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nce imaging of tumor-associated-
macrophages (TAMs) with a nanoparticle contrast
agent†

Junhan Zhou, a Vijaykumar S. Meli, ‡b Esther Yu-Tin Chen,‡b Rohan Kapre,cd

Raji Nagalla, b Wenwu Xiao,ef Alexander D. Borowsky,fgh Kit S. Lam,aefi

Wendy F. Liu b and Angelique Y. Louie *ac

In the tumor micro-environment, tumor associated macrophages (TAMs) represent a predominant

component of the total tumor mass, and TAMs play a complex and diverse role in cancer pathogenesis

with potential for either tumor suppressive, or tumor promoting biology. Thus, understanding

macrophage localization and function are essential for cancer diagnosis and treatment. Typically, tissue

biopsy is used to evaluate the density and polarization of TAMs, but provides a limited “snapshot” in time

of a dynamic and potentially heterogeneous tumor immune microenvironment. Imaging has the

potential for three-dimensional mapping; however, there is a paucity of macrophage-targeted contrast

agents to specifically detect TAM subtypes. We have previously found that sulfated-dextran coated iron

oxide nanoparticles (SDIO) can target macrophage scavenger receptor A (SR-A, also known as CD204).

Since CD204 (SR-A) is considered a biomarker for the M2 macrophage polarization, these SDIO might

provide M2-specific imaging probes for MRI. In this work, we investigate whether SDIO can label M2-

polarized cells in vitro. We evaluate the effect of degree of sulfation on uptake by primary cultured bone

marrow derived macrophages (BMDM) and found that a higher degree of sulfation led to higher uptake,

but there were no differences across the subtypes. Further analysis of the BMDM showed similar SR-A

expression across stimulation conditions, suggesting that this classic model for macrophage subtypes

may not be ideal for definitive M2 subtype marker expression, especially SR-A. We further examine the

localization of SDIO in TAMs in vivo, in the mammary fat pad mouse model of breast cancer. We

demonstrate that uptake by TAMs expressing SR-A scales with degree of sulfation, consistent with the in

vitro studies. The TAMs demonstrate M2-like function and secrete Arg-1 but not iNOS. Uptake by these

M2-like TAMs is validated by immunohistochemistry. SDIO show promise as a valuable addition to the

toolkit of imaging probes targeted to different biomarkers for TAMs.
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Introduction

Macrophages are active members of the immune system and
play versatile roles in phagocytosis, presentation of foreign
antigens, and producing biochemical signals in inammation.
The complexity of the macrophage response to diseases and
crucial metabolic events has only recently been appreciated,
and it is now understood that macrophages polarize between
functions that inhibit or promote disease.1–4 At one extreme, the
M1 phenotype expresses markers such as CD40 and CD86,
secretes inammatory cytokines, and is associated with a host-
defense, pro-inammatory function. M1 macrophages can be
produced in culture by exposing cells to interferon-g (IFN-g)
and lipopolysaccharide (LPS). At the opposite polarity, M2
macrophages are elevated in markers such as CD206, CD204
(SR-A) and CD163, and are associated with tissue remodeling
and immune suppression.5–8 M2 macrophages can be produced
in culture by stimulation with IL-4 and IL-13.9,10
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Increasingly, distinct macrophage subtypes have been asso-
ciated with disease progression or resolution. Macrophages can
sometimes represent 50% of tumor mass and the presence of
tumor-inltrating macrophages has been connected to poor
prognosis in the majority of human malignant tumors.11

Because of this correlation, it has been assumed that the TAMs
are primarily M2-like and there is an interest in co-therapies to
reduce macrophage inltration.12 However, there also have
been reports of cases in which the opposite was observed: in
studies of prostate cancer13 and osteosarcoma patients14 TAM
inltration was associated with better survival and thus,
macrophage activating agents were proposed.15 The function of
TAMs seems to have a complex relationship with cancer type,
stage, andmicroenvironment. These previous studies identied
TAMs with generic macrophage markers such as CD68, which
do not inform on subtype, only total macrophage burden. The
differences in prognostic ability may be due to differences in
polarization state of the TAMs. When and howmacrophages are
recruited to tumors and polarized to each subtype is not well
understood. Elimination at the wrong time or in the wrong type
of cancer may exacerbate the disease. It is clear that the ability
to assess polarization in vivo is crucial to understanding
macrophage impact, and ultimately, will aid in the design of
appropriate therapies to modulate macrophages. However,
TAMs are challenging to identify as they exist in a range of
polarization and thus, express overlapping markers; one cannot
identify specic TAM phenotypes with a single marker.16

Most clinical data on macrophage polarization markers have
been obtained from histology on extracted patient tumor
tissues. However, biopsy is non-ideal for assessment for TAMs,
which have heterogeneous localization in tumors.17 TAMs can
be found throughout the tumor, such as in perivascular,
vascular and hypoxic spaces; moreover, their polarization state
can differ in each microenvironment.18 Given the lack of
uniformity in tumors and other diseases, noninvasive imaging
offers a far superior method to identify subtypes of macro-
phages over biopsy. Imaging macrophage subtypes is still
a nascent effort and there is no method, currently, to reliably
identify polarization subtypes in vivo. There is a strong need for
better in vivo tools to characterize macrophage polarization.

Noninvasive imaging modalities have great potential for
detecting macrophages, but are limited in capabilities for
detailed subtype imaging.19 For example, CT (computed
tomography) is the most commonly used imaging modality in
clinic. It provides high spatial resolution but low so tissue
contrast. PET (positron emission tomography) and SPECT
(single-photon emission computed tomography) have high
contrast sensitivity but poor spatial resolution. Comparatively,
MRI (magnetic resonance imaging) offers high so tissue
contrast and high spatial resolution.20

Macrophage subtype-targeted probes for PET and/or MRI
have primarily utilized antibody conjugated probes.21–24 There
have been efforts to image macrophage subtypes in vivo,
primarily through optical imaging with antibody conjugated
uorescent probes.25–29 Antibodies have high specicity and
affinity to their targets, but still have limitations. For example,
© 2022 The Author(s). Published by the Royal Society of Chemistry
high-cost, short half-life, low efficacy, and potential for
immunogenicity.30–32

We have previously developed nanoparticulate contrast
agents for magnetic resonance imaging (MRI) that are targeted
to macrophage scavenger receptors. We showed that these
nanoparticles label macrophages in vivo in cardiovascular
inammation models.33 Since CD204 (SR-A) is a biomarker for
M2 like macrophages,5–8 these sulfated dextran coated iron
oxide nanoparticles could have promise as novel M2-specic
imaging probes for MRI. In this work we sought to charac-
terize the uptake of these agents by different macrophage
subtypes, and to evaluate if uptake of the agent alters viability or
phenotype. We further examine uptake by tumor-associated
macrophages in vivo in a mouse breast tumor model.

