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ABSTRACT Nanoparticle (NP) internalization by cells is complex, highly heterogeneous and
fundamentally important for nanomedicine. We report powerful probabilistic statistics from single
cell data on quantitative NP uptake for PEG coated- and transferrin receptor targeted-gold NPs for
cancer-derived and fibroblast cells according to cell size. receptor expression and receptor density.
The smaller cancer cells had a greater receptor density and more efficient uptake of targeted NPs.
However, simply due to fibroblasts being larger with more receptors, they exhibit greater NP
uptake. While highly heterogeneous, targeted NP uptake strongly correlated with receptor
expression. When uptake was normalized to cell size, no correlation existed. Consequently.
skewed population distributions in cell sizes explains the distribution in NP uptake. Furthermore,
exposure to the transferrin receptor-targeted NPs alter fibroblast size and receptor expression
suggesting that receptor targeted NPs may interfere with metabolic flux and nutrient exchange

which could assist in explaining altered regulation of cells exposed to nanoparticles.
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INTRODUCTION

Heterogenous uptake of therapeutics between cells leads to differential response, and
compromises treatment outcomes [1]. Metal nanoparticle (NP) use for targeted biomedical
applications are actively being developed: with many NP platforms reaching clinical trials and
even approved for clinical use in diagnostics, cancer therapy, and drug delivery [2]. Despite the
potential impact of metal NPs in therapeutics, heterogenous NP uptake between individual cells
and different cell lines 1s not well characterized. Furthermore, NPs can also serve as excellent
proxies for other targeted therapeutic formulations [3]. A deeper understanding of factors
influencing NP association and uptake by single cells can facilitate improvements in delivery and
therapeutic efficacy.

NP internalization into cells is predominately mediated via caveolin and/or receptor (or clathrin)
dependent endocytosis [4-7] and further mediated by NP physicochemical properties such as size,
shape, surface functionalization and charge [8, 9]. The surface of NPs are often modified to
increase biocompatibility and enhance therapeutic effectiveness [10], but also in many
applications, NPs are surface functionalized with ligands to bind with cell membrane receptors
upregulated in the targeted cell population [6].

Transferrin receptor 1 (TfR1 or Cluster of Differentiation, CD71) is a protein responsible for
iron uptake and transport within the cell [11-14]. Transferrin receptor 2 (TfR2) is a homologous
but less understood companion to CD71 [15-17], specifically responsible for intracellular iron
transport to the mitochondria [18] and iron homeostasis [19]. TfR2 expression has been measured

in different cancer cell lines, with inter-cell line expression found to be inversely proportional to



that of CD71 [15, 20]. The overexpression of CD71 and TfR2 is typically found in many cancer
cell lines compared to healthy [21] and benign cells [22], attributed to increased iron requirements
[12]. Due to this overexpression, CD71 has served as an effective target for functionalized NPs
[12;,23,24].

Vesicle formation for internalization of extracellular material determines uptake [25] and
nutritional flux in general [26]. Determinants of cell size, causes and effects, are tightly regulated
and while topics of intensive research and postulation, mechanistic understanding remains elusive
[27]. Increasing metabolic activity and nutritional requirements leads to an increase in cell surface
area to accommodate upregulated receptors, endocytosis and nutritional flux into the cell to enable
biochemical homeostasis since intracellular processes are strongly dependent on maintenance of
biomolecular concentrations [26, 28].

Cells are innately heterogenous, and present greatly varying sizes and expression of receptors
within a cell population. In bulk analysis, natural characteristic heterogeneity across a population
can be disproportionally skewed by sub-populations, affecting measurements and potentially
leading to incorrect conclusions [29]. For example, two cell populations can have statistically
equivalent mean NP uptake. but the NP uptake distribution across the populations, spanning more
than two orders of magnitude, can be statistically different [30].

Despite the immense interest in targeting NPs towards cancer cells, there 1s disproportionally
little information available on factors that direct NP uptake at the individual cell level yet can drive
macroscale or organism-level outcomes. This insight can only be reasonably achieved through
single cell analysis, which has potential to reveal critical cell and NP attributes that can enhance

efficacy of targeted delivery.



Retention of targeted NPs within the tumor microenvironment in vivo 1s being increasingly
studied and recent studies challenge the paradigm that targeted NPs’ fate are specifically in the
cancer cell sub-population of a tumor [31]. Simultaneously, strategies that target stromal and
immune cells including tumor associated fibroblasts are also rapidly accelerating [32-34].
Heterogeneity in cell populations is increasingly recognized and accurate population descriptions
are required for modelling, conceptual understanding and identifying differential delivery of
pharmaceuticals and response.

