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Abstract: Understanding the interaction between nanoparticles and immune cells is essential for the
evaluation of nanotoxicity and development of nanomedicines. However, to date, there is little data
on the membrane microstructure and biochemical changes in nanoparticle-loaded immune cells. In
this study, we observed the microstructure of nanoparticle-loaded macrophages and changes in lipid
droplets using holotomography analysis. Quantitatively analyzing the refractive index distribution
of nanoparticle-loaded macrophages, we identified the interactions between nanoparticles and
macrophages. The results showed that, when nanoparticles were phagocytized by macrophages,
the number of lipid droplets and cell volume increased. The volume and mass of the lipid droplets
slightly increased, owing to the absorption of nanoparticles. Meanwhile, the number of lipid droplets
increased more conspicuously than the other factors. Furthermore, alveolar macrophages are involved
in the development and progression of asthma. Studies have shown that macrophages play an
essential role in the maintenance of asthma-related inflammation and tissue damage, suggesting that
macrophage cells may be applied to asthma target delivery strategies. Therefore, we investigated
the target delivery efficiency of gold nanoparticle-loaded macrophages at the biodistribution level,
using an ovalbumin-induced asthma mouse model. Normal and severe asthma models were selected
to determine the difference in the level of inflammation in the lung. Consequently, macrophages
had increased mobility in models of severe asthma, compared to those of normal asthma disease. In
this regard, the detection of observable differences in nanoparticle-loaded macrophages may be of
primary interest, as an essential endpoint analysis for investigating nanomedical applications and
immunotheragnostic strategies.
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1. Introduction

Nanomedicine is the application of nanotechnology for the diagnosis, prevention, and
treatment of diseases. Generally, nanoparticles are designed to improve the biodistribution
of encapsulated drugs by delivering them more effectively and selectively to the pathologi-
cal site, also known as site-specific drug delivery. The aim of this strategy is to balance the
therapeutic efficacy and toxicity of the compounds. However, the physiological barrier of
an interendothelial passage is less than 3 nm; for this reason, many strategies (including
nanoparticles) cannot be transferred across impermeable barriers to facilitate treatment at
sites of tissue injury [1].

Cell-based delivery systems are a strategy for therapeutic and diagnostic applications
that have potential advantages, such as increased bioavailability, improved pharmacokinet-
ics, and reduced toxicity. In particular, blood cells (including erythrocytes, leukocytes, and
platelets) are being used as candidates for specific applications, such as circulating lifespan,
targeted release ability, and natural adhesion [2]. In general, macrophages can respond
rapidly to inflammation through activation, adhesion, and migration via intercellular path-
ways. Thus, macrophages loaded with therapeutic components can be excellent mediators
facilitating the delivery of these agents across the endothelial barrier and releasing drugs to
specifically targeted tissues [1].

Understanding the inflammatory and toxicology of artificial nanoparticle interactions
with macrophages is the basis for evaluating particle safety, in terms of activation of in-
nate/inflammatory responses and possible uses for nanomedicine [3]. However, to date,
there is little data on the effect of nanoparticles on the morphology, especially the membrane
microstructure and biomechanical properties, of RAW264.7 macrophages. Information
on the interaction between these nanoparticles and macrophages may be important for
the evaluation of nanotoxicity and development of nanomedicines. Possible alterations
in immune function, following interactions with nanoparticles, could improve our under-
standing of the defense capabilities of exposed organisms, increasing our knowledge of
infections and diseases.

Not only the biochemical changes but also the observable differences could be key fac-
tors for systematic understanding the interaction of nanoparticles with macrophages. Lipid
droplets are one of the observable cellular organisms that regulate inflammatory responses
and phagocytosis. When macrophages ingest and eliminate pathogens through phagocyto-
sis, they require dynamic changes, such as membrane fusion and division. Lipid synthesis
provides essential lipids to maintain the cytoskeletal network and plasma membrane,
thereby enhancing phagocytosis. Lipid droplets also support phagocytosis by providing
phospholipid stores that can be rapidly recruited during membrane expansion [4].

Microscopy analysis has been commonly suggested for lipid droplet characteriza-
tion; however, fluorescent dyes, which visualize lipid droplets, may cause morphological
changes, due to phototoxicity and photobleaching. To overcome this limitation, many
studies have attempted to investigate lipid droplets, using various techniques, such as
Raman scattering, electron, and atomic force microscopy (AFM)-based approaches [5]. Re-
cently, holotomography, also known as three-dimensional (3D) quantitative phase imaging
(QPI), has proposed label-free, high-resolution imaging in living cells [6]. Previously, lipid
accumulation in hepatocytes was observed from the reconstructed three-dimensional (3D)
refractive index (RI) map of hepatocytes [7,8]. Recently, the cytotoxic effects of positively-
charged polystyrene nanoparticles on human alveolar cells were also studied [9].

Asthma is an airway inflammation-related disease, characterized by airway hyperre-
sponsiveness (AHR). Various chemical drugs, peptides, and genetic molecules are used as
drug therapies for chronic lung diseases, including asthma. However, most chronic lung
diseases cannot be completely cured with medication alone; for this reason, controlling
symptoms with steroids, bronchodilators, pirfenidone, or nintedanib is the best option [10].
Conventional drug treatment is usually limited by low drug penetration and response to
treatment. To solve this, nanoscale carriers have been used as an advanced strategy to
improve the pharmacokinetics of therapeutic agents [10].
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Currently, macrophage cell carriers are widely used as in vitro and in vivo inflammation-
related models for drug delivery systems owing to their unique properties. In particular,
macrophages in cancer target delivery areas known as tumor-associated macrophages
(TAMs) show outstanding ability and are frequently found within tumor microenviron-
ments, including hypoxic, necrotic, and inflammatory areas, suggesting that leukocytes can
be used to access the microenvironment deep into the tissue [1].

Alveolar macrophages are one of the immune cells involved in the development
and progression of asthma. Studies have shown that macrophages are implicated in the
maintenance of lung homeostasis and are an essential part of the mechanisms that main-
tain asthma-related inflammation and tissue damage [11]. Therefore, macrophage-based
systems may be applied as an asthma target delivery option. Macrophages also have
phagocytic capacity, which can enhance their ability to encapsulate drugs and therapeu-
tic particles.