Results and discussion
Synthesis and physical properties of SDIO/DIO

The synthesis routes were as previously reported34 and shown in
Scheme 1. In brief, reduced dextran and FeCl3$6H2O were dis-
solved in degassed deionized ultra-ltered water. FeCl2$4H2O
solution and concentrated ammonia were added dropwise at 0–
5 �C under argon. Aer 3 hours at 85 �C, DIO was formed and
puried by dialysis against deionized water (50 kDa cutoff) for
72 hours. DIO was obtained as a brown powder aer
lyophilization.

DIO was dissolved in dry formamide, and 2-methyl-2-butene
was added to the DIO solution under argon. Sulfur trioxide
pyridine was added into the mixture. Then, the mixture was
stirred at 30 �C under argon for 3.5 hours with reuxing. Satu-
rated NaHCO3 aqueous solution was used to quench the reac-
tion. The product was puried by dialysis against deionized
water (50 kDa cutoff) for 72 h. SDIO was obtained as a brown
powder aer lyophilization. Stoichiometries of 10 : 1, 7 : 1, 5 : 1
and 1 : 1 of S : OH SDIO were synthesized.

The average hydrodynamic diameters were 37.06 nm,
66.06 nm, 74.84 nm, 78.00 nm and 70.94 nm for DIO, 1 : 1 SDIO,
5 : 1 SDIO, 7 : 1 SDIO, and 10 : 1 SDIO, respectively (Table 1).
The mean size of SDIO was larger than DIO, which we hypoth-
esize is due to themuchmore negative surface charge, shown by
Scheme 1 Synthetic route of SDIO/DIO.
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Table 1 Physical properties of SDIO/DIO

Type DIO 1 : 1 SDIO 5 : 1 SDIO 7 : 1 SDIO 10:1SDIO

Hydrodynamic diameter (nm) 37.06 � 1.64 66.06 � 2.37 74.84 � 1.34 78.00 � 1.17 70.94 � 2.25
Core size (nm) 4–6 4–6 — — 4–6
Zeta-potential (mV) 5.4 � 0.8 �39.4 � 4.6 �31.6 � 5.13 �39.2 � 3.4 �58.2 � 5.3
Fe% (wt%) 16.14 12.50 8.63 8.61 8.38
S% (wt%) n/a 5.41 13.50 13.90 13.95
r1 (mM�1 s�1) at 1.4 T 16.60 14.76 17.89 16.14 14.90
r2 (mM�1 s�1) at 1.4 T 119.40 95.08 108.57 104.78 90.80
r1 (mM�1 s�1) at 7 T 1.675 1.649 — — 1.343
r2 (mM�1 s�1) at 7 T 145.06 114.13 — — 97.62
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zeta-potential, which increases the solvent layer thickness
around the nanoparticles. The core sizes were similar both in
SDIO and DIO, which were measured by transmission electron
microscopy (TEM). The elemental analysis results showed that
the sulfur content (wt%) of SDIO scaled up with higher S : OH.
The wt% of iron decreases with higher S : OH due to the
increase of sulfur in SDIO. The r1 and r2 relaxivities at 1.4 T
magnetic eld were calculated and show that DIO and SDIO are
good T2 contrast agents, with high r2/r1 ratios (Table 1). The r1
and r2 relaxivities at 7 T magnetic eld were determined for the
particles used in subsequent in vitro and in vivo studies. The
physical properties are summarized and shown in Table 1. The
longitudinal and transverse relaxivity plots from data collected
at 1.4 T and 7 T are shown in ESI as Fig. S1 and S2.†
Fig. 1 BMDMs cell uptake study. (a) T2 values of BMDMs lysates. 10 : 1
SDIO and 1 : 1 SDIO have significant higher uptake compared to
untargeted DIO and untreated control. (b) Iron concentration of
BMDMs lysates. 10 : 1 SDIO has significant higher uptake compared to
1 : 1 SDIO, untargeted DIO and untreated control. The differences
were considered significant with P values * < 0.05, ** < 0.01, and *** <
0.001 as shown. P values are corrected for multiple comparisons
within a given outcome with the Bonferroni Holm–correction for 42
tests.
Bone marrow derived macrophages (BMDMs) uptake studies

M0 (no stimulation), low doseM1 stimulation (M1L, 0.3 ngmL�1

LPS, 1 ng mL�1 IFN-g), high dose M1 stimulation (M1H,
10 ng mL�1 LPS, 10 ng mL�1 IFN-g) and M2 (20 ng mL�1 IL-4,
20 ng mL�1 IL-13) macrophage subtypes all showed much
greater uptake of 1 : 1 SDIO and/or 10 : 1 SDIO compared to DIO
and media only conditions, as measured by relaxometry (lower
T2 values ¼ higher [Fe]) and ICP-OES on cell lysates. By both
measures, BMDMs took up more SDIO than DIO.

As shown in Fig. 1, BMDMs took up very little DIO as there
were no signicant T2 and/or [Fe] differences between cells
incubated with DIO (red) and untreated controls (grey). BMDMs
incubated with 1 : 1 SDIO (light blue) and 10 : 1 SDIO (dark
blue) showed signicantly shorter T2 (Fig. 1a) and greater
uptake of iron (Fig. 1b) compared to DIO or untreated controls.
10 : 1 SDIO showed signicantly shorter T2 than 1 : 1 SDIO in
M0, M1 low and M1 high stimulated macrophages (Fig. 1a).
And, a signicantly higher Fe concentration was observed in all
types of stimulated BMDMs for 10 : 1 SDIO compared to 1 : 1
SDIO (Fig. 1b). The iron concentration for M0, M1L, M1H and
M2 stimulated macrophages incubated with 10 : 1 SDIO was
2.38, 1.59, 2.70 and 2.70 greater than for the same subtypes
incubated with DIO, respectively. The iron content and 1/T2
value data showed good agreement with a Pearson correlation
of 0.74 (95% CI: 0.67–0.80).

