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Understanding how nanoparticles (NPs) interact
with biological systems is important in many biomedical research
areas. However, the heterogeneous nature of biological systems,
including the existence of numerous cell types and multitudes of
key environmental factors, makes these interactions extremely
challenging to investigate precisely. Here, using a single-cell-based,
high-dimensional mass cytometry approach, we demonstrated that
the presence of protein corona has significant influences on the
cellular associations and cytotoxicity of gold NPs for human
immune cells, and those effects vary significantly with the types of
immune cells and their subsets. The altered surface functionality of
protein corona reduced the cytotoxicity and cellular association of
gold NPs in most cell types (e.g, monocytes, dendritic cells, B
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cells, natural killer (NK) cells, and T cells) and those immune cells selected different endocytosis pathways such as receptor-
mediated endocytosis, phagocytosis, and micropinocytosis. However, even slight alterations in the major cell type (phagocytic cells
and non-phagocytic cells) and T cell subsets (e.g, memory and naive T cells) resulted in significant protein corona-dependent
variations in their cellular dose of gold NPs. Especially, naive T killer cells exhibited additional heterogeneity than memory T killer
cells, with clusters exhibiting distinct cellular association patterns in single-cell contour plots. This multi-parametric analysis of mass
cytometry data established a conceptual framework for a more holistic understanding of how the human immune system responds to
external stimuli, paving the way for the application of precisely engineered NPs as promising tools of nanomedicine under various
clinical settings, including targeted drug delivery and vaccine development.

mass cytometry, targeted drug delivery, gold nanoparticles, immune system, endocytosis, cytotoxicity

Understanding the interactions between nanoparticles (NPs)
and biological systems is becoming increasingly relevant in
many biomedical research areas such as targeted drug
delivery,l vaccine development,z_4 etc. However, it is well
acknowledged that these interactions are exceedingly compli-
cated to investigate, mostly caused by the heterogeneous
nature of biological systems, such as the existence of numerous
cell types with varying characteristics and multitudes of key
environmental factors.” For targeted drug delivery, for
example, a drug-loaded NP injected into a blood vessel will
circulate through the body until it reaches the target organs or
cells. However, as they travel through the bloodstream, they
come into contact and interact with the immune system, which
consists of diverse immune cells with varying phenotypes.®”®
The interactions between the NPs and these immune cells
begin with endocytosis, followed by intracellular trafficking and
exocytosis, which are thought to be highly dependent on the
types of immune cells as well as the physicochemical properties
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of the NPs and may result in significant variations in
C)rtotoxicit)7.6’7’9

However, this is an ideal scenario for targeted drug delivery,
and many other environmental factors exist in real-world
clinical situations. Proteins in biological fluids, for example, can
adsorb on the surface of NPs, forming a “protein corona”, and
influence the NP’s subsequent interactions with biological
cells.”™"" For instance, during the preparation of nano-drugs,
fetal bovine serum (FBS) (or bovine serum albumin [BSA])
has been often used to stabilize dispersions of NPs,'>"* and
these FBS-derived protein coronas are thought to modulate the
surface functionality and agglomeration behaviors of NPs and
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Figure 1. Workflow of mass cytometry experiment. (A) PBMCs were isolated from whole human blood by the density gradient method and treated
with 2 pyg/mL bPEIAY# jn RPMI media containing 0, 0.1, 1, and 10% FBS for 3 h. Au NP-treated cells were harvested and stained with 17 surface
markers. (B) Metal-conjugated antibodies-tagged cells were introduced to mass cytometry, and FCS data were produced. (C) Normalize the FCS
file and gate cell type manually by surface marker intensity. (D) Analyze the data using UMAP and contour plots of cell viability versus Au NP

association.

affect the cellular association process and cytotoxicity of NPs."’
Previous studies on these FBS-derived protein coronas have

identified albumin, opsonin [e.g., immunoglobulin G (IgG)
and antibodies], complement proteins, and apolipoproteins as
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the major components of the protein corona, and a

subsequent mass spectrometry (MS) study confirmed albumin
as the most dominant protein adsorbed on the surface of Au
NPs in cell culture media containing FBS.”> While these
changes in the surface functionality of NPs can influence the
type of endocytosis pathways, proteins adsorbed on the surface
of NPs can also alter the surface charge of the NPs, influencing
their aggregation. The variations of the hydrodynamic sizes,
caused by different degrees of agglomeration, may also lead to
activation of different endocytosis pathways.”* Earlier studies
stated that the development of protein coronas prevents NP
agglomeration and keeps their hydrodynamic sizes smaller.
Larger NPs (>200 nm) are known to be more efficiently taken
up by phagocytosis or macropinocytosis, but smaller NPs (100
nm) are favored by receptor-mediated endo%ytosis (RME)
pathways such as clathrin-mediated endocytosis.” As a result, in
the absence of a protein corona, phagocytosis and macro-
pinocytosis may play essential roles in the cellular association
of highly agglomerated NPs, while other RMEs may play major
roles in the cellular uptake of less agglomerated, smaller NPs.

