
CCK-8 cell viability kit. The absorbance was measured at 450 nm with a
reference wavelength of 650 nm using a microplate reader.

The toxicity of NaN3 treatment was assessed in MDA-MB-231
spheroid cultures using calcein-AM staining. Spheroids were treated with
0.65 mg mL−1 NaN3 for 12, 16, and 24 h of incubation at 37 °C. After
that, the medium was replaced with a fresh medium containing 4 μm cal-
cian AM and incubated for 30 min. Fluorescence signals were recorded
on an Olympus IX53 fluorescence microscope. ImageJ software was used
to quantify the fluorescence intensity, and three images were analyzed for
each time interval.

Statistical Analysis: The quantitative data were expressed as mean ±
SD. Statistical differences were determined using the two-tailed Student’s
t-test to compare two groups through GraphPad Prism 9.0 (Graph Pad
Software Inc.). Statistical significance was indicated as *p ≤ 0.05, **p ≤

0.01, ***p ≤ 0.001, and ****p ≤ 0.0001.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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