These data conrm that SDIO are taken up more avidly by
BMDMs than the untargeted DIO nanoparticles, and that DIO
nanoparticles are not signicantly taken up by BMDMs. This is
7744 | RSC Adv., 2022, 12, 7742–7756
in agreement with our earlier work on cultured macrophage cell
lines,33 which also showed signicantly greater uptake of SDIO
than DIO. However, it was unexpected that no differences were
noted between M0, M1L, M1H, and M2 stimulation conditions.
SR-A expression in polarized BMDMs

To examine the contribution of the scavenger receptor A, SR-A
(CD204), on the uptake of the SDIO, we performed immuno-
blot analysis with the cell lysates from the polarized BMDMs
(Fig. 2). The housekeeping gene, GADPH (glyceraldehyde-3-
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08061j


Fig. 2 Expression of SR-A receptor in different polarization states of
BMDMs. (a) Representative immunoblot of SR-A expression in polar-
ized macrophages after 24 h of stimulation. GAPDH was used as
a housekeeping gene. (b) Quantification of SR-A in macrophages
polarized as in (a). Quantification is an average of three blots. Relative
SR-A expression on stimulated BMDMs. The raw blot is shown in
Fig. S3 in ESI.† The differences were considered significant with P
values * < 0.05, ** < 0.01, and *** < 0.001 as shown. P-values were
corrected for 3 tests via Bonferroni–Holm.

Fig. 3 Representative reconstituted MR images of BMDMs lysates (a)
and mean T2 values (b). Samples containing reconstituted cell lysate
samples from different macrophages subtype incubated with 1 : 1
SDIO (top row), DIO (2nd row), media only (3rd row), and a reference
of pure water (bottom row). (n ¼ 3) All three subtypes of macrophage
incubated with 1 : 1 SDIO showed the highest signal suppression
characteristic of T2 agents (darker images), while DIO incubated cells
and untreated cells were similar to pure water. Scale bar ¼ 4 mm. The
average T2 values (n ¼ 3) were reported in panel b with standard
deviation as the error bar. The differences were considered significant
with P values * < 0.05, ** < 0.01, and *** < 0.001 as shown. P values are
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phosphate dehydrogenase), was used to normalize for the
variation in total protein loading. The relative protein expres-
sion of SR-A is shown in Fig. 2b. No signicant differences in
SR-A expression were found betweenM0 and the other polarized
subtypes. For the M1 low stimulation condition (0.3 ng mL�1

LPS, 1 ng mL�1 IFN-g), SR-A protein expression level was
signicantly lower compared to M1 high and/or M2 stimula-
tion. However, the cell uptake study (Fig. 1.) for SDIO did not
show signicant differences for SDIO uptake between M1 low
and the other conditions.

This discrepancy may due to the natural variation of the
primary macrophages between mice that might have resulted in
differential activation and expression of SR-A protein. Also, the
usage of M-CSF in the differentiation conditions for BMDMs,
which are widely used in the eld, has been shown to skew the
macrophages towards M2 like phenotype.35 Thus, the SDIO
uptake differences between cell types may have been masked
during the duration of the experiments. Also, since phagocy-
tosis is complex process, it is possible that particles themselves
might alter the cell behaviors, which might be another reason
for discrepancy. We examine this further below.
corrected for multiple comparisons within a given outcome with the
post hoc Tukey HSD correction.
Magnetic resonance imaging studies

Magnetic resonance imaging (MRI) was performed on the cell
lysate solutions used for the T2 measurements. Fig. 3a shows
a representative MR image from (n ¼ 3) containing recon-
stituted cell lysate samples from different macrophages subtype
incubated with 1 : 1 SDIO (top row), DIO (2nd row), media only
(3rd row), and a reference of pure water (bottom row). Lysate
from cells incubated with 1 : 1 SDIO showed signal suppression
characteristic of T2 agents (darker images), while DIO and
untreated cells were similar to water. This trend was consistent
across all three subtypes.

Themean T2 values at 7 T are shown in Fig. 3b. The T2 values
were signicantly different between untreated cells and SDIO-
treated cells in all subtypes (p < 0.01). In the polarized M1H
and M2 condition, the T2 values were also signicantly lower in
SDIO-treated cells compared to DIO-treated cells. These results
© 2022 The Author(s). Published by the Royal Society of Chemistry
support that SDIO uptake by macrophages was signicantly
higher compared to DIO in M1H and M2 polarized cells. No
differences were found between tubes of water, untreated cells
and DIO-treated cells.
Cytokine studies

To evaluate whether the uptake of SDIO inuenced cell physi-
ology and inammatory state of the macrophages, we assessed
for markers specic to the M1 phenotype. The secretion of the
inammatory cytokines, TNF-a, IL-6, and MCP-1, were analyzed
to assess the inammatory state of the polarized macrophages.

Fig. 4a illustrates that BMDMs incubated with 1 : 1 SDIO
(light blue) had signicantly higher secretion of TNF-
a compared to cells incubated with 10 : 1 SDIO (dark blue)
RSC Adv., 2022, 12, 7742–7756 | 7745
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Fig. 4 Relative TNF-a (a), IL-6 (b) and MCP-1 (c) secretion by bone
marrow derived macrophages (BMDMs) treated with dextran sulfate,
DIO, 1:1 SDIO, 10:1 SDIO and media. BMDMs incubated with 1 : 1 SDIO
show more production of TNF-a, IL-6 and MCP-1 in M1 stimulated
cells. 10 : 1 SDIO incubated M2 stimulated BMDMs showed signifi-
cantly more production of MCP-1. The differences were considered
significant with P values * < 0.05, ** < 0.01, and *** < 0.001 as shown. P
values are corrected for multiple comparisons within a given outcome
with the Bonferroni Holm–correction for 46 tests.

Fig. 5 Representative MR images in axial plane of breast cancer
models. MR images for a representative adult Balb/c mouse with 10 : 1
SDIO 15 mg Fe per kg I.V. injection (a) pre-injection scan, (b) 4 h-post
injection scan, (c) 24 h-post injection scan, and (d) 48 h-post injection
scan. The left tumor is indicated by a white box and the zoomed in
images are shown in (a1–d1). Tumor margins are circled in orange.
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under M1L and M1H stimulated conditions. No signicant
differences in TNF-a secretion was found between cells incu-
bated with DIO (red), dextran sulfate (yellow) and untreated
controls (grey). These results indicate that 1 : 1 SDIO treatment
synergistically enhance the TNF-a secretion by themacrophages
stimulated with M1 polarizing cytokines.

Cells incubated with 1 : 1 SDIO showed signicantly higher
IL-6 secretion compared to cells incubated with dextran sulfate
in M1L, M1H and M2 stimulated conditions (Fig. 4b), suggest-
ing that 1 : 1 SDIO was able to suppress M2 macrophage
phenotype and enhance the secretion of pro-inammatory
cytokines. We expected that the 10 : 1 SDIO treatment would
have enhanced cytokine secretion more than 1 : 1 SDIO due to
their higher uptake, but the cytokine secretion proles showed
7746 | RSC Adv., 2022, 12, 7742–7756
that the dextran sulfate suppressed the IL-6 secretion in M1
polarized cells.

