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Abstract

Understanding nanoparticle-cell interactions at single-nanoparticle and single-cell
resolutions is crucial to improving the design of next-generation nanoparticles for safer, more
effective, and more efficient applications in nanomedicine. This study partly focuses on recent
advances in the continuous high-throughput analysis of nanoparticle-cell interactions at the single-
cell level. We highlight and discuss the current trends in continual flow high-throughput methods
for analyzing single cells centered around flow cytometry techniques. This study further discusses
the challenges and opportunities with current flow cytometry approaches and provides proposed

directions for innovation in the high-throughput analysis of nanoparticle-cell interactions.

With the information obtained from the investigation of the single-cell analysis methods, it
was clear than such analysis methods at the single-cell level are necessary to understand cell
behavior and nanoparticle-cell interactions. However, current methods, such as inductively coupled
plasma mass spectrometry and microscopy, have some disadvantages, such as being labor-intensive
and can affect nano-bio interactions. Therefore, we used flow cytometry (FCM) as a label-free
technique to enhance our knowledge of nanoparticle-cell interactions. To understand how 100 nm
gold nanoparticles (AuNPs) affect cellular behavior, we incubated the NPs with RAW 264.7 cells
to examine the change in granularity. Upon confirming this change, we wanted to investigate how
using different nanoparticles and cell types can impact nano-bio interactions. Our results show that
larger nanoparticles increase the side scattering (SSC) readings, hence the complexity of cells.
Next, we performed a kinetics analysis experiment to understand how the uptake of NPs influences
cells over a period of 24 hrs. We found that NP uptake increases with time but reaches a plateau at

higher NP concentrations towards the end of the investigation period. Additionally, we investigated
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if endocytosis pathway for Heparosan (HEP)-coated 100 nm AuNPs can be determined. Despite
using inhibitors from different pathways, we have not been able to confirm which pathway HEP-

coated 100 nm AuNPs get uptaken by.
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Chapter 1
Introduction
1.1 Thesis Introduction and Aims
This thesis serves two primary purposes: first, to explore flow cytometry as a
single-cell method commonly used to analyze cells and cellular interactions, and
second to highlight and experimentally validate a relatively simple, low-cost,
label-free analysis method to monitor interactions of live cells with nanoparticles,

or in other words, to assess nano-bio interactions.

1.2 Introduction

Creating safe, effective, and efficient nanomedicines for biomedical applications
requires a thorough understanding of how administered nanoparticles interact with cells
[1], [2]. These so-called nanotechnology-biology “nano-bio” interactions are complex
and can occur with a broad range of efficiency, selectivity, and specificity, which is
partially attributed to the substantial cell heterogeneity in both healthy and diseased
tissues [3]. Such interactions occur between nanoparticles and cells. Nanoparticles’ size

ranges from 1-100 nm and can vary from inorganic to organic materials [4].

Nanoparticles are essential for therapeutic drug delivery, and can be even used in
imaging diagnostics, and vaccination [5]-[8]. That being said, it is essential to
determine how effective and safe the nanoparticles can be to be able to create better
nanomedicine techniques [9], [10]. This can be made possible by examining the

interactions between nanoparticles and cells at the single-cell level.
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In batch mode, although information is obtained through population-based analysis
thus providing trends in nano-bio interactions based on changes in nanoparticle
characteristics, this technique does not allow for studying the distribution of nanoparticles
within cells. Additionally, what can be seen in some cells, can provide assumptions of

trends that are not necessarily the case for other samples.

Therefore, single-cell analysis methods are a better option for the study of nano-bio
interactions. This is because it is possible to study how nanoparticle characteristics such as
size, shape, and surface chemistry can influence nano-bio interactions [11]-[18]. This is
made possible due to the increased resolution provided by such techniques as well as
enhancing the understanding of cellular mechanisms and behaviors relative to cellular
interactions. Finally, single-cell analysis for distribution analysis to understand the range
of nano-bio interactions for a given system and can identify cells that contain no

nanoparticles after treatment.

Current methods of analyzing nano-bio interactions at the cellular level include,
amongst others, microscopy [19]-[21], flow cytometry [22], [23], and mass spectrometry
[24], [25]. Such techniques enable visualization, analysis, and/or quantification of cells at
varying degrees of spatial and temporal resolution. Importantly, flow cytometry allows for
a continual flow analysis of cell samples which allows for the high-throughput assessment

nano-bio interactions at the single-cell level.

In this thesis, we highlight current technologies and advancing trends in continual flow,
high-throughput analysis used to assess nanoparticle-cell interactions with single-cell

resolution. We focus our overview on flow cytometry. The advantages and considerations
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of each technique are discussed while highlighting areas of current investigation and

future growth to advance the study of nano-bio interactions at the single-cell level.

1.3 Literature Review and Connection to Data Collection

1.3.1 Flow Cytometry

Multiple approaches for flow cytometry have been employed to assess nano-bio
interactions at the single-cell level. Table 1 provides a summary of selected recent
studies in this research area. We discuss four different methods from the recently
published literature, including conventional flow cytometry, imaging flow cytometry,
photoacoustic (imaging) flow cytometry, and in vivo flow cytometry, and how these

analytical methods have been used to study nano-bio interactions.
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Table 1: Selected Nano-Bio Interaction Studies Using Different Flow Cytometry

Approaches
Nanoparticle | Nanoparticle | Nanoparticle Cell Notable
Approach ) ) ) Ref.
Type Size (nm) Function Line(s) Methods
Silver 10, 50, and Affects RAW26 | Allows for [26]
100 nm expression of | 4.7 sorting of cells
Toll-like mouse
receptors leukemi
a cells
Silver 10, 50, and Affects cell ARPE- | Analysis of [27]
75 nm growth and 19 nanoparticle cell
nanoparticle | human | uptake based on
uptake epithelia | the combination
I cells of light scattering
and far-red
Conventi fluorescence
onal Flow | Silver 80 nm Affects ARPE- | Analysis of how | [28]
Cytometr nanoparticle | 19 different
y/FACS* uptake human nanoparticle
epithelia | surface
I cells modifications
affect
nanoparticle cell
uptake
Gold 26 nmand 67 | Used as MDA- Use of more red- | [29]
nanospheres, | nm x 33 nm, | intracellular MB-231 | shifted excitation
Gold respectively | imaging human lasers to enhance
nanorods probes oras | breast the optical signal
therapeutic cancer of flow
reagents cells cytometry
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Nanoparticle | Nanoparticle | Nanoparticle Cell Notable
Approach ] ] ] Ref.
Type Size (nm) Function Line(s) Methods
Gold 40, 60, 80, Internalizatio | HelLa Label-free [30]
and 100 nm n in many human | quantification of
different cervical | nanoparticles
types of cells | cancer within cells
cells
TiO, <10 nm Chemical NIH/3T | Analysis of [31]
inertness 3 mouse | nanoparticle-cell
fibrobla | interactions via
Conventi stsand | fluorescence
onal Flow A549
Cytometr human
y/IFACS* pulmona
ry
cancer
cells
ZnO and 30 and 50 Commerciall | Escheric | Detection of [32]
TiO, nm, y relevantin | hia coli | nanoparticle
respectively | consumer bacterial | uptake in bacteria
products and | cells

nanodevices
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Nanoparticle | Nanoparticle | Nanoparticle Cell Notable
Approach ] . ] Ref.
Type Size (nm) Function Line(s) Methods
TiOz, SiOy, TiO,: ~168 Understandin | Freshwa | Analysis of [33]
CeO,, and nm —1um; g of ter algae | nanoparticle
Zn0O SiO,: 175 - nanoparticle | (Raphid | uptake in
250 nm; ecotoxicologi | ocelis microalgae
Ce03: <10nm | cal effects subcapit
and < 25nm; ata,
ZnO: Desmod
~41.5nm esmus
subspica
tus, and
Chlorell
Conventi a
onal Flow vulgaris
Cytometr )
y/[FACS* | Ultrasmall 2nm Understandin | A549 Detection of [34]
nanoparticles g protein human nanoparticle (<5
corona pulmona | nm in diameter)
interactions ry interactions with
cancer cells
cells
Cus 8 nm Evaluation of | HelLa Photothermal [35]
biocompatibil | human | efficiency
ity and cervical | analysis of the
toxicity cancer nanoparticles to
cells determine cell

viability
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Nanoparticle | Nanoparticle | Nanoparticle Cell Notable
Approach ] . ] Ref.
Type Size (nm) Function Line(s) Methods
Magnetite 10 nm Relevant PC3 Label-free [36]
nanoparticles nanomaterial | human | quantification of
for cancer various
diagnosis and | epithelia | concentrations of
cancer I cells nanoparticles
therapy and with different
BPH1 surface
human | chemistries
healthy | within cells
epithelia
I cells
NaYbFs@Na | ~18 nm Used dueto | A549 Examines side [37]
| YFs their high human | scattering vs.
Conventi -
stability, pulmona | fluorescence
onal Flow . ] ]
large anti- ry intensity of the
Cytometr ) )
Stokes shift, | cancer single-cell
y/[FACS* )
and narrow cells suspension rather
emission than comparing
bandwidth side scattering to
forward
scattering
SiO, ~27 nm and Enhanced Ab49 Analysis of [38]
~70 nm (colloidal) human | fluorescence
stability pulmona | intensity of
ry nanoparticles
cancer rather than side
cells scattering of the

single-cell

suspension
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Nanoparticle | Nanoparticle | Nanoparticle Cell Notable
Approach ] . ] Ref.
Type Size (nm) Function Line(s) Methods
Fluorescently | 40, 100, and | Nanoparticle | HeLa Detection of [39]
-labeled 200 nm size human nanoparticle
polystyrene tunability cervical | interactions with
nanoparticles cancer various
cells intracellular
organelles
Fluorescently | 100 nm Size MDA.- Correlation of [40]
-labeled tunability MB-231 | nanoparticle
polystyrene human uptake with cell
nanoparticles breast size rather than
cancer cell complexity
Conventi cells
onal Flow | Fn14- ~96-163nm | Useddueto | Human | Uptake analysis | [41]
Cytometr | Targeted their MDA- of fluorescently
y/[FACS* | polymeric prolonged MD- labeled
nanoparticles systemic 231-TD- | nanoparticles by
circulation, luciferas | cells
enhanced e triple
tumor negative
accumulation | breast
, and cancer
extended cells
tissue

penetration
and drug

release
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Nanoparticle | Nanoparticle | Nanoparticle Cell Notable
Approach ] . ] Ref.
Type Size (nm) Function Line(s) Methods
Polymeric ~45 nm Used dueto | Primary | Analysis of [42]
nanoparticles their ability macroph | nanoparticle-
to label cells, | ages labeled cells
and usage in
imaging
modalities
Polymeric 128 nm Used due to RAW26 | Analysis of [43]
nanoparticles their abilities | 4.7 fluorescence
to scavenge mouse intensity of
reactive leukemi | nanoparticles
) 0Xygens, a cells rather than side
Conventi ] ]
serving as an scattering of the
onal Flow ] )
effective single-cell
Cytometr _
therapy for suspension
y/[FACS* ]
atherosclerosi
S
Gag-based 161 and 184 | Used due to Insect- | Allows for [44]
virus-like nm their derived | baculovirus
particles potential as cells (S. | infection process
candidates frugiper | comparison
for da between different
recombinant | and T. insect cell lines
vaccine ni BTI-
development | TN-
5B1-4)
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Nanoparticle | Nanoparticle | Nanoparticle Cell Notable
Approach ] . ] Ref.
Type Size (nm) Function Line(s) Methods
SiO; 50 nm Used due to NCI- Evaluation of [45]
their ability H292 nanoparticle
to be easily human internalization at
labeled with | pulmona | different
different ry temperatures
fluorochrome | cancer
S cells
Polymeric ~50 nm Used due to B16- Analysis of nano- | [46]
nanoparticles their ability F10 bio interactions
to enhance mouse on an on-chip
light melano | photoacoustic
Imaging absorption, ma skin | imaging flow
Flow induce cancer cytometer
Cytometr photoacoustic | cells
y signals, and
high cell
viability
CD63-eGFP- | ~104nm Used due to HEK29 | Imaging of sEVs | [47]
transfected their inherent | 3T down to 100 nm
HEK293T rapid human in diameter
extracellular proliferation, | embryo
vesicles high EV nic
yield, and kidney
ease of cells
genetic
manipulation
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Nanoparticle | Nanoparticle | Nanoparticle Cell Notable
Approach ] . ] Ref.
Type Size (nm) Function Line(s) Methods
eGFP- 130 nm Used dueto | THP-1 Discrimination [48]
labelled their human between single
small abundance, leukemi | and coincidental
extracellular ability to a cells SEVs
) vesicles control
Imaging ]
various
Flow
processes and
Cytometr )
mediate
y
complex
intercellular
interactions
in a targeted
manner
Cus 8.6 nm Used dueto | SKOV- | Real-time [49]
their ability 3 human | imaging of
to ovarian | sample
Photoaco specifically cancer
ustic target ovarian | cells
(Imaging) circulating
Flow tumor cells
Cytometr and
y capability to
emita

