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Introduction: Inflammatory diseases are the leading cause of death in the world, accounting for 3 out of 5 deaths. Despite the
abundance of diagnostic tools for detection, most screening and diagnostic methods are indirect and insufficient as they are unable to
reliably discriminate between high-risk or low-risk stages of inflammatory diseases. Previously, we showed that the selective activation
of interpolymer complexed superparamagnetic iron oxide nanoparticles (IPC-SPIOs) under oxidative conditions can be detected by
a change in T, magnetic resonance (MR) contrast. In this work, IPC-SPIOs were further modified by incorporating mannose as
a targeting biomolecule to enhance nanoparticle delivery to M2 macrophages at inflammatory sites.

Methods: Uncoated SPIOs were synthesized via coprecipitation from a mixture of FeCl, and FeCl;, PEGylated by adsorbing PEG
300 kDa (40 mg/mL in water) to SPIOs (3 mg/mL in water) over 24 hours, and complexed by mixing 0.25 mg/mL aqueous
poly(gallol) with 2 mg/mL PEG-SPIOs and adding 1 M of phosphate buffer in a 9:9:2 ratio. Mannose-PEG attachment was
accomplished conducting a second complexation of mannose-PEG to IPC-SPIOs. M2 macrophages were treated with 150, 100, and
75 pg/mL of IPC-SPIOs and mannose-IPC-SPIOs to investigate activation of T, MRI signals.

Results and Discussion: Surface modification resulted in a slight reduction in ROS scavenging capacity; however, nanoparticle
uptake by M2 macrophages increased by over 50%. The higher uptake did not cause a reduction in cellular viability. In fact, mannose-
IPC-SPIOs induced significant T, MR contrast in M2 macrophages compared to IPC-SPIOs and nanoparticles exposed to M1
macrophages. M2 macrophages activated over 30% of mannose-IPC-SPIOs after 6 hours of exposure compared to M1 macrophages
and untargeted M2 macrophages. These findings demonstrated that mannose-IPC-SPIOs specifically targeted M2 macrophages and
scavenged cellular ROS to activate T, MR signal, which can be used to detect inflammation.
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Introduction
Inflammation is an important process in recovering homeostasis after injury or in response to a pathogen; however, it is
also often indicative of or a contributor to chronic disease pathology. Inflammation is complex, comprising many cell
types, signaling molecules, and cellular responses. The key contributors to inflammation are the production of reactive
oxygen species (ROS) and the presence of macrophages. ROS are vital to the initiation and progression of inflammatory
conditions, while macrophages are cells belonging to the innate immune system that have a high level of plasticity as
they can change their phenotype in response to specific environmental stimuli.' Detection of inflammation using
a technique with clinically relevant spatial resolution can aid in disease diagnosis, staging, and patient-specific treatment.
When selectively activated under oxidative conditions, interpolymer complexed superparamagnetic iron oxide
nanoparticles (IPC-SPIOs) affect the local T, MR signal; thereby acting as a contrast agent that is activatable by
a key component of inflammation. IPC-SPIOs are comprised of superparamagnetic iron oxide nanoparticles (SPIOs)
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coated in poly(ethylene glycol) (PEG), which are complexed through hydrogen bonding with poly(gallol).* ® One of the
main challenges in nanomedicine is selectively and specifically delivering nanoparticles to desired sites, which limits the
translation of innovations from laboratory to clinical settings.”'? An effective targeted nanoparticle avoids off-target
effects while improving specific targeting to the disease location. In this study, mannose was incorporated into IPC-
SPIOs to target receptors on M2 macrophages to allow the detection of oxidative species located in or near cells that are
highly relevant to inflammatory disease diagnosis.

Mannose is a monomer of carbohydrate belonging to the aldohexose group.'* Mannose receptor is a C-type lectin that
is present on M2 macrophages, antigen presenting cells, and immature dendritic cells.'* On these cells, the extracellular
region’s N-terminal cysteine-rich (CR) domain binds glycoproteins bearing sulfated sugars and eight carbohydrate

recognition domains,'>'®

which allow high-affinity binding of mannose and fructose. The basic function of the mannose
receptor is to recognize carbohydrates present on the surface of pathogens and facilitate mannose receptor-mediated
endocytosis and phagocytosis.'” Other immune cells such as sinusoidal lining cells in the spleen, Kupffer cells in the
liver, alveolar macrophages, and immune cells near the tumor microenvironment also express mannose receptors
abundantly.

Macrophages are actively involved in inflammatory diseases, and they play a key role in initiating, maintaining, and
resolving inflammation. There are several subtypes of macrophages depending on their activation state and function. The
most prominent subtypes are M1 classically activated macrophages and M2 alternatively activated macrophages, which
have different functions at inflammatory sites.'® M1 macrophages are pro-inflammatory and secrete factors that initiate
and maintain inflammation, while M2 macrophages are anti-inflammatory and signal the transition to the resolution of
inflammation. M2 macrophages are the most dominant subtype of macrophages during resolution of inflammation,
rebuilding of extracellular matrix, and tumor growth. The tumor promoting capabilities of M2 macrophages involve
regulating immuno-suppression, angiogenesis, neovascularization, stromal activation, and remodeling.'*' Specifically,