Similar trends were found in M1L and M1H stimulated
conditions for MCP-1 secretion proles (Fig. 4c). M2 stimulated
BMDMs incubated with 10 : 1 SDIO had signicantly higher
MCP-1 secretion compared to cells incubated with DIO, which
indicates that 10 : 1 SDIO may have the ability to alter cytokine
section under M2 polarized conditions.

Overall, the pro-inammatory cytokine secretion proles
indicate that different sulfation of SDIO has different effects on
the inammatory responses of polarized BMDMs.

MR imaging for breast cancer model

Given the validation of uptake of SDIO by BMDMs expressing
SR-A (CD204) in primary culture, but the drawbacks of BMDMs
as a model for expression of M2 surface markers, we sought to
conrm that SDIO could target M2-like macrophages in a more
realistic environment. The 4T1 breast cancer model is known
for highly aggressive tumors accompanied by macrophage
inltration.36–38 In breast cancers, high macrophage content has
been associated with poor prognosis,39,40 so we expected to nd
higher density of TAMs of tumor-permissive, M2-like function.
Since breast cancer development activates multiple pathways
that correlate to macrophage polarization and behavior,41,42 it is
likely that a mixed effect will occur during the process, which
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Representative zoomed in MR images and parametric T2*maps for 25mm3 tumor (a and c) and 100mm3 tumormodels (b and d) injected
with either 15 mg Fe kg�1 10 : 1 SDIO, 15 mg Fe kg�1 1 : 1 SDIO, 30 mg Fe kg�1 1 : 1 SDIO, or 30 mg Fe kg�1 DIO at Pre-, 4 h-post, 24 h-post, or
48 h-post injection time point (tumor margins are outlined in orange). SDIO-injected group in both sizes of tumors have stronger negative
contrast and lower T2 * after injection compared to untargeted DIO-injected control. Scale bar ¼ 2 mm.
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meets our model needs. Fig. 5 shows the representative MRI
images in axial plane of mouse body around the tumor site with
10 : 1 SDIO (15 mg Fe kg�1) injected. The tumor site was then
dened, as outlined in orange, the tumor images were shown in
Fig. 6 with all conditions.

As SDIO and DIO were T2-based contrast agents, the regions
with SDIO or DIO accumulation should appear darker than
normal tissues. Aer IV injection, the DIO-injected group
showed slightly enhanced T2 contrast within the tumor site
(Fig. 6a last row and Fig. 6b last row), while SDIO-injected group
displayedmuch stronger contrast at tumor site (Fig. 6a top three
rows, Fig. 6b top three rows), which indicated that with the
same dose of iron injected, SDIO accumulated preferentially
compared to DIO. The negative contrast was strongest for the
1 : 1 SDIO 30 mg Fe per kg dose injection at 24 h-post injection
imaging with 100 mm3 tumor and reduced by the 48 h-post
injection imaging due to nanoparticle degradation in acidic
tumor environment,43 and/or possibly the clearance of the
nanoparticles. Comparing 1 : 1 SDIO and 10 : 1 SDIO with the
same injection dosages, 10 : 1 SDIO showed more negative
© 2022 The Author(s). Published by the Royal Society of Chemistry
contrast aer injection and stayed longer within the tumor
region.

Images collected with the MGE sequence demonstrate
similar trends. Fig. 6c and d show the T2* parametric maps at
pre-, 4 h-post, 24 h-post and 48 h-post injection in 25 mm3 and
100 mm3 tumors. 10 : 1 SDIO and 1 : 1 SDIO treated animals
show lower T2* values in the tumor region at 4 h-post injection
and T2* values remain low until 48 h-post injection in both
sizes of tumors. In contrast, in the DIO treated animals T2*
values in the tumor region decrease at 4 h-post injection but
recover to near pre-injection values by 48 h-post injection.

Inmice with 25mm3 tumors injected with SDIO the changes in
mean T2* in the tumors obtained by 48-post injectionMR images,
compared to pre-scan, were 4.7 (15 mg Fe kg�1 10 : 1 SDIO),
3.4 (15 mg Fe kg�1 1 : 1 SDIO) and 5.4 (30 mg Fe kg�1 1 : 1 SDIO)
fold greater than for DIO-injected controls, respectively (Fig. 7).
In mice with 100 mm3 tumor injected with SDIO the changes in
mean T2* in the tumors were 18.3 (15 mg Fe kg�1 10 : 1 SDIO),
11.6 (15 mg Fe kg�1 1 : 1 SDIO) and 20.8 (30 mg Fe kg�1 1 : 1
SDIO) fold greater than DIO-injected groups (Fig. 7).
RSC Adv., 2022, 12, 7742–7756 | 7747
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Fig. 7 T2* of 25 mm3 tumor and 100 mm3 tumor at pre-, 4 h-post, 24 h-post, or 48 h-post injection imaging with SDIO/DIO injection. 10 : 1
SDIO with 15 mg Fe kg�1 dose (dark blue) have significantly higher accumulation within tumors compared to untargeted DIO-injected controls
(orange and red) at all MR imaging time points. The 1 : 1 SDIO with 30 mg Fe kg�1 dose (medium blue) injected group has significant shorter T2
than untargeted DIO injection (orange) at 24 h-post and 48 h-post injection imaging, indicating higher uptake. The differences were considered
significant with P values * < 0.05, ** < 0.01, and *** < 0.001 as shown. The *'s below the boxplot showed the P values when comparing to pre-
injection. P-values were corrected for 33 tests via Bonferroni–Holm.
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These results illustrated that SDIO had higher accumulation
within larger tumors (p ¼ 0.043), probably because of the more
extensive neovasculature in the larger tumors facilitating more
efficient delivery. For both sizes of tumors, T2* showed similar
results with 15 mg Fe kg�1 10 : 1 SDIO and 30 mg Fe kg�1 1 : 1
SDIO, which supports that SDIO with higher sulfation level has
higher uptake efficiency.

Immunohistochemistry and histology

Tumors were collected and analyzed for morphology, CD204
(SR-A) expression and expression of cytokines associated with
M1 and M2 phenotypes. H&E staining clearly showed, by
morphology, aggressive tumor cells which were highly disor-
ganized and distorted due to the rapid division of tumor cells,
as well as a necrotic tumor core (Fig. 8a). CD204 (SR-A) was
highly expressed within tumor region which contributes to the
high accumulation of SDIO in the tumor. In order to conrm
that the T2 signal decreases were due to the accumulation of
SDIO or DIO contrast agents, Prussian blue staining for iron
content was performed. Accumulation of iron containing
particles in cells was evidenced as blue spots and the nuclei
were stained with nucleus fast red (pink), as shown in Fig. 8a.
The 10 : 1 SDIO injected group contained the highest amount of
iron even aer 48 h-post injection in tumor microenvironment,
the same dose 1 : 1 SDIO injected group retained some, but less
iron, while DIO injected mice were cleared out by 48 h-post
injection, which correlates with the MR images and T2 quan-
titative analysis.
7748 | RSC Adv., 2022, 12, 7742–7756
CD204 (SR-A) was stained in an adjacent slide to validate the
high expression within the tumor region in a similar pattern as
Prussian blue iron staining. This is consistent with high accu-
mulation of SR-A- targeted uptake of SDIO (iron) in the tumor
microenvironment.