photoacoustic

signal
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Nanoparticle | Nanoparticle | Nanoparticle Cell Notable
Approach ] . ] Ref.
Type Size (nm) Function Line(s) Methods
CuS NPs 8.6 nm Used dueto | SKOV- | Detection of [50]
their ability 3 human | early-stage
to enable ovarian | cancer metastasis
specific cancer
binding of cells
ovarian-
cancer cells
and PA
detection
Gold 25x113nm | Useddueto | MDA- | Analysis of [51]
Photoaco | nanorods their ability MB-231 | nanoparticle
ustic to enable PA | human | toxicity
(Imaging) detection at breast
Flow the single- cancer
Cytometr cell level cells and
y ZR-75-1
human
breast
cancer
cells
Streptavidin | 320 nm Useddueto | T-47D Detection of [52]
coated red their ability human | colocalized
fluorescent to be detected | breast nanoparticles
latex and attached | cancer within breast
nanoparticles to breast cells cancer cellsin a
cancer cells coculture sample
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Nanoparticle | Nanoparticle | Nanoparticle Cell Notable
Approach ] . ] Ref.
Type Size (nm) Function Line(s) Methods
Polymeric Not Reported | Used to their | 9L Multiparametric | [53]
nanoparticles ability to mouse labeling and
label cells, glioma identification of
identify, and | cells, cells in a single
Photoaco -
) eliminate HelLa workflow
ustic .
) gliomacells | human
(Imaging) )
cervical
Flow
cancer
Cytometr
cells,
y
and C6
mouse
glioma
cells
Pristine 1-12nm Used due to Red Imaging of [54]
graphene their Blood circulating GBN
flakes tremendous Cells clusters in blood
potential in vessels and
various assessment of
medical their kinetics
) applications
In vivo i i
o) Quantum ~5nm Used dueto | Plant In vivo real-time | [55]
ow
dot-carbon their ability xylem photoacoustic
Cytometr o
nanotube to be and monitoring of
y . .
conjugates photothermal | phloem | nanoparticle
: vascular | uptake in plants
photothermal | systems
and

fluorescent
contrast

agents
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Nanoparticle | Nanoparticle | Nanoparticle Cell Notable
Approach ] ] ] Ref.
Type Size (nm) Function Line(s) Methods
Gold ~10x 35 nm | Used due to Melano | Uses high-pulse- | [56]
nanorods their ability ma cells | repetition rate
to be used as laser
magnetic—
photothermal
switchable
probes
Gold 15 x 50 nm Used due to HTB-65 | Blood cancer [57]
nanorods their ability human | testing using a
to label melano | high-pulse-
circulating ma repetition-rate
. cell tumors, cells, diode laser
In  vivo ]
allowing for | MALM
Flow
the cells’ E-3M
Cytometr )
detection human
y
melano
ma skin
cancer
cells,
and
B16-
F10
mouse
melano
ma skin
cancer
cells

l4|Page




Nanoparticle | Nanoparticle | Nanoparticle Cell Notable
Approach ] ] ] Ref.
Type Size (nm) Function Line(s) Methods
Magnetic 30 nm Used due to MDA- Detection of cells | [58]
nanoparticles their ability MB-231 | inthe
and golden to target a human | bloodstream
carbon breast cancer | breast
nanotubes cells’ cancer
receptor, and | cells
to improve
detection
sensitivity
and
specificity,
In vivo respectively
Flow Polylactic 100 nm Used dueto | Primary | Simultaneous [59]
Cytometr | acid their ability mouse monitoring of
y to circulate monocyt | monocytes and
longer inthe | es nanoparticles in
bloodstream vivo
and form less
aggregates
Polymeric ~107 - 122 Used dueto | 4T1 Detection of [60]
nanoparticles | nm their effect to | mouse labeled cancer
target and breast cells in vivo
neutralize cancer using polymeric
circulating epithelia | modified and
tumor cells I cells labeled

nanoparticles
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Nanoparticle | Nanoparticle | Nanoparticle Cell Notable
Approach ] . ] Ref.
Type Size (nm) Function Line(s) Methods
Carbon Length: 186 | Used dueto | Escheric | Detection of [61]
nanotubes nm; their ability hia coli | labeled bacteria
Diameter: 1.7 | to be used as | bacterial | invivo
) nm for the near infra-red | cells
In vivo . )
single-walled | high-
Flow .
Length: 376 | photoacoustic
Cytometr
nm; contrast
Y Diameter: agent
19.0 nm for
the
multiwalled

* FACS = fluorescence-activated cell sorting

1.3.2 Conventional Flow Cytometry

Conventional flow cytometry is a technique in which individual cells are passed

through a microfluidic system and subsequently illuminated by a laser source [23], [62].

Upon interaction of the cells with the laser light, the scattered light and any fluorescence

emissions are detected and quantified. This analysis provides insight into various cell

parameters, including cell identity, phenotype, and viability. Light scattered from an

individual cell is typically quantified in a label-free way as side scattering or forward

scattering depending on whether the scattered light is detected orthogonally to the laser or

in the same axis as the laser, respectively [63]. Generally, the label-free side scattering

signal correlates with cell granularity or complexity, while the label-free forward scattering

signal correlates with cell size. Besides light scattering, the laser may also excite
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fluorescence emissions from dyes used to label the cells, thus allowing for the
identification and quantification of cells based on the specific fluorescence emission
profiles [64].

Upon interaction with cells, nanoparticles can contribute to the label-free side
scattering and forward scattering signals detected by the flow cytometer (Figure 1A)
[29], [65]. The nanoparticle contribution to side scattering signal varies based on both
the nanoparticle type and nanoparticle concentration. The effect of nanoparticle
concentration on the side scattering signal was reported in a study by Youhannavee et
al. An increase in magnetite nanoparticle concentration resulted in an increase in
detected side scattering signal due to increased nanoparticle-cell interactions (Figure
1B) [36]. This same study further showed how nanoparticle uptake varies by cell type.
For the same magnetite nanoparticle concentration, PC3 human epithelial cancer cells
showed increased nanoparticle-cell interactions compared to BPH1 human healthy
epithelial cells. Other studies have reported similar trends whereby after increasing the
nanoparticle concentration, cells more readily interact with nanoparticles, which results

generally in an increase in label-free flow cytometry side scattering signal [26], [66].

Additionally, the forward scattering signal can be used to check for apoptotic cells.
FSC changes when cells die due to apoptosis. Cells that undergo apoptosis have a
decreased forward scattering signal as the cell size decreases due to cell shrinkage,
while the side scattering signal increases due to changes in cell granularity associated
with the formation of apoptotic bodies within the cell [67]. Tracking these changes in
cell scattering signal can be used to determine the effect of nanoparticle concentration

or toxicity on cells. For instance, Taccola et al. found that the threshold value at which
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ZnO nanoparticles start inducing cell death in SH-SY5H human neuroblastoma cells is at

a concentration of 0.42 mM. The authors used propidium iodide stain to compare live

versus dead cells and confirm that the decrease in measured forward scattering signal is

due to the threshold concentration value of the nanoparticles [68].

A Flow Cytometer
Cell with -
nanoparticles 5({7
[ Side scattering
T detector
: L% n Change due to
<, & nanoparticle
< uptake
i{? Laser i@
Forward scattering &
OR i? @ ‘ —> @ detector =
. 3
Cell without : . \ 0
nanoparticles e A - O
g ¥
(’/ //‘_ @
i€ | —
i @ . A
< < <
0 O] Q
@ 0 ] 5]
W ) 1 (]

262144

L

262144
LT

SSC-A
SSC-A

FSC-A 2214
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SSC-A

FSC-A 224

18| Page



Figure 1: Flow cytometry for label-free quantification of nanoparticle-cell interactions. (A) A
schematic overview of the sample introduction and measurement workflows. A single-cell
suspension is run through the flow cytometer. At the interrogation point, data is collected and a
histogram showing the count vs side scattering is generated. The side scattering values increase

with the magnitude of nanoparticle interactions with cells. (B) PC3 cells (top line) and BPH1 cells

(bottom lines) were exposed to magnetite nanoparticle at concentrations of 0, 100 and 500 % (left

to right), and nanoparticles were detected in a label-free way using flow cytometry-based
measurements of side scattering signal and forward scattering signal. Adapted with permission

from [36]. Copyright 2023 Journal of Magnetism and Magnetic Materials.

19| Page



Conventional flow cytometry is further capable of detecting how differences in
nanoparticle surface chemistry affect cellular interactions [34]. In a study by Zucker et al.,
silver nanoparticles (AgNPs) of varying surface modifications, i.e., branched
poly(ethyleneimine) (bPEI), citrate (CIT) polyvinylpyrrolidone (PVP), and poly (ethylene
glycol) (PEG), were used to treat ARPE-19 human epithelial cells. Significant differences
in the measured side scattering signals were observed between the different AgNP surface
chemistries when cells were assessed with label-free flow cytometry after nanoparticle
incubation [28]. Cells treated with positively charged AgNP-bPEI demonstrated greater
side scattering signals by 3-6 fold compared to the other tested surface chemistries. A
similar experiment by Chakraborty et al. was performed using gold nanorods (GNRs). The
nanoparticles were surface-modified with PEG, poly(allylamine hydrochloride) (PAH),
polystyrene sulfonate (PSS), or CIT the corresponding nanoparticle-cell interactions with
human THP1 differentiated M1 and M2 macrophages were assessed by label-free flow
cytometry. The greatest side scattering signal in both M1 and M2 macrophages was
measured in cells treated with positively charged PAH-GNRs [69]. These observations are
in line with reports by Lee et al. and Donahue et al., who used inductively coupled plasma
mass spectrometry to quantify the effect of positive surface charges on nanoparticle-cell
interactions [70], [71].

Conventional flow cytometry has also been used to assess how nanoparticle
composition influences nano-bio interactions, as shown by Kumar et al. The researchers
reported higher side scattering signals from E. coli bacterial cells exposed to TiO>
nanoparticles compared to the same concentration of ZnO nanoparticles. The observed

increase in the side scattering signal can be attributed to a greater degree of interaction
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between E. Coli and TiO2 nanoparticles [32]. The authors attribute that signal increase
to the size of the TiO2 nanoparticles, in which the TiO2 nanoparticles were of a smaller
size than that of the ZnO nanoparticles.

The ability of conventional flow cytometry to identify and quantify individual cells,
while gaining insight into nanoparticle interactions with cells, does come with some
notable limitations. Firstly, the number of fluorescent channels in a conventional flow
cytometer is limited due to spectral overlaps of fluorophores, limiting the ability to
quantify complex cellular phenotypes, as needed for many immunological studies [22],
[72]. Itis challenging to directly image cells using conventional flow cytometry which
lacks spatial resolution, leading to a loss of spatial information [73]. The lack of
imaging further complicates identification and resolution of coincidental events, where
multiple cells interact with the laser simultaneously. Conventional flow cytometry is
further prone to some ambiguity in results, as cell debris or nanoparticle aggregates
will be detected alongside whole cells [74], [75]. Careful selection of appropriate
control groups and tools, such as gating strategies and scattering signal threshold
settings, are needed to address this limitation [75]. Moreover, quantifying protein
abundance from raw fluorescence signals remains challenging with conventional flow
cytometry. Finally, antibody labeling is challenging for some cells or cell markers,
complicating the analysis of specific cell lines [76].

Recent innovative contributions have aimed to overcome some of the limitations of
conventional flow cytometry. For instance, the implementation of microfluidics-based
cytometry, which uses a microchannel with a microfabricated window for detecting

fluorescence signals, enables cell characterization and detection of intracellular
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proteins [77]. Cells tagged with fluorescent dye-labeled antibodies can pass through the
microchannel to evaluate and quantify fluorescence emission intensity. Additionally, this
method allows for quantification of cell diameter and the absolute number of proteins and
associated protein concentration at the single-cell level, as demonstrated by Li et al. The
researchers quantified the number of B-actin proteins on A549 human lung cancer cells,
Hep G2 human liver cancer cells, MCF 10 non-tumorigenic human breast epithelial cells,
and HeLa human cancer cells. Although this study did not quantify nano-bio interactions,
it is worth noting that this study can be improved upon to characterize proteins, such as
p53, at the single-cell level to allow for the study of tumor heterogeneity and nano-bio
interactions through examining the effect of nanoparticles on cancer cells [77].

Spectral analyzer technologies have been applied to conventional flow cytometers,
creating a spectral fingerprint that measures the full fluorescence emission spectra in
multicolor samples for each individual fluorochrome. Each spectrum is isolated for precise
signal determination [22], [78], [79]. Furthermore, a spectral analyzer allows for the
analysis of up to 48 channels, thus substantially expanding the analysis capabilities of
conventional flow cytometers [78].

RNA flow cytometry, which facilitates the detection of multiple RNA transcripts with
high sensitivity from single cells in heterogeneous samples, has also demonstrated
significant promise [75]. RNA flow cytometry utilizes RNA expression as an identifier,
particularly in cases where antibodies cannot be used to label the cells of interest.
Additionally, RNA flow cytometry allows for analyzing gene expression through the
detection of fluorescent tags attached to the cell targets. Correlation between mRNA

transcripts and antigen expression of tagged cell proteins can be made at the single-cell
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level, allowing for analysis of metabolic profile, cell type, or cell stage [76], [80]. New
developments have been made in which techniques such as simultaneous quantification of
protein expression and multiple mMRNA transcripts at the single cell level can occur
[81], [82]. This simultaneous analysis allows for the correlation of mMRNA with changes

in cellular proteins at the single-cell level.

1.3.3 Spectral Flow Cytometry

Spectral flow cytometry improves upon conventional flow cytometry by using an
optical filter-based division multiplexer to disperse emitted light across sensitive arrays
of photodiodes [83], [84]. Typically, spectral flow cytometry has been used to analyze
high-abundance proteins on cells for immunophenotyping [79], [85], [86].

Recently, the technology has been improved upon through methods that decrease
probing volume and increase the exposure time of each particle in the cell sample to
the laser, improving photon generation and minimizing background signal [84]. These
changes have been implemented through the creation of spectral nano-flow cytometry
(nFCM), which allows for the detection of nanoparticles interactions with cells, with
particles as small as 7 nm being successfully detected [84], [87]-[90]. NFCM has been
reported to be 4-6 orders of magnitude more sensitive in detecting side scattering signal
and 1-2 orders of magnitude more sensitive in fluorescence emission detection
compared to conventional flow cytometry [91]. The increased sensitivity of nFCM is
attributed to significant background signal reduction and an increased spectral

resolution of 2.1 nm [84], [92]. The increased spectral resolution of nFCM is made
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possible by the holographic grating that rejects out-of-focus scattering signals and ensures
that the photons are dispersed according to wavelength [84], [93].