M2b subset also known as regulatory macrophages regulates significant portions of immune response and inflammatory
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reaction.”*® M2b can promote several cancers and infectious diseases by blunting the immune and inflammatory
response to tumor growth and pathogens.>*® Recovery from injuries such as spinal cord injury and myocardial
ischemia/reperfusion is also regulated by M2 macrophages.”’*® They actively regulate inflammatory diseases and
facilitate the transition from pro-inflammatory conditions to resolution. M1 and M2 macrophages express some distinct
phenotypic markers that can be used to identify each lineage: CD80, CD86, CD64, and CD32 for M1, while M2
macrophages express CD206 (mannose receptor 1), CD163, and CD68.'®

In this study, mannose-targeted IPC-SPIOs were created to target M2 macrophages with high relevance to the
detection of inflammatory diseases such as cardiovascular disease, spinal cord injury, and several cancers. We hypothe-
sized that due to the high affinity of mannose to the mannose receptor, mannose-IPC-SPIOs would accumulate on M2
macrophages at a higher rate compared to untargeted nanoparticles. Therefore, in this study, we investigated the surface
modification of IPC-SPIOs with mannose, mannose-IPC-SPIOs targeting of M2 macrophages, scavenging of cellular
ROS, and activation of magnetic resonance (MR) signals after interactions with cells.

Materials and Method
Synthesis of Uncoated SPIOs, PEGylated SPIOs, IPC-SPIOs, and Mannose-IPC-SPIOs

IPC-SPIOs were synthesized using previously optimized protocols.>® Briefly, uncoated SPIOs were synthesized from
a mixture of 1 mmol FeCl, in 50 mL deionized (DI) water (Sigma-Aldrich; St. Louis, MO, USA) and 2 mmol FeCl; in
50 mL DI water (Sigma; total volume: 100 mL) via the coprecipitation method under N, atmosphere with vigorous
magnetic stirring. The resulting mixture was heated to 80 °C in a silicone oil bath, and 1M of aqueous ammonium
hydroxide (NH,OH) (BpDH; Poole, Dorset, UK) was added dropwise and allowed to react for 5 hours to complete the
reaction. Uncoated SPIOs were washed and collected through magnetic decantation and centrifugation. SPIOs were
coated with PEG by adding PEG 300 kDa (Sigma) into the suspension of uncoated SPIOs (3 mg/mL) in water and stirred
using a magnetic stir bar for 24 hours at 1000 rpm. The mixture was purified using magnetic decantation resulting in
a final PEG SPIOs concentration of 2 mg/mL. PEG-SPIOs were complexed with poly(gallol) by mixing 0.25 mg/mL
aqueous poly(gallol) solution with 2 mg/mL PEG-SPIOs for one hour before adding 1 M of sodium phosphate buffer
saline in a 9:9:2 volume ratio of poly(gallol) solution to PEG-SPIOs to sodium phosphate buffer saline. The mixture was
left overnight to react before unreacted reagents were removed using magnetic decantation, and the supernatant was
collected to be used as untargeted IPC-SPIOs. Mannose-PEG attachment to IPC-SPIOs was achieved by the amine-
isothiocyanate reaction. Initially, 6.25 mg/mL and 25 mL of a-D-mannopyranosylphenyl isothiocyanate (Sigma) and
O-(2-Aminoethyl)polyethylene glycol hydroxyl (Sigma; molecular weight: 10,000) were separately dissolved in 1 mL
DMSO (Sigma). The solutions were mixed before addition of 1 mL sodium bicarbonate buffer (pH 8.5; aqueous). The
mixture was allowed to react for 24 hours at room temperature under mild agitation. After 24 hours, the resulting
mannose-PEG was added to complexed IPC-SPIOs at a ratio of 1:1 and allowed to mix for 5 minutes. Sodium phosphate
buffer was added to the mannose-PEG: IPC-SPIOs mixture and left for 8 hours to induce complexation. After this second
complexation, mannose-IPC-SPIOs were washed via centrifugation to remove unreacted reagents, while the supernatant
was collected for experiments.

Cell Culture and Differentiation

Human THP-1 (ATCC® TIB71™; Manassas, VA, USA) and RAW264.7 murine cells (ATCC) were cultured in
RPMI-1640 (Thermo Fisher Scientific™, Waltham, MA, USA) with L-Glutamine (Sigma), 10% (v/v) fetal bovine
serum (FBS) (Seradigm, Radnor, PA, USA), and 1% (v/v) penicillin-streptomycin glutamine (Life Technologies,
Burlington, ON, Canada). Both cells were differentiated in T175 tissue culture flasks under standard conditions at
37°C with 5% CO, and humidity. For cells differentiated into the M1 lineage, cells were treated with 5 ng/mL of
granulocyte-macrophage colony-stimulating factor (GM-CSF; Shenandoah Biotechnology, Inc., Warwick, PA,
USA) in RPMI for 7 days (media changed every 2-3 days with GM-CSF supplemented RPMI). On the 7th day,
cells were treated with 20 ng/mL of interferon gamma (IFN-y; Shenandoah) for 1-2 hours. Subsequently, cells
were also treated with 100 ng/mL lipopolysaccharides (LPS; Sigma) for 24 hours at which time they were ready
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for use. For cells differentiated into M2 lineages, cells were treated with 25 ng/mL of macrophage colony-
stimulating factor (M-CSF; Shenandoah) in RPMI for 7 days (media changed every 2-3 days with M-CSF
supplemented RPMI). On the 7th day, cells were treated with interleukin-4 (IL-4; Shenandoah) for 24 hours. On
the 8th day, cells were treated with interleukin (IL-13; Shenandoah) for 24 hours at which time they were ready
for use.”’