In this study, we used holotomography analysis to observe the morphological, ultra-
structural, and lipid droplet changes. Quantitative measurements of morphological and
biophysical parameters in live unlabeled macrophages, compared to monocytes (RAW264.7
cells) provide nanoscale insights into this in vitro model of inflammation. In addition, using
RI-based quantitative analysis, observable changes in 3D correlation imaging were used
to identify macrophage and nanoparticle interactions. Furthermore, the target delivery
efficiency of gold nanoparticle (AuNP)-loaded macrophages was investigated at the intra-
cellular level using ovalbumin (OVA)-induced asthma mouse models. In this regard, the
detection of observable differences in nanoparticle-loaded macrophages may be of primary
interest as an important endpoint analysis for investigating nanomedical applications and
immunotheragnostic strategies.

2. Results

We stimulated macrophages using lipopolysaccharide (LPS), which is a major outer
membrane component of gram-negative bacteria that plays an important role in the patho-
genesis of gram-negative bacterial infections.

Inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) proteins are
widely recognized as validation tools for LPS-induced macrophage differentiation. Expres-
sion of these proteins confirmed macrophage differentiation induced by LPS (Figure 1b).
RAW264.7 cells did not express iNOS or COX-2, but COX-2 protein was expressed in cells
after 24 h incubation with LPS. During the last 24 h of culture, the expression of COX-2
increased with that of iNOS.

The production of nitric oxide is important for regulating proinflammatory responses
in inflammatory diseases. For this reason, we investigated nitric oxide production in
LPS-stimulated macrophages. LPS-induced macrophages showed significant nitric oxide
production compared to RAW264.7 cells. iNOS protein is responsible for inducing nitric
oxide production in macrophages (Figure 1c).

The 3D holotomographic images of LPS-induced macrophages showed significant
changes compared to those of untreated RAW264.7 cells (Figure 1a, Video S1, S2), and
these morphological changes were confirmed after 48 h of LPS stimulation. RAW264.7 cells
exhibited a classical oval shape with a volume of 1071.3 pum?3. Additionally, the control
cell membrane was relatively smooth, with few surrounding lamellipodia. However, LPS-
exposed macrophages were larger than control cells, with a cell volume of 1269.5 um?, and
the volume of the LPS-induced nuclei was also increased. In particular, the lamellipodia
and filopodia of macrophages became much stronger with some dendritic pseudopods.
Meanwhile, protein concentration showed negligible changes between LPS-treated and
untreated cells. The cell dry mass showed a slight increase, following the change in
cell volume.
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Figure 1. (a) The 3D holotomographic images show RAW264.7 cells and LPS-induced macrophages by
RI-based imaging technology. When RAW264.7 cells differentiated into macrophages, lipid droplets
appeared inside the cells. (Red dots indicate lipid droplets) (b) Time-dependent protein expression
level of LPS-induced macrophages were analyzed by Western blotting. iNOS and COX2 proteins
showed that LPS was activated into RAW264.7 cells to induce macrophages. B-actin was used as a
control. (c) Nitrite production in the cell media under LPS treatment was measured by the Griess
assay. Nitrite production indicates that iNOS protein induces inflammation in macrophages. (RL:
LPS treated RAW264.7 cell).

Lipid droplet formation is a phenomenon that occurs after LPS treatment and is
an important factor. When macrophages were treated with LPS, lipid droplets emerged
inside the cells. Because the RI values of lipid droplets are distinctly higher than that of
cytoplasm, the lipid droplets are segmented by thresholding a RI value in a measured
RI tomogram [7]. The characteristics of the lipid droplets were quantitatively compared
using numerical analysis of areas demonstrating an RI value of 1.390. In Figure 2, several
parameters, including number, volume, and dry mass, of lipid droplets in cells, with and
without LPS stimulation, are shown. The number, volume, and dry mass of lipid droplets
in macrophages were 7.000, 1.562 fL, and 0.689 pg per cell, respectively.
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Figure 2. (a) 3D holotomographic images of LPS-induced macrophages show significant changes
compared to RAW264.7 cell line. Cell size and morphological changes appeared after 48 h of
incubation with LPS. (b) The characteristics of RAW264.7 cells and macrophages were quantitatively
compared through numerical analysis. This analysis results exhibit the morphological and biological
changes using RAW264.7 cell (n = 320) and macrophage (RL; n = 262). Data are presented as a
box-and-whiskers plot, with 10-90 percentile of results. Additionally, all of the data show significant
differences (p < 0.001). (c) 3D RI tomograms (left) of each cell were reconstructed from multiple 2D
hologram images (right).

In this study, we focused on the interaction of nanoparticles with live macrophages.
Two types of nanoparticles were selected, namely AuNPs and graphene quantum dots
(GQDs), which represent metal- and carbon-based nanoparticles, respectively. These two
nanoparticles show excellent properties, such as biocompatibility and nontoxicity. We
performed in vitro biodistribution imaging technology, which can be used to analyze the
degree of bonding between nanoparticles and macrophages using 3D holotomographic
images. Figure 3 shows the distribution of each nanoparticle in macrophages. AuNPs
in holotomographic images were determined by RI detection in the range of 1.3345 to
1.3421 Rl values (Figure 3a, Video S3), while GQDs were obtained by fluorescence detection
(Figure 3b, Video 54).
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Figure 3. (a) 3D holotomography and fluorescence images of GQD-loaded macrophages indicate
that GQDs are localized into the cell. Green dots indicate the fluorescence of GQDs. (b) 3D holo-
tomographic image of AuNP-loaded macrophage indicate the AuNPs location using an RI-based
image system.

Furthermore, as shown in Figure 4, when nanoparticles were absorbed into macrophages,
the lipid droplet number and cell volume increased. The volume and mass of the lipid droplets
increased slightly, owing to the absorption of nanoparticles. Interestingly, the number of
lipid droplets increased more conspicuously than the other factors. The cell volume and
dry mass increased because the nanoparticles were loaded into macrophages. Additionally,
the filopodium was significantly decreased and showed a smooth and spherical cell shape
in both nanoparticle-treated macrophages.