In this study, we quantitatively compared single cell population data from a prostate cancer (PC-
3) cell line with upregulated CD71 [35] and a human fibroblast (HFF) cell line for association of
transferrin functionalized gold (AuT) NPs. Association was compared to polyethylene glycol
(PEG) coated gold NPs that are internalized via non-specific pathways. Quantitative synchrotron
X-ray fluorescence microscopy images of gold NPs associated with individual cells were cross
correlated with identical confocal images of both CD71 and TfR2. We present the first quantitative
single cell analysis of NP association, without the use of labels, in individual cells as a function of
cell surface area, total CD71 and TfR2 expression and the respective relative receptor densities.
While targeting NPs to cancer cells is well regarded to increase uptake. here we provide
quantitative analysis of targeted NP association correlated with the actual receptor expression at a
single cell level. In this case we statistically describe the uptake as a function of receptor expression
for individual cells across a cell population. The single cell data offers unique understanding of
the cell population heterogeneity and probabilistic mathematical descriptions that can advance

conceptual understanding of NP fate and cellular impact.



EXPERIMENTAL

Cell Culture. The prostate cancer cell line, PC-3 (ECACC, 90112714, passage #13) and a
human fibroblast cell line, HFF (ATCC passage #8) were used. Both cell lines were cultured in
RMPI media with 0.3g/L L-Glutamine (Life Technologies), supplemented with 5% Penicillin-
Streptomycin (Life Technologies) and 10% fetal bovine serum (Life Technologies) and kept in a
humidified incubator at 37°C and 5% CO2.

For confocal analysis, approximately 150,000 cells per well were plated in a flexiPERM 8-well
slide (Sarstedt). After overnight cell adhesion, cells were incubated with ~2-3 nM NPs for 2 hours
in a humidified incubator at 37°C.

NP Preparation. Gold seed solution was synthesized using the Turkevich method [36] to
produce NPs with a diameter of 18 + 2 nm as determined by DLS and 14.5 + 2 nm (n=40) as
determined by TEM. Gold-PEG (AuPEG) NPs were synthesized by adding a 400 pL mixture of
short PEG (458.6g/mol, Polypure) and long PEG (5000g/mol, Rapp Polymere) at a molar ratio of
2:1 for 12 hours at 4°C to produce NPs with a diameter of 35 =2 nm. To develop Gold-Transferrin
(AuT) NPs, the synthesized AUPEG NPs were crosslinked with a 150 uL mixture of 0.4 M 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC) (Sigma-Aldrich) and 0.1 M N-
hydroxysuccinimide (NHS) (Sigma-Aldrich) for 5 minutes at room temperature. 20 pL. 500 ng/mL
holo-human transferrin was then added to produce AuT NPs with a diameter of 38 + 2 nm. After
each step of synthesis, centrifugation of the NP solution at 14,000 G for 10 minutes was used to
remove excess solution using a Hettich Zentrifugen Mikro 22 R centrifuge. NPs were characterized
using transmission electron microscopy ( JEOL JEM-2100F-HR Transmission Electron
Microscope), dynamic light scattering (Malvern Instruments Zetasizer Nano ZS) and absorbance

peaks were measured with the UV-Vis Spectroscopy (Thermo Evolution 201 UV-Vis



Spectrophotometer) to confirm successful synthesis (NP characterization presented in Figure S1
and Table S1).

Immunofluorescence staining. For confocal microscopy, cells were washed in PBS and fixed
with 95% ethanol and 5% acetic acid on ice for 10 minutes. Cells were washed again with PBS,
permeabilized in PBS containing 0.5% Triton X-100 for 15 minutes at 37°C. After
permeabilisation, cells were subsequently washed and incubated at 37°C in PBS containing 5%
goat serum for 1 hour to block non-specific binding. Anti-Transferrin Receptor 2/TfR2 antibody
(Abcam) was used at a 1/200 dilution in PBS containing 1% goat serum and incubated for 1 hour
at 37°C. After washing cells with PBS, cells incubated with Goat Anti-Mouse IgG Alexa Fluor
647 secondary antibody at a 1/500 dilution in 1% goat serum was added for 1 hour at 37°C. FITC
Mouse Anti-Human CD71 (BD Biosciences) was used as described in the product sheet. Any
dilutions were made in PBS containing 1% goat serum was incubated for 1 hour at 37°C. Lastly,
4°,6-diamidino-2-phenylindole (DAPI) was added to the fixed cells at a 1/10000 dilution for 10
minutes at room temperature to allow identification of cell nuclei during imaging. Cells were
rinsed thoroughly with Milli-Q water prior to confocal microscopy being performed.