A study by Li et al. used nFCM to quantify biotinylated E. Coli labeled with different
quantum dot (QD) streptavidin conjugates, i.e., QD525, QD565, QD605, QD655, and
QD705. nFCM was needed for this study to effectively resolve between the different side
scattering signals obtained from the five different QDs used. The results demonstrated an
increase in spectral intensity associated with each of the quantum dots bound to specific
bacterial antigens, allowing for the identification of differing antigen-presenting bacterial

cells through nanoparticle labeling [84].

Given its sensitivity, NFCM has been instrumental in studies investigating extracellular
vesicles (EVs) [94]. These Evs can be extracted from platelet-free plasma or derived from
cells, such as HCT15 human colon adenocarcinoma cancer cells [94]. EVs can be tagged
with fluorophore-conjugated antibodies, and their associated fluorescence emission can be
detected by nFCM. The interest in EVs stems from their utility as RNA delivery vehicles
or as immunosuppression agents. Choi et al. assessed differences in rates of nanoparticle-
cell interactions in A431 human epidermoid cancer cells. A431 cells were incubated with
extracellular vesicles (EVs) that were derived from these cells and were then analyzed
using NFCM to understand the EV populations interacting with the A431 human cancer
cells. The data showed a highly heterogeneous distribution of some elements of the EVs,

such as surface protein receptors, among all analyzed cells [95].
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1.3.4 Imaging Flow Cytometry

To allow for visualization of cells as they are analyzed during flow cytometry, imaging
flow cytometry has become a recent focus of flow cytometry investigations. Imaging flow
cytometry combines conventional flow cytometry with fluorescence microscopy such that
cell features can be imaged and spatially resolved during data collection [96]-[98]. In
imaging flow cytometry, cells are imaged using either a traditional CCD camera or a
photomultiplier (PMT) method as they flow through the microfluidic channels leading
to the laser (Figure 2A-2C) [99]. 2D imaging allows for cell phenotyping by visualizing
the cells’ physical characteristics. Imaged data can be obtained when a laser on cells in
the flow tank, which then get processed and digitized through appropriate microscope
objective lenses as well as flow cytometric lenses and filters [100], [101]. In addition
to the images, traditional flow cytometry light scattering signal data [99], [102]. The
imaging capabilities of imaging flow cytometry allow for the detection of cell
movement as well as the colocalization of nanoparticles within cells [103]. It is
necessary that users understand the complexity of the sample and sample environment
to determine which imaging flow cytometry approach, camera-based or PMT based
method, best suits their needs.

Recent studies with imaging flow cytometry have been performed with white blood
cells to classify them by type, rather than solely by cell cycle [104], [105]. Imaging
flow cytometry has also been used to assess nano-bio interactions. For example, Vranic
et al. used imaging flow cytometry to identify the time- and dose-dependence of TiO>
and SiOz nanoparticle interactions with NCI-H292 human pulmonary epithelial cancer

cells. During this analysis, the researchers discovered that the endocytosis pathway for
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SiO2 was micropinocytosis through visually tracking cell features following endocytosis
pathway inhibition and nanoparticle treatment [45]. Interestingly, a majority of recent
imaging flow cytometry studies have focused on the analysis of extracellular vesicle
interactions with cells, and the delivery of EVs to cells (Figure 2D-2E) [48], [74], [106]-
[111]. We attribute this trend to the growing interest in the use of EVs for therapeutic cargo
delivery and the assessment of cellular senescence and aging [112]-[115]. For instance,
Gorgens et al. analyzed the interactions of EVs and small EVs that were derived from THP-
1 human cancer cells with THP-1 cells after labeling the EVs with CD63eGFP. The
researchers reported that EVs and small EVs could also be detected in unprocessed
samples. Their findings, therefore, will allow for an easier analysis of EVs and their

interaction with cells without the need to isolate the EVs from cells.
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Figure 2: Imaging flow cytometry workflow and data of nanoparticle-cell interaction. (A) The
general workflow of an imaging flow cytometer. A fluorescence and a quantitative phase image
(QPI) module are used for image acquisition of the sample flowing through the microfluidic chip.
(B) Once the sample is run through and the cells have been aligned through the chip’s single stream,
2D images of single cells in suspension are reconstructed. (C) Once the images are reconstructed,
they are used for analyses that integrate the correlation between different cell-type classifications.
Reproduced with permission from reference [99]. Copyright 2023 Lab on a Chip. (D) Using a

similar workflow, images of HLA-A3 human cells were incubated with extracellular vesicles for
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various periods of time, i.e., 2 hours vs. 24 hours. Images of the different conditions are shown.
Reproduced with permission from reference [116]. (E) Representative imaging flow cytometry
images of HEK293T extracellular vesicle interactions with HEK293T human cells at different

conditions, i.e., at 37°C, 4°C. Reproduced with permission from reference [47]. Copyright 2023

Springer Nature.
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Imaging flow cytometry does have its limitations. The cell sorting capability of
imaging flow cytometry sorting capability is very limited. This is because creating an
image-based cell sorter requires major enhancements in high-speed image acquisition,
as well as the need to incorporate microscale sorting modules and intelligent data
analysis methods [102], [117]-[119]. Moreover, it is not feasible to reimage the same
cell, as it would be if the cells were imaged using time-lapse slide-based microscopy.
This limitation denies the possibility of implementing 3D reconstruction of cells or
confocal sectioning (i.e., z-stacking). In addition, there is a lack of workflow
automation in imaging flow cytometry. This can lead to significant challenges in
downstream analyses as, for example, dozens of masks need to be applied to cellular
objects and subcellular compartments for complete analysis [102]. Tracking of cell
samples as they flow through the microfluidic chamber for temporal snapshot analysis
has yet to be achieved [102]. Finally, imaging flow cytometry data analysis is intensive,
requiring manual inspection of images coinciding with scattering data. Scaling
experiments to align with reasonable data analysis approaches remains a challenge in
imaging flow cytometry methods.

Even with these challenges, imaging flow cytometry advantages are multifold.
Imaging flow cytometry uses a sensitive CCD camera that allows for the identification
of pixels that have higher signals than their surroundings and provides a better
resolution than that of conventional flow cytometry [48]. Additionally, with the
imaging processing tools available for imaging flow cytometry, identification of
coincidental data is possible, a phenomenon unattainable with conventional flow

cytometry [110]. Furthermore, in terms of extracellular vesicle analysis, the slower
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flow rate of imaging flow cytometry paired with CCD-camera based detection allows for
a more effective extracellular vesicle analysis platform compared to conventional flow
cytometry [108]. It is also worth noting that imaging flow cytometry instruments have low
background, an increased fluorescence sensitivity, and great data analysis tools that can
incorporate machine learning algorithms [74].

Beyond these advantages, recent developments in imaging flow cytometry have sought
to overcome the previously discussed challenges. For example, studies using digital
holography have generated tomographic flow cytometry, allowing for collection of 3D
information of target particles [120], [121]. Recent studies have aimed to develop machine
and deep learning algorithms to train models for evaluating and classifying imaging flow
cytometry images (Figure 3), providing improved analysis workflows [105], [122], [123].
Also, future improvements can be done to remove the snapshot limitations, in which
images of the cell sample are taken as the cell passes specific points in the microfluidic
channel, and implement object or sample tracking [102], [121], [124]. It is worth noting
that a virtual-freezing fluorescence imaging flow cytometry method has been developed to
allow for a longer exposure time for image acquisition, thus, facilitating high-throughput
imaging flow cytometry of >10,000 single cells per second without losing spatial resolution

or sensitivity [125].
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Figure 3: Data processing techniques for imaging flow cytometry. Machine learning algorithms
and deep learning models are utilized for the evaluation and classification white blood samples
from healthy donors. Reproduced with permission from reference [105]. Copyright 2023

Cytometry Part A.
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1.3.5 Photoacoustic Flow Cytometry

Conventional flow cytometry approaches have been paired with photoacoustic
technology to produce photoacoustic flow cytometry (PAFC) and photoacoustic imaging
flow cytometry [49]. The PAFC system is comprised of five main components: a
transducer, a laser, a microscope, a flow tank, and a pump system (Figure 4A-4C) [50],
[126]. The pump system shuttles cells into a capillary tube where the cells are irradiated by
a laser. The cells absorb laser light and generate an acoustic wave that is detectable by the
transducer. The microscope correlates the firing rate of the laser and the sample passage
with the acoustic signal recorded by the transducer. Transducer signals are sent to an
ultrasound receiver, where they are amplified for data collection. Scanners can be
implemented to record images of cells as they move through the microfluidic systems [53].

Specifically, a diode-pumped pulsed laser is used for photoacoustic (PA) excitation.
Once excited, the acoustic waves are collected, and separated from the excitation light
using a couple of dichroic mirrors and a bandpass filter. The transducer then detects
photoacoustic events in the flow chamber [53], [127]. The intensity of the collected
photoacoustic signal is then measured using a photomultiplier tube connected to a high-
voltage pre-amplifier. The PA signals are then amplified and digitized. Recorded
amplitudes of PA signals along with voltage signals from photomultiplier tube are recorded
and compared [128], which is possible due to the setup of the flow chamber allowing for
the collection of excitation and acoustic wave [129].

PAFC has been used to characterize nanoparticle interactions with cells. Nedosekin et
al. quantified interactions of antibody-labeled gold nanorods with MDA-MD-231-GFP

human and ZR-57-1 human breast cancer cells, whereby photoacoustic signal from cells
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treated with the gold nanorods increased by nearly two orders of magnitude compared
to controls [51]. Cells labeled with nanoparticles have also been observed using PAFC,
such as in a study by Bhattacharyya et al. where T47D breast cancer cells were labeled
with fluorescent latex nanoparticles [52]. Sun et al. used multiparametric PAFC
(MPAFC) to successfully identify three different cell lines — 9L mouse cells, HeLa
cervical cancer cells, and C6 mouse cells — labeled with three different polymer
nanoparticles in simulated blood while, eliminating cross-labeled or label-free cells
from analysis (Figure 4D) [130].

PAFC is capable of detecting nanoparticles at a high sensitivity and characterizing
cells without compromising the light scattering and fluorescence detection of various
biomarkers. However, PAFC can experience deterioration of imaging power due to a
majority of suspended cells being distributed out of the focal plane as a result of limited
axial resolution and depth of field [45], [51]. However, these limitations can be
overcome by the introduction of an acoustic standing wave, which helps confine the
suspension cells to the focal plane of the illumination, thus avoiding any effect from
the limited axial resolution and depth of field [130]. Implementation of point-to-point
scanning can lead to a low throughput and decreased imaging speed. Moreover, the
wavelengths of lasers with high pulse repetition rates are restricted, meaning only an
exclusive selection of chromophores can be distinguished by the two-color illumination
scheme [130], [131].

Innovation in PAFC has produced promising advancements. PAFC analysis speed
can be significantly increased as data processing algorithms are implemented [75].

PAFC has medium in place of a flow tank or pump system [132]-[134]. Flow
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cytometry techniques are generally limited in ex vivo analysis, for example demonstrating
low sensitivity while detecting circulating tumor cells, in addition to requiring intensive
sample preparation and data analysis methods [75], [135]. Using in vivo flow cytometry
via PAFC has allowed for the detection of fluorescently labeled low abundance circulating
tumor cells directly in the blood of mice [136]. For instance, Yao et al. used in vivo flow
cytometry to study the ability of nanoparticles to target circulating tumor cells. The authors
found that fluorescently labeled polymer nanoparticles coated with neutrophil members
could more efficiently target circulating tumor cells compared to uncoated nanoparticles
[60]. Several studies have used similar in vivo approaches to assess how nanoparticles
affect blood flow and cells in the blood, such as circulating tumor cells and melanoma cells

[52], [54], [57], [61].
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Figure 4: Photoacoustic imaging flow cytometry (PAIFC) for the identification of
nanoparticle interactions with cells. (A) Diagram of the different components of a
photoacoustic imaging flow cytometer. The single cell sample flows through the flow chamber.
(B) Components of the photoacoustic flow cytometer system. (C) The components of a PAIFC
system. SP = syringe pump; DAQ/FPGA = data acquisition/field programmable gate array; Ob =
objective lens; OF = optical fiber; FC = fiber coupler; UT = ultrasound transducer; FT = flow
tank. Adapted with permission from reference [49]. Copyright 2023 Journal of Visualized
Experiments. (D) Multiparametric photoacoustic flow cytometer is used to analyze C6 (green),
HelLa (blue), and 9L (orange) cells that were labeled with SP2, BDT-TQE, and CNPPV polymer
nanoparticles, respectively, is shown. The maximum amplitude projection (MAP) images of
labelled tumor cells at (i) 532 and (ii) 770 nm respectively. (iii) The PAIFC could identify the
cells using the photoacoustic wavelengths generated by each cell Adapted with permission from

reference [130]. Copyright 2023 American Chemical Society.
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Chapter 2
Introduction

Even within single cell lines, individual cells still behave heterogeneously [137],
[138]. As a result, single-cell analysis is necessary to be able to study the behavior of
individual cells and their interactions with nanoparticles [139]. Understanding those
interactions will allow for enhanced nanomedicine and ultimately improved clinical
trials and results, as currently only 0.7% of administered nanoparticles reach the tumor
microenvironment [140]. Therefore, a better understanding of nano-bio interactions is
needed to improve the delivery of nanoparticles to tumors and subsequently improve

the clinical translation of nanomedicine.