To determine the target delivery capacity of macrophages for asthma-related inflam-
mation, macrophages loaded with AuNPs were applied to healthy and asthmatic mouse
models. A gold ion detection method, wherein gold ions indicate the accumulation of
macrophages in each organ, was used to track the location of AuNPs. To establish lung-
specific inflammatory bodies, we selected an ovalbumin (OVA)-induced asthma model.
We used OVA-asthma and OVA-severe models to determine the difference in the level of
inflammation in the lungs.
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Figure 4. (a) 3D holotomographic images show each nanoparticle-loaded macrophage. This image
focused on cell cytoplasm and lipid droplet information. (b) The properties of nanoparticle-loaded
macrophages were quantitatively compared through numerical analysis in lipid droplet number,
volume, mass, cell volume, dry mass, and protein concentration. Macrophage (RL; n = 262), AuNP-
loaded macrophage (RL-AN; n = 180), and GQDs-loaded Macrophage (RL-GN; n = 233) was used
for this analysis. Data are presented as a box-and-whiskers plot, with 10-90 percentile of results.
Additionally, the data of lipid droplet number, cell volume, protein concentration, and dry mass
showed significant differences (*** represents p < 0.0001). For the lipid droplet volume, the mass gave
p-values of 0.0679 and 0.0672.

Figure 5 shows the ex vivo biodistribution in the major organs (lung, heart, liver,
kidney, and spleen), based on the gold ion concentration per organ weight. AuNP-loaded
macrophages migrated to the lung tissue in the asthma mouse model. Macrophages
exhibited a six-fold faster migration into the lung tissue in the OVA-severe model, compared
to the OVA-asthma model. These results show that macrophages have increased migratory
properties, according to the level of tissue inflammation.
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Figure 5. Quantification analysis of gold ion accumulation in the major organs (lung, heart, liver,
kidney, spleen), calculated by gold ion per each organ weight. AuNP-loaded macrophage migration
exhibited the lung target delivery, and release property.

Furthermore, the quantification analysis of gold ion accumulation was performed
to analyze the static time level of the AuNP-loaded macrophages in each organ. The
maximum accumulation of gold ions was detected in the lungs and released within 24 h.

3. Discussion

Cell-based drug delivery systems have been developed to improve pharmacokinetic
properties, such as high bioavailability and reduced toxicity of therapeutics. These strate-
gies can achieve advantages, such as prolonged drug release time, nonimmunogenicity,
target accumulation, drug release into specialized cellular compartments, and biocom-
patibility [2]. In particular, macrophages have homing properties to migrate to sites of
inflammation and tumors, making them desirable for the development of targeted drug
delivery systems. Early studies demonstrated that cells can actively cross the endothelial
barrier, including the blood-brain barrier [12]. Therefore, macrophage-mediated delivery
systems have been developed to successfully deliver therapeutics to the site of action.

LPS-stimulated RAW264.7 cells have been widely used to prepare macrophage vehicles
for drug delivery applications. When LPS stimulation is initiated, the downstream NF-«xB
signaling pathway is activated to trigger cytokine secretion and nitrite production. During
this process, many inflammatory mediators are produced in macrophages, including iNOS,
COX-2, and nitric oxide [13]. In particular, nitric oxide is produced by iNOS downregula-
tion, which plays an important role in the innate response of activated macrophages and is
involved in immunomodulatory mechanisms [14]. COX-2 is an enzyme that can be induced
by inflammatory cytokines and other activators, such as LPS, to release prostaglandin E2
at the inflammation site and is abundant in activated macrophages and other cells in the
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area. Therefore, COX-2 expression is considered a marker of macrophage activation [15].
Western blot and nitric oxide detection results indicated that LPS stimulation activated the
macrophage inflammatory response (Figure 1b,c).

Lipid droplet accumulation is a naturally observed phenotype in infectious, neoplastic,
and inflammatory diseases, including cancer. Recent studies have focused on elucidating
the function of lipid droplets under physiological and pathological conditions. In particular,
the causal relationship regulating the formation of lipid droplets and their functional impor-
tance in cell biology is gaining interest [16]. Recent studies have shown that macrophage
function is affected by cellular metabolism, including lipid synthesis. Upon stimulation of
Toll-like receptor 4, by LPS, macrophages augment lipid synthesis, inflammatory cytokine
production, and lipid droplet accumulation. Lipid droplets may support the maintenance
of cellular fatty acid homeostasis, production of immunological mediators, and regulation
of macrophage functions. As immunological mediators, eicosanoids are key components of
immune cell proliferation, activation, and migration [4]. Consequently, lipid droplets are
not only involved in lipid storage and transport but may also be involved in inflammation,
cell activation, and metabolism, thus becoming markers for macrophage activation.

Previous studies have revealed the morphological and microstructural changes in
RAW264.7 cells upon LPS stimulation by AFM analysis. It was found that RAW264.7
macrophages stimulated with LPS increased in size, compared to untreated cells and that
morphological changes, such as lamellipodia, were stronger, and the size of the nucleus
was increased [13]. Holotomography results are consistent with the results of previous
studies, indicating that LPS stimulation induces macrophage activation from RAW264.7
cells (Figure 2). Additionally, holotomography provides more intracellular images than
other analytical tools, such as AFM. As shown in Figure 2, lipid droplets were not present
in RAW264.7 cells but were significantly revealed by LPS stimulation. Lipid droplets are
not robust for detection, owing of their phototoxicity, photobleaching, or crumpling by
fixation [17,18]. The advanced technologies in QPI have provided label-free imaging of
living cells with quantitative information, including cell volume, cell dry mass, protein
concentration, and lipid droplet volume, mass, and number [8]. Based on these results,
we confirmed the activation of LPS-stimulated macrophages and differentiated them from
RAW264.7, through quantitative information, morphological changes, and the presence of
lipid droplets.

Macrophages can phagocytose substances through various mechanisms. Therefore,
loading micro- and nanoparticles, such as AuNPs and GQDs, could lead to significant
levels of therapeutic efficacy in the field of drug delivery systems [19-21]. In addition,
drug-loaded macrophages improve the lifespan by evasive renal excretion and/or liver
metabolism. Encapsulated drugs are protected from immune responses, including the
mononuclear phagocyte system [2,19]. However, the lack of understanding of the interac-
tion between macrophages and engineered nanoparticles hinders the variety of potential
for nano-medical applications.