Confocal Microscopy. A Zeiss LSM 710 laser scanning confocal microscope (Carl Zeiss) was
used to acquire fluorescent image sets. Images were acquired with a 20x objective with a 405 nm
laser for the DAPI channel, 488 nm laser for the CD71 channel and a 560 nm laser utilized for the
TiR2 channel. Image dimensions were 7168 x 1024 pixels, corresponding to image size of 2.9 x
0.42 mm giving X and y resolutions of 0.415 um. Z-stacks were utilized for each condition using
2 um slice width and varied in depth between 24 um to 72 um based on sample requirements.
Negative staining of CD71, TfR2 and DAPI fluorescent markers was performed and is displayed

in Figure S2.



X-Ray Fluorescence (XRF). After confocal acquisition, the wells were washed with Milli-Q
water and CuSO; at a concentration of 6.27 uM was added to the wells for 1 hour. After washing
with Milli-Q water, wells were dried in preparation for X-ray fluorescence microscopy (XFM)
analysis. XFM elemental analysis was conducted at the Australian Synchrotron X-ray fluorescence
microscopy beamline [37]. To acquire high resolution images, a pixel size of 2 um X 2 um was
used, with a pixel dwell of 4 pus. Quantification of elemental concentrations was based on scans of
known composition and concentration reference thin foils (Micromatter). Gold elemental
distribution maps were generated using GeoPIXE [38]. The elemental map images were saved in
a tiff format, displaying pixel intensity values in ng/cm?. A limit of quantification (0.5 pg) was
taken as approximately three times the minimum detection limit for the largest cells.

Image and Data Analysis. 8-bit greyscale raw confocal images were exported from Zen Black
software (Carl Zeiss). The copper elemental map was used as a mask to identify matching cells on
the subsequent confocal images. By this process, the XRF gold elemental map was correlated with
these confocal images and thereby, provided correlated image sets. These overlays were performed
in Adobe Photoshop CC (2020 Adobe Systems Incorporated). The aligned image sets were
exported as TIF files to MATLAB (MathWorks R2018a) for cell size and gold internalisation
analysis. The DAPI maximum projection was used to define each individual cell nucleus and CD71
was used to mask the plasma membrane, i.e., the corresponding individual whole cell region. These
masks were manually defined in MATLAB (Figure S3) using a combination of custom code and

in-built image processing features.

RESULTS AND DISCUSSION



NP association as a function of cell size. Across the cell populations, heterogeneity in cell size,
receptor expression and nanoparticle association was described by lognormal Probability Density
Functions (PDFs);

(ln(x)—pjz)
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PDF = ﬁ exp( (1)

where 1 and ¢ are the lognormal distribution parameters which have dependence on variables’
mean and variance. Median cell areas (in terms of the area exposed to media) for both the prostate
cancer cell line, PC-3, and human fibroblast cell line, HFF, determined from confocal microscopy
were 367 and 1025 pm’ respectively (Figure S4A). Data are presented with their associated
lognormal PDFs in Figure S4B along with the associated fitting parameters in Table S2. Not only

are the HFF cells much larger (Wilcoxon rank sum test: P < 0.0001), but also demonstrate a higher

degree of heterogeneity in cell area as demonstrated by the broader probability density function.

Identical cells imaged with confocal microscopy were then imaged by synchrotron X-ray
fluorescence microscopy (XRM) for quantitative analysis of the gold NP association with each
cell (Figure 1 and Table 1). This single cell correlative method is expanded on within the
experimental section and the corresponding images are found in Figure S2. Associated PDFs and
lognormal fitting parameters are displayed in Figure S5 and Table S3. AuT NPs are expected to
be specifically taken up by cells via receptor-mediated endocytosis through transferrin receptor 1
(CD71) and transferrin receptor 2 (TfR2), although can also be internalized through non-specific
pathways such as caveolin mediated endocytosis [39]. AuT NPs had much greater association with
both the cancer and fibroblast cells compared to the AUPEG NPs, consistent with previous reports
for cancer cell lines [40, 41]. HFF cells surprisingly, while having a lower mean association, had

a greater median association of the targeted AuT NPs compared to PC-3 (Wilcoxon rank sum test



