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of leaving positive margins behind. As tumors are heterogeneous, it is ., ot LE
imperative to interrogate multiple overexpressed cancer biomarkers O - *3
with high sensitivity and specificity to improve surgical outcomes. i :
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. . . . . l Qualitative Analysis of
tumor biomarkers, current methods require multiple excitation wave- \, 1, 640nm Cancer Progression

-
A, 840NM N\ <l

lengths to image multiple biomarkers, which is impractical in a clinical - o

setting. Here, we have developed a biomimetic platform comprising
near-infrared fluorescent semiconducting polymer nanoparticles (SPNs)
with red blood cell membrane (RBC) coating, capable of targeting two : v
representative cell-surface biomarkers (folate, @vf3 integrins) using a Cel-Membrane Coated Nanoparticles
single excitation wavelength for tumor delineation during surgical

interventions. We evaluate our single excitation ratiometric nano-

particles in in vitro tumor cells, ex vivo tumor-mimicking phantoms, and in vivo mouse xenograft tumor models. Favorable
biological properties (improved biocompatibility, prolonged blood circulation, reduced liver uptake) are complemented by
superior spectral features: (i) specific fluorescence enhancement in tumor regions with high tumor-to-normal tissue (T/NT)
ratios in ex vivo samples and (ii) estimation of cell-surface tumor biomarkers with single wavelength excitation providing
insights about cancer progression (metastases). Our single excitation, dual output approach has the potential to differentiate
between the tumor and healthy regions and simultaneously provide a qualitative indicator of cancer progression, thereby
guiding surgeons in the operating room with the resection process.
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INTRODUCTION the unnecessary removal of healthy tissues in important

Surgical resection is often the most effective treatment option locations such as blood vessels and nerves, causing neurological
. ) . 1-3

for many solid tumors including stage I-III breast cancer, damage, increasing mortality, and ultimately reducing the

despite the availability of chemotherapy and radiotherapy.* In
resection, the complete removal of primary tumors to achieve
negative surgical margins (as referred by surgeons) is of
paramount importance to minimize tumor recurrence.”’
Unfortunately, tumor margins are often indistinct and irregular
due to the invasive nature of the primary tumors on the
surrounding healthy tissues. Hence, in many cases, surgeons will
need to routinely resect large margins of healthy tissues to avoid
leaving any tumor lesions behind. This approach often leads to

patient’s quality of life.”® One of the methods used by surgeons
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a Synthesis of Tumor-Targeted Biomimetic Nanoparticles
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Figure 1. (a) Schematic representation showing extraction of RBCm, imparting it with tumor-targeting peptides, and consequently
encapsulating with SPs to form biomimetic semiconducting polymers, RBC-SPNs. These RBC-SPNs have properties including enhanced
circulation in the blood, precise tumor targeting, and enhanced biocompatibility. (b) Depending on the peptide—lipid inserted, different cell-
surface tumor biomarkers could be targeted in vitro and in vivo. They can be further used for tumor delineation, distinctly highlighting the tumor
regions. (c) Schematic workflow for multiplexed optical imaging at single wavelength excitation in tumor-mimicking phantoms using singular
value decomposition to determine the concentration of two RBC-SPNs, eventually correlating to qualitative expression levels of cancer
biomarkers.

to detect the tumor margins in an intraoperative setting relies on such information to make a surgical cut has often proven to be
the hands (palpation) and eyes (visual inspection) to differ- risky because many cancers are not palpable and lead to high
entiate cancer tissues from healthy tissues. However, relying on positive margin rates during the surgery.g_11
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Fluorescence-based image-guided surgery (FIGS) has shown
great promise to provide surgeons with real-time feedback on
tumors in an intraoperative setting.'”~'* FIGS offers numerous
advantages over conventional imaging modalities by providing
high spatial resolution and the absence of ionizing radiation.
FIGS is usually reliant on the near-infrared (NIR) range (700—
900 nm) that is superior to the visible spectrum owing to low
tissue autofluorescence, low scattering, and comparatively
higher tissue penetration. Hence, FIGS systems need a NIR
fluorescent imaging agent that could selectively accumulate in
the tumors, assisting with the surgical intervention procedure.
Currently, there are a few FDA-approved fluorophores utilized
for FIGS, while there is a multitude of targeted fluorescent
probes in the clinical and preclinical developmental stages.">~"”
One such approved probe is indocyanine green (ICG), which is
optically active in the NIR range and has been chemically
modified to target tumors for investigative human trials
involving solid tumors or sentinel lymph nodes."*~>°