Fig. 9a illustrates through morphology that iron staining is
found in macrophages, and does not overlap with 4T1 cells. The
4T1 tumor cells can be easily distinguished by their large,
elongated nuclei (arrows), whereas themacrophages are smaller
cells (arrowheads) between the tumor cells. We also conrmed
through in vitro uptake studies that SDIO are not taken up by
4T1 cells in culture (Fig. S4†).

Liver and kidney were also harvested and stained with
Prussian Blue, CD204, and H&E. No iron was found in kidney
while high accumulation of iron was found in liver (Fig. S5 and
S6†), which are as expected that both DIO and SDIO are cleared
out by liver. The H&E staining shows a normal kidney and liver
tissue morphology.

Macrophage inltration in the tumor region was clear from
the IHC as shown in Fig. 8b. The iNOs+ F4/80+ (classically
activated macrophages/M1) cells are mostly in the peritumoral
area while arginase-1+F4/80+ (alternatively activated
macrophages/M2) cells were observed inside the tumor region,
which is consistent with previous reports.44 We also performed
co-staining with uorescent antibodies against CD204, Arg-1
and F4/80 to demonstrate that nearly all tumor associated
macrophages express Arg-1 and CD204 (Fig. 9b). These results
also correlate with SR-A (CD204) and Prussian Blue staining
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Representative histology and immunohistochemistry images of mouse breast cancer model. (a) Bright-field H&E, CD204, and Prussian
Blue staining for iron after 48 hours post-injection MR imaging. Black arrowhead indicate iron containing cells. Scale bar ¼ 1 mm. (b) Repre-
sentative immunohistochemistry for Arginase-1, iNOS and F4/80 staining images after 48 h post-injection MR imaging. The cell nuclei were
counterstained with Hoechst 33342. Scale bar ¼ 500 mm. TAMs do not express iNOS, an M1 marker, but do express Arg-1, an M2 marker.
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(Fig. 8a), which conrmed that iron and SR-A receptors appear
in the tumor microenvironment.

Conclusion

The results of these studies illustrated that an established
primary culture model for macrophage subtypes (BMDM)45–48

exhibited inconsistent expression of the M2 surface marker, SR-
A.6–8,46 There was no signicant difference in uptake of SDIO,
which is targeted to SR-A, between polarized phenotypes in
BMDMs. CD204 (SR-A) protein expression was not distin-
guishable between high dose M1 stimulation and M2. Cytokine
expression levels, however, support that M1L and M1H cells
© 2022 The Author(s). Published by the Royal Society of Chemistry
secrete higher amounts of TNF-a, Il-6 andMCP-1 thanM0 orM2
cells, which is functionally characteristic of the M1-like subtype.
The vagaries of the BMDM model highlighted that a single
biomarker was not enough to identify macrophage subtypes in
this primary culture model; and, that one should not expect
faithful expression of all classical subtype markers in this
model. The use of the BMDM model must be carefully consid-
ered for macrophage subtype studies, and utility will be
dependent on the particular subtype markers of interest.

Nonetheless, BMDMs did show preferential uptake of 10 : 1
SDIO compared to untargeted DIO or untreated cells for M0,
M1L, M1H, and M2 polarized BMDMs. Furthermore, more
RSC Adv., 2022, 12, 7742–7756 | 7749
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Fig. 9 Representative zoomed in Prussian blue stained image (a) and immunohistochemistry for Arginase-1, CD204 and F4/80 staining images
(b). (a) Prussian blue staining image for 10 : 1 SDIO injected animals after 48 h post-injection MRI, which clearly shows the morphology of the
tumor cells (arrows) and macrophages (arrowheads) within the tumor microenvironment. Iron is found in macrophages, but not in tumor cells.
(b) F4/80, CD204, and Arg-1 co-stained images after 48 h-post injection MRI. The cell nuclei were counterstained with Hoechst 33342. The
tumor associated macrophages are CD204 and Arg-1 double positive. Scale bar ¼ 20 mm.
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highly sulfated SDIO showed greater labelling of M2-like
macrophages in vivo in a mouse breast cancer model, illus-
trating the potential utility of SDIO as a tool for mapping
macrophage subtype markers.

In summary, sulfated dextran coated iron oxide nano-
particles (SDIO) preferentially target and localize to M2-like
TAMs in vivo. More highly sulfated iron oxide nanoparticles
(10 : 1 SDIO), demonstrated higher uptake in primary cultured
bone marrow derived macrophage as well as longer retention
time in tumors in a mouse breast cancer model compared to
untargeted controls (DIO) and 1 : 1 SDIO. Furthermore, from
cytokine secretion proles in primary culture BMDMs, 1 : 1
SDIO drives BMDMs to be more M1-like in cytokine secretion;
thus, SDIO may have some therapeutic benet by further
7750 | RSC Adv., 2022, 12, 7742–7756
polarizing M1 macrophages phenotype and represent a poten-
tial theranostic for subtypes expressing the M2 marker SR-A.

In the recent decades, immunotherapy combined with
traditional method to treat cancer have showed great interests
in both clinic and research, not only the T-cell immune-
modulating agents, e.g., monoclonal antibodies (mAbs),
immune checkpoint inhibitors, tumor vaccines, but medicines/
strategies for macrophage reprogramming are merging in the
eld.49–55 It is important to know and evaluate the tumor
microenvironment immunity for individuals as well as monitor
the immunotherapy longitudinally. Thus, SDIO could also be
promising to validate these macrophage modulating drugs in
cancer immunotherapy and assist with customized treatment
planning in the future.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Materials and methods
General materials

Materials were purchased from commercial suppliers and used
directly, unless specically noted. Dextran (from Leuconostoc,
average mol. wt 9000–11 000 kDa) and ferric chloride hexahy-
drate (FeCl3$6H2O, MW 270.29 g mol�1) were obtained from
Sigma-Aldrich. Ferrous chloride tetrahydrate (FeCl2$4H2O, MW
198.81 g mol�1). Ammonium hydroxide (28–30%), sodium
bicarbonate and sodium hydroxide were from by Fisher Scien-
tic. Sulfur trioxide (SO3) pyridine complex and 2-methyl-2-
butene (2M2B) were purchased from Acros. Anhydrous form-
amide was purchased fromMP, Biomedicals, LLC. Spectra/por®
dialysis membrane (mol. wt cut-off 50 kDa) was purchased from
Spectrum Laboratories, Inc. Water was puried using a Milli-
pore Milli-Q Synthesis purier (18.0 MU cm, Barnstead).