Hydrodynamic Size, Zeta Potential, and Polydispersity Index

Dynamic light scattering was used to determine the hydrodynamic size (diameter), zeta potential, and polydispersity
index (PDI) of IPC-SPIOs and mannose-IPC-SPIOs using a Zetasizer (Malvern NanoZS, Worcestershire, UK) at room
temperature. Samples were suspended either in water or cell media at a nanoparticle concentration of 0.05 mg/mL. All
samples were placed in a folded capillary cuvette and inserted into the Zetasizer for testing and analysis.

Analysis of Mannose Incorporation into IPC-SPIOs

First, mannose-PEG attachment was measured using the cyclocondensation of isothiocyanate (ITC) groups present in
mannose. This process involved detecting ITC through a chemical reaction of 1,2-benzenodithiol and ITC to form
1,3-benzodithiol-2-thione.*° First, 10 mM of 1,2-benzenedithiol (BDT; Sigma) was dissolved in methanol (total volume
3mL; Sigma). A mixture of 600 uL of BDT, 500 uL of potassium phosphate, and 100 puL of mannose-PEG was vortexed
for 1 minute. The mixture was tightly capped in a vial and heated at 65°C for 2 hours. After heating, absorbance was read
at 365 nm using a plate reader (Synergy H1, BioTek; Winooski, VT, USA).

In addition to cyclocondensation, to confirm mannose-PEG attachment, Fourier transform-infrared spectroscopy
(Compact FT-IR Spectrometer ALPHA II; Bruker; Billerica, MA) was used to investigate the characteristic peaks of
mannose and PEG. After mannose-PEG conjugate synthesis, it was placed in a homogeneous solution on the stage of the
FT-IR. IR absorptions were collected and analyzed for characteristic peaks of mannose-PEG.

Periodic acid Schiff (PAS) stain was used to quantify the attachment of mannose to IPC-SPIOs. First, 0.6% periodic
acid solution was made by adding 0.6 g of periodic acid crystalline powder (Sigma) to 100 mL of ultrafiltered water.
Nanoparticles and controls were mixed with 0.6% periodic acid solution at a ratio of 1:5 and allowed to react for 90
minutes. After 90 minutes, Schiff reagent (Sigma) was added to the mixture and allowed to incubate in the dark for an
additional 40 minutes. The absorbance of the mixture was read at 550 nm using a plate reader (BioTek), indicating the
presence of mannose.

Measurement of Exogenous ROS Scavenging

Xanthine oxidase (0.015 units, XOD, Sigma) in 0.1 M sodium phosphate buffered saline (PBS) was added to 30 mM
hypoxanthine (HX, Amresco, Solon, OH, USA) suspended in 50 mM potassium hydroxide (KOH, Research Products
International, Mt Prospect, IL, USA) to generate superoxide. Superoxide was added to different concentrations of
mannose-IPC-SPIOs and IPC-SPIOs at a ratio of 1:1, and absorbance was measured at 560 nm using a plate reader
(BioTek) to detect the nanoparticle change in turbidity.

Histological Staining for ldentification of Nanoparticle Attachment to Murine M1/M2
Macrophages

M1 and M2 macrophages were seeded into 96-well polystyrene tissue culture (TC)-treated microplates. Quadruplicate
wells were exposed to 150, 100, or 75 pg/mL of IPC-SPIOs or mannose-IPC-SPIOs in cell culture media for 1, 3, or 6
hours. Cell media was aspirated, and cells were rinsed three times with PBS with calcium and magnesium. Controls were
cells not exposed to nanoparticles. After the wash procedure, cells were fixed with ice-cold acetone and stained with 2%
potassium ferrocyanide II/1 M hydrochloric acid mixture (1:1; Sigma) for 10 min at 37 °C. Cells were counterstained
with Nuclear Fast Red solution (0.1%; Sigma) for 1 minute. The cells were imaged with a brightfield microscope (Nikon
ECLIPSE Ts2; Tokyo, Japan).
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Quantification of Nanoparticle Attachment to Murine M2 Macrophages

M2 macrophages were seeded into 24-well polystyrene TC-treated microplates. Some cells were incubated with 500 pg/
mL of mannose (Sigma) for 2 hours to partially block mannose receptors and rinsed twice with PBS with calcium and
magnesium. Cells were exposed to 150 pg/mL of mannose-IPC-SPIOs in cell culture media for 1, 3, or 6 hours. Cell
media was aspirated, and cells were rinsed twice with PBS supplemented with calcium and magnesium. Control cells
were not exposed to nanoparticles. The absorbance of nanoparticles attached to cells was measured at 450 nm using
a plate reader (BioTek). Control cells were used to obtain baseline cellular absorbance, and all other data points were
compared to this control sample.

Bradford Assay for Quantification of Protein in M1/M2 Macrophages

Both human and mouse M1 and M2 macrophages were seeded into 24-well polystyrene TC-treated microplates.
Quadruplicate wells were exposed to 150 pg/mL of PEG-SPIOs, IPC-SPIOs, or mannose-IPC-SPIOs in cell culture
media for 6 hours. Cell media was aspirated, and cells were rinsed twice with PBS with calcium and magnesium. Control
cells were not exposed to nanoparticles. After the wash procedure, 0.2 mL of ultrafiltered water was added to each well
and sonicated for 15 minutes at 4°C. Cells were scraped off the bottom of the well using a pipet tip and transferred into
a microcentrifuge tube (VWR Radnor, PA, USA). Cell lysates were further sonicated for 15 minutes at 4°C. After
sonication, 5 uL of cell lysate was added to 250 puL of Bradford assay reagent (Sigma) in 96-well clear plates and allowed
to incubate for 15 minutes at room temperature. Absorbance was read at 595 nm using a plate reader (BioTek) to detect
protein concentration in M1/M2 macrophages.

