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macrophages both in vivo and in vitro would help to predict the (85C) &, M1
health condition of the individual. Here, we introduced a solution to ’ | St o @
this problem with the advantage of both the phagocytic nature of ‘ quc. e O

macrophages and the scattering effect of gold nanorods (GNRs). The Ve
internalized GNRs, relating to their extent of intake, caused a
conspicuous scattering profile at the red channel in flow cytometry,
overruling the contribution of the cellular side scatters. This
internalization is solely governed by the surface chemistry of
GNRs. The PAH-GNRs showed maximum intake potency followed
by Cit-, PSS-, and PEG-GNRs. On a substantial note, PAH-GNRs
lead to differential uptake between M1 and M2 cells, with three times
higher intake in M2 cells over M1. This is the first report of employing the scattering of unlabeled GNRs to discriminate M1 and M2
cell types using a flow cytometer.
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inducible nitric oxide synthase (iNOS) for M1; TGF-$, IL-10,
transferrin receptor 1, arginase for MZ).16 Here, we want to
address the issue from the nanophotonics aspect to achieve a
precise label-free approach that can even further translate to in

Macrophages are an integral part of our innate immune
response.’ The efficient phagocytic potency of macro-
phages defends us from a wide range of infectious and chronic
inflammatory diseases.” Every solid organ has its macrophage
niche, called tissue-resident macrophages.” The circulating
blood monocytes also act as progenitors for macrophages.””
Functional plasticity is one of the key characteristics of
macrophages. The change in the inflammatory microenviron-

vivo detection. The easily tunable versatile optical property,
which comes with the advantage of biocompatibility, opens a
wide range of biomedical applications for gold nanoparticles
(GNPs)."” By virtue of strong absorbance, GNPs have a

ment under or during symptomatic phases governs the
differentiation of macrophages into two major phenotypes:
M1 (classically activated) and M2 (alternatively activated).®™”
In the early stage of bacterial infection, M1 macrophages
localize at the site of infection, but a long persistence of
infection leads to M2 polarization. M2 population is reported
in viral and parasitic infections.'”'" In atherosclerosis, the M1
population is observed in vulnerable unstable plaques and M2
in stable, asymptomatic plaques.'”"* M1 cells are found at the
initial stage of the tumor, while, at the stage of metastasis, the
population is shifted to M2 (often called TAM) type.'*'* With
this unique potency of the particular disease and stage-defined
localization of M1/M2 macrophages, an assessment of the M1
vs M2 ratio could lead to a quick screening of the syndromes
and would be a potential upcoming tool to predict the
personalized treatment strategy. Until date, the detection of
M1/M2 is done mostly in vitro, based on their specific surface
markers (M1-CD80, CD86, CD68; M2- CD206, CD163) or,
by expression of signature protein levels (IL-14, IL-6, ferritin,
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promising future in biomedical diagnostics as a suitable
contrast agent for cellular imaging, including two-photon
photoluminescence microscopy, coherence tomography, pho-
toacoustic tomography, and recently in diffusion reflec-

. . 18-31
tion.

The high scattering potency of GNPs is utilized in
optical imaging by dark field microscopy and confocal
reflectance microscopy.”””> We chose gold nanorods
(GNRs) for this study, as GNRs show an order of magnitude
higher absorption and scattering coefficient relative to

. o34
nanospheres of the same effective radius.
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Figure 1. FCM analysis of M1-type macrophages (differentiated from THP1): (A) the dot plot of SSC vs APC intensities of unstained control cells
and cells after GNR incubation. The histogram plot of (B) changes in SSC intensities and (C) APC intensities of cells with different GNR staining.
Unstained control (red), PEG-GNRs (aqua), PSSGNRs (orange), Cit-GNRs (light green), and PAH-GNRs (dark green) stained M1 cells were

shown in panels B and C.