Synthesis of DIO and SDIO

Dextran coated iron oxide (DIO) nanoparticles were synthesized
by co-precipitation of Fe(II) and Fe(III) chlorides with ammo-
nium hydroxide, as previously reported.33,34,56 In brief, reduced
dextran and FeCl3$6H2O were dissolved in degassed deionized
ultra-ltered water. FeCl2$4H2O solution and concentrated
ammonia were added dropwise at 0–5 �C under argon. Aer 3
hours at 85 �C, DIO was formed and puried by dialysis against
deionized water (50 kDa) for 72 hours. DIO was obtained as
a brown powder aer lyophilization. DIO (60 mg) was dissolved
in 3 mL dry formamide, and 2-methyl-2-butene (0.48 mL) was
added to the DIO solution under argon. 2-Methyl-2-butene was
introduced as an acid scavenger before the addition of the
sulfation agent, in order to clear the free acid produced in the
system. Sulfur trioxide pyridine complex (96 mg) was added in
the mixture. Then, the mixture was stirred at 30 �C under argon
for 3.5 hours with reuxing. Saturated NaHCO3 aqueous solu-
tion was used to quench the reaction. The product was puried
by dialysis against deionized water (50 kDa) for 72 hours. SDIO
was obtained as a brown powder aer lyophilization. Stoichi-
ometries of 10 : 1, 7 : 1 and 1 : 1 of S : OH SDIO were
synthesized.

Characterization of SDIO and DIO

Successful sulfation was veried by infrared spectroscopy with
a Shimadzu IR Prestige 21 spectrophotometer. The samples
were also sent to ALS (Environmental Analytical Service, Tuc-
son, Arizona) for sulfur content analysis by combustion-infrared
spectroscopy. The amount of iron in SDIO was measured with
MP-AES or ICP-OES. The core sizes of DIO and SDIO were
measured by transmission electron microscopy (TEM), using
a Philips CM-12 operating at 80 kV. Sample solutions (5 mL) were
loaded on a thin carbon lm, 400 copper mesh grids and dried
naturally. The average core diameter of particles was calculated
based on 500 particles from different regions on the grids. The
average hydrodynamic diameters and size distributions were
measured by dynamic light scattering (DLS) using a Malvern
Zetasizer. The zeta potential of SDIO was obtained by deter-
mining the electrophoretic mobility of the particles using
© 2022 The Author(s). Published by the Royal Society of Chemistry
a Malvern Zetasizer in deionized water and at room
temperature.

Longitudinal (T1) and transverse (T2) relaxation times of
SDIO and DIO in deionized water with different iron concen-
trations were measured at 60 MHz (1.4 T) and 37 �C on a Bruker
Minispec mq60 (Bruker, Billerica, MA, USA), as reported previ-
ously.33 The stock solutions of SDIO were prepared at 0.03125,
0.0625, 0.125, 0.25, and 0.5 mM [Fe]. Each solution was incu-
bated at 37 �C for 8–10 min before measurement to reach the
thermal equilibrium. T1 values were determined with an
inversion recovery sequence with 10 to 15 data points, while T2
values were measured using a Carr–Purcell–Meiboom–Gill
sequence, with s ¼ 1 ms and 200 data points. The longitudinal
(r1) and transverse (r2) relaxivities were determined as the slope
of the linear plots of 1/T1 or 1/T2 vs. iron concentration, with
a correlation coefficient greater than 0.99.

Longitudinal (T1) and transverse (T2) relaxation times of
SDIO and DIO in deionized water with different iron concen-
trations were measured in a 7 T small animal MRI (Bruker
Biospec). The stock solutions of SDIO were prepared at 0.1, 0.2,
0.3, 0.4, and 0.5 mM [Fe]. Each solution was incubated at 25 �C
for 15 min before measurement to reach the thermal equilib-
rium. The RAREVTR (RARE with variable TR, TR ¼ 128–7500
ms, TE ¼ 60 ms, matrix size ¼ 128 � 128, FOV ¼ 45 � 45 mm2,
slice thickness ¼ 1 mm) sequence was used to measure T1. The
MSME (Multi-Slice Multi-Echo, TR ¼ 1000 ms, TE ¼ 10–160 ms,
matrix size ¼ 128 � 128, FOV ¼ 45 � 45 mm2, slice thickness ¼
1 mm) sequence was used to measure T2. The longitudinal (r1)
and transverse (r2) relaxivities were determined as the slope of
the linear plots of 1/T1 or 1/T2 vs. iron concentration.

Cell isolation and culture

All protocols involving animals were approved by University of
California's Institutional Animal Care and Use Committee, both
UC Davis and UC Irvine are accredited by the Association for the
Assessment and Accreditation of Laboratory Animal Care
International (AAALAC). Primary bone marrow derived macro-
phages (BMDM) were obtained by harvesting marrow from
femurs of 6–12 week old female C57BL/6 mice, lysing red blood
cells with ammonium-chloride-potassium (ACK) lysing buffer,
and then culturing cells for seven days on bacteriological poly-
styrene plates in Dulbecco's Modied Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 2%
penicillin/streptomycin, 2 mM L-glutamine, and 10% condi-
tioned media from CMG 12–14 cells expressing recombinant
mouse macrophage colony stimulating factor (M-CSF). One day
7 BMDM were plated and treated with the indicated concen-
trations of LPS (Sigma), IFN-g, IL-4, or IL-13 (all from Biolegend)
for the indicated time, then incubated with nanoparticles or
control media, and assayed for cell uptake or cytokines as
described below.

BMDM uptake studies

To study the preferential cellular uptake of SDIO nanoparticles
by BMDM, cells were plated into 6-well culture plates at
a density of 800 000 cell per well in DMEM supplemented with
RSC Adv., 2022, 12, 7742–7756 | 7751
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10% FBS, 2% penicillin/streptomycin, 2 mM L-glutamine, and
10% conditioned media from CMG 12–14 cells expressing
recombinant mouse M-CSF. 2 hours aer seeding, cells were
stimulated with cytokines under either low dose M1 phenotype
conditions 0.3 ng mL�1 LPS (Sigma), 1 ng mL�1 IFN-g, or high
dose for M1 phenotype conditions 10 ng mL�1 LPS and IFN-g.
The M2 phenotype was induced using 20 ng mL�1 IL-4 and IL-
13. Stimulated cells were incubated at 37 �C (5% CO2) for 24 h.
Solutions of SDIO, DIO or no particles at 200 mM [Fe] were
prepared by dissolving nanoparticles in D10 media without
serum and incubated with cells for 1 hour at 37 �C. Cells were
then washed 3 times with phosphate buffered saline (PBS), then
lysed using deionized water (0.5 mL freeze, thaw) and the lysed
cells lyophilized for analysis by ICP-OES and T2.