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) to Quantify

Nanoparticles

Both human and murine M1/M2 were seeded into 24-well polystyrene TC-treated microplates. Quadruplicate wells were
exposed to 150 pg/mL of PEG-SPIOs, IPC-SPIOs, or mannose-IPC-SPIOs in cell culture media for 6 hours. Cell media
was aspirated, and cells were rinsed three times with PBS. Control cells were not exposed to nanoparticles. After the
wash procedure, cells were trypsinized (Sigma) and centrifuged at 125 x g for 10 minutes. The cell pellet was digested in
70% nitric acid (Sigma) and reconstituted in 2% nitric acid. Zinc standard was added to the solution as an internal
control. Elemental analysis was conducted using Perkin-Elmer Avio 200 (Waltham, MA, USA) in order to detect the
concentration of iron taken up by cells.

Cell Viability

Mannose-IPC-SPIOs were diluted to 150, 100, and 75 pg/mL in cell media. Confluent cells were exposed to nanopar-
ticles for 10 hours. After exposure, the cell media was aspirated, and the cells were rinsed three times with PBS. A 110
pL aliquot of diluted cell counting kit-8 (CCK-8, Sigma) reagent (10% CCK-8 in cell media) was added to each well,
wells were incubated for 1 hour, and the absorbance was measured at 450 nm to quantify cell viability.

Confocal Imaging

To enable in vitro tracking, nanoparticles were conjugated with FITC to form FITC IPC-SPIOs and FITC mannose-IPC-
SPIOs. Briefly, 0.25 mg of FITC-PEG-OH 5000 MW (NANOCS; NY, USA) was added to 2 mg/mL PEG SPIOs
solution. The mixture was allowed to stir for 24 hours at 1000 rpm, resulting in FITC PEG SPIOs. Complexed FITC IPC-
SPIOs were made by mixing 2 mg/mL FITC PEG SPIOs with 0.25 mg/mL aqueous poly(gallol) solution before adding 1
M of sodium phosphate buffer saline in a 9:9:2 volume ratio of poly(gallol) solution to (FITC)-PEG-SPIOs to sodium
phosphate buffer saline. The mixture was left overnight to react before unreacted reagents were removed using magnetic
decantation, and the supernatant was collected to be used as untargeted FITC IPC-SPIOs. For targeted nanoparticles,
mannose was attached to FITC IPC-SPIOs by adding 2.08 mg/mL of mannose-PEG to FITC IPC-SPIOs at a ratio of 1:1
and allowed to mix for 5 minutes. Sodium phosphate buffer was added to the mannose-PEG: FITC IPC-SPIOs mixture
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and left for 8 hours to induce complexation. After this second complexation, FITC mannose-IPC-SPIOs were washed via
magnetic decantation to remove unreacted reagents, while the supernatant was collected for experiments.

Cells were cultured on a LabTek 8 Chambered Coverglass slide (Thermo Fisher). FITC/non-FITC conjugated IPC-
SPIOs (150 pg/mL) were added to wells for 1, 3, and 6 hours of incubation. After incubation, cells were rinsed and fixed
with 4% paraformaldehyde at room temperature for 10 minutes. Cells were rinsed again and stained for 10 minutes at
37°C with CellMask™ Deep Red to stain the plasma membrane (Life Technologies, diluted 1:1000 in PBS). The
supernatant was aspirated, cells were rinsed three times with PBS, and the sample was mounted with Prolong Diamond
antifade reagent containing 4',6-diamidino-2-phenylindole (DAPI; Thermo Fisher). Slides were imaged using LSM 880
NOL 3-channel multiphoton confocal laser scanning microscope (Zeiss; Oberkochen, Germany) with the following
parameters: ex 633 nm/em 638-755 nm for CellMask deep red and ex 405 nm/em 410-502 nm for DAPI. Images were
obtained using a water-immersion 40x objective and oil-immersion 63x objective and Zeiss Efficient Navigation (ZEN)
2.3 software.

T,-Weighted MR Scan
To investigate cellular ROS activation of T, and T,* MR signals, human and murine M1/M2 macrophages were
exposed to 150 pg/mL of PEG-SPIOs, IPC-SPIOs, and mannose-IPC-SPIOs. This was accomplished by culturing and
differentiating cells in quadruplicate wells before exposure to nanoparticles in cell culture media for 6 hours. Cell
media was aspirated, and cells were rinsed three times with PBS supplemented with calcium and magnesium. Control
cells were not exposed to nanoparticles. After the wash procedure, cells were trypsinized, trypsin was deactivated
using trypsin neutralizing solution, and cells were added to a custom-built, susceptibility-matched ULTEM 96-well
plate and scanned on a 3 T MR scanner using an abdomen coil (Philips 3T Achieva dStream MRI scanner, Amsterdam,
Netherlands).

The volume of each sample was maintained at 700 pL in the custom well plate with MR images acquired for
a single 5-mm-thick slice with coronal orientation with a field of view of 75 x 75 mm. T,-weighted images were
acquired with a multi-spin echo sequence with echo time (TE) = 6.8 ms, echo train length (ETL) = 32, repetition time
(TR) = 2000 ms, number of averages (NSA) = 2, and a 90° flip angle resulting in a total scan time of 5.8 minutes. For
T,*-weighted images, images were acquired using a multi-gradient echo sequence with 15° flip angle, TE = 1.962 ms,
ETL = 16, pixels, TR = 200 ms and NSA = 2, resulting in a total scan time of 3.3 minutes. After acquiring MR
images, regions of interest (ROI) were drawn on samples on the 96-well plate. The pixel intensity from the ROI was
averaged as a function of echo time (TE) and fit into T, and T,* equations using MATLAB® (MathWorks, Natick,
MA, USA).