Flow cytometry (FCM) is a popular method to monitor
diverse physiological processes of a population of cells based
on fluorescence labeling and scattering.35 In our case,
monitoring the change of side scatter (SSC) intensity could
give us a hint about the internalization of GNRs, as the
accumulation has a direct effect on intercellular granularity.
Here we have an additional advantage to utilize the scattering
of GNRs. As a normal flow cytometer is not equipped with any
special arrangement for direct capture of the scattering of
particles at or above our required wavelength, we simply
utilized the red channel used for Allophycocyanin (APC)
fluorescence. We hypothesized that, alongside SSC, the
measure of scattered intensity for specific GNRs would lead
us to a clearer view. This is the first attempt to relate the
nanoparticle scattering as a measure of entrapped GNRs in
macrophages.

Results. Our work intends to establish a scattering based
distinction between M1 and M2 macrophages. The phagocytic
tendency of macrophages ensures the intercellular accumu-
lation of GNRs with ease. We postulated to get a well-defined

pattern of cellular intake of GNRs with the aid of their strong
scattering, which should be convenient to monitor with the
flow cytometer. We approached this by different surface
coatings of GNRs with biocompatible polymers: polyethylene
glycol thiol (mPEG-SH, MW S kDa), poly(allylamine
hydrochloride) (PAH, MW 17.5K g/mol), polystyrenesulfo-
nate (PSS, MW 70K g/mol), and sodium citrate (Cit). Figure
S1 showed the characteristics of the prepared GNRs. There are
reports on the effect of the surface coating on the uptake of
GNRs by undifferentiated macrophages. Here, we extended
the study between M1/M2 subtypes on the influence of the
surface layer in the cellular intake of GNRs. Before going to
cellular intake studies, the dose-dependent cytotoxicity of
GNRs was monitored for THP1 cells and its differentiated
forms (showed in Figures S2—S5) along with the isolated
macrophages from peripheral blood mononuclear cells
(PBMCs) of healthy donors and with the further differentiated
M1 and M2 forms (showed in Figures S6—S8). Bright-field
microscopy stated the maintenance of the morphological
integrity of THPI cells with GNRs (Figures S9 and S10).
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The FCM Study. The dot plot of SSC vs APC intensity
represented the cellular scattering based on internalized GNRs.
The control set represents the cell without any GNR
exposures. The quadrants marked as Ql, Q2, Q3, and Q4
describe the population of cells with high SSC and low APC
scattering; high SSC and high APC scattering; low SSC and
high APC scattering; and low SSC and low APC scattering,
respectively. Thus, the major population of GNRs unstained or
negative cells will be at the Q4 quadrant, and the GNRs
positive cells with high SSC and APC scattering would be
found at the Q2. Simply, a shift of cellular population toward
Q2 and Q3 signifies intracellular GNRs accumulation, and the
extent of intake reflects the percentage increase of the
respective cellular population. To verify our hypothesis, we
first stained the THP1 cells and its PMA differentiated
unpolarized macrophages with all four types of GNRs. The
higher phagocytic property of macrophages over monocytes
was highly evident in our FCM results (Figures S11 and S12).
Besides, depending on their surface moiety, a particular
propensity in cellular uptake of GNRs was observed, i.e.,
PEG-GNRs< PSS-GNRs < Cit-GNRs < PAH-GNRs.