T2 relaxation time measurements of cell lysates

Lyophilized cell lysates were reconstituted in 400 ml deionized
water and took 200 ml aliquot for the transverse (T2) relaxation
measurements at 60 MHz (1.4 T) on a Bruker Minispec mq60
(Bruker, Billerica, MA, USA). Each solution was incubated at
37 �C for 8–10 min before measurement to reach the thermal
equilibrium. T2 values were measured using a Carr–Purcell–
Meiboom–Gill sequence, with s ¼ 1 ms and 200 data points.

ICP-OES for cell lysates

Another 200 ml aliquot of reconstituted cell lysate samples were
used for inductive coupled plasma optical emission spectrom-
etry (ICP-OES) and were further diluted to 10 mL using aqueous
nitric acid (2% v/v). Standard solutions were prepared by serial
dilution of a Fe standard (Fisher Scientic). ICP-OES measure-
ments were conducted with a PerkinElmer 5300 DV optical
emission ICP with auto sampler.

Western blotting

Cells were cultured for 24 h on tissue culture polystyrene before
stimulating with as described above, and cultured for another
24 h before collecting the protein. Then the cells were lysed
using RIPA lysis buffer (VWR) supplemented with 1� of Halt
protease and phosphatase inhibitor cocktail (Thermo Scien-
tic). 10 mg of the isolated total protein was resolved on 4–15%
Mini-PROTEAN TGX precast gels (Bio-Rad). The protein was
blotted onto nitrocellulose membrane using iBlot2 transfer
system (Invitrogen). Then the blots were incubated with SRA-1
polyclonal primary antibody (Proteintech, cat no: 24655-1-AP)
for 1 h at RT, aer three washes it was further incubated with
anti-rabbit HRP conjugated secondary antibody (Cell Signaling
Technology) for 1 h. The blots were washed and incubated in
Supersignal West Femto Maximum Sensitivity Substrate
(Thermo scientic) for 5 min before imaging the blot using
Biorad ChemiDoc XRS+ with Image Lab soware.

Cytokine studies

Cells were plated and stimulated as described above and treated
with 10 : 1 SDIO, 1 : 1SDIO, DIO, dextran sulfate or fresh media
(controls). BMDM were seeded at 300 000 cells per mL in D-10
7752 | RSC Adv., 2022, 12, 7742–7756
media (described above in cellular uptake study) and allowed
24 hours adherence period. We further stimulated BMDM with
different combinations of phenotypic cytokines and particles.
The stimulation cytokine used in this study includes no
stimulus (M0), [0.3 ng mL�1 LPS, 1 ng mL�1 IFN-g] (M1L),
[10 ng mL�1 LPS, 10 ng mL�1 IFN-g] (M1H) and [20 ng mL�1

IL-4, 20 ng mL�1 IL-13] (M2). Together with phenotype stimu-
lation, we introduced BMDM with different particles including
no particle, dextran sulfate, 200 mM [Fe] DIO, 200 mM [Fe] 1 : 1
SDIO, and 200 mM [Fe] 10 : 1 SDIO. The culture supernatant was
collected aer 24 h incubation and analyzed for TNF-a, IL-6,
MCP-1 and IL-10 secretion by ELISA (BioLegend).

MRI of cell lysate solutions

Triplicated lysate samples containing M0, M1H, or M2 subtype
incubated with 1 : 1 SDIO or DIO were suspended in deionized
water in 0.2 mL tubes. The MR images and T2 values of the
macrophage subtype lysate sample were measured by 7 T
(Bruker Biospec) small animal magnet, RAREVTR (RARE with
variable TR, TR ¼ 3000 ms, TE ¼ 30–450 ms, echo space ¼ 60
ms, matrix size ¼ 128 � 128, FOV ¼ 47.843 � 40 mm2, slice
thickness ¼ 2 mm) sequence was used.

Images were imported in Fiji (Image J) and processed in
Slicer 3D. Cell lysate samples were segmented to quantify T2
values within each ROI.

4T1 cell uptake studies

To study if SDIO nanoparticles are taken up by 4T1 tumor cells,
cells were plated into 6-well culture plates at a density of 800 000
cell per well in RPMI 1640 supplemented with 10% FBS, 2%
penicillin/streptomycin, 2 mM L-glutamine. Cells were incu-
bated at 37 �C (5% CO2) overnight for adherence. Solutions of
10 : 1 SDIO, 1 : 1 SDIO, DIO or no particles at 200 mM [Fe] were
prepared by dissolving nanoparticles in RPMI 1640 medium
without serum and incubated with cells for 1 hour at 37 �C.
Cells were then washed 3 times with phosphate buffered saline
(PBS), then lysed using deionized water (0.5 mL freeze, thaw)
and the lysed cells lyophilized for analysis by T2 relaxation time.

Lyophilized cell lysates were reconstituted in 400 ml deion-
ized water and took 200 ml aliquot for the transverse (T2)
relaxation measurements at 60 MHz (1.4 T) on a Bruker Min-
ispec mq60 (Bruker, Billerica, MA, USA). Each solution was
incubated at 37 �C for 8–10 min before measurement to reach
the thermal equilibrium. T2 values were measured using
a Carr–Purcell–Meiboom–Gill sequence, with s ¼ 1 ms and 200
data points.

Breast cancer model MR imaging

To generate the breast cancer xenogras, 1 � 105 4T1 mouse
breast cancer cells in 50 mL PBS, were implanted into the lower
4th mammary fat pad on both right and le side of Balb/C mice
via subcutaneous injection. Tumors were allowed to develop
from 5–10 days to achieve different size with a range of 25 mm3

to 100 mm3. All MR images were obtained on a 7 T (Bruker
Biospec) small animal magnet. Animals were anesthetized with
an 2.0% isourane : air mixture and maintained at 1.5% for the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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duration of imaging. Animals were monitored for physiological
temperature and respiration (SAII), and sedation adjusted as
needed. The indicated SDIO and their corresponding DIO
controls were dissolved in sterile saline and injected via tail
vein.