Results and Discussion

Optimization of Targeting Biomolecule

The conjugation of mannose to amine PEG occurred at the ITC component of mannose via amine-isothiocyanate
coupling (Figure 1A). The amine-isothiocyanate reaction resulted in the formation of a thiourea, which links mannose
to amine-PEG.?' Cyclocondensation of thiourea using 1,2-benzenedithiol to produce 1,3-benzodithiol-2-thione resulted
in a higher absorbance value compared to cyclocondensation of isothiocyanate. The absorbance values of mannose-PEG
were twice as high as mannose containing isothiocyanate (Figure 1B). As expected, sodium bicarbonate, PEG, and
mannose-PEG without 1,2-benzenodithiol did not produce any appreciable absorbance values. This study provided
evidence of mannose-PEG attachment, which was further confirmed by FT-IR. FT-IR detected peaks for the C-O bonds
and C-OH band at 1000 cm '=1075 cm ™' and 1059 cm ™', ether rings, hydroxyl, and C-N bonds in PEG at 850 cm '
775 cm ™', 3400 cm™'-3200 cm ', and 1320 cm™'-1200 cm ™' respectively. The formation of thiourea was also confirmed
with characteristic peaks for amine, C-N, and C=S bonds at 3362 em ', 1093 cm ', and 775 cm ! (Figure 1C). These
peaks indicated mannose-PEG attachment, thereby supporting cyclocondensation data that suggested successful man-
nose-PEG attachment.
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Figure | (A) lllustration of mannose-PEG attachment. (B) Cyclocondensation of reaction between |,2-benzenedithiol and samples to produce |,3-benzodithiol-2-thione.
Values are presented as optical density (OD) and shown as mean # standard deviation. Data were analyzed by a one-way ANOVA and Tukey post-hoc test. Data that do not
share any letters are statistically significantly different. n=5. (C) Fourier-transform infrared spectroscopy (FT-IR) spectra of mannose and amine PEG.

Nanoparticle Characterization

Full characterization of IPC-SPIOs was published previously.®** Mannose attachment to IPC-SPIOs was investigated
using carbohydrate staining of nanoparticles. Mannose showed a concentration-dependent attachment to IPC-SPIOs.
A linear relationship was exhibited between 75, 150, and 300 pg/mL of IPC-SPIOs conjugated to 2.08 mg/mL of
mannose with an R? linear fit value of 0.997 (Figure 2A). Further, a linear relationship was also evident between 2.08,
1.04, and 0.52 mg/mL of mannose when the concentration of IPC-SPIOs was held constant at 300 pg/mL (Figure 2B).
These results established mannose-PEG attachment to IPC-SPIOs via complexation and confirmed that mannose attaches
to IPC-SPIOs in a concentration-dependent manner.

After incorporating mannose, the hydrodynamic size, zeta potential, and polydispersity index (PDI) of 0.05 mg/mL of
IPC-SPIOs and mannose-IPC-SPIOs were investigated using dynamic light scattering (DLS) in water or cell media. The
incorporation of mannose into IPC-SPIOs triggered an increase in the hydrodynamic size from 118 nm to 131.2 nm
(Table 1). The zeta potential also moved closer to neutral after surface modification by mannose. The hydrodynamic size
of IPC-SPIOs and mannose-IPC-SPIOs in cell media were much higher compared to nanoparticles in water, likely due to

the adsorption of serum proteins. Nanoparticles in water had a higher negative zeta potential and lower PDI compared to
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Figure 2 (A) Attachment of 2.08 mg/mL of mannose to 75, 100, and 300 pig/mL of IPC-SPIOs. Data presented with linear fit equation y = 0.0014x — 0.01 and R? =0.997. (B)
Linear attachment of 2.08, 1.04, and 0.52 mg/mL of mannose 150 pug/mL of IPC-SPIOs. Data presented with linear equation y = 0.1673x + 0.0021 and R% = 0.9949. Values are
presented as absorbance and concentration on y and x axis respectively. Data are shown as mean * standard deviation. n = 6.

nanoparticles in cell media. The difference in zeta potential and PDI could also be attributed to serum proteins interfering
with nanoparticle aggregation. While the particles in media are likely too large for intravenous administration, their size
is appropriate for their planned use in intra-articular injections to assess joint inflammation.

Exogenous ROS Scavenging by Mannose-IPC-SPIOs

Attachment of mannose to IPC-SPIOs altered the surface of the nanoparticle significantly, which was also hypothesized
to change ROS scavenging behavior. Exogenous superoxide was used to investigate ROS scavenging by mannose-IPC-
SPIOs. Previously, we established that among species of ROS, IPC-SPIOs had the greatest scavenging effect on
superoxide, with the highest concentration of IPC-SPIOs decomplexing by as much as 95% after interaction with
available superoxide.” Surface modification by attachment of mannose resulted in a slight reduction of mannose-IPC-
SPIOs decomplexation, which appeared to be 80% after 6 hours compared to the 95% detected in IPC-SPIOs
(Figure 3A). However, at lower concentrations, mannose-IPC-SPIOs decomplexation was similar to untargeted IPC-
SPIOs. The rate of mannose-IPC-SPIOs scavenging appeared to be concentration-dependent (Figure 3B), a trend similar
to superoxide scavenging by IPC-SPIOs. These trends provide evidence of similarities between IPC-SPIOs and mannose-
IPC-SPIOs ROS scavenging behavior.