Current methods to analyze nano-bio interactions at the single-cell level, include
but are not limited to inductively coupled plasma mass spectrometry (ICP-MS) and
microscopy [25], [139], [141]. Despite the fact that ICP-MS allows for a high
throughput method of analysis and microscopy for visualization of these interactions,
ICP-MS is labor-intensive, while tagging nanoparticles (NPs) for microscopy for
instance, changes the surface chemistry of these NPs, hence the way they interact with
cells [25], [142]-[147]. This change in nano-bio interactions as well as the degree of
nanoparticle uptake is demonstrated in Roussel et al’s paper [148]. The authors found
out that fluorescence type can change the amount of nanoparticle internalization within
the cells, and that the fluorescent tag is not internalized in a similar manner to that of
the nanoparticles. Similarly, Rodriguez-Lorenzo et al found out that the cellular uptake
of unlabeled nanoparticles was significantly reduced upon the addition of a fluorescent

label [147].
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Due to such disadvantages, we aimed to use a method that allows for label-free
analysis and is not labor-intensive. For that reason, we used flow cytometry (FCM) as a
technique to analyze nanoparticle-cell interactions at the single-cell level. Flow
cytometry is a high-throughput method that allows for tens of thousands of particles to
run per second [149]. Moreover, FCM can be used to provide diagnostic information on
cancer cells, as well as an estimation of the amount of NP uptake and their potential

cellular toxicity, thus enhancing the field of cancer nanomedicine [150].

In this study, we aimed to establish flow cytometry as a label-free technique for the
analysis of nanoparticle-cell interactions by performing various cell uptake experiments
using different nanoparticle systems. To validate the data obtained from flow cytometry,
we used confocal laser scanning microscopy (CLSM), as well as ICP-MS to compare the
flow data and support the trends seen via FCM. The light scattering intensity using CLSM
was compared to the increase in side scattering (SSC) signal measured by flow cytometry.
Additionally, the amount of gold nanoparticles (AuNP), specifically AuNP/cell were
measured and calculated using ICP-MS and compared as well to the increase in the SSC
signals. Considering the SSC is necessary to understand the nano-bio interactions using a
label-free way, as SSC correlates to the granularity or complexity of the cells [151], [152].
SSC signal is an indication to how nanoparticles affect cells upon cellular uptake of NPs.
The greater the uptake and the larger the size of the NPs, the greater the complexity of
organelles within a cell becomes, and the higher the SSC signal becomes [30], [152], [153].
Understanding such characteristics as well as the kinetics of and the extent to which NPs

are uptaken by cells is the goal of this study.
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Experimental Methods

This section shows the methods and materials used to perform the various experiments
in this thesis. These methods include nanoparticle synthesis, addition of surface
modifications, and sample preparation and data collection. Figure 20 in the Appendix

illustrates the general experimental setups used across the different experiments.

1. Gold nanoparticle synthesis (40 nm, 65 nm or 100 nm)

Agua regia was used to clean the glass flasks before synthesis. The aqua regia
solution is prepared as a 3:1 ratio of hydrochloric acid (Sigma-Aldrich, ACS reagent,

37%) to nitric acid (Sigma-Aldrich, ACS reagent, 70%).

Synthesis of 40 nm gold nanoparticles

To synthesize nanoparticles larger than 14 nm, a seed-mediated synthesis protocol
was adopted from Perrault et al [154]. 14 nm seed gold nanoparticles without Tween
20 were prepared according to Turkevich et al’s protocol [155]. The solutions were
added in the following order to synthesize the 40 nm AuNPs, at a stirring speed of ~400
rpm: 92.405 mL of nanopure water, 0.942 mL of 25 mM aqueous gold (I11) chloride
trihydrate, 0.942 mL of 15 mM aqueous sodium citrate tribasic dihydrate, 4.769 mL of
citrate-stabilized 2.4 nM 15-nm gold nanoparticles (without the addition of Tween 20),
and 0.942 mL 25 mM aqueous hydroquinone (Sigma-Aldrich, ReagentPlus, > 99.0%).
The solution turned from light pink to dark red right after the addition of hydroquinone.

After the overnight reaction, 1 mL 10% Tween 20 (v/v) was added for a final ~0.1%
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concentration. Nanoparticles were centrifuged at 2500 x g for 180 minutes and then the
supernatant was discarded. Pellets were resuspended in 0.1% (v/v) Tween 20, 0.01%
(w/v) sodium citrate tribasic dihydrate solution (NP wash buffer) and centrifuged again at
2500 x g for 30 minutes. The supernatant was removed gain and the nanoparticles were
then dispersed in NP wash buffer. This was followed by measuring both concentration and
hydrodynamic diameter by UV-VIS spectrophotometry and DLS, respectively. The

nanoparticle dispersion was stored at 4°C until further use.

Synthesis of 65 nm and 100 nm gold nanoparticles

Similar to what was mentioned earlier, and following the same protocol, to synthesize
65 nm AuNPs, 95.705 mL of nanopure water, 0.961 mL of 25 mM aqueous gold (I11)
chloride trihydrate, 0.961 mL of 15 mM aqueous sodium citrate tribasic dihydrate, 1.411
mL of citrate-stabilized 2.4 nM 15-nm gold nanoparticles (without the addition of Tween
20), and 0.961 mL 25 mM aqueous hydroquinone (Sigma-Aldrich, ReagentPlus, > 99.0%)
were added to a clean flask and stirred at ~400 rpm. The centrifugation speed used for 65
nm AuNPs was 1200 x g. As for 100 nm AuNPs, 97.6 mL of nanopure water, 99.7 puL of
25 mM aqueous gold (111) chloride trihydrate, 0. 997 mL of 15 mM aqueous sodium citrate
tribasic dihydrate, 0.305 mL of citrate-stabilized 2.4 nM 15-nm gold nanoparticles (without
the addition of Tween 20), and 0.997 mL 25 mM aqueous hydroquinone (Sigma-Aldrich,
ReagentPlus, > 99.0%) were added together in the respective order. The 100 nm AuNPs

were centrifuged at 750 x g at 4°C.
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2. Silver nanoparticle synthesis (30 nm)

Agqua regia was used to clean the glass flasks before synthesis. The aqua regia
solution is prepared as a 3:1 ratio of hydrochloric acid (Sigma-Aldrich, ACS reagent,

37%) to nitric acid (Sigma-Aldrich, ACS reagent, 70%).

Synthesis of 30 nm silver nanoparticles

To synthesize silver nanoparticles, a protocol similar to the one published by
Rainville et al was followed [156]. 31.48 mg of sodium citrate tribasic dihydrate and
4.93 mg of tannic acid (Sigma-Aldrich) were needed to synthesize a core diameter of
30 nm silver nanoparticles. The masses of sodium citrate and tannic acid were weighed
out. In order to determine which solution will yield the highest volume, the required
volume of nanopure water to dissolve the chemicals was calculated. A concentration
of 12.2 mM and 290 uM of sodium citrate and tannic acid, respectively, are needed for
the synthesis. Once the solution with the highest volume was determined, the
appropriate amount of nanopure water was added and the solution was vortexed. Then
to dissolve the second solution, the appropriate volume was taken from the first solution
and was used to dissolve the former. The combined solution of tannic acid, sodium
citrate and nanopure water was vortexed. In case the final volume is greater than 10

mL, the excess volume is removed in order to reach a volume of 10 mL.

9 mg of silver nitrate (Sigma-Aldrich) was weighed out. This was dissolved in 40
mL of nanopure water, and the solution was vortexed. The two solutions of silver

nitrate and tannic acid + sodium citrate was placed in the water bath for 15 min at a
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temperature of 60 °C. After the 15 min are over, tannic acid + sodium citrate solution was
added first to the flask which was placed on a stir plate and was combined with the silver
nitrate under vigorous stirring once at 60 °C for 5 min. This was followed by a temperature
increase to ~180°C. Once the solution started boiling, a 20 min timer was set and then the
reaction was ended. The flask was removed from the stir plate and was left on a bench
away from the light to cool down until it reached room temperature. The 33 nm silver
nanoparticles were then transferred into a 50 mL tube and the solution was characterized
for both hydrodynamic diameter and concentration using DLS and UV-VIS

spectrophotometry.

In order to characterize the concentration, the extinction coefficient was calculated
based on Paramelle er al’s paper [157]. Then this extinction coefficient was used to
determine the concentration of the 30 nm AgNPs. The solution was stored in a drawer away

from the light at room temperature.

To clean the flask after the synthesis, 100 mL nitric acid was added to the flask. The
flask was then placed on a hot plate at 100°C for 30 min, and then was left in the hood
overnight. The acid was then disposed of in the acid waste and the flask was then rinsed a

few times with DI water, followed by another few washes of nanopure water.

3. PEGylation of gold and silver nanoparticles
PEGylation of gold nanoparticles

Hydrodynamic diameter was first measured on the DLS. A PEG density of 7 PEG/nm?

is desired to backfill any desired volume of NPs and 10 kDa mPEG-OPSS (Laysan Bio
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Inc) was used to achieve that. Mass was weighed out and the PEG was dissolved in the
appropriate amount of nanopure water to reach a concentration of 1 mM. Once the PEG
was dissolved, it was added to the NP solution and was quickly vortexed. Then the
solution of NPs and PEG were left in room temperature for 30 minutes. Following these
30 minutes, a 30 min centrifugation at 4°C and 750 x g was done to the PEGylated-
AuUNP solution. The supernatant was removed, and the PEG-coated NPs were
resuspended in 0.1% (v/v) Tween 20, 0.01% (w/v) sodium citrate tribasic dihydrate
solution, and then stored at 4°C, after measuring the concentration and hydrodynamic

diameter using UV-VIS spectrophotometry and DLS, respectively.

PEGylation of silver nanoparticles

5 kDa mPEG-SH (Laysan Bio Inc) was used for the surface coating of the silver
nanoparticles and the same protocol was followed. The centrifugation speed used for

the 30 nm AgNPs was 7500 x g.

4. HEPylation of AuNPs prepared by the pH method

Heparosan-coated 100 nm AuNPs were synthesized using the pH method as
described by Yang et al [158], [159]. Briefly, 13.3 kDa HEP-OPSS was mixed with
dilute HCI solution of a pH of 3.0. The solution was then mixed with citrate-coated
AUNPs and was incubated at room temperature (RT) for 5 min. Saline was added to the
solution to reach a final concentration of 0.3 M and then was incubated at RT for 20

min. More NaCl was added to the solution to reach a final concentration of 0.7 M. To
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get rid of any excess HEP and NaCl, the NPs were centrifuged thrice at 7750 x g for 30
min at 4°C, and after removing the supernatant, the pellet was resuspended in 0.1% Tween

20 + 0.01% citrate solution.

5. Confocal characterization of nanoparticle cellular uptake (fixed cell imaging)

Cellular uptake experiment

RAW 264.7 macrophages or 4T1 were seeded onto sterile glass coverslips, which were
covered with gelatin at a concentration of 2 mg/mL and placed into a 12 well-plate for 20-
24 hours with DMEM culture media supplemented with 10% fetal bovine serum and 1%
Penicillin-Streptomycin. The cell media was removed the next day, and the cells were
treated with 0.216 nM PEG-coated 100-nm gold nanoparticles for 24 hours. Cells were
washed thrice with 1X PBS to remove noninternalized gold nanoparticles. Cells were fixed
by 4% paraformaldehyde (4% PFA, ThermoFisher) at room temperature for 10 minutes.
Fixed cells were stained with wheat germ agglutinin CF488A (WGA, Biotium) and
NucBlue fix cell DAPI (ThermoFisher) according to the manufacture’s protocols to label
the cell surface or the nuclei, respectively. Confocal images were taken with a 63X oil
immersion objective (1.4 NA) on a ZEISS LSM 880 inverted confocal microscope using
photomultiplier tube (PMT) detectors with a 405 nm diode laser and a 488 nm argon laser
for fluorescent channels through a main beam splitter (MBS) 488/561/633 filter. The
nanoparticles were imaged using light scattering principles described by Jiang et al [160]

with a 561 nm diode-pumped solid-state laser and an MBS T80/R20 filter.
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For 40 nm AuNPs and 30 nm AgNPs, a concentration of 40 pM was used, while a

concentration of 1 nM was used for the 65 nm AuNPs.

Kinetics analysis experiment

The same protocol was followed as mentioned earlier. However, the samples were
fixed at different time points, stored after being fixed at 4°C, and were then all stained
with wheat germ agglutinin CF488A (WGA, Biotium) and NucBlue fix cell DAPI
(ThermoFisher) according to the manufacture’s protocols to label the cell surface or

the nuclei, respectively.

Endocytosis inhibition experiment

After covering the coverslips with gelatin, RAW 264.7 macrophages were seeded

onto the coverslips and left overnight to proliferate.

To determine what effect surface modification has on the cellular uptake, cells
were incubated at 37°C for with 0.2 nM 100 nm 10 kDa mPEG-OPSS and 0.2 nM

100 nm 13.3 kDa HEP-AuUNPs for 1.5 hrs.

To determine what effect low temperature has on the cellular uptake, cells were
incubated at 4°C for 1 hr, then 0 0.2 nM 100 nm 13.3 kDa HEP-AuNPs were added for

another 1.5 hrs at 4°C. Parallel plates of cells were incubated at 37°C for the control.

To investigate the chemical effect of endocytic inhibitors on cell uptake, a process

similar to Okuyama et al [161] was followed. After leaving the seeded cells overnight
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to proliferate, inhibitors were added to cells for 1 hr. Then 0.2 nM 100 nm 10 kDa mPEG-
OPSS and 0.2 nM 100 nm 13.3 kDa HEP-AuNPs, which were diluted in media, were added

for another 1.5 hrs. Cells without any inhibitors were used as a control.