We started to work with M1 and M2 types of macrophages
differentiated from THPI1, as we aimed to discriminate
between the two cell types. The interaction with all four sets
of GNRs with M1 cells maintained the same trend as
unpolarized macrophages (Figure 1); i.e,, PAH-GNRs showed
the highest uptake, followed by Cit-GNRs, PSS-GNRs, and
PEG-GNRs. However, except for PEG-GNRs, the uptake of
each class of GNRs got an overall enhancement (Figure 1A).
The Q2 quadrant showed distinctive changes with 2.0-, 16.53-,
and 37.33-fold increases in M1 population for the consequent
PSS-GNRs, Cit-GNRs, and PAH-GNRSs staining. The variation
in the Q3 quadrant was also prominent with 2.67-, 4.86-, and
10.84-fold increases in the M1 population for the correspond-
ing PSS-GNRs, Cit-GNRs, and PAH-GNRs staining. The
detailed analysis of the changes in SSC and APC intensities
with different staining are shown in Figure 1B,C. The distinct
shift in APC intensities indicates that the scattering of GNRs
worked better in differentiating the GNR positive population
compared to SSC scattering. Table 1 summarized the effect on
median SSC and mean APC intensities in the presence of
GNRs for M1-type cells.

Table 1. Change in Scattering Intensities in the Presence of
GNRs for M1- and M2-Type Cells (Differentiated from
THP1)

mean APC-A intensity

median SSC-A intensity (au) (au)
sample name M1 cells M2 cells M1 cells M2 cells
control 10.58 x 10* 1042 x 10* 97.1 79.1
PEG-GNRs 10.78 x 10* 10.63 x 10* 103 85.3
PSS-GNRs 10.99 x 10* 1123 x 10* 119 110
Cit-GNRs 11.96 x 10* 12.76 x 10* 180 168
PAH-GNRs 12.24 x 10* 13.73 x 10* 234 339

The profile of M2 cells after GNRs staining (Figure 2)
followed the same order of cellular uptake; however, the PAH-
GNRs had a noticeable uplift in APC scattering. Compared to
M1 cells, the same amount of PAH-GNRs caused an
extraordinary feature in SSC vs APC plots for M2 cells
(Figure 2A). A shift of 34.18- and 43.16-fold of the M2
population was observed in the Q2 and Q3 quadrants with

PAH-GNRs. The evident increase in the Q3 population gave
an obvious indication of the massive cellular intake of PAH-
GNRs in M2 compared to M1 cells. The PSS-GNRs and Cit-
GNRs also showed a significant shift of M2 cells with a
corresponding S- and 31.87-fold increases in Q2 and 9.68- and
17.72-fold increases for Q3 quadrant. The Cit-GNRs also had
significant changes between M1 and M2, but PAH-GNRs
caused the higher and prominent difference. When we further
look into the details of the change in the SSC and APC
intensities (Figure 2B,C and Table 1), both, in SSC and APC
channel PAH-GNRys, elicited distinct raise compared to the
unstained control and all other types of GNRs.

We compared the effect of all four GNRs on the
corresponding percentage increase of each SSC and APC
intensities for both M1 and M2 cells (Figure 3). The
percentage increase for each cell type was calculated over the
SSC and APC values of respective unstained control cells. With
PEG-GNRs staining, the extent of change in SSC remained the
same for both M1 and M2 (Figure 3A). The distinguishing
pattern between M1 and M2 cells in terms of SSC intensities
appeared a bit with Cit-GNRs and was evident with PAH-
GNRs. The scenario got a better understanding of the case of
APC intensities (Figure 3B). Although PEG-GNRs and PSS-
GNRs maintained the consistency, Cit-GNRs and PAH-GNRs
staining made the difference. The 80.6% increase of APC
intensities for M1 cells improved to 101.5% for M2 cells with
Cit-GNRs. The PAH-GNRs scored the real contrast with a
hike of 312.3% and 141.3% in APC scattering for the
corresponding M2 and M1 cells. In short, PAH-GNRs lead
to a differential uptake between M1 and M2, promoting nearly
twice the uptake by M2 over M1 cells.