In this study, we identified nanoparticles using two types of systems: AuNPs re-
vealed by Rl-based detection and GQDs shown by green fluorescence in macrophages
(Figure 3). These were distinguished by observable parameters and quantitative values in
macrophages (Figure 4). The results showed significant differences, depending on whether
the nanoparticles are loaded, and this may be because phagocytosis requires dynamic
changes in plasma membrane fusion and division to take up nanoparticles [22,23]. In par-
ticular, lipid droplets are rapidly mobilized for membrane expansion, providing a reservoir
of phospholipids to aid phagocytosis [4].

Recent studies have reported that certain nanoparticles induce oxidative stress in
cellular conditions, leading to lipid droplet formation. For example, Khatchadourian et al.
found that cadmium telluride nanoparticles form lipid droplets and damage intracellular
organelles [24]. When the mitochondrial membrane is damaged by oxidative stress or
external factors, triglyceride storage increases and lipid droplets accumulate [25,26]. Lipid
droplets are motile organelles, and their behavior in stressed cells is dynamic, as lipid
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metabolism is impaired during oxidative stress. Interestingly, Melo et al. reported that lipid
droplets were associated with the phagolysosomes of macrophages during in vivo infection,
and some lipid droplets are internalized by phagosomes [27]. Therefore, an increase in lipid
droplets may be proposed as a natural response to intracellular stress and phagocytosis.
Ultimately, the morphological, structural, and biochemical changes of macrophages by
nanoparticle encapsulation are important for understanding and improving drug delivery
efficacy. Quantitative values can also help differentiate between them.

Asthma is a chronic disease characterized by persistent inflammation of the airway,
and macrophages play an important role in allergen-induced airway inflammation in
allergic asthma, such as the phagocytosis of apoptotic cells [28]. Therefore, macrophages
can be a strategy for targeted delivery to asthmatic lung tissue, through their inflammatory
homing properties. Our study shows the distribution of AuNP-loaded macrophages
in a mouse model of asthma with different levels of inflammation. Macrophages show
rapid migration and accumulation in the lung tissue, particularly in conditions of chronic
inflammatory asthma. The nanoparticle-loaded macrophages leave the site of inflammation
after accumulation. This behavior exactly follows the role of macrophages in asthma
(Figure 5) [20,28].

As asthma progresses, many inflammatory cells work together with activated resi-
dent structural cells to sustain inflammation, through the secretion of proinflammatory
mediators, which causes bronchial hyperresponsiveness (BHR), mucus overproduction,
and epithelial barrier dysfunction. The resolution of airway inflammation begins with
the termination of proinflammatory signaling and granulocyte recruitment. It triggers
monocyte recruitment, programmed cell death, or apoptosis through death signaling,
which is mediated by natural killer cells. These granulocytes and apoptotic cells are
cleared by programmed cell death, with subsequent phagocytosis by the surrounding
macrophages [28,29].

This resolution of airway inflammation is activated by the biosynthesis of active
endogenous anti-inflammatory and proresolving mediators, which act on key cellular
events of inflammation to aid in lung homeostatic progression. In particular, proresolving
mediators induce specific alterations in macrophages, such as enhancing phagocytosis of
apoptotic cells and shifting from classical to alternative activation of macrophages [29,30].
This recruitment of monocyte and macrophage activity could infer macrophage migration
and clearance phenomena in asthmatic lung conditions.

The severe asthma mouse model showed significant augmented responses in airway
hypersensitivity, airway inflammation, Th2 cytokine production, and histologic changes,
compared to the normal asthma model [31]. In addition, our previous OVA-induced asthma
study revealed that increased adhesion molecules, such as ICAM-1 and VCAM-1, were
found to influx inflammatory cells from the blood into the lungs [32]. Taken together, the
results show that AuNP-loaded macrophages migrate to the target lung tissue in OVA-
induced asthma mice, compared to negative control (NC) mice, and demonstrate that these
results were significantly facilitated in the severe asthma model. Therefore, our design can
be proposed as a targeted delivery strategy for asthmatic lung tissue. Various mechanisms
can be applied to the release nanoparticles from macrophages, and photochemical inter-
nalization is one of proper modality [33]. Further studies of external stimuli are needed to
increase the release of nanoparticles and enhance therapeutic properties of the drug.

4. Materials and Methods
4.1. AuNP Preparation

AuNPs were prepared following the Turkevich method [34]. The HAuCl4 solution
(0.2 mg/mL) was heated at 97.5 °C. with vigorous stirring. When the solution reached a
sufficient temperature, trisodium citrate hydrate (4.7 mg) was added and stirred for 30 min.
The color of the solution changed from dark blue to red wine with AuNP synthesis. After
the reaction, the solution was cooled and stored at 4 °C for subsequent experiments.
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4.2. GQD Synthesis

The synthesis protocol for GQDs followed that of Md Nafiujjaman [35]. Specifically,
2 g of L-glutamic acid was placed in a glass bottle and heated to 220 °C using a heating
mantle. Solid L-glutamic acid turns into a liquid during pyrolysis and then turns brown.
Next, 10 mL of distilled water was added to the solution and vigorously stirred for 30 min.
The solution was cooled to room temperature and centrifuged at 10,000x g for 30 min to
collect the supernatant.

4.3. Differentiation of RAW264.7 Cells to Macrophages

LPS was used as an inducer of RAW 264.7 cell activation. First, RAW264.7 cells were
concentrated to 5 x 10° cells and cultured in a Petri dish containing 2 ug of LPS for 48 h.
AuNPs (20 pmol) or GQDs (1 mL of 4 mg/mL) were applied to RAW264.7 cells 24 h after
LPS treatment. We used cells incubated with LPS for 48 h, including nanoparticle-treated
or untreated samples, for all experiments [20]. Preparation of activated macrophages for
holotomographic microscopy analysis followed the RAW264.7 differentiation protocol in
TomoDish (Tomodish#1.5 H with a #1.5 H thickness and 50 mm diameter glass bottom;
Tomocube, Inc., Daejeon, Korea). All cultures were maintained at 38 °C under 10% CO,.