After the 1.5 hr incubation with the nanoparticles, the cells were washed thrice with 1x
PBS, then were fixed using 4% PFA for 10 min at room temperature. This was followed
by staining of the samples using germ agglutinin CF488A (WGA, Biotium) and NucBlue

fix cell DAPI (ThermoFisher). Samples were stored at 4°C until they were imaged.

Cell recovery experiment

Coverslips were cleaned using piranha solution and were then covered with gelatin.
RAW 264.7 macrophages were seeded onto the coverslips and were left overnight to

proliferate.

To determine how fast cells can recover from the effect of the inhibitors, we used the
same inhibitors as in the endocytosis inhibition experiment, i.e., chlorpromazine,
Cytochalasin D, Filipin, Sodium Azide and incubation at 4°C. This time, we incubated the
cells with inhibitors for 1 hr, and then the cells were incubated only with 0.2 nM 100 nm
13.3 kDa HEP-AuNPs for 1.5 hrs. Regarding the 4°C condition, the cells were stored in
the fridge for 1 hr, and then 0.2 nM 100 nm 13.3 kDa HEP-AuNPs were added and the

well-plate was then stored again in the fridge for the next 1.5 hrs.

After the 1.5 hr incubation with the nanoparticles, the cells were washed thrice with
1x PBS, then were fixed using 4% PFA for 10 min at room temperature. This was

followed by staining of the samples using wheat germ agglutinin CF488A (WGA,
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Biotium) and NucBlue fix cell DAPI (ThermoFisher). Samples were stored at 4°C

until they were imaged.

6. Batch ICP-MS characterization of cellular uptake and kinetics analysis

experiment
Cellular uptake experiment

This protocol was followed by previously published methods in our laboratory [71].
RAW 264.7 macrophages were purchased from ATCC. First, a total of 1.2x10° cells
were seeded onto a 48-well plate and allowed to adhere for 22-24 hours. The old media
was aspirated and replaced with 500 pL of new media which consists of 1.982 mL of
DMEM + FBS + pen/strep and 118 pL of nanoparticles. The cells and the NPs were
then incubated at 37°C (5% COy) in a humidified tissue culture incubator for 24 hours.
After incubation with nanoparticles, cells were washed with 1X PBS thrice to remove

non-internalized nanoparticles.

Purified cell samples were then digested by adding 500 pL of 4:1 nitric acid :
hydrochloric acid directly into the wells. After 30 min, acid-digested samples were
transferred to 1.5 mL microcentrifuge tubes and placed in a water bath at 70°C for 1 hr
to complete the digestion process. Samples were then allowed to cool and then diluted
40-fold in iridium water with a final volume of 5 mL. All elemental analysis
measurements for nanoparticle uptake were done using the PerkinElmer Nexlon 2000
ICP-MS on the Prepfast IC Sample Introduction system at the Mass Spectrometry,

Proteomics, and Metabolomics Core Facility, University of Oklahoma. In order to
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determine the number of nanoparticles per cell, dissolved gold signals were correlated to
the magnesium signals from known numbers of cells. The data were analyzed on GraphPad

Prism with three or four replicates.
Kinetics analysis experiment

The same protocol was followed as mentioned earlier. First, a total of 1.44 x107 cells
were seeded onto six 48-well plates and allowed to adhere for 22-24 hours. The old media
was aspirated and replaced with 300 pL of new media which consists of 4.796 mL of
DMEM + FBS + pen/strep and 204 pL of nanoparticles. The cells and the NPs were then
incubated at 37°C (5% CO>) in a humidified tissue culture incubator for 24 hours. Specific
incubation times and nanoparticle concentrations are noted in the figure captions along

with each experiment result.

The rest of the digestion process was done in a similar manner to what was mentioned

above.

7. Flow cytometric characterization of nanoparticle cellular uptake, kinetics analysis

and energy dependent temperature and transport inhibition experiments
Cellular uptake experiment

For the 100 nm AuNP uptake experiment, a total of 5x10* RAW 264.6 macrophages
were seeded onto 12-well plate and allowed to adhere for 22-24 hours. The old media was
aspirated and replaced with 500 pL of new media which consists of 1.514 mL of DMEM

+ FBS + pen/strep and 59 puL of nanoparticles, to reach a concentration of 0.216 nM. The
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cells and the NPs were then incubated at 37°C (5% CO>) in a humidified tissue culture
incubator for 24 hours. After incubation with nanoparticles, cells were washed with 1X

PBS thrice to remove non-internalized nanoparticles.

In a separate well plate, 4T1 cells were seeded at a density of 5x10* cells in a 12-
well plate and left for 22-24 hours to adhere and proliferate. The old media was
aspirated and replaced with 500 pL of new media which consists of 1.062 mL of
DMEM + FBS + pen/strep and 38 puL of nanoparticles, to reach a concentration of 0.216

nM.

When performing the experiment with 40 nm AuNPs and 30 nm AgNPs, a
concentration of 40 pM diluted in DMEM + FBS + pen/strep for the NP uptake. 13.8
uL of 30 nm AgNPs were diluted in 1.636 mL of media, whereas 19.3 pL of the 40 nm
AUNPs was diluted into 1.632 mL of media. The rest of the incubation process and

seeding density were the same.

60 nm AuNPs were incubated with the cells at a concentration of 1 nM. 852 pL of

the NPs were diluted in 1.748 mL of media.

After washing the cells with 1x PBS to remove the non-internalized NPs, 1 mL of
media was added to each well, and the cells were scraped. Cells were then transferred
into FACS tubes and centrifuged at 500 x g for 5 min at 10°C. The supernatant was
then removed, and the pellet was then resuspended into 300 pL of 1x PBS then the
samples were analyzed using flow cytometry. 5000 events were recorded on Cytek
Northern Lights found in Gallogly Hall at the University of Oklahoma., and the gain

parameters used for RAW 264.7 macrophages were 30, 40 and 137 for FSC, SSC and
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SSC-B, respectively. As for the 4T1, 15, 25 and 112 gain parameters were used for the

FSC, SSC and SSC-B, respectively.

A gating strategy was used, and it can be seen in Figure 12,

Kinetics analysis experiment

RAW 264.7 macrophages were seeded onto seven 24 well-plates and were left for 20-
24 hours to proliferate. Each time point has its own well-plate. Five different concentrations
of 100 nm AuNPs at a volume of 300 pL were used: 0.1 nM, 0.04 nM, 0.02 nM, 0.0133
nM, and 0.01 nM. Those were all diluted using DMEM + FBS + pen/strep. The different
time points used throughout the experiment were: 0, 1, 2, 4, 6, 8, and 24 hours of
incubation. After each time point, the samples were washed with 1x PBS to remove the
non-internalized NPs. Then, 1 mL of media was added to each well, and the cells were
scraped. Cells were then transferred into FACS tubes and centrifuged at 500 x g for 5 min
at 10°C. The supernatant was removed, and the cells were fixed using 4% PFA for 10 min
on ice. After the 10 min, the cells were centrifuged again at 500 x g for 5 min at 10°C, the
supernatant was removed, and a wash using 1 mL of 1x PBS per sample was done to get
rid of any leftover PFA. After adding 1x PBS, the cells were centrifuged, the supernatant
was removed and 200 pL of 1x PBS was used to resuspend the pellet of fixed cells. The

samples were stored in the fridge at 4°C.

The samples were then analyzed through flow cytometry at the end of the last time
point. The same gain parameters as mentioned earlier were used, and the number of events

recorded was 10,000.
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Energy dependent temperature and transport inhibition experiment

RAW 264.7 macrophages were seeded onto two 48 well-plates and were left

overnight to proliferate. 100 nm AuNPs were used at a concentration of 0.2 nM.

To determine what effect surface modification has on the cellular uptake, cells
were incubated at 37°C with 0.2 nM 100 nm 10 kDa mPEG-OPSS and 0.2 nM 100

nm 13.3 kDa HEP-AuNPs for 1.5 hrs.

To determine what effect low temperature has on the cellular uptake, cells were
incubated at 4°C for 1 hr, then 0 0.2 nM 100 nm 13.3 kDa HEP-AuNPs were added for

another 1.5 hrs at 4°C. Parallel plates of cells were incubated at 37°C for the control.

To investigate the chemical effect of endocytic inhibitors on cell uptake, a process
similar to Okuyama et al [161] was followed. After leaving the seeded cells overnight
to proliferate, inhibitors were added to cells for 1 hr. Then 0.2 nM 100 nm 13.3 kDa
HEP-AuUNPs, which were diluted in media, were added for another 1.5 hrs. Cells

without any inhibitors were used as a control.

Following the 1.5 hr NP incubation with the cells, the cells were washed thrice with
1x PBS. Zombie dye viability assay was added to the samples and incubated at room
temperature in the darkness for 15-30 min. Samples were then washed with a cell
staining buffer (BioLegend, Cat. No. 420201).Then, 400 uL of 1x PBS was added to
each well, and the cells were scraped. Cells were then transferred into FACS tubes and
centrifuged at 500 x g for 5 min at 10°C. The supernatant was removed, and the cells
were fixed using 4% PFA for 10 min on ice. After the 10 min, the cells were centrifuged

again at 500 x g for 5 min at 10°C, the supernatant was removed, and a wash using 1
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mL of 1x PBS per sample was done to get rid of any leftover PFA. After adding 1x PBS,
the cells were centrifuged, the supernatant was removed and 200 uL of 1x PBS was used

to resuspend the pellet of fixed cells. The samples were stored in the fridge at 4°C.

The samples were then analyzed through flow cytometry at the end of the last time
point. The same gain parameters as mentioned earlier were used, and the number of events

recorded was 10,000 events.

8. Single particle ICP-MS (SP-ICP-MS) characterization

Single-particle inductively coupled plasma mass spectrometry (SP-ICP-MS)
measurements were carried out based on published methods [162]-[164]. Briefly, AUNPs
were diluted to ~3x10-16 M using nanopure water. A PerkinEImer Nexlon 2000 with a
microfluidic sample introduction system was used to measure the mass of individual
particles in solution, creating a measured mass distribution for each particle population
measured. Prior to sample measurement, the transport efficiency was measured using
Lul75-doped 3 pm polystyrene beads (Fluidigm). Transport efficiency values vaired
between 50-70% based on environmental conditions. Additionally, a particle calibration
curve was measured for each element being analyzed (Au or Ag) using synthesized

nanoparticle standards whose diameter was previously quantified using TEM.

The following nanoparticles were characterized using SP-ICP-MS: 13.3 kDA HEP-
coated 100 nm AuNPs, 10 kDA OPSS-mPEG-coated 100 nm AuNPs, citrate-coated 100
nm AuNPs, 10 kDA OPSS-mPEG-coated 65 nm AuNPs, 10 kDA OPSS-mPEG-coated 40

nm AuNPs, and 5 kDA SH-mPEG-coated 30 nm AgNPs.
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The following AgNPs were used to create the calibration curve are: 30 nm AgNPs,
35 nm AgNPs, 75 nm AgNPs, 95 nm AgNPs. As for the AuNPs used for the calibration

curve are: 14, 30, 45, 60, 100 AuNPs.

After mass distribution measurement by SP-ICP-MS, the nanoparticle diameter
distribution was approximated by assuming spherical geometry of nanoparticles and

using Equation X:

D = 3[?:; Equation X

Where:

D = diameter

m = mass

p = density

Gaussian normal distribution approximations of size estimates were generated

using GraphPad Prism®.

9. Transmission electron microscopy (TEM) for analysis of nanoparticles

Transmission electron microscopy (TEM) imaging of synthesized nanoparticles
was performed based on prior methods [144], [158], [162]. Nanoparticles were
centrifuged to obtain concentrated pellets. After removing supernatant, 5 uL of the
concentrated pellet was dropped onto a plasma-cleaned copper TEM grid with carbon

film (Ted Pella, 01813-F) for 5 min, before wicking off excess solution. Grids were air
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dried before images were collected using a JEOL-Zeiss 2010F TEM. Images were analyzed

using ImageJ® to obtain diameter distribution estimates assuming spherical nanoparticles.
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Results and Discussion
We first sought to compare the output of spectral flow cytometry, one of the flow
cytometry types examined in Chapter 1, to confocal laser scanning microscopy (CLSM)

and inductively coupled plasma mass spectrometry (ICP-MS).

Characterization of Nanoparticles

100 nm gold nanoparticles (AuNPs) coated with poly-ethylene glycol (PEG) were
characterized using Transmission Electron Microscopy (TEM) (Figure 5A, B), Dynamic
Light Scattering (DLS) (Figure 5C), Single Particle ICP-MS (SP-ICP-MS) (Figure 5D),
and UV-VIS spectrophotometry (Figure 6). Both the TEM and SP-ICP-MS data showed
that the core diameter of the 100 nm PEG-coated AuNPs are ~100 nm, and that this also
matched that of the citrate-coated 100 nm AuNPs. That being said, an increase in

hydrodynamic diameter due to PEGylation can be seen when examining Figure 5C.