Due to their highly heterogeneous and interconnected
nature, it would be better to study the human immune system
and its interactions with NPs in a holistic manner, rather than
conducting individual studies on each immune cell type.
Peripheral blood mononuclear cells (PBMCs), a diverse
mixture of highly specialized immune cells [e.g, monocytes,
dendritic cells (DCs), natural killer (NK) cells, B cells, and T
cells], are known to play key roles in human immune responses
to external stimuli and are novel models for heterogeneous
cellular systems. They are regarded as an important tool for
researchers and clinicians working on human health and
disease, since they can be used to examine the body’s immune
responses to numerous external stimuli, allowing us to better
understand various diseases, design novel therapeutic treat-
ments, and assess the efficiency of newly discovered drugs.
PBMCs are good models to demonstrate the capability of mass
cytometry, which have been employed as a substitute immune
function model in the medical study area and toxicology
applications.”* Based on the study on PBMCs, we believe
that this novel analytical approach can be expanded to include
neutrophils and other polymorphonuclear cells such as
eosinophils and basophils.

Conventional assays for assessing the toxicity or efficacy of
NP-based drugs typically compare the administered dose of
NPs to their cellular responses averaged over a large number of
cells. Although these techniques are cheap, simple, rapid, and
widely used, they may not adequately reflect the heterogeneous
and interconnected nature of the human immune system
interacting with NPs.”” Therefore, to assess the toxicity or
efficacy of NPs and understand their mechanisms in a holistic
manner, there is a need to adapt novel analytical techniques
and explore these biological processes multi-parametrically at a
single-cell level. Mass cytometry, also known as cytometry by
time-of-flight (CyTOF), is a recently established technology
that analyzes cells multi-parametrically in a single-cell mode
using metal-tagged cellular markers with minimal overlap of
signals.”® Mass cytometry allows for up to 50 metal isotope
labels, which overcomes the limitations of fluorescence-based
flow cytometry in terms of phenotyping and profiling immune
cells by simultaneously detecting heterogeneous immune cell
populations. This technique has gained prominence in
biological and medical research over the last decade. Its
capability of single-cell-based, high-dimensional data gener-

ation has facilitated deep profiling of highly heterogeneous
immune cells,”” monitoring disease progression or recovery,30
and high-resolution };roﬁling of cytokine expression and
signaling responses.”””” Although it was introduced more
than ten years ago and is now regarded as an established
method of biomedical research, its competence in the areas of
nanotoxicology and nanomedicine has not yet been fully
exploited.”*™°

In this study, to evaluate the general effects of cellular
heterogeneity and FBS-derived protein corona on the cellular
association and cytotoxicity of gold NPs (Au NPs) on human
immune cells, we performed mass cytometry measurements on
human PBMCs exposed to 6.2 X 10° (2 ug/mL) Au NPs in a
cell culture medium with varying FBS concentrations of 0, 0.1,
1, and 10% (Figure 1). Major immune cell types (e.g,
monocytes, dendritic cells, B cells, NK cells, and T cells) and
their subsets [e.g., naive T killer cell (Tk)/T helper cell (Th),
memory Tk/Th, regulatory T cell (Treg), and y5 T cells] were
assigned based on the surface marker expression of individual
cells via a manual gating strategy (Figure S1), while cellular Au
and Pt signals were measured to estimate the amount of cell-
associated Au NPs and cellular death. The cellular dose and
cytotoxicity of Au NPs were then presented as histograms and
2D contour plots to examine the effect of protein coronas and
immune cell types on the cellular association and cytotoxicity
of Au NPs, which provided valuable insights into the
heterogeneous nature of the interactions such as the effect of
FBS-derived protein corona on the cellular associations and
cytotoxicity of Au NPs and their dependence on the types of
immune cells and their subsets.