4.4. Holotomography

Exploiting holotomography, each sample was subjected to quantitative and qualitative
analyses to detect lipid droplets and cell volume, mass, protein concentration, number, and
morphology. Holotomography is a laser-based 3D holographic microscopy technique. We
used a commercial holotomography system (Tomocube HT-2; Tomocube, Inc.; Daejeon,
Korea), which measured both the 3D RI distribution and three-channel 3D fluorescence
imaging. The 3D RI tomogram is reconstructed from multiple 2D hologram images, ac-
quired from various illumination angles (49 illuminations and 48 azimuthally symmetric
directions). A diode-pumped solid-state laser (A = 532 nm) was used as an illumination
source. A beam from the laser is split into two arms using a 2 x 2 fiber. A beam passes
through a sample. The diffracted light is collected with a high numerical aperture objective
lens (NA = 1.2, UPLSAP 60XW; Olympus, Tokyo, Japan) and then imaged onto a COMOS
image sensor (FL3-U3-13Y3MC; FLIR Systems, Wilsonville, OR, USA), which interferes with
a reference beam and forms a spatially modulated hologram. A digital micro-mirror device
was used to rapidly and precisely control the angle of the illumination [36]. The detailed
information on the principle of holotomography, the optical setup, and the reconstuction
algorithm can be found elsewhere [37-39].

4.5. Holotomography

From the reconstructed 3D RI tomograms, the cell body and lipid droplets are seg-
mented by thresholding RI values, using the distinct RI values between surrounding
membrane (1.3450-1.3506; beige color), cytoplasm (1.3749-1.3824; blue color), and lipid
droplet (>1.3932; red color) [7]. The volume of cell and lipid droplets are directly calculated
from the segmentation. The drymass concentration is retrieved using a linear relation-
ship between a RI (1) and drymass concentration (c) [40,41], using the priori known RI
increment values for cytoplasm (drn/dc = 0.189) [42] and lipid (dn/dc = 0.135) [43]. The
mass is calculated by multiply the volume and the drymass concentration. We only seg-
mented the volume of lipid droplets based on their distinct RI values and did not segment
carbohydrates and nucleic acids for the calculation of cellular drymass [8,44].

4.6. Nitric Oxide Assay

Nitric oxide detection in macrophages was performed using a nitric oxide/nitrate
colorimetric assay. The supernatant of each sample was mixed with 0.1% Griess reagent
(G4410; Merck KGaA, Darmstadt, Germany) and incubated for 5 min. The Griess solution
reacts with nitric oxide in the samples to form a purple azo product. The absorbance
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value of the product was measured at 546 nm with a microplate reader (Epoch; BioTek
Instruments, Inc., Winooski, VT, USA) [13].

4.7. Western Blot Assay

RAW264.7 cells were treated with LPS, combined with or without nanoparticles (AuNP
and GQDs). Total protein was extracted and determined using Bradford reagent (B6916;
Merck KGaA), according to the manufacturer’s instructions. Proteins were resolved by
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred onto
a nitrocellulose membrane. The membrane was blocked with Tris-buffered saline with
Tween-20 (200 mM Tris, 500 mM NaCl, and 0.05% Tween-20) containing 5% skim milk
for 1 h and incubated with the primary antibodies. After incubation, the membrane was
incubated with a horseradish peroxidase-conjugated secondary antibody (Cell Signaling
Technology Inc., Beverly, MA, USA) for 1 h. Antibody-treated proteins were prepared by
the reaction with an enhanced chemiluminescent detection solution using a luminescent
image analyzer (Amersham Imager 600; GE Healthcare Bio-Sciences AB, Uppsala, Sweden).

4.8. Ex Vivo Analysis of the Biodistribution of Nanoparticle-Loaded Macrophages Using BALB/c
Asthma Model

Six-week-old female BALB/c mice (Jackson Laboratory, Bar Harbor, ME, USA) were
purchased and housed under specific, pathogen-free and OVA conditions. All animal
experiments performed in this study were approved by the Institutional Animal Care
and Use Committee of Ajou University (IACUC 2019-0020). The mice were divided into
three groups, namely NC, OVA-sensitized and challenged (OVA-asthma), and severe OVA-
sensitized and challenged groups (OVA-severe). In allergen sensitization and challenge,
the mice were first sensitized with intraperitoneal injections of 10 ug of OVA (Thermo
Fisher Scientific, Pittsburgh, PA, USA) in 1 mg of alum (Inject Alum; Pierce Biotechnology,
Inc., Rockford, IL, USA) on days 0 and 14. Then, sensitized mice were nebulized with
1% or 2% OVA for 30 min in the OVA-asthma and OVA-severe models, respectively,
using an ultrasonic nebulizer (NE-Y2; Omron, Kyoto, Japan) on days 28, 29, and 30.
Mice in the NC group received only phosphate-buffered saline (PBS). Two days after
the last OVA nebulization, the mice were sacrificed by CO, asphyxiation at 1, 6, 12, and
24 h after administration of 1.0 x 107 cells/head of AuNP-loaded macrophages. Organs,
such as the heart, lungs, liver, kidneys, and spleen, were harvested, washed with PBS
thrice, and homogenized with 0.3% Triton™ X-100 containing PBS. The homogenized
sample was mixed with five-fold aqua regia and sonicated for 2 h. Finally, the sample
was diluted to 100-fold with double-distilled water and analyzed by inductively coupled
plasma mass spectrometry.

4.9. Statistical Analysis

Data are presented as a box-and-whiskers plot with 10-90 percentile of results obtained
from three independent trials unless otherwise indicated. Analysis of variance (t-test)
(GraphPad Prism, GraphPad Software, San Diego, CA, USA) was used to determine the
statistical significance between RAW264.7, and groups. Analysis of variance was used to
determine statistical significance between three or more groups. Statistical significance was
set at p < 0.05.