P < 0.0001), 1.e., the ‘normal’-tissue cells had greater median association of targeted NPs than did
the overexpressing cancer cells. Furthermore, the AuT NP association was significantly and
strongly correlated with cell size (Figure 2B and 2D). As cell area increases, association of the
AuT NPs also increases, especially for the HFF cells. Conversely, no significant correlation
between AuPEG NP association and cell size was observed (Figure 2A and 2C), although a weak
positive correlation observed for the HFF cells was close to having significance. Wang et al.
observed fluorescently labeled PEG coated Au NPs positively correlated with human
mesenchymal stem cell size, but only 3 cells per condition were analyzed and the cell sizes were
mechanically constricted to investigate physical properties of cells [42]. A very weak positive
linear correlation in association of unfunctionalized fluorescent polystyrene NPs with MDA-MB-
231 cell size was reported by Khetan et al [43]. While the significance of the correlation was not
clear, the fitting provided insights that enabled powerful predictive modelling of NP association.
An important distinction in the current work for the unfunctionalized NPs is that cells here were
1maged in-situ, rather than being detached after exposure to NPs. With respect to the AUPEG NPs,
although the PC-3 cells are substantially smaller than the HFF cells, NP association was
comparable (Wilcoxon rank sum test P = 0.47). The endocytic process that AUPEG NPs undergo
is by non-specific internalization, primarily through caveolin mediated endocytosis [44, 45].
Caveolin CAV-1 which modulates cell metabolism, has now been shown to be upregulated in
several cancers and is linked to tumorigenesis [46, 47]. In this regard it is then unsurprising that
the smaller cancer cells could take up more NPs relative to their size compared to the fibroblast
cells. The unexpected result from this analysis though is that the fibroblast cells had greater
numbers of the targeted AuT NPs associated than did the PC-3 cells. In this regard, NP association

with respect to receptor expression was investigated.
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Figure 1. Association of NPs with cells increases ~7-fold with targeting functionality for both

the cancer and fibroblast cells. Gold content per cell for AUPEG and AuT in PC-3 and HFF cell

lines. Boxes contain 25-75 percentiles of the data, separated by the red horizontal line representing

the median. Whiskers represent the 0.7 and 99.3 percentiles; red “plus signs’ indicate outliers;

green diamonds represent the mean. * two-sided Wilcoxon rank sum test P < 0.0001.

Table 1. NP internalization statistics for the AuPEG and AuT NPs in PC-3 and HFET cell lines;

including the mean, standard deviation, standard error in the mean, range, and the cell count. N.D.:

not detected.

n Mean Au mass (pg) Median (pg) Interquartile range (pg) Range (pg)

Sy AuPEG 73 3.03 1.96 1.04-3.83 N.D.-15.4
AuT 221 318 183 10.0 - 29.6 N.D.-129.8

— AuPEG 117 441 2.07 1.01-459 N.D.-42.6
AuT 119 293 26.2 143-40.8 1.22-101.1
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Figure 2. AuT NP association is correlated with an increasing cell area. Log-transformed
scatterplots of cell area compared to the AUPEG (A) and AuT (B) NP uptake in the PC-3 cell line

and the AuPEG (C) and AuT (D) NP association in the HFF cell line.

Relationship between TfR expression and NP association. AuT NPs should primarily be
mternalized by actively binding CD71 and TfR2 [48] and thus, the transferrin receptors were
stained in both cell lines. Figure S2 demonstrates negative staining of CD71 and TfR2. As we

observed that HFF cells have a greater association with AuT NPs compared to the PC-3 cells, it
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could be explained by the HFF exhibiting a higher expression in absolute terms of either, or both
transferrin receptors. Indeed, Figures 3A and 3C show that HFF cell populations cocultured with
either AUPEG or AuT NPs exhibit greater CD71 expression compared to PC-3 cells. Considering
receptor density however, the PC-3 cells exhibit a much greater expression of CD71 receptors per
cell area compared to the HFF cells (Figures 3B and 3D). A summary of the mean, median and
lognormal fitting parameters for each condition is given in Table 2. A curious discovery was that
the AuT NPs alter transferrin receptor expression, specifically for the HFF cells where the
distribution skews towards an increase in the number of cells expressing greater numbers of
receptors after AuT NPs exposure (two-sided Wilcoxon rank sum test: P < 0.0001). This
upregulation could be explained by AuT NPs impeding transport of nutritional requirements and
homeostasis but is not observed for the cancer cell line. Another notable observation is that with
upregulation of CD71 expression upon exposure to the AuT NPs the PDF transforms toward a
normal distribution for receptor density (Figure 3B and 3D), indicating a proportionality between
receptor expression and cell size. This 1s consistent with observations where, to maintain
homeostasis, protein concentration is conserved across variable cell sizes [49]; a phenomenon
supported here in that CD71 expression significantly increases, yet receptor density is preserved