We employed 40 nm branched polyethylenimine (bPEI)-
coated Au NPs for assessing the effects of cellular
heterogeneity and protein corona on the cellular association
and cytotoxicity of Au NPs on human immune cells. The
hydrodynamic size of bare Au NPs in deionized water (DW)
was 50 nm, and this size increased in Roswell Park Memorial
Institute (RPMI) media (Table S1). The hydrodynamic size
increased with incubation time, and the protein corona
generated with higher FBS concentrations (10%) had a
smaller size than those generated with the lower FBS
concentration (0%) (Figure S2). The bare NPs presented a
zeta potential of 26 mV in DW, and the serum protein
absorption on positively charged NPs led to a zeta potential
decrement. On incubating with 1% FBS-supplemented RPMI,
the NPs’ zeta potential decreased significantly to —13 eV,
suggesting the formation of a protein layer on NPs at low FBS
concentrations (Table S1). However, the zeta potential did not
change much until the FBS concentration reached 10%,
showing that the protein corona’s qualitative composition had
not changed significantly. The protein contents in 10% FBS
that coated the surface of NPs as 2.3 X 10* ug/cm?, 1% FBS as
2.3 X 10° ug/cm? and 0.1% as 2.3 X 10* ug/cm> The bPEI-
coated bare NPs’ significantly positive zeta potential value may
cause enhanced toxicity in cells due to its cationic nature,””**
and proteins in FBS may influence the degree of toxicity.
The absorbed proteins on FBS-derived protein corona were
previously studied by sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS—PAGE), liquid chromatography—
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Figure 2. Immune cell profiling of human PBMCs cultured with different concentrations of FBS on UMAP visualization. (a) UMAP visualization
of heterogeneous immune cells associated with protein corona gold NPs. Major cell types (e.g,, monocytes, dendritic cells, B cells, NK cells, and T
cells) are manually gated based on the expression of surface markers and are overlaid on UMAP plot. (b) Expression of cellular association with
gold NPs at different concentrations of FBS and (c) their cytotoxicity for the human immune cells are represented on UMAP plot. The color profile
indicates the degree of cellular Au NPs and cell death rate in FBS-dose-dependent manner. The expression of cytotoxicity was measured by
cisplatin uptake of each cell types.
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Figure 3. Au NP association and cell death rate comparison of major immune cell types. (al—3) Cellular association of AuNPs of major immune
cell types and T cell subsets at different concentrations of FBS. The total amount of cellular Au NP association in each cell type was averaged with
total cell number. The major cell types (e.g, monocytes, dendritic cells, B cells, NK cells, and T cells) were compared (al). T cells were further
subdivided with CD4, CD8, CD45RA, and CD45RO (CD = cluster of differentiation) surface markers, and the cellular associations of T cells were
calculated and compared (a2,a3), respectively. (b1—3) Cytotoxicity of major immune cell types and significant T cell subsets at different
concentrations of FBS was analyzed. The cell death rate was calculated by cisplatin uptake and was normalized by the mean values of dead cells.

mass spectrometry/mass spectrometry (LC—MS/MS), and proteins with lower molecular weight were enriched in the
matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) to identify the composition of proteins.””””*’
FBS-derived protein corona typically contains BSA, hemoglo-
bin subunit alpha, apolipoprotein A-I, apolipoprotein E, a-2-

positively charged NPs.”' In a study on the compositional
evolution of adsorbed proteins of FBS-derived protein corona
based on the amount of FBS, several protein bands with

HS-glycoprotein, and apolipoprotein AJ12239%0 Particularly, different protein masses were found even at low FBS
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concentrations, and the composition of hard corona remained
. . 39
stable across a wide range of FBS concentrations.

Visualization and interpretation of high-dimensional mass
cytometry is challenging. Therefore, it is necessary to adopt
advanced data analysis algorithms for dimensionality reduction
and visualization, such as t-distributed stochastic neighbor
embedding (t-SNE) or uniform manifold approximation and
projection (UMAP). Immune cell types, their populations, the
cellular dose of Au NPs, and cytotoxicity were overlaid and
compared on UMAP visualizations shown in Figure 2.
Compared to the more widely used dimensionality reduction
algorithm (i.e., t-SNE), UMAP is known to have the advantage
of preserving intercluster (or global) information; cell types
with similar characteristics are known to be located close to
each other. As shown in Figure 2a, the manually gated immune
cells overlaid on a UMAP visualization formed by four distinct
regions: B cells on the right, monocytes and DCs on the
bottom, NK cells on the left, T cells on the top. To explore
variations in cellular doses and cytotoxicity of Au NPs in a
qualitative manner, the cellular Au and Pt signals were also
overlaid on the UMAP of the immune cells cultured and
exposed to Au NPs under different FBS concentrations, as
shown in Figure 2b1—b4,c1—c4. Overall, consistent with the
previously reported LCS50 values (75.44 ug/mL),*" exposure to
2 pug/mL bPEI-coated Au NPs did not induce significant
cytotoxicity in most of the immune cells, except for monocytes
and DCs, which displayed much higher cellular association
than others (Figure 2bl—b4,cl—c4). Similar to our previous
studies on PBMCs exposed to Ag NPs,**** the monocytes,
DCs, and B cells seem to prefer association with Au NPs, while
NK cells and some T cell subsets displayed less significant
associations with the Au NPs. Additionally, as the FBS
concentration changed, noticeable variations in the cellular Au
NPs were observed. In contrast, the cytotoxicity of Au NPs
seems to be strongly influenced by the presence/absence of
protein corona, rather than immune cell types and the amount
of cellular Au NPs.