5. Conclusions

Cell-based drug delivery systems offer several advantages for the development of
nanomedicines, and one example is macrophages that deliver therapeutics or engineered
particles to the site of inflammation. Changes in observable parameters in nanoparticle-
stimulated macrophages are essential for the rapid interpretation of the molecular mecha-
nisms, by which macrophages bind nanoparticles. We investigated the morphological, mi-
crostructural, and biochemical changes of macrophages, upon LPS stimulation and nanopar-
ticle encapsulation, which may aid in our understanding of the interactions between
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nanoparticles and macrophages. We also verified the homing properties of macrophages
in an asthma mouse model. Holotomography analysis is a powerful tool for detecting 3D
structures and imaging cell morphology at a high resolution that can also provide quantita-
tive data, such as lipid droplet count, volume, mass, and cell characterization. In particular,
lipid droplets, revealed in living cells, help provide an understanding of the influence of
nanoparticles on macrophages. Therefore, the potential of lipid droplets as markers of
disease and targets for novel anti-inflammatory and antineoplastic therapies should be
explored. This study supports a novel framework for the visual study of macrophages
via holotomography analysis and also demonstrates that holotomography can be used to
investigate changes in macrophages upon nanoparticle stimulation at the nanoscale level.

Supplementary Materials: Supplementary Materials are available online at https://www.mdpi.
com/article/10.3390/ijms23031622/s1.

Author Contributions: Conceptualization, J.-H.C. and S.J.H.; formal analysis, S.H.K., SK.K,, D.R.
and Y.P; data curation, SH.K., D.-H.L., I.S.P. and S.K.K,; visualization, Y.P. and S.-H.B.; writing—
original draft preparation, S.H.K,, Y.S.S. and S.J.H.; writing—review and editing, Y.S.S., Y.P,, J.-H.C.,
S.-H.B. and S.J.H,; validation, S.-H.B.; supervision, J.-H.C. and S.J.H.; funding acquisition, S.J.H. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by Basic Science Research Program through the National
Research Foundation of Korea (NRF), funded by the Ministry of Education (NRF-2021R111A3054949).
Additionally, this research was supported by Hallym University Research Fund.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee of Ajou University (IACUC2019-0020).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support the findings of this study are available from
the corresponding author upon request.

Acknowledgments: We would like to thank H.J. Kim for helping us get this holotomography 3D image.

Conflicts of Interest: Y.P. has financial interests in Tomocube Inc., a company that commercializes
optical diffraction tomography.

References

1.  Timin, A.S,; Litvak, M.M.; Gorin, D.A.; Atochina-Vasserman, E.N.; Atochin, D.N.; Sukhorukov, G.B. Cell-Based Drug Delivery
and Use of Nano-and Microcarriers for Cell Functionalization. Adv. Healthc. Mater. 2018, 7, 1700818. [CrossRef]

2. Sun,Y,;Su,],; Liu, G; Chen, J.; Zhang, X.; Zhang, R.; Jiang, M.; Qiu, M. Advances of blood cell-based drug delivery systems. Eur.
J. Pharm. Sci. 2017, 96, 115-128. [CrossRef] [PubMed]

3.  Swartzwelter, B.J.; Verde, A.; Rehak, L.; Madej, M.; Puntes, V.F,; De Luca, A.C.; Boraschi, D.; Italiani, P. Interaction between
Macrophages and Nanoparticles: In Vitro 3D Cultures for the Realistic Assessment of Inflammatory Activation and Modulation
of Innate Memory. Nanomaterials 2021, 11, 207. [CrossRef]

4. Yan, ].; Horng, T. Lipid Metabolism in Regulation of Macrophage Functions. Trends Cell Biol. 2020, 30, 979-989. [CrossRef]
[PubMed]

5. Martins, A.S.; Martins, 1.C.; Santos, N.C. Methods for Lipid Droplet Biophysical Characterization in Flaviviridae Infections. Front.
Microbiol. 2018, 9, 1951. [CrossRef] [PubMed]

6. Park, Y.; Depeursinge, C.; Popescu, G. Quantitative phase imaging in biomedicine. Nat. Photonics 2018, 12, 578-589. [CrossRef]

7. Jung, J.; Hong, S.-J.; Kim, H.-B.; Kim, G.; Lee, M.; Shin, S.; Lee, S.; Kim, D.-].; Lee, C.-G.; Park, Y. Label-free non-invasive
quantitative measurement of lipid contents in individual microalgal cells using refractive index tomography. Sci. Rep. 2018, §,
6524. [CrossRef]

8. Park, S.; Ahn, ].W.; Jo, Y.; Kang, H.-Y.; Kim, H.J.; Cheon, Y,; Kim, J.W,; Park, Y; Lee, S.; Park, K. Label-Free Tomographic Imaging
of Lipid Droplets in Foam Cells for Machine-Learning-Assisted Therapeutic Evaluation of Targeted Nanodrugs. ACS Nano 2020,
14, 1856-1865. [CrossRef]

9. Roshanzadeh, A.; Park, S.; Ganjbakhsh, S.E.; Park, J.; Lee, D.-H.; Lee, S.; Kim, E.-S. Surface charge-dependent cytotoxicity of
plastic nanoparticles in alveolar cells under cyclic stretches. Nano Lett. 2020, 20, 7168-7176. [CrossRef]

10.  Yhee, ].Y,; Im, J.; Nho, R.S. Advanced Therapeutic Strategies for Chronic Lung Disease Using Nanoparticle-Based Drug Delivery.

J. Clin. Med. 2016, 5, 82. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms23031622/s1
https://www.mdpi.com/article/10.3390/ijms23031622/s1
http://doi.org/10.1002/adhm.201700818
http://doi.org/10.1016/j.ejps.2016.07.021
http://www.ncbi.nlm.nih.gov/pubmed/27496050
http://doi.org/10.3390/nano11010207
http://doi.org/10.1016/j.tcb.2020.09.006
http://www.ncbi.nlm.nih.gov/pubmed/33036870
http://doi.org/10.3389/fmicb.2018.01951
http://www.ncbi.nlm.nih.gov/pubmed/30186265
http://doi.org/10.1038/s41566-018-0253-x
http://doi.org/10.1038/s41598-018-24393-0
http://doi.org/10.1021/acsnano.9b07993
http://doi.org/10.1021/acs.nanolett.0c02463
http://doi.org/10.3390/jcm5090082

Int. . Mol. Sci. 2022, 23,1622 14 0of 15

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Mehta, M.; Deeksha; Sharma, N.; Vyas, M.; Khurana, N.; Maurya, PK,; Singh, H.; Andreoli de Jesus, T.P.; Dureja, H.; Chellappan,
D.K,; et al. Interactions with the macrophages: An emerging targeted approach using novel drug delivery systems in respiratory
diseases. Chem. Biol. Interact. 2019, 304, 10-19. [CrossRef] [PubMed]