Nanoparticle Uptake by Murine Macrophages

After polarization into M1 and M2 lineages, Prussian blue histological staining was used to detect iron as a measure of
IPC-SPIO nanoparticle attachment to both macrophage lineages. Cells in vitro were stained in a manner similar to the
widely used Perl Prussian blue staining procedure of tissues to detect iron content. M1 and M2 macrophages treated with
IPC-SPIOs and mannose-IPC-SPIOs were a deep blue color after staining (Figure S1 A-B). For M2 macrophages, the
intensity of blue color was time-dependent, with more blue color detected as nanoparticle exposure time increased
(Figure S1B). Nanoparticle attachment to M1 macrophages did not show any discernable trend.

Table | Hydrodynamic Sizes, Zeta Potential, and Polydispersity Indexes of Complexed IPC-SPIOs and Mannose-
IPC-SPIOs in Water and Media Measured Using Dynamic Light Scattering (DLS n = 4)

Particle Type and Solvent

Hydrodynamic Size (nm)

Zeta Potential (mV)

Polydispersity Index (PDI)

IPC-SPIOs (in water) 118 + 0.4583 —35.1 £ 0.551 0.109 £ 0.02
IPC-SPIOs (in media) 190.2 + 2.571 —7.53 £ 0.728 0.194 + 0.01
Mannose-IPC-SPIOs (in water) | 131.2 + 0.7572 —31.4 £ 288 0.211 + 0.005
Mannose-IPC-SPIOs (in media) | 304.4 + 5.965 —7.12 £ 0.492 0.422 + 0.006

Note: The values shown are mean * standard deviation.
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Figure 3 (A) Relative percent decomplexation of 300, 150, 100, and 75 pg/mL of mannose-IPC-SPIOs exposed to superoxide for 6 hours. Decomplexation is relative to
IPC-SPIOs in water. (B) Rate of superoxide scavenging at each time point. This is calculated as a percent change in decomplexation at each time point. The values shown are
mean * standard deviation. (n = 6).

After establishing nanoparticle attachment to cells, intracellular uptake was investigated using confocal microscopy.
This study was conducted on M1 and M2 macrophages exposed to 150 pg/mL of FITC-conjugated IPC-SPIOs for 6
hours. Cells were stained with the nuclear stain DAPI and cell membrane stain CellMask™ Red, and samples were
imaged using confocal microscopy to determine the uptake of nanoparticles. Intracellular localization of the fluorescent
signal from nanoparticles was detected within the cell membrane of both M1 and M2 macrophages, although uptake
differed significantly between samples (Figure 4A-B and S2A-S2B). Nanoparticles were confirmed inside cells via
orthogonal projections of cells, and M2 macrophages exposed to mannose-IPC-SPIOs had the most intracellular FITC
signal amongst the experimental conditions (Figure 4B).
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Figure 4 Confocal images with orthogonal projections of M2 macrophages treated with 150 pg/mL of (A) FITC IPC-SPIOs and (B) FITC mannose-IPC-SPIOs (green) for 6
hours. Cells were stained with CellMask (red) for cell membrane and DAPI (blue) for nuclei. (C) Relative percent attachment of mannose-IPC-SPIOs to M2 macrophages
with free mannose receptors compared to M2 macrophages pre-treated with mannose. Values are mean * standard deviation. Data were analyzed using non-parametric
Kruskal-Wallis with p < 0.05. n = 6.
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To quantify uptake, some M2 macrophages were pretreated with 500 pg/mL of mannose to inhibit mannose receptors,
while the mannose receptors for the remaining M2 macrophages were not inhibited. Mannose receptor-mediated
mannose-IPC-SPIOs uptake was confirmed by measuring the absorbance of nanoparticles on cells. The attachment of
mannose-IPC-SPIOs to M2 macrophages pre-treated with mannose was significantly restricted compared to M2 macro-
phages with free mannose receptors. Within 1-3 hours of mannose-IPC-SPIOs treatment, M2 macrophages with free
mannose receptors experienced over 6.1% more localization of mannose-IPC-SPIOs compared to M2 macrophages pre-
treated with mannose (Figure 4C). As nanoparticle exposure time was extended to 6 hours, nanoparticle localization to
M2 macrophages with free mannose receptors was over 22% higher than M2 macrophages pre-treated with mannose
(Figure 4C). These results provided strong evidence of time-dependent receptor-mediated endocytosis of mannose-IPC-
SPIOs.

M1 macrophages showed uptake of IPC-SPIOs and mannose-IPC-SPIOs. Uptake was visibly lower compared to
levels observed in M2 macrophages (Figure S2A and S2B). This confirmed histological studies that suggested both IPC-
SPIOs and mannose-IPC-SPIOs attached to M1 and M2 macrophages; however, nanoparticle attachment is more
pronounced in M2 macrophages. The uptake of IPC-SPIOs by M1 and M2 macrophages was expected to be via clathrin-
mediated endocytosis because of the size of the particle. Foroozandeh et al reported that nanoparticles with a maximum
size of 150 nm are usually taken up via clathrin-mediated endocytosis.>® This pathway is triggered by an interaction
between agonist and cell receptor leading to the formation of endocytic clathrin-coated vesicles of sizes 70-150 nm.
After internalization, the vesicle loses its clathrin coating and fuses with other vesicles, triggering a cascade of events that
result in the delivery to a lysosome or intracellular site.