Protein corona-dependent variations of the cellular Au NPs
and their cytotoxicity at the level of cell types and their subsets.

To further investigate protein corona and immune cell type-
dependent variations in cellular doses and cytotoxicity of Au
NPs in a quantitative manner, the amounts of cellular Au NPs
and cisplatin uptake were averaged for each major immune cell
type and plotted for different levels of protein corona (Figure
3al,bl). In general, increasing the concentration of FBS from
0.1 to 10% decreased the cellular association of the protein
corona in all cell types. However, the FBS concentrations for
the maximum cellular association of Au NPs varied with the
type of immune cells. For instance, monocytes, DCs, and B
cells displayed the maximum cellular Au NPs lying between the
FBS concentrations of 0.1 and 1%, while NK cells displayed
the maximum association of Au NPs at the FBS concentration
of 0.1% (Figure 3al). In contrast to other cell types, T cells
had the highest association of cellular Au NPs at the FBS
concentration of 0%, and the amounts of cell-associated Au
NPs decreased with the increments of FBS concentration. Due
to distinct characteristics of the T cells from the rest of the
immune cells, we further investigated the subsets of T cells as
shown in Figure 3a2—3,b2—3. In the case of some T cell
subsets such as memory Th cells, memory Tk cells, and gamma

delta T cells, the maximum levels of cellular Au NPs were
observed at the FBS concentration of 0.1% (Figure 3a2).
However, in cases of the other T cell subsets (i.e., naive Th
cells, naive Tk cells, and regulatory T cells) with the lowest
levels of cellular Au NPs, the maximum levels of cellular Au
NPs were observed in the absence of protein corona, which
continuously decreased with increasing FBS concentration
(Figure 3a3). These observations clearly showed that the
protein corona has immune cell-type or cellular subset-
dependent influences on the cellular association of Au NPs
and indicates that different cellular association mechanisms
might be involved in different immune cell types and their
subsets.

The immune cell-type-dependent associations of Au NPs
under different coverages of the protein corona can be
explained by the physicochemical properties (hydrodynamic
size and surface functionality) of Au NPs as well as the nature
of these immune cell types. Monocytes and DCs are
professional phagocytic cells that are likely to associate with
Au NPs via their unique phagocytic endocytosis processes,
while the other immune cells internalize Au NPs through non-
phagocytic endocytosis processes, such as macropinocytosis
and RMEs. Phagocytosis is usually initiated by the adsorption
of opsonins (e.g,. IgG) onto the NP surface, and the opsonized
NPs are recognized by phagocyte cells (e.g,, monocytes, DCs,
and macrophages) via specific ligand—receptor interactions,
which activate a signaling cascade to form phagosomes and
subsequent internalization of NPs.**™*® The RME pathways
are also initiated by cargo molecules binding to cell surface
receptors and allow only receptor-specific NPs to enter,
whereas macropinocytosis does not involve specific protein
receptors and mediates non-selective and non-specific NP
uptake.”” As mentioned earlier in the introduction, highly
agglomerated, larger NPs (>200 nm) are known to experience
more efficient uptake by phagocytosis or macropinocytosis,
whereas smaller NPs with limited agglomeration (~100 nm)
are preferred by RME pathways, such as clathrin-mediated
endocytosis. As shown in Figure S2 and Table S1, we observed
rapid agglomeration of Au NPs (up to 442 nm, after 3 h of
incubation time) in the absence of protein corona, which
significantly slowed down with the increment of FBS
concentration (126 nm, after 3 h of incubation at 10% FBS).
Therefore, in terms of hydrodynamic size, phagocytosis is
preferred by the highly agglomerated Au NPs in the absence or
low coverage of the protein corona.