(two-sided Wilcoxon rank sum test P = 0.18).
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Figure 3. HFF cells have greater CD71 expression while PC-3 cells have greater receptor

expression density. Probability density functions of the CD71 fluorescence intensity (indicative of

TiR1 expression) of the PC-3 (A) and HFF (C) cell lines and CD71 density measured by CD71

fluorescence intensity per cell area in um? for the PC-3 (B) and HFF (D) cell lines.
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Table 2. Evaluated statistics of the CD71 fluorescence intensity and CD71 density (CD71

fluorescence intensity per cell area in um?) and lognormal fitting parameters for the PC-3 and HFF

cell lines.
NP n Condition Mean Median 1L a
CD71 intensity 15690 12639 9.55 0430
AuPEG 73
CD71 intensity per cell area 38.89 38.66 363 0.253
PC-3
CD71 intensity 13036 11535 9.38 0430
AuT 221
CD71 intensity per cell area 3341 31.96 3.48 0.244
CD71 intensity 19173 16260 9.72 0.515
AuPEG 117
CD71 intensity per cell area 19.31 18.73 2.95 0.146
HFF
CD71 intensity 36367 27302 10.3 0.708
AuT 119
CD71 intensity per cell area 20.92 19.15 3.01 0.244

When comparing the single cell analysis of the CD71 fluorescence intensity between the PC-3

and HFF cell lines, a higher expression of CD71 was found in the HFF cell line. Median values

indicate expression in the HFF cells was more than 2-times greater compared to PC-3 cells for the

AuT NP exposure. A greater absolute expression of CD71 in the HFF cells is linked to a greater

AuT NP association than for the PC-3 cell line. However, the PC-3 cells have an approximately

two to three times greater receptor density compared to the HFF cells and NP association is

consequently more comparable. No correlation between NP association and receptor density (i.e.,

receptor number was normalized by cell size) on individual cells was observed (Figure S6).

Therefore. cell area is an important variable directly mediating the internalization of actively

targeted NPs.
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Transferrin receptor 2 (TfR2) is a homologous companion to CD71 also involved in recruitment
of transferrin [48]. As internalization of AuT NPs could be dependent on either transferrin
receptors, NP association relative to TfR2 association was also evaluated. TIR2 fluorescence
intensity and TfR2 density per cell area in um? were analyzed by single cell analysis for both the

PC-3 and HFF cell lines with both NP conditions (Figure S7 and Table 3).

Table 3. Evaluated statistics of the TfR2 fluorescence intensity and TfR2 density (TfR2

fluorescence intensity per cell area in um?) and lognormal fitting parameters for the PC-3 and HFF

cell lines.
NP n Condition Mean Median L a
TfR2 intensity 5728 4848 8.54 0.459
AuPEG 73
TiR2 intensity per cell area 14.16 14.22 2.62 0.256
PC-3
TfR2 intensity 6388 5855 8.67 0437
AuT 221
TiR2 intensity per cell area 16.62 16.03 2.76 0.303
TfR2 intensity 5647 4690 847 0.531
AuPEG 117
TfR2 intensity per cell area 5.77 543 1.70 0.302
HFF
TfR2 intensity 11224 9563 9.14 0.616
AuT 119
TfR2 intensity per cell area 7.43 6.12 1.89 0.465

The expression and distribution of TfR2 had a similar trend to that of CD71 (Figure 3), in that
the HFF cell line expresses more TfR2 than PC-3. The CD71 fluorescence was approximately 2-
3 times higher in the PC-3 cell line and 3-4 times higher in the HFF cell line than the TfR2
fluorescence, however this cannot be considered quantitative. Expression of each receptor is highly

correlated within each cell population (Figure S8). For the PC-3 cell line, the TfR2 expression



mcreased after AuT exposure (two-sided Wilcoxon rank sum test: P = 0.021), unlike the CD71
expression. This may suggest a domination or saturation of one receptor compared to the other for
PC-3 cells. While the PC-3 cell receptor expression increases, cell size remained constant (two-
sided Wilcoxon rank sum test: P = (.89) resulting in an increased receptor density. For the HFF
cells, TfR2 increases with AuT (P < 0.0001) with a corresponding increase in cell size such that

receptor density is mostly conserved (Figure S7D).