The fact of this differential uptake between M1 and M2 cells
with PAH-GNRs staining firmly corroborates the results with
the macrophages from PBMC (Figures S13 and S14). The
scattering intensity in the APC channel inflated by 230.9% with
PAH-GNR laden M2 macrophages (differentiated from PBMC
macrophages, isolated from donor’s blood), leaving behind the
M1 cells with a 114.3% increase for the same. Notably, the
effect of surface molecules maintained the same trends for both
M1 and M2 macrophages from PMBC. We also investigated
the effect of GNRs on other blood cell types, e.g, erythrocytes,
lymphocytes, granulocytes, and monocytes, isolated from a
healthy donor. Both the FCM (Figures S15—S18) and ICP
analysis (Figure S19) verified a negligible effect of GNRs
internalization for other blood cells and thus specified a
selective clearance of GNRs by macrophages.

Thus, based on the scattering effect of internalized GNRs,
FCM can differentiate between GNR laden and unstained
macrophages, and a choice of the surface coating can lead to
divergent patterns even among M1 and M2 cells. The change
in FSC intensities also plays an important role in FCM. The
decrease of FSC intensity showed (Figure S20) complete
accordance with our expectation, i.e, PAH — Cit — PSS >
PEG-GNRs. Additionally, the prominent decrease in FSC
intensity for M2 cells compared to M1 revalidates our FCM
analysis.

The time dependence on cellular internalization of PAH-
GNRs showed that, for M2 cells, 24 h incubation caused the
best uptake (Figure S21). As 24 h seems to be a prolonged
incubation for an in vitro assay, we tried with low incubation
times with a higher concentration of PAH-GNRs (100 ug/
mL). Figures S22 and S23 showed a possible differentiation
with 3 h of incubation only.
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Figure 2. FCM analysis of M2-type macrophages (differentiated from THP1): (A) the dot plot of SSC vs APC intensities of unstained control cells
and the cells after GNR incubation. The histogram plot of (B) changes in SSC intensities and (C) APC intensities of cells with different GNR
staining. Unstained control (red), PEG-GNRs (aqua), PSSGNRs (orange), Cit-GNRs (light green), and PAH-GNRs (dark green) stained M2 cells

were shown in panels B and C.

We also checked that the surface coating polymers (PEG,
PSS, Cit, and PAH, S uM each) individually did not play any
role in the respective cellular scattering in FCM studies (Figure
S24). It implies that the coating caused a route of cellular
entry, but enhancement of the scattering intensity in the SSC
and APC channel was exclusively for the subsequent
accumulation of GNRs itself.

Recently, in their work, Wu et al. showed that, apart from
488 nm, the use of red excitation lasers of 561 and 687 nm for
the SSC measurements greatly enhanced the optical signal
needed for the flow cytometry-based detection of intracellular
gold nanospheres (GNS) and GNRs in triple-negative breast
cancer cells (MDA-MB-231).>° Zucker et al. also found the
same with TiO,—NPs and Ag-NPs for the epithelial cell line
(ARPE-19).”*" The extent of intake of the TiO,—NPs and
Ag-NPs was correlated with the corresponding increase in SSC
intensity and further confirmed with dark-field microscopy.
The enhancement in signal intensity of SSC with the use of a

red excitation source was also documented for Ag-NPs.*®
However, the contribution of scattering from either TiO,—NP
or GNS/GNR was not taken into account in the report. The
novelty of our work counts on the measure of scattering from
the ingested GNRs in the APC channel, together with the
changes in SSC.

A Measure of the Intercellular Gold Concentration. The
FCM studies so far indicated differential uptake of GNRs.
However, to get the exact measure of internalized GNRs, we
performed inductively coupled plasma (ICP) analysis (Figure
3C). The trend of internalization of GNRs followed the same
as we got from FCM studies with PEG-GNRs at the lowest
and PAH-GNRs at the highest grade. Most importantly, the
PAH-GNRs was significantly higher than PEG-, PSS-, and Cit-
GNRs for both cell types differentiated from THPI1. The
reason for getting a dramatic profile with PAH-GNRs in FCM
studies now has a suitable explanation with the outcome of
ICP results. Moreover, the overall higher accumulation of
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Figure 3. Comparison of GNR intake by M1 and M2 cells (differentiated from THP1). (A) The percentage increase in SSC and (B) APC
intensities for different GNR staining. The calculation was made concerning the relative intensity of unstained control cells as the baseline. The
black-colored bars represented Ml-type cells, and the red-colored ones denoted M2-type cells. (C) The measure of the intercellular gold
concentration of M1 and M2 cells, 24 h after their GNR intake, by ICP.