However, phagocytosis is also strongly influenced by the
surface functionality of the Au NPs, since it is known to occur
through specific ligand—receptor interactions. Thus, from the
perspective of surface functionality, phagocytosis is preferred
by Au NPs-coated protein corona. These counteracting effects
of hydrodynamic size and surface functionality agree well with
our observation of the maximum cellular Au NPs for
phagocytic cells (e.g, monocyte), located between the FBS
concentrations of 0.1 and 1% (Figure 3al). On the other hand,
for non-phagocytic cells (NK cell and T cells), the macro-
pinocytosis pathway is preferred in the absence or low
coverage of protein corona by the highly agglomerated large
Au NPs via non-specific interactions, while the RME pathways
are preferred by the smaller, less-agglomerated Au NPs coated
with protein corona. Therefore, as the FBS concentration in
the cell culture media increases, the contribution from the
macropinocytosis pathway decreases, while the contribution
from the RME pathways will increase. These counteracting
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Figure 4. Cell-type-specific alteration of cell—Au NP association and cytotoxicity by protein corona at the single-cell level. Contour plots with
histogram of cell death rate against cellular Au NP association (in number of particle) in the total leukocytes (a), monocytes (b), dendritic cells (c),
B cells (d), NK cells (e), and T cells (f) exposed to AuNPs with different concentration of FBS. Au NP association in number of particles was
calculated by '’Au intensity, and cell death rate of each condition was normalized by the mean cisplatin uptake values of dead cells.

effects of micropinocytosis and RME pathways may explain
our observations in Figure 3al,a2. The NK cells (Figure 3al)
and some T cell subsets (memory Th/Tk cells and gamma
delta T cells, shown in Figure 3a2) displayed maximum cellular
association of Au NPs at the FBS concentration of 0.1%, which
may indicate a major contribution from the macropinocytosis
pathway for these immune cells, compared to the RME
pathways. Moreover, as shown in Figure 3a3, the amount of
cellular Au NPs for the naive Th/Tk and Treg cells is inversely
proportional to the concentration of FBS in culture media,
indicating predominant contributions from the macropinocy-
tosis pathway in these immune cell types via non-specific
associations of highly agglomerated Au NPs. As previously
noted, the influence of protein corona on cytotoxicity was
greater than that of the immune cell type, and the cytotoxicity
was reduced as the FBS concentration increased (Figure 3b1).
All types of immune cells demonstrated the greatest
cytotoxicity in the absence of protein corona. While the
protein corona and the type of immune cells and their subsets
have a substantial effect on the cellular associations of Au NPs,
the cytotoxicity of Au NPs appears to be controlled more by
the presence/absence of protein corona, rather than by
immune cell types. Additionally, these findings suggested that
the protein corona may have influenced intracellular trafficking
and exocytosis and caused dramatic reduction in the
cytotoxicity of Au NPs coated with protein corona.**~>°

To further investigate the heterogeneity of the cellular
association and cytotoxicity of Au NPs at the single-cell

level, we plotted them in contour plots and histograms for
various immune cell types cultured under different concen-
trations of FBS. As shown in Figure 4a, total leukocytes
displayed highly heterogeneous distributions in both cellular
association and cytotoxicity profiles of the Au NPs. These
histograms demonstrated that the leukocytes were widely
distributed along both axes, as clusters with different levels of
cellular association (low [less than a few particles per cell],
medium [107% to 10° particles per cell], and high [over 10°
particles per cell]) and cytotoxicity (e.g, low and high). In
contrast with the diagonally elongated islands observed for the
immune cells exposed to Ag NPs;*** the horizontally
elongated islands observed in this study indicate that there
are no significant dose—response relationships in these clusters.

However, the populations of individual clusters were highly
dependent on the presence or the absence of protein corona.
The leukocytes exposed to the Au NPs without protein corona
(purple) dominate the clusters with higher cytotoxicity, while
those treated with Au NPs coated with protein corona (red,
green, and yellow) mostly distribute in the clusters with lower
cytotoxicity. Close observations of histograms and contour
plots for each immune cell type revealed that the
heterogeneous distributions in both the cellular association
and cytotoxicity of Au NPs are highly dependent on the type of
immune cells as well as the presence or the absence of a
protein corona.

As shown in Figure 4b—d, monocytes, DCs, and B cells were
mostly found as unimodal distributions in the medium to high
levels of cellular Au NPs. On the contrary, as shown in Figure
4e,f, NK cells and T cells were widely distributed as bimodal or
trimodal distributions from low to high levels of cellular Au
NPs as well as significant cell populations with no Au signals.
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displayed two vertically separated oval-shaped islands, while islands in these contour plots of various immune cell types
those of NK cells and T cells were found to be two horizontally confirmed that there were no significant dose—response
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relationships within these clusters. However, similar to the
histogram of leukocytes, the cytotoxicity histograms for
individual cell types displayed well-separated, bimodal
distributions. More importantly, the higher cytotoxicity islands
were significantly enhanced in the absence of protein corona
(colored purple), which confirmed our earlier observations of
dramatic cytotoxicity enhancements in the absence of protein
corona (Figure 3b1-b3).