The characterization of the 40 and 65 nm AuNPs as well as the 30 nm AgNPs can be
found in Figures 5, 6, 7, 8 and 9. Again, TEM, DLS, SP-ICP-MS and UV-VIS
spectrophotometry were used to characterize these nanoparticles. Additionally, zeta
potential measurements were carried out to ensure that the surface coatings of the
nanoparticles were successful (Table 2). A negative zeta potential was observed for HEP-
coated 100 nm AuNPs, whereas the various PEGylated nanoparticles had a zeta potential
close to neutral, due to the HEP being negatively charged in natures, while PEG is neutral,
thus neutralizing the charge of the nanoparticles. The characterization of the HEP-coated

100 nm AuNPs can be seen in Figure 10.
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Figure 5: Characterization of PEG-coated 100 nm AuNPs. (A) Transmission electron
microscopy (TEM) image of 1200 nm AuNPs. The scale bar is 200 nm. (B) Size distribution analysis
of multiple TEM images including (A). Black line represents Gaussian fit. The total number of
nanoparticles analyzed was 612 nanoparticles where NPs stand for nanoparticles. The mean and
standard deviation for those nanoparticles are 101.6 nm £ 8.9 nm. (C) Dynamic light scattering
(DLS) characterization of 100 nm AuNPs in citrate and Tween (black) compared to PEG-coated
100 nm AuNPs (pink). The average Polydispersity index (Pdl) for the 100 nm AuNPs in Tween +
citrate is 0.065, while it is 0.045 for PEGylated 100 nm AuNPs. (D) Single particle inductively-
couple mass spectrometry (SP ICP-MS) size distribution analysis of PEG (red) and citrate-coated
(black) 100 nm AuNPs. The total number of nanoparticles analyzed was 1900 nanoparticles where

NPs stand for nanoparticles. The mean and standard deviation for the PEG-coated nanoparticles
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are 101.3 nm %= 7.2 nm, while the citrate-coated NPs had a mean diameter of 101.1 nm and a

standard deviation of 7.3 nm.
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Figure 6: UV-VIS Spectrophotometry Nanoparticle Characterization. (A) Characterization of
40 nm, 65 nm, and 100 nm AuNPs. The wavelength measurements where ran through is 700 - 400
nm. (B) Characterization of 40 nm AgNPs. The wavelength measurements where ran through is

700 — 300 nm. The absorbance was normalized among the AuNPs and AgNPs.
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Figure 7: Characterization of 40 nm AuNPs. (A) Transmission electron microscopy (TEM)
image of 40 nm AuNPs. The scale bar is 200 nm. (B) Size distribution analysis of multiple TEM
images including (A). Black line represents Gaussian fit. The total number of nanoparticles
analyzed was 1716 nanoparticles where NPs stand for nanoparticles. The mean and standard
deviation for those nanoparticles are 39.6 nm = 4.8 nm. (C) Dynamic light scattering (DLS)
characterization of 100 nm AuNPs in citrate and Tween (black) compared to PEG-coated 40 nm
AUNPs (blue). The average Polydispersity index (Pdl) for the 40 nm AuNPs in Tween + citrate is
0.067, while it is 0.032 for PEGylated 40 nm AuNPs. (D) Single particle inductively-couple mass
spectrometry (SP ICP-MS) size distribution analysis of the 40 nm AuNPs. Black line represents
Gaussian fit. The total number of nanoparticles analyzed was 999 nanoparticles where NPs stand

for nanoparticles. The mean and standard deviation for those nanoparticles are 41.7 nm £ 5.6 nm.
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Figure 8: Characterization of 30 nm AgNPs. (A) Transmission electron microscopy (TEM)
image of 30 nm AgNPs. The scale bar is 200 nm. (B) Size distribution analysis of multiple TEM
images including (A). Black line represents Gaussian fit. The total number of nanoparticles
analyzed was 1312 nanoparticles where NPs stand for nanoparticles. The mean and standard
deviation for those nanoparticles are 28.9 nm = 3.3 nm. (C) Dynamic light scattering (DLS)
characterization of 30 nm AgNPs in citrate and Tween (black) compared to PEG-coated 30 nm
AgNPs (red). The average Polydispersity index (Pdl) for the 30 nm AuNPs in Tween + citrate is
0.116, while it is 0.106 for PEGylated 40 nm AgNPs. (D) Single particle inductively-couple mass
spectrometry (SP ICP-MS) size distribution analysis of the 40 nm AgNPs. Black line represents
Gaussian fit. The total number of nanoparticles analyzed was 556 nanoparticles where NPs stand

for nanoparticles. The mean and standard deviation for those nanoparticles are 33.7 nm £ 5.2 nm.
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Figure 9: Characterization of 65 nm AuNPs. (A) Transmission electron microscopy (TEM)
image of 65 nm AuNPs. The scale bar is 200 nm. (B) Size distribution analysis of multiple TEM
images including (A). Black line represents Gaussian fit. The total number of nanoparticles
analyzed was 1608 nanoparticles where NPs stand for nanoparticles. The mean and standard
deviation for those nanoparticles are 64.2 nm = 7.9 nm. (C) Dynamic light scattering (DLS)
characterization of 65 nm AuNPs in citrate and Tween (black) compared to PEG-coated 65 nm
AuNPs (green). The average Polydispersity index (Pdl) for the 65 nm AuNPs in Tween + citrate is
0.065, while it is 0.027 for PEGylated 65 nm AuNPs. (D) Single particle inductively-couple mass
spectrometry (SP ICP-MS) size distribution analysis of the 65 nm AuNPs. Black line represents
Gaussian fit. The total number of nanoparticles analyzed was 999 nanoparticles where NPs stand

for nanoparticles. The mean and standard deviation for those nanoparticles are 67.2 nm £ 7.2 nm.
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Figure 10: Characterization of 100 nm Heparosan-coated (HEP-coated) AuNPs. (A)
Transmission electron microscopy (TEM) image of 100 nm Heparosan-coated AuNPs. The scale
bar is 400 nm. (B) Size distribution analysis of multiple TEM images including (A). Black line
represents Gaussian fit. The total number of nanoparticles analyzed was 857 nanoparticles where
NPs stand for nanoparticles. The mean and standard deviation for those nanoparticles are 106.9 nm
+ 7.7 nm. (C) Dynamic light scattering (DLS) characterization of 65 nm AuNPs in citrate and
Tween (black) compared to HEP-coated 100 nm AuNPs (blue). The average Polydispersity index
(PdI) for the 100 nm AuNPs in Tween + citrate is 0.067, while it is 0.026 for HEPylated 100 nm
AuUNPs. (D) Single particle inductively-couple mass spectrometry (SP ICP-MS) size distribution
analysis of HEP (orange) and citrate-coated (black) 100 nm AuNPs. The total number of

nanoparticles analyzed was 1900 nanoparticles where NPs stand for nanoparticles. The mean and
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standard deviation for the HEP-coated nanoparticles are 101.6 nm + 7.3 nm, while the citrate-coated

NPs had a mean diameter of 101.1 nm and a standard deviation of 7.3 nm.

Table 2: Nanoparticle Characterization via Zeta Potential

s: Mean +/- Standard Deviation

Zeta Potential

Nanoparticle Size (nm) Material Surface Modification
(mV)s
100 Gold Citrate, Tween 20 -26.8 +/- 0.9
100 Gold 10 kDa mPEG-OPSS 1.5+/-0.9
100 Gold 13.3 kDA HEP-OPSS -18.9 +/- 0.7
65 Gold 10 kDa mPEG-OPSS 1.6 +/-0.5
40 Gold 10 kDa mPEG-OPSS -0.2+/-0.9
30 Silver 5 kDA mPEG-SH -4.7 +/-0.4
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Establishing the Capability of Flow Cytometry to Detect Events from Cells that Have
Uptaken Nanoparticles

We hypothesized that an increase in side scattering (SSC) signal in flow cytometry,
will be supported by light scattering visualization in CLSM and an increase in AuNP/cell
count in ICP-MS. To test this hypothesis, we did nanoparticle uptake of PEG-coated 100
nm AuNPs and used RAW 264.7 macrophages cell line. RAW 264.7 macrophages were
used due to their phagocytic behavior [165], [166]. We ran the samples in flow cytometry
and saw an increase in SSC signal (Figure 11C). This shows that the presence of
nanoparticles in cells would change the cellular complexity by increasing it. This would

help us understand the extent of the nano-bio interactions.

Moreover, since there was an increase in the SSC-A (%), these data sugest that there
was a successful uptake of NPs by RAW 264.7 macrophages and this data was supported
by the batch mode ICP-MS data in Figure 11B. A 10,000-fold increase in AuNP cell
content can be seen from the data. Additionally, we used CLSM (Figure 11A) to confirm
that the increase in the SSC signal from the flow data and the light scattering signal from
the CLSM data were in fact due to the internalized nanoparticles. A great increase in light
scattering signal was observed when imaging the RAW 264.7 macrophage sample with

nanoparticles compared to that of the control.

To be able to analyze the flow cytometry data, a flow cytometric gating strategy was
followed throughout the various experiments to determine the changes in SSC, and can be
seen in Figure 12. All the flow cytometry data used to create the different bar graphs below

were obtained from Quadrant 1. Additionally, all the conditions for the flow cytometry
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experiments were performed using triplicates, and the data for each triplicate obtained from

Quadrant 1 were averaged out and the average was used to create the bar graphs.
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Figure 11: Nanoparticle Uptake of 100 nm AuNPs by RAW 264.7 Macrophage Cell Line. (A)

Visualization of nanoparticle uptake through light scattering for RAW 264.7 with 100 nm AuNP
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performed by confocal laser scanning laser microscopy (CLSM). The different channels for the
membrane, nucleus, and light scattering along with the overlay channel are shown for both the
control and the experimental sample. All samples were performed in a triplicate. The scale bar =
10 um. (B) Batch inductively plasma mass spectrometry (ICP-MS) mode showing the uptake of
100 nm AuNPs by RAW 264.7. A Welch’s t-test was performed and a statistical significance of
<0.0001 was obtained. n = 4 samples for both the control and the experimental sample. (C) Flow
cytometric analysis of the 100 nm AuNP uptake by RAW 264.7 macrophages. A p-value less than
0.005 was obtained from the unpaired t-test. n = 3 samples for both the control and the experimental

sample.
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Figure 12: Flow cytometry gating strategy. (A) A FSC-A by SSC-A plot showing the raw data
obtained from flow cytometry. P1 represents the desired gate surrounding the non-debris area. (B)
FSC-A by FSC-H was done to obtain the singlets from the data. Then, a new gate, P2, was drawn
around the region of interest of those singlets. (C) A FSC-A by SSC-A quadrant gating strategy
was done over P2. The quadrant of interest is Q1 as that will change depending on the experimental
conditions compared to the control. (D) Another post-analysis method of P2 to show how the SSC-

A data are distributed. The P3 gating strategy will be used to determine whether or not there will
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be a difference in the histogram’s SSC-A based on the experimental conditions when compared to

the control.
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Examining the Generality of Flow Cytometry

Once we validated that the increase in SSC in fact is due to the uptake of nanoparticles
using CLSM and ICP-MS, we then sought to confirm and show that flow cytometry is not
only limited to the detection of SSC signal from RAW 264.7 macrophages and 100 nm
AuNPs. To do this, we used different nanoparticle systems, which included varied
nanoparticles sizes and nanoparticle types. We also changed the type of cell line used. The
nanoparticles that we used were 40 nm AuNPs, 65 nm AuNPs and 30 nm silver
nanoparticles (AgNPs). In addition to the RAW 264.7 macrophages, we ended up using

4T1 murine cells.

Changing Nanoparticle Size

We confirmed that flow cytometry is not limited to a specific cell type nanoparticle
size or type as can be seen in Figures 13 and 14. Based on the CLSM data, one can see that
as the size of the nanoparticle increases from 40 nm to 65 nm to 100 nm (Figures 11, 13A
and 14), the intensity of the light scattering signal of the nanoparticles increases as well.
This can also be shown in the higher SSC-A (%) obtained from when running the sample
of cells and uptaken 100 nm gold nanoparticles compared to the cell sample with
internalized 40 nm AuNPs. That being said, from the flow cytometry data we can see that
the SSC-A (%) increase due to the presence of the 65 nm AuNPs is greater than that of the
100 nm AuNPs. This is likely due to the fact that ~60 nm AuNPs is the size at which the
greatest number of nanoparticles per cell is seen, compared to other AuNP sizes. This was

demonstrated in Chithrani et al’s paper [167].
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Changing Nanomaterial Type

Originally, before characterization, 30 nm AgNPs were thought to be 40 nm in
diameter, which is why the same concentration of nanoparticles for both 40 nm AuNPs and
30 nm AgNPs was used for the uptake. However, after doing TEM and SP-ICP-MS
characterization, it was found that the AgNPs used were 30 nm in diameter rather than
being 40 nm AgNPs. This explains why there was less light scattering from the 30 nm
AgNPs when compared to those of the 40 nm AuNPs. Syed et al have shown that when
examining two nanoparticle systems or types of the same size, the nanoparticle with the
greatest refractive mismatch index will have a greater light scattering intensity [168]. This
is why we hypothesized that the 30 nm AgNPs will show a greater light scattering signal.
However, from the CLSM data, we can see that the 40 nm AuNPs had higher light
scattering signal, which could be explained by the size of the silver nanoparticles being

smaller than anticipated.

As for the flow cytometry data, we were able to see that the change in granularity due
to the nano-bio interactions and presence of the 30 nm AgNPs was determined by the flow
cytometry, meaning that using this instrument we can determine the different nano-bio

interactions that occur due to the change in the nanomaterial type.

Since 30 nm AgNPs seem to cause greater increase in the SSC-A (%) than the 40 nm
AuUNPs, and since the same concentration was used, this could be likely be wither due to
the fact that AgNPs’ physical properties allow then to scatter more light than gold [168],
or that there was a higher uptake of AgNPs than AuNPs. ICP-MS can be used to verify if
there was a difference in the uptake between the AgNPs and AuNPs. This could be

something to do as a next step.
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Another explanation could be explained using the detection limit of the flow cytometry.
Zucker et al showed that the detection limit for AgNPs is 40 nm, whereas it is 60 nm for
AUNPs [169], [170]. However, the detection of AuNPs as small as 24 nm is possible using
a laboratory-built high-sensitivity flow cytometer [171]. Since the detection limit varies
from one flow cytometer to another, one can therefore understand that it is even possible
for smaller sizes of silver nanoparticles to be detected if the sensitivity of the flow

cytometer is increased.