GNRs in M2 over M1 cells also supported the result from
FCM. The discrimination between M1 and M2 cell types
became evident with PAH-GNRs. The amount of internal-
ization of PAH-GNRs was three times that in the case of M2
cells over M1 for the both THP1 and PBMC differentiated
macrophages (Figure S25). This value had a good correlation
with the data from the FCM result, where we got almost 2.2
and 2.0 times higher uptake of PAH-GNRs in M2 cells
compared to M1 for corresponding macrophages from THP1
and PBMC. Overall, the ICP studies well documented our
proof of concept.

Few groups worked on the uptake of GNPs by macrophages
and other cells. The cellular uptake of nanoparticles was
improved by PAH, PSS, and PAA coating or by the
conjugation of BSA (bovine serum albumin) or aptamer.””>**’
The effect of size, shape, and AR of the particles was also
discussed."""** Shape-dependent cellular uptake of GNRs was
found in MCE-7 cells, and with a similar surface coat, the
higher AR had a lower intake.*> Reports supported our result
of ICP as PAH-GNRs showed a greater degree of cellular
uptake over other particles. Alkilany et al. found 2320 + 140,
270 + 20, and 45 + 6 GNRs of 4.1 AR per human colon

carcinoma (HT-29) cells with the respective PAH, PAA, and
CTAB coatings.33 In an article by Zhu et al,, the GNRs of
around 3.0 AR showed a higher intake of PSS over PEG
coating in the ICP studies for U-87 MG and PC-3 cells. These
studies showed complete accordance with our data from
ICP.* Further, lower accumulation of PAH-GNRs in the
presence of caveolae and clathrin-mediated endocytosis
inhibitors established the endocytic entry of GNRs in cells
(Figure S26). This endocytosis is further confirmed by TEM
images.

Envision of the GNRs Intake in M1/M2 Cells. Finally, the
internalized PAH-GNRs were visualized through Cryo-TEM
imaging. The previous results of ICP and FCM studies
confirmed the highest intake of PAH-GNRs in macrophages.
So, for TEM imaging, we only used PAH-GNRs staining.
Figure 4 and Figure S, respectively, showed the PAH-GNRs
laden M1 and M2 cells. The cellular integrity remained
unaltered with the PAH-GNRs exposure for both cell types.
The presence of a prominent mitochondrion, well-defined
nucleus, and Golgi all together indicated the innocuous nature
of PAH-GNRs to the cells. A section of PAH-GNRs treated
M1 cells is presented in Figure 4A. The area of GNRs
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Figure 4. Cryo-TEM images of a PAH-GNRs stained M1 cell. (A) Section of the whole cell at 4.2K resolution. (B) Higher magnification (26K) of
the selected areas. Further 105K magnified views of phagosomes (a—d) confirmed the presence of GNRs inside the vesicles.

Figure S. Cryo-TEM images of PAH-GNRs stained M2 cells. (A) Section of the whole cell at 4.2K resolution. (B) Higher magnification view
(26K) of the selected areas. Further 10SK magnified views of phagosomes (a—d) confirmed the presence of GNRs inside the vesicles.

accumulation is highlighted with boxes. The next panel of areas, further high-resolution images of the selected areas;
Figure 4B,C showed higher magnifications of the selected panels a—d clearly depicted the presence of PAH-GNRs inside
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vesicles. Mostly the GNRs were spotted inside membrane-
bound vesicles and were not found in the cytoplasm, indicating
their uptake through phagocytosis.