One of the most intriguing features of Figure 4 is that these
contour plots are made up of multiple clusters, rather than a
single unimodal distribution of cellular Au NPs and their
cytotoxicity, which we typically assume during the interpreta-
tion of conventional dose—response relationships based on
averaged values. These clusters with the distinct cellular
association and cytotoxicity features imply that they may have
evolved from distinct cellular subsets with different endocytosis
and/or cytotoxicity mechanisms. In particular, the T cell
contour plot shown in Figure 4f demonstrates the most
heterogeneous feature, trimodal distributions of cellular Au
NPs associated with bimodal cytotoxicity distributions. As
shown in Figure 3a2,a3, the average number of Au NPs in
these T cells and their subsets was typically less than 300.
However, as illustrated by the contour plot in Figure 4f, there
were clusters of T cells that were actually associated with over
1000 Au NPs and exhibited marked cytotoxicity, whereas a
significant number of T cells were also found to be associated
with no Au NPs. These findings in Figure 4f corroborate
previous evidence of the importance of cellular subsets, as
demonstrated in Figure 3a2,a3, where T cell subsets, such as
memory Th/Tk cells and naive Th/Tk cells, exhibited distinct
behaviors in their cellular association with Au NPs and may
provide additional knowledge about the influence of cellular
heterogeneity at the single-cell level. Thus, to further examine
the effect of cellular heterogeneity on the cellular association of
Au NPs with T cell subsets, the histograms and contour plots
of various T cell subsets are given in Figure 5.

While the majority of T cells exhibiting high cytotoxicity can
be attributed to those exposed to Au NPs in the absence of
protein corona, as illustrated in Figure Sa—f, memory Tk/Th
and gamma delta T cell clusters exhibit high cytotoxicity at low
to medium levels of cellular Au NPs, whereas naive Tk/Th and
Treg cell clusters exhibit high cytotoxicity only when
associated with large numbers of Au NPs. When it comes to
T cell clusters with low cytotoxicity, unimodal clusters widely
distributed across a broad range of cellular Au NPs were
observed predominantly in memory Tk/Th and y6 T cells,
whereas bimodal distributions with an additional cluster
located at a low level of cellular Au NPs were observed
exclusively in naive Tk/Th and Treg cells. We have highlighted
the aforementioned differences more clearly in Figure 6, with
the examples of memory and naive Tk cells. In the high
cytotoxicity region, memory Tk cells displayed an ellipsoidal,
horizontally elongated cluster centered at medium levels of
cellular Au NPs (Figure 6al—a$). In contrast, the center of the
oval-shaped naive Tk cell cluster moved to the right side with
higher levels of cellular Au NPs (Figure 6b1—bS). Although
both naive and memory Tk cells had horizontally elongated
clusters in the low cytotoxicity zone, memory Tk cell
distributions were found to be unimodal, centered at medium
levels of cellular Au NPs. The naive Tk cells, on the other
hand, had bimodal or trimodal distributions, with maximal
populations located at low, medium—high, and/or high levels
of cellular Au NPs. These observations at the single-cell level,

particularly those of the naive Tk cells shown in Figure 6b1—
bS, imply that there might be further subsets of naive Tk cells
with distinct behaviors of cellular associations with Au NPs.

Our observations in this study demonstrate that even slight
alterations in cellular subsets that arise during the cellular
differentiation process can result in major disparities in their
interactions with NPs. Naive T cells, created in the thymus and
released into the bloodstream, are recognized as essential
components of the human immune system fighting with new
and unrecognized infections and diseases. As a follow-up of the
innate response’s inflammatory environment, adaptive immune
cells (activated T cells) proliferate and differentiate into cells
with a range of functions suited for the immunological
challenge. Upon eradication of the invading pathogen, the
majority of adaptive cells die by apoptosis, while an array of
memory cell subsets remains. These memory cells have a
variety of migratory features and activities, which work
together to mediate a quick and protective immune response
in the event of reinfection.”’ It is well established that memory
and naive T cells respond to antigens in a qualitatively different
way. The activation threshold of memory T cells is lower than
that of naive T cells, indicating that memory T cells are able to
respond to antigens at lower concentrations than naive T cells.
Between naive and memory T cells, there are several
phenotypic differences that occur mostly during the initial T
cells activation process and appear to persist in memory cells.
Particularly, differences in the expression of molecules involved
in cell surface adhesion (e.g, beta 1 (CD29, CD49d, and
CD49¢) and beta 2 (CD1la, CD11b, and CD18) integrins,
CD2, CD44, CDS4, and CDS8) and lymphocyte migration
(CD62L and CC chemokine receptor 7), as well as other cell
surface molecules, such as CD122, Ly-6C, and CD4S, are
noticeable.””