Changing Cell Line

4T1 cells were used as they are epithelial cells and hence, they are a different cell type
than RAW 264.7 cells which are macrophages and are known for their endocytic
capabilities. This helps us understand how cells from different origins interact with

nanoparticles and how that affects the nano-bio interactions.

From the CLSM Figure 13 we were able to see that there is a light scattering signal
coming from the PEG-coated 100 nm AuNPs, which were internalized in the cells. The
intensity of the light scattering signal is different from that of the one seen in Figure 11 that

shows the data from RAW 264.7 that have uptaken PEG-coated 100 nm AuNPs.

As for the flow cytometry data, we can see that the flow cytometry was able to detect
the SSC-A (%) from both the cell only condition as well as the cells + NP condition. This

indicates that flow cytometry can detect changes in the complexity of different cell lines.
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Figure 13: Detection of nanoparticles by flow cytometry is not limited to 100 nm AuNPs. (A)
(Left) Visualization of nanoparticle uptake through light scattering for RAW 264.7 with 65 nm
AUNP performed by confocal laser scanning laser microscopy (CLSM). The different channels for
the membrane, nucleus, and light scattering along with the overlay channel are shown for both the
control and the experimental sample. All samples were performed in a triplicate. (Right) Flow
cytometric analysis of the 65 nm AuNP uptake by RAW 264.7 macrophages. A p-value <0.005
was obtained from the Welch’s t-test. n = 3 samples for both the control and the experimental
samples. (B) (Left) Visualization of nanoparticle uptake through light scattering for RAW 264.7
with 40 nm AgNPs performed by confocal laser scanning laser microscopy (CLSM). The different
channels for the membrane, nucleus, and light scattering along with the overlay channel are shown
for both the control and the experimental sample. All samples were performed in a triplicate.
(Right) Flow cytometric analysis of the 40 nm AgNPs uptake by RAW 264.7 macrophages. A p-
value <0.05 was obtained from the Welch’s t-test. n = 3 samples for both the control and the
experimental samples. (C) (Left) Visualization of nanoparticle uptake through light scattering for
4T1 triple negative mouse cells with 100 nm AuNP performed by confocal laser scanning laser
microscopy (CLSM). The different channels for the membrane, nucleus, and light scattering along
with the overlay channel are shown for both the control and the experimental sample. All samples
were performed in a triplicate. (Right) Flow cytometric analysis of the 10 nm AuNP uptake by 4T1
cells. A p-value <0.0001 was obtained for the 100 nm AuNPs from the Welch’s t-test. n = 3 samples

for both the control and the experimental samples. The scale bar = 10 pm.
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Figure 14: Detection of nanoparticles by flow cytometry for 40 nm AuNPs. (Left) Visualization
of nanoparticle uptake through light scattering for RAW 264.7 with 40 nm AuNP performed by
confocal laser scanning laser microscopy (CLSM). The different channels for the membrane,
nucleus, and light scattering along with the overlay channel are shown for both the control and the
experimental sample. All samples were performed in a triplicate. The scale bar = 10 um. (Right)
Flow cytometric analysis of the 40 nm AuNP uptake by RAW 264.7 macrophages. ns means not
significant. A p-value <0.01 was obtained from the Welch’s t-test. n = 3 samples for both the control

and the experimental samples.
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Understanding the Kinetics Behavior of Cells using Flow Cytometry

After demonstrating the ability of flow cytometry to run samples prepared using
different cell lines, nanoparticle size and type, we wanted to use the flow cytometer to
understand the uptake behavior of the cells to these nanoparticles over a set period of time.
A few papers have used flow cytometry as a technique to demonstrate the behavior of cell
uptake and kinetics [31], [47]. Therefore, to understand the flow cytometry capabilities and
see if a similar trend can be obtained to what was shown in flow cytometry kinetics analysis
papers, we did our own kinetics analysis experiment using various time points starting from

t=0 hr to t=24 hrs.

We performed a kinetics analysis experiment using 5 different concentrations of PEG-
coated 100 nm AuNPs that were uptaken for 0, 1, 2, 4, 6, 8 and 24 hrs. The five
concentrations were: 0.1 nM, 0.04 nM, 0.02 nM, 0.0133 nM, and 0.01 nM. Those different
time points and concentrations would allow us to see how the kinetics of the cell changes
with time, and how AuNP concentration affects the kinetics behavior of the cells. After
collecting and analyzing the data, we found out that as the concentration of nanoparticles
increases, the line changes from a straight line to a plateau (Figure 15C). This can indicate
that at certain concentrations, the flow cytometer can get saturated by the amount of NPs
in a cell, causing the SSC trend to form a plateau. Since the 0.02 nM is the last
concentration at which a straight line is formed, it was the concentration chosen to perform
the Kkinetics analysis experiments using CLSM, ICP-MS, and ultimately, which is yet to be

studied, flow cytometry.

In addition to the trends in data obtained from the five concentrations as well as the R?

value for each trend line which allows us to determine the extent of effect of the existence
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of any outlier (Figure 15C), we examined the time constant value for each concentration.
The time constants for the five concentrations of 0.1 nM, 0.04 nM, 0.02 nM, 0.0133 nM,
and 0.01 nM, are 9.25, 19.89, 7885, 34685, and 48294, respectively. This is an indication
of the uptake time for the nanoparticles by the cells. It was seen that the higher the
concentration of the AuNPs, the lower the time constant was. This is likely due to the
presence of more AuNPs per volume used for the incubation and uptake of NPs by cells.
The greater the number of AuNPs per volume present in the media, the greater the number

of AuNPs in cells is as the chance of the NP uptake by cell increases.

Figure 15A shows the confocal data for the kinetics analysis experiment. When looking
at the panel, one can see that the intensity of the light scattering increases as the incubation
time with the nanoparticles increases as well. At t =24 hrs, we can see the highest light
scattering signal and therefore, the highest uptake compared to the other time points.
Although when looking at the batch mode ICP-MS data (Figure 15B) we see that the
highest number of AuNP/cell is at t = 24 hrs, the increase between 4 and 8 hrs, and 8 and

24 hrs is not significant.

In order to understand the difference in the CLSM and ICP-MS data, although the
general trend seems similar, we can do a quantitative analysis of the CLSM data. That way
we can determine the amount of the light scattering signal between the different time
points, which will allow us to compare the data to that of the ICP-MS. This is something

to be examined.

Another way to verify that the trend in data collected from both the ICP-MS and CLSM
can also be seen in flow cytometry, a kinetics analysis experiment is yet to be performed

using FCM using the concentration of 0.02 nM while varying the uptake period to cover a
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24-hr time span. The time points will be 0, 4, 8 and 24 hrs, so that they match those time
points used in the CLSM and ICP-MS Kinetics analysis experiments. However, this is yet

to be investigated.

One other thing to mention is that in Figure 15B, we see a lower AuNP/cell count in
comparison to that in Figure 11B. This could be explained by the change in passage number
used to perform those two experiments as well as having to use a new batch of PEG-coated
100 nm AuNPs for all the Kkinetics analysis experiments from the one used for the first

uptake experiment.
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Figure 15: Kinetics Analysis of 100 nm AuNPs Uptake by RAW 264.7 Macrophage Cell Line.
(A) Visualization of nanoparticle uptake through light scattering for RAW 264.7 with 100 nm
AUNP using Keyence. The different channels for the membrane, nucleus, and light scattering along
with the overlay channel are shown for both the control and the experimental sample. All samples
were performed in a triplicate. The scale bar = 10 um. (B) Batch inductively plasma mass
spectrometry (ICP-MS) mode showing the uptake kinetics of 100 nm AuNPs by RAW 264.7. A
one-way ANOVA with Tukey’s multiple comparisons was performed. ns = not significant, while
**** s equivalent to p<0.0001. a= 0.05. n = 4 samples for both the control and the experimental
samples. (C) Flow cytometry data for uptake kinetics of 5 different concentrations. A nonlinear fit
trend was used to determine the R? value for the five different trend lines. The five concentrations

are 0.1 nM (blue), 0.04 nM (red), 0.02 nM (green), 0.0133 nM (purple), and 0.01 nM (orange).
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Understanding the Uptake Pathway of Nanoparticles and the Effect of Surface
Modification on Nanoparticle Uptake using Flow Cytometry

Now that we understood the kinetics of the nanoparticle uptake, and we saw how
different nanoparticle systems, and sizes and even cell types can be used and run through
the flow cytometry, it is necessary to understand the effect of the surface coating on the
uptake of the nanoparticles and hence, on the SSC signal obtained from flow cytometry.
For this purpose, we used two different surface modifications which are Poly-Ethylene
Glycol (PEG) and Heparosan (HEP). Additionally, we used four different types of physical
inhibitors (Table 3) to understand which endocytosis pathway do the HEP-coated 100 nm
AUNPs get uptaken by to enter the cells. By adding an inhibitor to the cells, we block a
pathway or mechanism through which the nanoparticles pass through to get into the cells.
The inhibitor that causes the greatest decrease in nanoparticle uptake indicates that the
endocytosis pathway that this inhibitor blocked, is the (main) one through which
nanoparticles enter the cells. Furthermore, we used temperature inhibition (4°C) to
investigate the effect of low temperature on nanoparticle uptake. Low temperature causes
the energy-dependent uptake and passive diffusion to get blocked due to the rigidity of the

cell membrane [172].

Those inhibitors were used as they work using different mechanisms of action.
However, many of the available inhibitors work on blocking more than one uptake
pathway. This tends to be quite challenging to determine if any changes in the nanoparticle
uptake were, in fact, due to one uptake pathway. For instance, Methyl-B-cyclodextrin
(MBCD) inhibits both caveolae-mediated endocytosis as well as clathrin-mediated

endocytosis [173]. MBCD removes cholesterol from the plasma membrane [173],
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therefore, affecting the function and structure of invaginated caveolae, including those of
caveolae-dependent endocytosis [174]. Moreover, the cholesterol present in the cell
membrane originates from lipoproteins that are internalized via clathrin-coated pits by
receptor-mediated endocytosis [174]. Therefore, the removal of cholesterol from the cell

membrane would affect both clathrin-mediated and caveolae-mediated endocytosis.

Hence, if the MBCD inhibitor was used, it would be difficult to determine if the
decrease in nanoparticle uptake was due to the inhibitions of either caveolae-mediated or
clathrin-mediated, especially if the decrease in nanoparticle uptake was different compared
to that of Filipin or Chlorpromazine. Therefore, it is important to choose the inhibitors for

the endocytosis inhibition experiment with utmost carefulness.

Based on Yang et al, the endocytosis pathway through with HEP-coated AuNPs enter
the cell is clathrin-mediated endocytosis [159]. To confirm that the HEP-coated AuNPs are
uptaken by the calthrin-mediated endocytosis pathway, we performed our own endocytosis

inhibition experiment using flow cytometry.
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Table 3: Summary of Endocytosis Physical Inhibition Conditions Used in This
Study

Mechanism of

Inhibitor ) Function/Pathway | Condition/Concentration | Ref.
action
Filipin (B) Removes Caveolae-mediated | 5 pg/mL [175]
cholesterol from and clathrin
the plasma independent
membrane endocytosis
Chlorpromaz | Unknown (AP2 Clathrin-mediated | 10 ug/mL [175],
ine (CP2) inhibition) endocytosis [176]
(D)
Cytochalasin | Depolymerizes F- | Macropinocytosis | 1 pg/mL [177],
D (CD) (H) | actin and phagocytosis [178]
Sodium decreases ATP by | nonspecific 0.1% wiv [179]
Azide inhibiting endocytosis
glycolysis

First, to be able to understand the effect of the changing the surface modification on
the uptake of AuNPs, we used HEP and PEG-coated 100 nm AuNPs. Since the effect of
nanoparticle uptake can be seen through changes in the side scattering signal, we performed
an uptake experiment using the flow cytometer for both the HEP and PEG-coated 100 nm
AuNPs. We saw a significant increase in SSC-A (%) for the cells + HEP condition
compared to the cells only condition. As for the cell + PEG condition, the presence of PEG-
coated 100 nm AuNPs caused an increase in the SSC-A (%), however that increase is not
significant (Figure 16A). This is why we decided to only use HEP-coated 100 nm AuNPs
for the endocytosis inhibition experiment, in order to ensure that any signal we obtain is

above the background or cell only condition level.
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Figure 16: Endocytosis Inhibition of 100 nm AuNPs Uptake by RAW 264.7 Macrophage Cell
Line. (A) Comparison of the SSC-A (%) for cells only, cells + HEP, and cells + PEG. A one-way
ANOVA with Dunnett’s multiple comparisons was performed. ns = not significant, while *** is
equivalent to p=0.0006. a= 0.05. n = 3 samples for both the control and the experimental samples.
(B) Uptake inhibition of HEG-coated 100 nm AuNPs. Five different kinds of inhibitors were used
and the corresponding SSC-A (%) was measured and compared to the cell only and cell + HEG
controls. A one-way ANOVA with Dunnett’s multiple comparisons was performed. ns = not

significant, while **** is equivalent to p<0.0001. a= 0.05.
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As explained earlier, we used the inhibitors listed in Table 3 for physical inhibition,
and had some samples stored at 4°C for temperature inhibition. Figure 16B shows the effect
of the 5 types of inhibitors on the uptake of HEP-coated 100 nm AuNPs by RAW 264.7
cells. The data reflected in Figure 16 is obtained from the live cells, that were gated for
after applying a viability assay. Figure 18 shows the live cell ratio for the different

conditions used in this experiment.