In order to have good anatomical images as well as obtain
T2* values within the tissue, RARE (Rapid Acquisition with
Refocused Echoes), FLASH (Fast Low Angle Shot), and MGE
(Multi- Gradient Echo) sequences were chosen. Aer localizing
the tumor region using the RARE (TR ¼ 2000 ms, TE ¼ 81 ms,
matrix size ¼ 160 � 160, FOV ¼ 30 � 30 mm2, slice thickness ¼
1mm), FLASH (TR¼ 540ms, TE¼ 5ms, F.A.¼ 30, matrix size¼
260 � 120, FOV ¼ 32.5 � 15 mm2, slice thickness ¼ 0.3 mm)
image were obtained. In addition, a T2* map was generated by
MGE (TR¼ 900 ms, TE¼ 2.11–26.11 ms, echo spacing¼ 1.6 ms,
F.A.¼ 45�, matrix size ¼ 240 � 176, FOV ¼ 32.5 � 15 mm2, slice
thickness ¼ 0.768 mm). Images were obtained before and 4 h,
24 h, 48 h aer injection.

Images were imported in Fiji (Image J) and processed in
Slicer 3D. Tumors, femur bones and phantom (0.02 mg mL�1 of
[Fe] DIO-saline solution) were segmented to quantify mean
signal intensity using FLASH images and mean T2* value using
MGE-T2*-map within each ROI at each time point.
Immunohistochemistry and histology

Tissue samples were extracted aer 48 hours post injection
imaging scans and incubated in 4% paraformaldehyde over-
night at 4 �C then transferred to 100% ethanol for storage at
4 �C until embedded. Samples were paraffin embedded and
sectioned to 10 mm slices for histological staining. Sections were
co-stained in the following combinations hematoxylin and
eosin (H&E); CD204; Prussian blue; F4/80, iNOS and Arginase-1;
F4/80, Arginase-1 and CD204.

Tissue sections were deparaffinized and rehydrated by
standard immunohistochemistry protocol. The antigen
retrieval was achieved by placing slides in pre-warmed target
retrieval solution (Dako) and steaming for 30 min. Endogenous
peroxidase was blocked using peroxidase block solution (Dako)
for 5 min. Protein blocking was performed using TBS-B buffer
(TBS + 0.1% Triton X-100 + 2% BSA-MP biomedical + 1.5%
donkey serum-Jackson Immunology) for 30 min. The slides
were incubated with primary antibody CD204 (Thermo MA5-
29733 1 : 100), F4/80 (Thermo BM8 1 : 200), Arginase-1
(ab60176 1 : 50), iNOS (Abcam 15323 1 : 100) at 4 �C overnight
in the humid pan. Slides were then washed with TBS + 0.1%
Triton X-100 for 5 min, and TBS-B buffer for 15 min. Then
sections were stained for 1 hour with uorescent conjugated
secondary antibodies (Thermo A21209, A21447, A21206,
respectively) and Hoechst 33342 dye (Fisher Scientic) at
1 : 1000 dilution or HRP conjugated secondary antibody (1 : 50).
The slides were washed with TBS + 0.1% Triton X-100 for 5 min,
and then TBS for three times, 5 min each, then rinsed with
deionized water. Slides were mounted with Fluoromount
(Southern Biotech) and imaged at 20� using the Olympus
FV3000 laser scanning microscope, Nikon Ti-E wideeld
microscope and Keyence microscope. The F4/80, CD204 and
© 2022 The Author(s). Published by the Royal Society of Chemistry
Arginase-1 co-stained slides were imaged under 63� using Leica
TCS SP8 confocal microscope.
Statistical analysis

Statistical analyses were performed in R version 4.0.2 using the
base, tidyverse, lme4, lmerTest, emmeans, and doParallel
packages. p < 0.05 was considered statistically signicant.
Multiple comparisons within each outcome were corrected
separately. In the macrophage study, we used a Gamma GLM
with the default inverse link function on the T2 data. The
Gamma GLM accounts for a constant coefficient of variation in
MRI relaxometry data as previously shown by our group.57 Cell
(M0/M1L/M1H/M2), NP (none, DIO/SDIO 1 : 1/SDIO 10 : 1), and
3 trials were each included up to all 2-factor interactions. A total
of 42 Bonferroni–Holm corrected pairwise comparisons were
performed within each cell between NPs and between cells
given SDIO 1 : 1 or SDIO 10 : 1. To account for possible within-
trial batch variability, we permuted the NPs within each Cell:-
Trial and Cells within each NP:Trial combinations. The original
p-values for each pairwise comparison were compared to the p-
values under the null permutation distribution to obtain nal p-
values. The permutation test on the GLM was done using 100k
runs and parallel computing. For the ICP-OES [Fe] data, we used
the same approach except found that a Quasipoisson GLM (with
default log link) was needed to stabilize the variance of the
deviance residuals.

In the ELISA study with 3 outcomes (TNF-alpha, MCP-1, and
IL-6), a Tweedie generalized linear mixed effects model (GLMM)
(package: mgcv) with log link was used with the Mouse as
a random effect, and with Cell, NP, and a Cell:NP interaction as
xed effects. The random effect accounts for within-Mouse
correlations. A permutation test approach (100k runs) was
also used to avoid parametric assumptions, and to further
account for any baseline differences in the overall outcomes
betweenmice. Within eachMouse:NP, the Cell was permuted to
obtain the null distributions for the between-Cells comparisons
overall and within each Mouse:Cell the NP was permuted to
obtain the null distributions for the within Cell between NP
comparisons. A total of 46 pairwise comparisons corrected via
Bonferroni–Holm (within each outcome) were performed.

For the mouse breast cancer study, a linear mixed effects
model (LMM) (package: lme4) was used incorporating the
Mouse as a random effect. The model was tted on the log
transformed R2 data to stabilize the variance. The main factors
of interest were NP (DIO/SDIO 1 : 1/SDIO 10 : 1) and dosing
(15 mg kg�1 and 30 mg kg�1), and time post injection (Pre/4 h/
24 h/48 h) all treated categorically. We also included the tumor
size (25 mm3 and 100 mm3) as a categorical covariate. The
model included all terms up to NP:Dose:Time and Size:Time to
assess the difference in log(R2). 33 Bonferroni–Holm pairwise
comparisons were performed between the NPs at the same dose
combinations at each time point post-injection. A likelihood
ratio test was performed relative to a model without the size
term to assess the effect of tumor size. The pairwise compari-
sons were done in emmeans using Kenward–Roger T-tests
(within the log LMM) on the back-transformed and bias-
RSC Adv., 2022, 12, 7742–7756 | 7753
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corrected R2 scale, since R2 (and not log R2) is linearly related
to concentration of uptake.57
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