For example, as demonstrated in the manual gating strategy
shown in Figure S1, naive and memory subsets of both Tk and
Th cells were identified by their expression of surface markers
(CD4SRA and CD45RO), denoted as CD45SRA+/CD45RO—
and CD4SRA—/CD45RO+, respectively. CD45 is known to
have eight isoforms with highly glycosylated extracellular
domains that extend linearly from the cell membrane and allow
for a great deal of diversity in the structure of their side chains.
Among these eight CD4S isoforms, naive T cells normally
express CD45RA, which has just the A protein region, whereas
memory T cells typically express CD45RO, the shortest CD45
isoform that contains none of the A, B, or C protein sections.”
This slight difference in glycosylated extracellular domains of
CD4S isoforms may account for the observed variations
between the contour plots of memory and naive Tk cells
shown in Figure 6. Even though mass cytometry cannot
distinguish between intracellular and membrane-bound Au
NPs, it has advantages over microscopic methods for analyzing
heterogeneous cells like PBMCs in terms of high throughput
and high dimensionality.

In this study, using a single-cell-based, high-dimensional mass
cytometry approach, we demonstrated that the presence of
FBS-derived protein corona has a significant effect on the
cellular associations and cytotoxicity of Au NPs on human
immune cells. In a cell culture medium with varied FBS
concentrations of 0, 0.1, 1, and 10%, Au NPs exhibited the
lowest cytotoxicity and cellular association in the 10% FBS
condition. These effects are highly dependent on the types of
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immune cells and their subsets, particularly those memory and
naive T cell subsets among monocytes, dendritic cells, B cells,
NK cells, and T cells.

Nevertheless, given the heterogeneous and interconnected
nature of NPs’ interactions with various immune cell types as
well as the numerous parameters involved in this process, it is
necessary to conduct more comprehensive studies on the
various parameters influencing the endocytosis pathways of
NPs interacting with heterogenous immune cells, such as
physicochemical properties and protein corona compositions
of NPs on the endocytosis mechanisms. Furthermore, the
influences of the NPs and protein corona on immune cell
differentiation need to be studied for the applications in
precision nanomedicine.

Although its capability has not been fully exploited in the
area of nanomedicine yet, high-dimensional mass cytometry
that analyzes cells multi-parametrically in a single-cell mode
can overcome the current limitations of biological assays by
simultaneously measuring the amounts of cell-associated NPs
as well as phenotyping heterogeneous immune cell popula-
tions. For instance, additional mass cytometry research on the
impacts of specific protein compositions of protein corona will
help us understand the roles of individual proteins on the cell
type-dependent association of NPs and resulting cytotoxicity.
Additionally, since we have paved the way for the use of mass
cytometry in these studies, a future study may potentially focus
on protein corona made from human serum or other
biomolecules. We believe that this novel analytical approach
can be expanded to include neutrophils, other polymorpho-
nuclear cells (such as eosinophils and basophils), and tissue
cells.

The clinical studies on the safety or efficacy of nanomaterials
can be conducted at a considerably later stage of nano drug
development, only for a small number of nanomaterial
candidates and after much more consideration and validation.
However, we also believe that our study combining an in vitro
system with human PBMCs and a novel mass cytometry
approach will accelerate the application of NPs in a variety of
clinical settings by providing a more comprehensive and
systematic understanding of the influences of the key
parameters.

Branched polyethylenimine (bPEI)-coated 40 nm Au NPs, *PElA*
NPs, from NanoComposix (San Diego, CA, USA) were used in this
study. The physicochemical characterization of *"P'Au*® NPs (ie.,
hydrodynamic size and zeta potential) was performed using DLS
(Zetasizer Nano ZS90; Malvern Panalytical), and the results are
presented in Table SI and Figure S2. The hydrodynamic size was
measured at 25 °C under different dispersion conditions: 2 pg/mL
(6.2 x 10° particles) in distilled water and RPMI-1640 medium
(Lonza BioWhittaker, USA) containing 10, 1, 0.1, and 0% FBS
(Gibco, USA). Before use, the NP suspensions were dispersed by S
min sonication and 1 min vortex, and time-series measurements were
taken every hour from 0 to 3 h. The core size was measured by TEM
(JEM 2100F; JEOL), and the TEM images and size distributions are
presented in Figure S3.