With the advent of nanotechnology, different nanoparticle-
based contrast agents have been developed for FIGS
applications including semiconductor quantum dots, carbon
dots, metallic nanoparticles, and organic nanoparticles.”' >
Recently, semiconducting polymeric nanoparticles (SPNs) have
emerged as a promising class of imaging nanoagents composed
of optically active semiconducting polymers (SPs) that are
completely organic and biologically inert. These nanoagents
could essentially lower issues posed by heavy metal ion-induced
toxicity to living organisms.””**”** Owing to their high
absorption coeflicients and tunable dimensions, SPNs have
been utilized for a multitude of applications such as cell tracking,
tumor imaging, brain imaging, and drug-induced hepatotoxicity
evaluation.”” "> Nevertheless, all these nanoparticle-based
contrast agents suffer from at least one issue that has been
limiting their potential clinical applications including (i) rapid
clearance from the blood and subsequent filtration by the renal
and reticuloendothelial system (RES), (ii) increased nonspecific
binding from proteins impeding the tumor-targeting capability,
(iii) variable brightness of the probe in an in vivo scenario
resulting in low tumor to normal tissue ratio, and (iv) limited
time frame in which the imaging needs to be done due to
eventual fluorescence quenching of the probe. Cell membrane
coating nanotechnology has emerged as a biomimetic strategy
that has the potential to overcome these limitations. It has been
successfully used for drug delivery, cancer therapeutic, and
theranostic applications.”* >° The cell membrane contains
adhesion proteins, antigens, and membrane structures that can
be successfully coated onto nanoparticles and imparts them with
the functions of the natural cell membranes. For example, the
intrinsic ability of red blood cells to evade the immune system
and prolonged blood circulation has been utilized by coating red
blood cell membranes onto nanoparticles for theranostic
applications.”” ™’ Such strategies could be important for
fluorescence-guided surgical applications where reduced uptake
by liver macrophages would indirectly correlate to higher uptake
of nanoparticles into tumors, resulting in high tumor-to-
background signals. However, to the best of our knowledge,
there are no studies that explore the potential of such
biomimetic nanoparticles for fluorescence-guided surgical
applications.

In this study, we have developed NIR imaging agents
comprising SPNs as the core and tumor-targeted biomimetic
red-blood-cell membranes (RBCm) as the shell. The SPNs are
responsive to generating NIR optical signal and the surface
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coating of targeted RBCm imparts them with favorable
biological properties of increased biocompatibility, prolonged
in vivo blood circulation, and reduced liver uptake (Figure 1a).
With a facile lipid-insertion strategy previously optimized by us
and others, the ability to target two representative cell-surface
biomarkers (folate, avf33 integrins) was imparted to RBC-SPNs.
These receptor-specific biomimetic nanoparticles showed
significantly high tumor-to-normal tissue ratios, precisely
delineating tumor regions from healthy regions (Figure 1b).
Finally, at single excitation and having spectrally distinct
emission, these dual biomimetic nanoparticles were used for
qualitative estimation of cancer biomarkers at single-wave-
length-excitation (Figure 1c). Having fluorescence contribu-
tions from nanoparticles targeting two representative tumor-cell
surface biomarkers will be able to account for the tumor
heterogeneity issues that are often associated with solid tumors
and provide vital information about cancer progression (i.c.,
metastases). For accurate tumor delineation and ratiometric
detection of tumor biomarkers, current methods require
multiple excitation wavelengths to image multiple biomarkers,
which is impractical in a clinical setting. The ability of two
nanoparticles to be excited at single-wavelength-excitation will
further benefit incorporating imaging sensors in an operating
suite. First, the optical setup will be simplified, and overall cost is
reduced when a single excitation wavelength is utilized. Only
one laser and necessary optics on the camera side to remove
excitation light source are required. Second, the acquisition of
imaging spectrum is increased when a single excitation
wavelength is used. Since only one notch filter is used to
remove the single excitation light source, the imaging spectrum
for both SPNs is improved, which can lead to better
discrimination and higher signal-to-noise ratio imaging. The
two representative cancer biomarkers selected in this study were
folate receptors and avf3 integrins. Folate receptors are
overexpressed in many human cancers, especially primary
tumors. avf3 integrins have been associated with angiogenesis
and metastasis, thus prevalent in metastatic tumors. We
validated these features using in vitro cells, in vivo and ex vivo
preclinical tumor-bearing mice models, and ex vivo tumor-
mimicking phantoms. As shown by our follow-up assessments
using statistical tools, RNA sequencing, and histopathology
results, biomimetic nanoparticles provide both qualitative and
semiquantitative information about cancer progression.