Mitragotri, S.; Burke, P.A.; Langer, R. Overcoming the challenges in administering biopharmaceuticals: Formulation and delivery
strategies. Nat. Rev. Drug Discov. 2014, 13, 655-672. [CrossRef] [PubMed]

Pi, J; Li, T,; Liu, J.; Su, X.;; Wang, R.; Yang, F; Bai, H.; Jin, H.; Cai, J. Detection of lipopolysaccharide induced inflammatory
responses in RAW264.7 macrophages using atomic force microscope. Micron 2014, 65, 1-9. [CrossRef] [PubMed]

Wu, C.; Zhao, W.; Zhang, X.; Chen, X. Neocryptotanshinone inhibits lipopolysaccharide-induced inflammation in RAW264.7
macrophages by suppression of NF-«B and iNOS signaling pathways. Acta Pharm. Sin. B 2015, 5, 323-329. [CrossRef]

Jeong, ].B.; Jeong, H.J. Rheosmin, a naturally occurring phenolic compound inhibits LPS-induced iNOS and COX-2 expression in
RAW?264.7 cells by blocking NF-«B activation pathway. Food Chem. Toxicol. 2010, 48, 2148-2153. [CrossRef]

Bozza, P.T.; Viola, ].P.B. Lipid droplets in inflammation and cancer. Prostaglandins Leukot. Essent. Fat. Acids (PLEFA) 2010, 82,
243-250. [CrossRef]

Fukumoto, S.; Fujimoto, T. Deformation of lipid droplets in fixed samples. Histochem. Cell Biol. 2002, 118, 423-428. [CrossRef]
Bianchi, J.I; Stockert, ].C.; Buzz, L.I,; Blazquez-Castro, A.; Simonetta, S.H. Reliable Screening of Dye Phototoxicity by Using a
Caenorhabditis elegans Fast Bioassay. PLoS ONE 2015, 10, e0128898. [CrossRef]

Huang, Y.; Gao, X.; Chen, ]J. Leukocyte-derived biomimetic nanoparticulate drug delivery systems for cancer therapy. Acta Pharm.
Sin. B 2018, 8, 4-13. [CrossRef]

Kim, S.; Kang, S.H.; Byun, S.H.; Kim, H.-J.; Park, I.-K.; Hirschberg, H.; Hong, S.J. Intercellular Bioimaging and Biodistribution of
Gold Nanoparticle-Loaded Macrophages for Targeted Drug Delivery. Electronics 2020, 9, 1105. [CrossRef]

Kang, S.H.; Lee, YK,; Park, L.S,; Park, I.-K.; Hong, S.M.; Kwon, S.Y.; Choi, Y.H.; Madsen, S.J.; Hirschberg, H.; Hong, S.J. Biomimetic
Gold Nanoshell-Loaded Macrophage for Photothermal Biomedicine. BioMed Res. Int. 2020, 2020, 5869235. [CrossRef] [PubMed]
Flannagan, R.S.; Jaumouillé, V.; Grinstein, S. The Cell Biology of Phagocytosis. Annu. Rev. Pathol. Mech. Dis. 2012, 7, 61-98.
[CrossRef] [PubMed]

Gordon, S. Phagocytosis: An Immunobiologic Process. Immunity 2016, 44, 463—-475. [CrossRef] [PubMed]

Khatchadourian, A.; Maysinger, D. Lipid Droplets: Their Role in Nanoparticle-Induced Oxidative Stress. Mol. Pharm. 2009, 6,
1125-1137. [CrossRef] [PubMed]

Lovri¢, J.; Cho, S.J.; Winnik, EM.; Maysinger, D. Unmodified Cadmium Telluride Quantum Dots Induce Reactive Oxygen Species
Formation Leading to Multiple Organelle Damage and Cell Death. Chem. Biol. 2005, 12, 1227-1234. [CrossRef] [PubMed]
Vickers, A.E.M.; Bentley, P.; Fisher, R.L. Consequences of mitochondrial injury induced by pharmaceutical fatty acid oxidation
inhibitors is characterized in human and rat liver slices. Toxicol. In Vitro 2006, 20, 1173-1182. [CrossRef]

Melo, R.C.N; Fabrino, D.L.; Dias, FF.; Parreira, G.G. Lipid bodies: Structural markers of inflammatory macrophages in innate
immunity. Inflamm. Res. 2006, 55, 342-348. [CrossRef]

Barnig, C.; Frossard, N.; Levy, B.D. Towards targeting resolution pathways of airway inflammation in asthma. Pharmacol. Ther.
2018, 186, 98-113. [CrossRef]

Levy, B.D.; Serhan, C.N. Resolution of Acute Inflammation in the Lung. Annu. Rev. Physiol. 2014, 76, 467—492. [CrossRef]
Serhan, C.N.; Chiang, N.; Van Dyke, T.E. Resolving inflammation: Dual anti-inflammatory and pro-resolution lipid mediators.
Nat. Rev. Immunol. 2008, 8, 349-361. [CrossRef]

Liu, J.-N.; Suh, D.-H.; Trinh, HK.T.; Chwae, Y.-].; Park, H.-S.; Shin, Y.S. The role of autophagy in allergic inflammation: A new
target for severe asthma. Exp. Mol. Med. 2016, 48, e243. [CrossRef] [PubMed]

Liu, J.-N.; Suh, D.-H.; Yang, E.-M.; Lee, S.-L; Park, H.-S.; Shin, Y.S. Attenuation of airway inflammation by simvastatin and the
implications for asthma treatment: Is the jury still out? Exp. Mol. Med. 2014, 46, e113. [CrossRef] [PubMed]

Shin, D.; Christie, C.; Ju, D.; Nair, RK.; Molina, S.; Berg, K.; Krasieva, T.B.; Madsen, S.J.; Hirschberg, H. Photochemical
internalization enhanced macrophage delivered chemotherapy. Photodiagn. Photodyn. Ther. 2018, 21, 156-162. [CrossRef]
[PubMed]