NP association with each cell type was then compared with respect to receptor expression and
receptor density for individual cells, presented as scatter plots in Figure 4. As the AUPEG NP is
expected to be internalized by caveolin mediated processes, the association data has little to no
correlation with CD71 and TfR2 fluorescence intensities in both the PC-3 and HFF cell lines.
However, AuT NP associations are strongly correlated with receptor expression, indicating that
internalization is mediated by CD71 and TfR2 receptors. We also observe that the PC-3 cells are
more efficient in NP uptake than HFF cells when we compare NP association relative to receptor
expression (Figure 5). Associated PDFs and lognormal fitting parameters are displayed in Figure
S9 and Table S4. The PC-3 cell line was more efficient in AuT NP association when compared to
the larger HFF cells with consideration of receptor density expression for both CD71 and TiR2;
demonstrating the importance of the receptor density. There was no correlation between NP

association and receptor density (Figure S5), confirming the dependence of NP uptake on cell size.
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3 and HFF cell lines. The box and whisker properties are the same as in Figure 1. n.s.: indicates
non-significant but otherwise all comparisons are significant: P < 0.0005; Kruskal-Wallis test with

Bonferroni correction and pairwise comparison.

The data suggests that targeted AuT NPs may interfere with nutrient exchange and metabolic
flux which in-turn instigates a change in cell size to accommodate upregulation of receptor
expression. Under this interpretation, enlargement of the cells and increasing expression of
transferrin receptors maintains the cells’ biosynthesis capacity. In other models of nanoparticle
uptake heterogeneity [25], it has been assumed that within time constraints cell size is static, and
alternatively may shrink in response to NP toxicity. Contrary to this, our data shows that in short
time frames, cell size can increase in response to NP exposure. We propose this is due to targeted
nanoparticles interfering with nutritional transport, instigating an upregulation of processes to
increase cell surface area to maintain nutritional demands and homeostasis. This would be one
contributing effect to explain how gold nanoparticles. often considered to be biologically inert,
perturb gene expression [50, 51]. In this interpretation it is important to clarify that we consider
receptor expression to be dependent on cell size, i.e. the larger cell size facilitates the capacity to
express more receptors, opposed to the converse consideration that the number of expressed
receptors defines the cell size. Consequently, we consider that the cell will define its cell size to
enable expression of the receptor numbers desired to be able to maintain a nutritional influx to
maintain intracellular biochemical concentrations and reactions. This interpretation is supported

by the data indicating that a constant receptor density is maintained.
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Both HFF cells and cancerous PC-3 cells preferentially associated transferrin receptor targeted
NPs over PEG-coated NPs. While the PC-3 cells have significantly greater receptor density than
HFF cells and more efficient association of NPs in terms of NP association per receptor, the HFF
cells still had a greater NP association than the PC-3, attributed simply to the much larger size of
the HFF cells and consequently a greater absolute number of receptors. There is a subtle, but
important distinction that NP association is dependent on cell size rather than just considering the
total number of receptors in that the receptor density is highly variable between cell types. As
histopathological examination of biopsies principally identifies cells based on marker density. the
greater uptake of targeted NP-based therapeutics may have impactful implications in that cells
appearing as ‘negative’ could have comparable NP uptake. This raises questions about the ability
to deliver targeted nanoparticles to specific cell populations, especially if they’re physically small.
The data here highlights that it is important to recognize that normal cells express the same
receptors identified as being upregulated and characteristic of cancer cells. It is inevitable that
targeted nanoparticles will also be internalized by healthy cells in vivo. The extent of uptake by
normal cells will be dependent on their nutritional requirements and the number of receptors, and
mvariably dependent on the cell size. The data here warrant in vivo investigation into how cell size
could be an important factor in targeted nanoparticle fate, where either opportunities for improving

therapeutic delivery, or identification of origins of off-target toxicities could present.

CONCLUSION
Nutritional requirements to maintain intracellular biochemistry mediate cell size to express

receptors responsible for nutritional and metabolic flux. The data here also suggests that targeted
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nanoparticles can interfere with nutrient flux which may be an explanation as to how nanoparticles

alter cell expression.
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