Collectively, our single excitation, dual output approach has
the potential to differentiate between the tumor and healthy
regions and simultaneously provide a qualitative indicator of
cancer progression, thereby guiding surgeons in the operating
room with the resection process.

RESULTS AND DISCUSSION

Rational Selection of SPs, Synthesis of SPNs, and their
Physicochemical and Optical Characterization. The
semiconducting polymers (SPs) can be bandgap-engineered to
have a small HOMO—LUMO energy gap to yield NIR
fluorescence emission. For attaining NIR emission, electron-
rich donor and electron-poor acceptor chemical moieties are
alternatingly arranged to form a conjugated polymer with high-
lying HOMO (centered on the donor) and low-lying LUMO
(centered on the acceptor). Such donor—acceptor arrangements
are usually synthesized by metal-catalyzed cross-coupling
reactions such as Suzuki coupling.”’ For our study, we selected
two SPs already known in the literature to make SPNs that have
been shown to demonstrate NIR emission: PEODBT (SP1)*'

https://doi.org/10.1021/acsnano.3c00578
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having an emission maximum of 720 nm, and PCPDTBT
(SP2)™" having an emission maximum of 840 nm. The rationale
behind this choice was 2-fold: (i) the two NIR-emitting SPNs
can target two distinct cancer biomarkers on tumor metastases,
and (ii) the SPNs can be excited at a single-laser wavelength,
simplifying the optical imaging setup. The latter could be vital
for studies involving imaging multiple-tumor cell surfaces at
single-laser excitation for accurately assessing the tumor
heterogeneity in situ and ex vivo.

For preparing SPNs, a nanoprecipitation method was utilized
by using SP1 or SP2 and DSPE-PEG2k, an amphiphilic polymer
that endows SPNs with good water solubility and biocompat-
ibility. They were codissolved in THF and quickly added to
water under continuous probe sonication. Once the post-
processing steps were completed, they led to clear nanoparticle
solutions (Figure Sla—c) and were used as such for further
physicochemical and optical characterizations. The {-potential
measurements of SPN1 and SPN2 were measured to be —38 and
—26 mV, respectively (Figure S 1d). The hydrodynamic
diameters of SPN1 and SPN2 were measured using dynamic
light scattering (DLS) showing a similar size range of ~60—70
nm for both (Figure Sle,f). The transmission electron
microscopy (TEM) images in the insets revealed their sizes to
be slightly smaller (by ~10—15 nm), possibly due to the removal
of the hydration layer once the samples are prepared for TEM
analysis. SPNs were stable at 4 °C as no visible precipitation or
deterioration was observed from the colloidal suspension over 2
weeks.

The optical properties of SPNs were measured in PBS1x
buffer (pH 7.4). The absorption peaks of SPN1 and SPN2 were
535 and 670 nm, respectively, in accordance with the difference
in band gap between the two (Figure Slg). Both SPNI and
SPN2 exhibited an emission peak at 720 and 840 nm,
respectively, when both were excited at the same wavelength
of 645 nm (Figure S1h). Finally, we collected IVIS images of
SPN1 and SPN2 at 645 nm excitation and at different emission
wavelengths (680—840 nm). The spectra obtained from the
IVIS (Figure S1i) closely resemble the optical spectra obtained
from the spectrofluorometer, further indicating that both SPN1
and SPN2 could be excited at a single-laser wavelength. The
rationale behind selecting 645 nm (Figures S2 and S3) as the
single excitation wavelength for both SPNs over other
wavelengths (e, 605 or 675 nm) was due to significantly
higher emission intensities relative to the other at their
corresponding peak emission maxima (Igpy;/Ispyy at 720 nm
~12, and Igpy,/Ispn; at 840 nm ~14). Such an attribute will be
beneficial for using these SPNs in multiplexing in tumor-
mimicking phantoms and ex vivo mouse tumors.

Preparation of RBC-SPNs with Tumor-targeting Capa-
bility. As illustrated in Figure S4a, we first extracted the mouse-
derived membrane vesicles from RBCs, lipid-inserting them
with peptides, and ultimately fusing them (RBC-FA/RBC-
cRGD) onto the surface of SPNs, imparting tumor-targetability.
In short, RBC ghosts were first derived from purified mouse
RBCs via hypotonic treatment and centrifugation steps. Next,
RBCm vesicles having a hydrodynamic diameter of 190 nm were
prepared with combined bath sonication followed by extrusion
through a polycarbonate membrane (Figure SS). Following this,
the physical insertion and optimization studies of the ligand-
linker-lipid conjugates (DSPE-PEG-cRGD or DSPE-PEG-FA)
into the RBCm were conducted in accordance with previous
studies to generate functional RBCm, i.e, RBC-FA or RBC-
cRGD membranes (Figures S6—S8). Subsequently, these
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membranes were mixed with SPNs (SPN1 and SPN2) and
extruded to generate tumor-targeted RBC-SPNs (RBC-FA@
SPN1 and RBC-cRGD@SPN2).