As seen in Figure 16B, the temperature inhibition is the only condition that showed a
significant difference in the SSC-A (%) when compared to the cell + HEP only condition,
indicating a lower uptake of nanoparticles compared to that control (cell + HEP condition).
Considering the data obtained from the physical inhibitors, any change that occurred in the
side scattering signal was not significant. Specifically, we saw that the samples that were
inhibited by Cytochalasin D and Filipin show an increased SSC-A (%) rather than a lower

signal, which does not follow our hypothesis or Yang et al’s paper [158].

Due to such data obtained from the Cytochalasin D and Filipin conditions, we wanted
to determine if these two inhibitors are effective or not, and if they were effective, whether
the concentration used was not sufficient. In order to investigate that, we decided to run
another endocytosis inhibition experiment, using three different concentrations of
Cytochalasin D and Filipin on cells that have uptaken HEP-coated 100 nm AuNPs.

However, this investigation is currently in progress, and the data has not been obtained yet.

Additionally, when looking at the CLSM data, we can see that the light scattering
signals for HEP-coated 100 nm AuNPs samples that have been inhibited by Filipin seem
to be higher than the rest of the other conditions, and similar to the intensity of the control

(Figure 17). Since it is hard to determine the extent of the difference in the light scattering
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signals, quantitative analysis for the light scattering signals obtained would allow us to
investigate this further. It would allow us to see the extent of the effect of inhibitors on the
uptake of the nanoparticles. Since this was not done, it would need to be done in the future

as an improvement to this experiment.

With this collected data, we cannot say for sure if the uptake pathway for the HEP-
coated 100 nm AuNPs is calthrin-mediated endocytosis, due to the change in the SSC-A
(%) being insignificant. Although Yang et al’s data show that the uptake pathway for HEP-
coated AuNPs, specifically 55 nm, is clathrin-mediated endocytosis [158], we were not

able to confirm that for our HEP-coated 100 nm AuNPs using this experiment.

One possibility for such differences could be due to the difference in the size of the
nanoparticles used. Based on Kumar et al, nanoparticles with diameter <200 nm preferred
the clathrin-mediated endocytosis as an uptake pathway [180]. However, Li et al found
that 80 nm AuNPs, with three different surface modifications (PEG, bPEI and lipoic-
AUNPs), were significantly inhibited by clathrin inhibitors, while the degree of inhibition
of the 40 nm varied with the change in the surface modification [181]. This indicates that
nanoparticles of different sizes can get uptaken by cells using different endocytosis
pathways, and that the surface modification does have an impact on the uptake pathway.
Since 55 nm AuNPs are smaller than 100 nm AuNPs, this could explain the difference

shown in the data.

Another reason why Yang’s data were different is that for ICP-MS, samples are
handled less than for the flow cytometry. Since after the 1.5 hrs, we needed to add a
viability assay, do a couple of rounds of washes, scrape the cells, centrifuge, and fix them,

we are bound to lose some cells and even kill some cells in the scraping process. As for the
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ICP-MS, we only need to wash the samples a couple of times, then freeze them, meaning
that the integrity of the samples in ICP-MS is better than that of the flow cytometry. Lastly,
the samples get digested in ICP-MS which allows all the cells to be included in the data
collection process, whereas when the cells are scraped, some remain adhered to the well-
plate. In other words, since some samples are lost when preparing for flow cytometry

experiments, this impacts the statistical comparison and data obtained.

Considering the aforementioned reasons behind the differences between Yang’s data
and mine, repeating this experiment would be necessary to see if any changes to the general
trend in data would occur, which could allow us to have a better understanding of the

uptake pathway for HEP-coated 100 nm AuNPs.

85|Page



LV9C MVY
|[o13u0D

SdANNY Wwu o0l
YIM /97 Mvd

auizewolidio|yd+ Q uise|eydoirid)+
SANNY Wu 00l  SINNY Wu Q0L SANNY Wwu Q01
YIM L PO MYY YIM L P92 MV] YIIM /92 MVYY

uidiji4+
sdNNY wu 001
UM 2592 MY

dPIZy WNIPOS+

SdNNY wu 00l
YIm £ v9C Mvd

8 |Page



Figure 17: Endocytosis Inhibition of HEP-coated 100 nm AuNPs Uptake by RAW 264.7
Macrophage Cell Line. Visualization of nanoparticle uptake through light scattering for RAW
264.7 with 100 nm AuNP performed by confocal laser scanning laser microscopy (CLSM). The
different channels for the membrane, nucleus, and light scattering along with the overlay channel
are shown for both the control and the experimental sample. Four different types of inhibitors were
used, and the amount of light scattering signal was studied to determine the effect of inhibitors

nanoparticle uptake by cells. All samples were performed in a duplicate. The scale bar = 10 pm.
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Figure 18: Live cell ratio for the different conditions in the endocytosis inhibition experiment

after applying the viability assay and gating for live cells.
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Investigating the Recovery of Cells from Inhibitors

Now that we were able to see the effect of having different surface modifications on
nanoparticle uptake, we wanted to understand the effect of the inhibitors on the cells, by
studying how fast cells can recover from the inhibitors as well as the cells’ recovery effect

on the uptake of the HEP-coated 100 nm AuNPs.

In order to do that, cells were incubated first for an hour with the corresponding
inhibitors and were then incubated with nanoparticles only for 1.5 hrs, rather than inhibitors
+ nanoparticles (HEP-coated 100 nm AuNPs). Figure 19 demonstrates the data obtained
from confocal laser scanning microscopy. It can be seen that the light scattering signal
obtained from the samples that were incubated with the inhibitors is similar to that of the
cells + HEP control. The light scattering signals for the four physical inhibitors obtained
were somewhat greater than those from the endocytosis inhibition experiment. This
indicates that cells, and specifically RAW 264.7 macrophages, can recover quickly from
the effect of the inhibitors, taking into consideration the amount of time that the cells were
incubated with inhibitors, as well as the duration of the nanoparticle uptake. This ability to
recover quickly can be seen through the increase of the light scattering signal, as that
indicates a higher uptake of nanoparticles compared to the endocytosis inhibition
experiment. Therefore, these data suggest that longer incubation periods with inhibitors are

likely to slow down how fast cells can recover from the effect of the inhibitors.

In order to further understand the cell recovery capabilities, as a future step, we would

need to investigate this by performing the cell recovery experiment using flow cytometry.

Performing such various experiments is necessary, as, despite the current state of the

art, we have yet to discover the full potential and capabilities of flow cytometry. Although
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flow cytometry has been used for a long time, it was not until recently that it was
incorporated into the field of nanomedicine. Hence, there are still many different aspects
that still need investigation. Based on my research and readings, flow cytometry has not
been used yet in kinetics analysis and endocytosis inhibition experiments, as the current
studies are focusing on understanding the effects of surface modifications, and nanoparticle
sizes on the side scattering signals, as well as further understanding the forward scattering
signals. Therefore, by varying the experiments performed using flow cytometry and by
expanding our knowledge, we would be able to study tumors and their microenvironment,
thus, enhancing the nanoparticle delivery efficiency, and ultimately improving the field of

nanomedicine.
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Figure 19: Cell recovery and uptake of 100 nm AuNPs after the removal of inhibitors.
Visualization of nanoparticle uptake through light scattering for RAW 264.7 with 100 nm AuNP
performed by confocal laser scanning laser microscopy (CLSM). The different channels for the
membrane, nucleus, and light scattering along with the overlay channel are shown for both the
control and the experimental sample. Four different types of inhibitors were used, and the amount
of light scattering signal was studied to determine how fast cells can recover from the inhibitors.

All samples were performed in a duplicate. The scale bar = 10 pum.
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Conclusion

In this study, we detailed current and innovative flow cytometry approaches for high-
throughput analysis of single cells that can be applied to transform our understanding of
nanoparticle-cell interactions. Flow cytometry techniques allow for the identification of
nanoparticle presence and can be used to track differences in nanoparticle uptake or cell
association based on shifts in light scattering signals. Despite that, the main limiting factor
for conventional flow cytometry is the lack of imaging or imaging resolution that limits the
understanding and visualization of cells at the single-level while they pass through the flow
chamber. Published studies looked into applying imaging technologies as well as machine
learning methods to better answer and understand questions regarding nano-bio cell
interactions [47], [105], [119], [122], [123]. These methods are exciting avenues for flow
cytometry to continue exploring to improve analysis options and workflows. These
methods do not only enhance our understanding of nano-bio interactions, as well as the
provided visualization of the behavior of the nanoparticles within cells, but they also allow

for easier and faster analysis of large sets of data, thus providing increased efficiency.

Additionally, we demonstrated that the detection of nanoparticles and their effect on
the complexity of the cell as well as the cellular behavior can be detected by flow
cytometry. Furthermore, we showed that flow cytometry is not limited to a specific
nanoparticle type, size or even cell line. With the use of CLSM, we saw that larger
nanoparticles scatter more light than smaller ones, and that silver scatters more light than
gold nanoparticles of the same size. Such data supported the SSC-A data obtained from the

uptake of nanoparticles using the flow cytometer.
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We were able to show that ICP-MS and CLSM data support the nanoparticle uptake
trends in data shown in flow cytometry. Additionally, the kinetics behavior of the cells and
the extent of nanoparticle uptake using FCM follow the trends seen in different papers [47],

[182]-[184].

All these data were obtained using a label-free technique to avoid affecting the nano-
bio interactions as adding a fluorescent tag to nanoparticles alters their surface chemistry
and therefore how they would affect and interact with cells [147], [148]. With that in mind,
flow cytometry is a promising method to analyze nano-bio interactions at the single-cell
level. Additionally, the fact the flow cytometry is not limited to a specific cell line or
nanoparticle system provides an opportunity to understand various nanoparticle systems
apart from gold and silver nanoparticles, potentially liposomes and lipid nanoparticles.
Since lipid nanoparticles and liposomes have a similar composition, and therefore, a similar
refractive index to the cells, we will need to investigate if any changes in SSC and cellular
complexity when using such nanoparticles would be possible through flow cytometry

[185].

We anticipate that the research demonstrated in this study can be applied to research
involving a variety of nanomedicine applications that enhance our understanding of
nanoparticle-cell interactions. Moreover, using this method is less labor-intensive
compared to ICP-MS and can be carried in a label-free way, thus creating a possibility for
the development of more efficacious therapies for various diseases, such as cancer,

potentially improving clinical results.
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Future Directions

With the work done in this thesis, we were able to understand the effect of nano-bio
interactions on cellular complexity and the kinetics of nanoparticle uptake in RAW 264.7
using flow cytometry as well as supporting techniques such as ICP-MS and CLSM. Despite
that, we were not able to determine the uptake pathway for the HEP-coated 100 nm AuNPs
and this experiment will need to be repeated to see if we see a similar trend to what we

have obtained before.

Additionally, to understand the reason behind the increase in the side scattering signal
for the flow data with the Cytochalasin D and Filipin conditions, we will need to investigate
if that increase was due to the inhibitors being effective or not, and whether the
concentration used for the inhibition experiment was not sufficient. Therefore, in order to
do that, we should use 3-4 concentrations for each of the two inhibitors and run the samples
on flow cytometry. In case a trend similar to what we have seen before is observed again
across the different concentrations, as a next step we could use an etching agent, such as
Io/K1 [186], to see if the increase in the SSC is due to nanoparticles that are stuck on the
surface on the cell membrane, and which were not internalized within the cell. Since the
etching agent allows us to get rid of nanoparticles on the surface of the cell, once the
samples are run through the flow cytometer, any changes that occur in the side scattering
signal would be due to the internalized nanoparticles. This would help us further
understand how Cytochalasin D and Filipin work on blocking macropinocytosis and

caveolae-mediated endocytosis.

In order to further examine the ability of FCM to analyze nano-bio interactions at the

single-cell level, we will need to perform the Kinetics analysis experiment using the 0.02
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nM PEG-coated 100 nm AuNPs. This would allow us to see if the data obtained using flow
cytometry would match or be similar to either the ICP-MS or CLSM data, as well as

potentially understanding the reason behind the differences in the data obtained.

With that in mind, to take the endocytosis inhibition and kinetics analysis experiments
to another level, we can vary the cell line and nanoparticle system. We can go back to using
4T1 cells, 65 nm and 40 nm AuNPs, as well as 30 nm AgNPs for the kinetics analysis. That
way, we can see how the kinetics behavior of the cells change with the presence of different
cell lines and nanoparticle systems, allowing us to relate that to the data we have obtained
before from the flow cytometry generality experiment, which would help us in understand
changes in nano-bio interactions. Moreover, when considering potential changes and
improvements that could be done for the endocytosis inhibition experiment, we can alter
the surface modifications used on the nanoparticles, such as adding BSA, and varying the
nanoparticle size. This way we can determine how any changes in the surface chemistry
and nanoparticle size affect the uptake pathways or whether such variations would not lead

to any change in the nanoparticle uptake pathway.

One other experiment that could be done is the cell recovery experiment. Since we have
obtained some data on that using CLSM, we will need to perform the cell recovery
experiment, this time using flow cytometry. Not only will that allow us to examine the
capabilities of flow cytometry, but we can also confirm if a trend similar to that of the

CLSM data can be seen using flow cytometry.

Lastly, we can take the use of flow cytometry to analyze cells at the single-cell level to
another degree by analyzing the distribution of nanoparticles in different cells of tissues

that are broken down into single cell suspensions, by following the preparation and analysis
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methods mentioned in Reichard et al.’s study [187]. This would allow us to improve our
understanding of how cells from various tissues and organs interact differently with
nanoparticles from each other. Such tissues and organs can be obtained from animal
studies. Not only would that allow us to study using flow cytometry the bad clinical
translation of nanomedicine in which only 0.7% of administered nanoparticles reach the
tumor microenvironment [140], but we could establish and further explore the potential of
flow cytometry. Suck knowledge along with the performance of more experiments, we will
be able to get a stop closer towards enhancing the nanoparticle delivery efficiency,

ultimately improving the field of nanomedicine.
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