The human blood samples used in this study were obtained from
Yonsei University Hospital (Seoul, Republic of Korea) with informed
consent from the donors and approval from the Institutional Review
Board (no. HYUH 2018-09-005-004). Human blood samples were
collected from healthy donors into ethylenediaminetetraacetic acid

hematology tubes to prevent blood coagulation, and PBMCs were
isolated from whole blood using the density gradient method. Whole
blood and Dulbecco’s phosphate-buffered saline (DPBS, Welgene,
Korea) were mixed in a 1:1 ratio, and diluted blood was placed on the
Ficoll-Paque PLUS (GE Healthcare Bio-Sciences, Sweden) layer in
centrifuge tubes. These tubes were centrifuged in a swing-bucket rotor
centrifuge (model 1248R, Labogene, Korea) at 400g and 25 °C for 40
min. After centrifugation, the PBMC layer was collected and washed
in water and DPBS to remove the remaining red blood cells. Washed
cells were dispersed in RPMI-1640 media (LonzaTM BioWhitta-
kerTM, USA) supplemented with FBS for NP treatment.

Cells were transferred to 35 X 10 mm Petri dishes (SPL Life Sciences,
Korea), and the number of cells in the cell culture media was adjusted
to 1-2 X 10° cells/mL. 2 pug/mL (6.2 X 10° particles) Au treated
samples of four conditions were prepared to identify the effect of
surrounding serum protein amount on cell-NP interactions. Cells
were treated with 2 pig/mL PPEIA 40 in RPMI media containing 0, 0.1,
1, and 10% FBS and incubated for 3 h at 37 °C and 5% CO,. After
incubation, Au NP-exposed cells were transferred to empty centrifuge
tubes and washed with DPBS to remove extra NPs that did not enter
the cell.

After washing with DPBS, cells were stained with cisplatin (Fluidigm
Corp., USA) to check cell viability and barcoded using a Pd barcode
(Cell-ID 20-Plex Pd Barcoding Kit, Fluidigm Corp., USA) to reduce
marker intensity variation between samples. The cells were labeled
with 17 surface markers according to the Maxpar Phosphoprotein
Staining with Fresh Fix Protocol (Fluidigm Corp., USA), and the cell
surface labeling panel is presented in Table S2. All markers in the
labeling panel were purchased from Fluidigm Corp. USA. After
surface staining, cells were fixed in formaldehyde (Thermo Scientific,
USA) and dispersed in Cell-ID Intercalator-Ir (Fluidigm Corp., USA)
solution overnight to check the DNA content of the cells.

Cells were rewashed before data acquisition and suspended at 1 x 10°
cells/mL per sample in the cell acquisition solution (Fluidigm Corp.,
USA). For normalization, calibration beads were added at 1:10 v/v,
and cells were filtered into strainer-capped tubes just before the
measurement using a Helios mass cytometer (Fluidigm Corp., USA).
The blank solution (5% HNO;) and a AuNOj solution (1 ng mL™" in
5% HNO,) were measured by the instrument to calibrate the '’Au
counts and after measuring these solutions, ""*'Au*-treated samples
were loaded. The cellular Au NP association was calculated using the
average dual count of "’Au in the collected data.

Flow]Jo (version 10.8.0, LLC, USA) and Cytobank (version 9.0, Inc.,
USA) were used for data gating and visualization. Raw data were
transformed into an inverse hyperbolic sine (arcsinh), and cell types
were identified by manual gating based on the surface markers (Figure
S1 and Table S2). Quantification of cellular Au NPs was performed
according to the method proposed by Ivask et al>* The UMAP
method was used to visualize high-dimensional mass cytometry data
at single-cell resolution (Figure 1). Quantitative data were plotted
using the OriginPro software program (version 2016 b9.3.2.303
Academic, Origin Lab Corporation, USA). For the contour plot, we
used 21,455, 72,409, 67,415, and 67,755 cells for 2 pg/mL-Au NP-
treated cells incubated with 0, 0.1, 1, and 10% FBS, respectively.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.3c00001.

Gating strategy, surface marker panel list, and more
detailed information of NP and protein corona
characterization (PDF)
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NP nanoparticle

FBS fetal bovine serum

BSA bovine serum albumin

IgG immunoglobulin G

PBMC peripheral blood mononuclear cell

DC dendritic cell

RME receptor-mediated endocytosis

CyTOF cytometry by time-of-flight

bPEI branched polyethylenimine

DwW deionized water

RPMI Roswell Park Memorial Institute

SDS-PAGE  sodium dodecyl sulfate-polyacrylamide gel
electrophoresis

LC-MS/MS liquid chromatography—tandem mass spec-
trometry

MALDI-TOF matrix-assisted laser desorption/ionization
time-of-flight

CD cluster of differentiation

Th T helper cell

Tk T killer cell

Treg regulatory T cell

t-SNE t-distributed stochastic neighbor embedding

UMAP uniform manifold approximation and projec-
tion

NK natural killer cell

DLS dynamic light scattering

TEM transmission electron microscopy

DPBS Dulbecco’s phosphate-buffered saline
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