Stability and Physicochemical, Optical, and Biophys-
ical Characterization of RBC-SPNs. The physicochemical
properties of SPNs and RBC-SPNs were systematically
investigated. DLS measurements (Figure S4b,c) revealed an
average hydrodynamic diameter of 80 nm for RBC-FA@SPN1
and RBC-cRGD@SPN2 with low polydispersity index (PDI)
values, indicating their monodisperse nature. The hydro-
dynamic diameter of RBC-SPNs was slightly larger than SPNs
before the RBC membrane coating process. Negative-stained
TEM images of SPN1 displayed a uniform spherical shape as
expected for such nanoconstructs. For RBC-SPNs, we observed
core—shell structures, with the shell to be roughly 8—10 nm,
which is in close agreement with the reported width of RBC
membranes (Figure S4b—d and $9). In addition, {-potential
measurements (Figures S4e and S10) showed the reduction in
the surface charge for SPN1 and SPN2 upon RBCm coating to
—10.8 and —12 mV, respectively. This was close to the (-
potential of RBCm only (—11 mV). RBC-SPNs exhibited
excellent colloidal stability with no signs of aggregation over 2
weeks (Figure S11). Furthermore, we observed no significant
change in optical characteristics in SPNs after the RBC
membrane coating process (Figure S4f), including no changes
in the molar extinction coefficient (Figure S12) and fluorescence
quantum yield of SPNs before and after the RBCm coating
process (SPN1 = 2.5%, RBC-SPN1 = 2.4%, SPN2 = 2.8%, and
RBC-SPN2 = 2.65%). In addition, RBC-SPNs demonstrated
superior photostability than ICG in aqueous solution, evidenced
by small fluorescence intensity loss under continuous laser
irradiation for 30 min with laser power density of under
continuous laser power density of 100 mW/cm?” (Figure S13).

Aslyophilization of nanomaterials has tremendous advantages
for their storage and distribution, we demonstrated that the
biomimetic coating imparted RBC-SPNs with improved
dispersibility as previously shown by us and others.* After
subjecting RBC-SPNs to the lyophilization process in which
they were obtained as powders (Figure S14a), they were stored
at 4 °C for 2 weeks. Subsequently, they were redispersed with
PBS1x saline in solution, and it did not result in any noticeable
change in color prelyophilization. Furthermore, the freeze-
drying process had a negligible change in the hydrodynamic
diameter or the changes in their optical properties (Figure
S14b).

We further performed biophysical characterization studies to
confirm successful membrane coating on SPNs due to presence
of CD47 proteins on the surface of the nanoparticles. CD47
protein is a well-known “marker of self” receptor on the surface
of RBC membranes that binds to the signal regulatory protein a
receptors of macrophages to inhibit phagocytic uptake.
Consequently, the presence of CD47 on RBCm-coated SPNs
would indicate successful functionalization without the loss in
activity of the RBCm. Here, different samples including RBCm,
SPNs, and RBC-SPNs were mixed with fluorescent antibodies
for CD47, and we observed the highest fluorescent signal
intensity for RBCm, followed by RBC-SPNs. The SPNs had the
weakest signal intensity due to the lack of CD47 receptors on
their surface (Figure S4g). We further performed a simple dot-
blot study to confirm the presence of CD47 protein receptors by
using secondary antibodies against CD-47, and it showed the
trend as expected: CD-47 was present on RBCm and RBC-SPNs
but not on SPNs (Figures S4h,i and S15). SDS-PAGE analysis

https://doi.org/10.1021/acsnano.3c00578
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Figure 2. Biological evaluations of RBC-SPNG. (a) Schematic representation of two cell lines, MCF-7, which overexpresses folate receptors, and
4T1, which overexpresses both folate receptors and avfi3 integrin receptors. (b) MTT assay of RBC-SPNs in 4T1 cell lines. (c) Confocal laser
scanning microscopy (CLSM) images of SPNs and RBC-SPNs incubated in 4T1 cell lines for 8 h. The red fluorescence indicates the
nanoparticles, and cell nuclei (blue) were stained with 4’,6-diamidino-2-phenylindole (DAPI). The scale bar shown in white is 10 gm. Flow
cytometry analysis and corresponding cell uptake percentages for (d and f) SPN1 and RBC-FA@SPNI1 and (e and g) SPN2 and RBC-cRGD@

SPN2.

showed that the protein profile between the RBCm vesicles and
RBC-SPNs did not show any major difference, with the CD-47
protein bands being visible after the coating process (Figures S4j
and S16).