The uptake of mannose-IPC-SPIOs by M1 macrophages may rely on phagocytosis because of the larger hydro-
dynamic size of the particles. In contrast, M2 macrophages likely internalize mannose-IPC-SPIOs via both phagocytosis
and receptor-mediated endocytosis because of the presence of mannose receptors.>* ¢ In receptor-mediated endocytosis,
the binding ligand deposits nanoparticles to a specific receptor causing a conformational change in the plasma
membrane.’® Nanoparticles are internalized by the invagination of the plasma membrane, which generates early
endosomes.”’ For mannose receptor-mediated endocytosis, the mannose receptor contains eight extracellular C-type
lectin-like domains (CTLDs).>® Mannose ligands cluster multiple glycosides together, thereby enabling multivalent
interactions with multidomain lectin receptors (mannose receptors), significantly increasing overall avidity.”' The
clustering of mannose-IPC-SPIOs on mannose multidomain lectin receptors would trigger multivalent interactions
with mannose, initiating significant uptake of nanoparticles.

M;—M,
b

Nanoparticle attachment = X100

M¢ = Nanoparticle on cells with free mannose receptor
M, = Nanoparticles on cells with blocked mannose receptor.

Nanoparticle Uptake as Measured by ICP-OES for Human and Murine Macrophages
The amount of nanoparticle uptake was investigated with inductively coupled plasma optical emission spectroscopy
(ICP-OES). For this study, cells treated with 150 ug/mL of IPC-SPIOs and mannose-IPC-SPIOs were digested to extract
iron content. Zinc was used as an internal control for ICP-OES, while cells in fresh media were used as a control for
nanoparticle uptake. The Bradford assay was used to determine the concentration of proteins per well in the tissue culture
plate, which allowed for normalization of data to the amount of protein in cellular samples instead of counted cells.
The highest uptake was detected in M2 mouse macrophages treated with mannose-IPC-SPIOs. Iron detected in M2
mouse macrophages was 21.4 £ 3.94 parts per million (ppm) when exposed to mannose-IPC-SPIOs compared to IPC-
SPIOs at 7.041 + 2.24 ppm (Figure 5SA). M1 mouse macrophages had lower nanoparticle uptake, with concentrations of
IPC-SPIOs and mannose-IPC-SPIOs reported as 6.02 + 3.07 ppm and 4.15 + 2.9 ppm, respectively (Figure S3A). Human
macrophages had a lower uptake rate across all experimental conditions than mouse macrophages. Nonetheless, like
mouse macrophages, the highest iron content was detected in M2 human macrophages exposed to mannose-IPC-SPIOs.
The concentration of iron from mannose-IPC-SPIOs detected in M2 human macrophages was 623 + 12.479 parts
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Figure 5 Elemental analysis of RAW264.7 (mouse) and THP-1 (human) macrophages treated with IPC-SPIOs and mannose-IPC-SPIOs for 6 hours. Iron detected in (A) M2
mouse and (B) M2 human macrophages after exposure to nanoparticles. Iron concentrations were detected using ICP-OES. Data are shown as ppm iron per protein for
mouse macrophages and ppb iron per protein for human macrophages. Zinc was used as an internal control. Values are shown as mean * standard deviation. Data were
analyzed by non-parametric Kruskal-Wallis and Dunn’s multiple comparison post-hoc (*p < 0.05, *p < 0.01). n = 6.

per billion (ppb) compared to 449 + 53.670 ppb for IPC-SPIOs (Figure 5B). In M1 human macrophages, iron
concentrations from IPC-SPIOs and mannose-IPC-SPIOs were also lower than in M2 human macrophages, with
concentrations of 287 + 12 ppb and 375 £ 12.163 ppb, respectively (Figure S3B).

The disparity between nanoparticle uptake between human and mouse macrophages can be attributed to inherent
differences between both cell types. In this study, RAW264.7 was differentiated into mouse M1 and M2 macrophages,
while THP-1 was differentiated into human M1 and M2 macrophages. Martinez-Marin et al showed that endocytic
activity in RAW264.7 is much higher than THP-1.* In that study, unstimulated RAW264.7 had over ten times more
endocytic activity than unstimulated THP-1. RAW264.7 is primarily designed for endocytic assays and has been
optimized significantly to enhance uptake capability. These factors contribute to the differences between uptake detected
in the two cell lines used in these studies.

Cell Viability

Cellular viability was investigated to determine the toxicity of mannose-IPC-SPIOs on M2 macrophages. Several
concentrations of mannose-IPC-SPIOs were exposed to M2 mouse and human macrophages for 10 hours. The colori-
metric CCK-8 assay was used to investigate the effects of nanoparticles on cells. Cells only, which serve as a control, are
cells in fresh media without particle exposure. Compared to controls, M2 macrophages showed no statistically significant
reduction in viability after exposure to any of the particles tested at 150 pg/mL, 100 pg/mL, or 75 pg/mL (Figure 6).