PAH-GNRs stained M2 cells showed a considerably greater
number of the GNRs accumulation at the particular cellular
section (Figure S). The area of interest selected in Figure SA
gave a clear view of a large spacious phagosome along with
small tight-fitting ones. An arrow points to the location of an
approximately 3 ym X 1.5 ym large phagosome. Interestingly,
this specious phagosome contained a distinct GNRs laden
tightly fitting small phagosome with other small vesicles and
apparently was in the middle of the process of fusion with
lysosomes (Figure Sa). The region under panels b, ¢, and d
further showed the presence of other small phagosomes laden
with PAH-GNRs. When we compare the GNRs content
between the sections of M1 and M2 cells under this study, M2
cells substantially lead. This result established real consistency
with our FCM and ICP studies. Previous studies with cellular
uptake of GNRs/GNS also had similar images of nanoparticle
loaded vesicles. We also had performed a control set of images
with M1 and M2 cells, despite GNRs (shown in Figures S27
and $28). Again, a comparison of fundamental morphology for
both control and GNRs stained cells affirmed the innocuous-
ness of GNRs. Membrane-bound empty vesicles in control
cells gave a nice contrast to GNRs laden phagosomes shown
here.

We then stepped toward the reason why the PAH-GNRs
made a better entry into the cells. Before reaching the cellular
surface, every nanoparticle has the first interaction with the
biological media and, more precisely, with media organics and
proteins. The formation of protein corona controls the cellular
entry of nanoparticles is well documented.**** In our case, the
surface modification of PAH-GNRs with the media organics
was far different from the other three types (Figure S29).
Previous reports evidenced the effect of BSA, the major
component of FBS, in the opsonization of nanoparticles. From
our ﬁndin_;s and previous experiences with different cellular
events,"** we also can extrapolate the fact of protein corona as
the prime reason for surface modification of GNRs. Because of
the negative { potential of BSA (=20 mV at pH 7.0), the
resulted protein corona caused overall negative { potentials for
all GNRs. With positive { potentials, PAH-GNRs had stronger
interactions with BSA besides the other GNRs, which
culminated with the larger size of the PAH-GNRs. The effect
of protein corona created the advantage during phagocytosis of
PAH-GNRs over PEG-, PSS-, and Cit-GNRs. We tried with
NH2-PEG-GNRs to study the effect of positive change on
cellular uptake (Figure S30) and ended with a mere
significance in cellular uptake. More, the change in MW for
PAH did not perturb their cellular intake (Figure S31). These
outcomes lead us to conclude that not only the surface charge
but also the protein corona of PAH-GNR made the swift entry
for PAH-GNRs.

Thus, we conclude that the surface modification of PAH-
GNRs helped in their cellular accumulation. On the basis of
the results in this study, we believe that the higher phagocytic
potency of M2 is responsible for the enhanced internalization
of PAH-GNRs in M2 cells over M1, but further studies are
underway to understand the exact mechanism. The differential
scattering pattern of PAH-GNRSs related to their cellular intake
directs us to discriminate M1 and M2 cells in the flow
cytometer. We are the first group to report this simple way to
discriminate M1- and M2-type cells, based on the scattering

profile of internalized PAH-GNRs. This is indeed remarkable
progress in further cellular targeting from both in vivo and in
vitro aspects. Moreover, the way of innovative application of a
flow cytometer on particle-related scattering-based detection
would commence a new strategy in cellular identifications. The
negligible uptake of GNRs by other blood cell types affirmed
the selectivity of our method toward the macrophages only.
The novelty of our method lies in the future application as an
in vitro disease detection tool just from simple tissue fluids or
blood samples. This method can give easy detection of
macrophages at the ailing site, which can predict the stages of
manifestation of diseases like cancer, atherosclerosis, and
fibrosis. We strongly believe, with further development, our
method has the potency to build a new point of care or biopsy
tool to facilitate early detection with a better understanding of
a disease.
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