Kimling, J.; Maier, M.; Okenve, B.; Kotaidis, V.; Ballot, H.; Plech, A. Turkevich Method for Gold Nanoparticle Synthesis Revisited.
J. Phys. Chem. B 2006, 110, 15700-15707. [CrossRef]

Nafiujjaman, M.; Kim, J.; Park, H.-K_; Lee, Y.-K. Preparation of blue-color-emitting graphene quantum dots and their in vitro and
in vivo toxicity evaluation. J. Ind. Eng. Chem. 2018, 57, 171-180. [CrossRef]

Shin, S.; Kim, K.; Yoon, J.; Park, Y. Active illumination using a digital micromirror device for quantitative phase imaging. Opt.
Lett. 2015, 40, 5407-5410. [CrossRef]

Wolf, E. Three-dimensional structure determination of semi-transparent objects from holographic data. Opt. Commun. 1969, 1,
153-156. [CrossRef]

Shin, S.; Kim, K; Kim, T.; Yoon, J.; Hong, K.; Park, J.; Park, Y. Optical Diffraction Tomography Using a Digital Micromirror Device for
Stable Measurements of 4D Refractive Index Tomography of Cells; International Society for Optics and Photonics: Yokohama, Japan,
2016; p. 971814.

Kim, K.; Yoon, H.; Diez-Silva, M.; Dao, M.; Dasari, R.R.; Park, Y. High-resolution three-dimensional imaging of red blood cells
parasitized by Plasmodium falciparum and in situ hemozoin crystals using optical diffraction tomography. J. Biomed. Opt. 2013,
19, 011005. [CrossRef]


http://doi.org/10.1016/j.cbi.2019.02.021
http://www.ncbi.nlm.nih.gov/pubmed/30849336
http://doi.org/10.1038/nrd4363
http://www.ncbi.nlm.nih.gov/pubmed/25103255
http://doi.org/10.1016/j.micron.2014.03.012
http://www.ncbi.nlm.nih.gov/pubmed/25041825
http://doi.org/10.1016/j.apsb.2015.01.010
http://doi.org/10.1016/j.fct.2010.05.020
http://doi.org/10.1016/j.plefa.2010.02.005
http://doi.org/10.1007/s00418-002-0462-7
http://doi.org/10.1371/journal.pone.0128898
http://doi.org/10.1016/j.apsb.2017.12.001
http://doi.org/10.3390/electronics9071105
http://doi.org/10.1155/2020/5869235
http://www.ncbi.nlm.nih.gov/pubmed/32352001
http://doi.org/10.1146/annurev-pathol-011811-132445
http://www.ncbi.nlm.nih.gov/pubmed/21910624
http://doi.org/10.1016/j.immuni.2016.02.026
http://www.ncbi.nlm.nih.gov/pubmed/26982354
http://doi.org/10.1021/mp900098p
http://www.ncbi.nlm.nih.gov/pubmed/19445477
http://doi.org/10.1016/j.chembiol.2005.09.008
http://www.ncbi.nlm.nih.gov/pubmed/16298302
http://doi.org/10.1016/j.tiv.2006.01.021
http://doi.org/10.1007/s00011-006-5205-0
http://doi.org/10.1016/j.pharmthera.2018.01.004
http://doi.org/10.1146/annurev-physiol-021113-170408
http://doi.org/10.1038/nri2294
http://doi.org/10.1038/emm.2016.38
http://www.ncbi.nlm.nih.gov/pubmed/27364893
http://doi.org/10.1038/emm.2014.55
http://www.ncbi.nlm.nih.gov/pubmed/25213768
http://doi.org/10.1016/j.pdpdt.2017.12.002
http://www.ncbi.nlm.nih.gov/pubmed/29221858
http://doi.org/10.1021/jp061667w
http://doi.org/10.1016/j.jiec.2017.08.019
http://doi.org/10.1364/OL.40.005407
http://doi.org/10.1016/0030-4018(69)90052-2
http://doi.org/10.1117/1.JBO.19.1.011005

Int. . Mol. Sci. 2022, 23,1622 150f 15

40.

41.

42.

43.

44.

Barer, R. Determination of dry mass, thickness, solid and water concentration in living cells. Nature 1953, 172, 1097-1098.
[CrossRef]

Popescu, G.; Park, Y.; Lue, N.; Best-Popescu, C.; Deflores, L.; Dasari, R.R.; Feld, M.S.; Badizadegan, K. Optical imaging of cell
mass and growth dynamics. Am. J. Physiol. Cell Physiol. 2008, 295, C538-C544. [CrossRef]

Zhao, H.; Brown, P.H.; Schuck, P. On the distribution of protein refractive index increments. Biophys. J. 2011, 100, 2309-2317.
[CrossRef] [PubMed]

Mashaghi, A.; Swann, M.; Popplewell, J.; Textor, M.; Reimhult, E. Optical Anisotropy of Supported Lipid Structures Probed by
Waveguide Spectroscopy and Its Application to Study of Supported Lipid Bilayer Formation Kinetics. Anal. Chem. 2008, 80,
3666-3676. [CrossRef] [PubMed]

Kim, K.; Lee, S.; Yoon, J.; Heo, ].; Choi, C.; Park, Y. Three-dimensional label-free imaging and quantification of lipid droplets in
live hepatocytes. Sci. Rep. 2016, 6, 36815. [CrossRef] [PubMed]


http://doi.org/10.1038/1721097a0
http://doi.org/10.1152/ajpcell.00121.2008
http://doi.org/10.1016/j.bpj.2011.03.004
http://www.ncbi.nlm.nih.gov/pubmed/21539801
http://doi.org/10.1021/ac800027s
http://www.ncbi.nlm.nih.gov/pubmed/18422336
http://doi.org/10.1038/srep36815
http://www.ncbi.nlm.nih.gov/pubmed/27874018

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	AuNP Preparation 
	GQD Synthesis 
	Differentiation of RAW264.7 Cells to Macrophages 
	Holotomography 
	Holotomography 
	Nitric Oxide Assay 
	Western Blot Assay 
	Ex Vivo Analysis of the Biodistribution of Nanoparticle-Loaded Macrophages Using BALB/c Asthma Model 
	Statistical Analysis 

	Conclusions 
	References