Cellular Activation of MR Signals

Activation of T, MR signal by cellular ROS was investigated with 3 T MR scanner. First, [PC-SPIOs, mannose-IPC-
SPIOs, decomplexed IPC-SPIOs, and decomplexed mannose-IPC-SPIOs were scanned to confirm the activation of
complexed nanoparticles after exposure to ROS (Figure S5). Thereafter, M1 and M2 macrophages were exposed to IPC-
SPIOs or mannose-IPC-SPIOs. After 6 hours, T, MR scans were obtained to investigate cellular ROS-mediated contrast
activation by targeted and untargeted IPC-SPIOs. MR contrast was detected in cells treated with nanoparticles compared
to cells alone (Figure 7A and C). The greatest change in MR contrast was detected in M2 macrophages treated with
mannose-IPC-SPIOs compared to IPC-SPIOs (Figure 7A and C). MR contrast activation was also detected in M1
macrophages treated with IPC-SPIOs and mannose-IPC-SPIOs, although contrast was much weaker compared to signals
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Figure 6 Viability of (A) M2 mouse and (B) M2 human macrophages treated with different concentrations of mannose-IPC- SPIOs for 10 hours. Values are normalized as
a percentage based on cells only and shown as meant standard deviation. Data were analyzed by non-parametric Kruskal-Wallis and Dunn’s multiple comparison post-
hoc. Data were not statistically significantly different. n = 5.

detected in M2 macrophages (Figure S4A—-S4D). T,* MR signals also showed nanoparticle-induced contrast in cells. M2
macrophages treated with mannose-IPC-SPIOs also induced the highest T,* contrast compared to other experimental
conditions (Figure 7B and D).

The significant MR contrast detected in M2 macrophages treated with mannose-IPC-SPIOs was attributed to mannose
receptor-mediated nanoparticle uptake. The mannose receptor-mediated nanoparticle uptake and ROS scavenging are
validated, given the high MR contrast detected in M2 macrophages exposed to mannose-IPC-SPIOs. ROS-induced
activatable MR contrast was achieved through interactions between the poly(gallol) coating on the nanoparticle and ROS,
as we have previously published.>® The addition of poly(gallol) increased T, values significantly, thereby shielding the
contrasting ability of SPIOs. Reaction with cellular ROS can reverse the shielding process, although not completely, by
disrupting the hydrogen bonds between PEG and poly(gallol). Disruptions to the hydrogen bond reduce the T, value and
move those values closer to the original T, value of PEG-SPIOs. This process forms the basis of ROS scavenging by
IPC-SPIOs.

The T, values of cells treated with nanoparticles reflected the disparity in cell-mediated nanoparticle activation
between M1 and M2 cells. M2 mouse macrophages treated with mannose-IPC-SPIOs had the highest loss of MR signal,
with T, values ranging from 201 ms to 137 ms pre- to post-cellular ROS exposure (Figure 7E). In contrast, M2 mouse
macrophages treated with IPC-SPIOs had pre- to post-cellular ROS exposure T, values of 174 ms to 136 ms (Figure 7E).
The percent of MR signal activation was 22% for IPC-SPIOs and 32% for mannose-IPC-SPIOs (Figure 7G). For human
M2 macrophages, the nanoparticle activation trends were similar. T, values for M2 human macrophages treated with
mannose-IPC-SPIOs ranged from 201 ms to 147 ms pre- to post-cellular ROS exposure, while T, values for IPC-SPI1Os
ranged from 174 ms to 143 ms pre- to post-cellular ROS exposure (Figure 7F). The percent activation for IPC-SPIOs and
mannose-IPC-SPIOs were 18% and 27%, respectively (Figure 7G). T; MR contrast is not reported here because Yoo et al
previously showed that IPC-SPIOs do not appreciably activate T; contrast.’ In that study, the T, relaxivity (r1) of
complexed IPC-SPIOs and decomplexed IPC-SPIOs ranged from 0.7 mM "s7' to 1.14 mM 's7! in superoxide

compared to T, relaxivity that ranged from 7 mM 's ™! to 70 mM '-s™' respectively.® It was concluded in that study
that complexation of poly(gallol) on SPIOs affected T, contrasting; however, decomplexation and activation of T; signal

was very poor compared to T».

Conclusion

This study demonstrated surface modification of IPC-SPIOs to incorporate mannose as a targeting biomolecule to
improve localization, uptake, and activation of MR contrast agents. The functionalized nanoparticle targeted mannose
receptors efficiently and showed time-dependent uptake of nanoparticles. Magnetic resonance was used to confirm
receptor-mediated ROS activation of T, signals, and M2 macrophages exposed to mannose-IPC-SPIOs experienced the
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Figure 7 (A) T, and (B) T,*-weighted MR images of murine M2 macrophages treated with IPC- SPIOs, mannose-IPC-SPIOs, and PEG SPIOs. (C) T, and (D) T,*-weighted MR
images of human M2 macrophages treated with IPC- SPIOs, mannose-IPC-SPIOs, and PEG SPIOs. Cells only and PBS served as controls. Cells only are cells without nanoparticles
used to establish baseline cellular T, and T,*, while PBS was used to establish baseline T, and T,* without cells or nanoparticles. MR images showed a decrease in intensity with
increasing echo time (TE) in increments of 7.5 ms for T, and 2 ms for T,* from left to right. T values for (E) Mouse and (F) human M1/M2 macrophages treated with IPC-SPIOs and
mannose-IPC-SPIOs. (G) Percent activation of To-weighted MR signals by human and mouse M2 macrophages treated with IPC-SPIOs, and mannose-IPC-SPIOs. Values are relative
to T, values obtained from complexed IPC-SPIOs and complexed mannose-IPC-SPIOs. The control was nanoparticles in exogenous superoxide. Values are shown as mean *
standard deviation. Data were analyzed by non-parametric Kruskal-Wallis and Dunn’s multiple comparison post-hoc (*p < 0.05, *p < 0.01, P < 0.001, *P< 0.0001). n = 6.
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greatest MR contrast compared to other experimental conditions. These results show that mannose-IPC-SPIOs specifi-
cally target M2 macrophages and scavenge cellular ROS to activate the T, MR signal.
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