In Vitro Cytotoxicity and Cellular Internalization of
RBC-SPNs in Cancer Cell Lines. After confirming the
successful coating of RBCm on SPNs, we evaluated the in
vitro biocompatibility and cellular uptake of the nanoparticles in
MCE-7 cells and 4T1 cells. As is the case with SPNs (SPN1 and
SPN2), RBC-SPNs also had negligible cytotoxicity against both
celllines, even after incubation at high concentrations of 200 pg/
mL (Figure 2a,b and Figure S17). We next tried to evaluate
whether our lipid-insertion strategy of imparting RBC-SPNs
with tumor-targeting peptides yielded a higher cellular internal-
ization in tumor cell lines expressing the corresponding
receptors: MCF-7 cells overexpressing folate receptors but
with low expression of avf3 integrins,” and 4T1 cells
overexpressing both folate receptors and avf33 integrins.**
Based on our confocal laser scanning microscopy (CLSM)
imaging of SPNs (SPN1 and SPN2) and RBC-SPNs (RBC-
FA@SPNI1 and RBC-cRGD@SPN?2) incubated in 4T1 cells for
12h, we noticed a higher cellular internalization of the latter as
evident by increased red fluorescence (Figure 2c). Contrast-
ingly, for MCF-7 cells, which only overexpresses folate
receptors, no observable differences in uptake were noticed for
SPN2 or RBC-cRGD@SPN2 due to a lack of avf3 integrin
receptors (Figure S18). RBC-FA@SPNI1 on the other hand
continued to show a marked increase in cellular uptake over
SPN1. We relied on flow cytometry to quantify the cellular
uptake of SPNs in the two cell lines used for our CLSM studies.
For 4T1 cells, it showed an increase in cellular internalization
(Figure 2d—g) of both RBC-FA@SPN1 (62%) and RBC-cRGD
@SPN2 (78%) compared to their noncoated and nonlipid
inserted counterparts, SPN1 (26%) and SPN2 (48%). For
MCE-7 cells, both RBC-cRGD@SPN2 and SPN2 showed
similar cellular internalizations (~22% and ~28%) due to a lack
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of avf3 integrins on these cell lines. However, RBC-FA@SPN1
continued to have a higher cellular uptake (~56%) than SPN1
(~18%) due to selective endocytosis uptake via the folate
receptors.

Reduced Uptake of RBC-SPNs in the Presence of RAW
264.7 Macrophages. As shown earlier, the RBCm coating
retained the bioactivity of the CD47 proteins on the surface of
SPNs. Hence, we next attempted to explore if the RBC-SPNs
were imparted with the ability to escape from capture by
macrophage phagocytosis. SPNs prepared from nanoprecipita-
tion of SP1/SP2 with polymer—lipid conjugates (DSPE-PEG)
acted as a control for this experiment, with the lipid coating not
having a selective interaction with the macrophages. We
incubated SPNs and RBC-SPNs in the mouse macrophage cell
lines, RAW 264.7 for 2 and 4 h, respectively (Figure 3a). Two
different incubation time points (2 vs 4 h) were selected to show
that continuous uptake of RBC-SPNs in RAW 264.7 macro-
phages is unlikely to occur due to a slower uptake process.
Subsequently, the cells were examined using CLSM. The images
(Figure 3b) and the subsequent fluorescent intensity analysis at
2 and 4 h (Figure 3c—f) showed strong red fluorescence in the
macrophage incubated with SPNs compared to RBC-SPNs.
This suggested significant uptake of SPNs by the macrophages,
demonstrating that the RBCm coating suppressed the cellular
internalization of RBC-SPNs in the RAW 264.7. We further
utilized flow cytometry to do quantitative analysis and
assessment to corroborate our CLSM data (Figure 3g—j). It
was evident that the uptake of SPN1 or SPN2 in RAW 264.7
macrophage cells was significantly higher than RBC-SPN1 or
RBC-SPN2, respectively, and gradually increased with longer
incubation periods (2h vs 4 h).

Ex Vivo Tissue Penetration and Tissue Phantom
Experiments. Understanding how the signal from RBC-FA@
SPN1 and RBC-cRGD@SPN2 changes when the tumor is
embedded below normal tissues would be important for its
clinical translation. To investigate how these nanoparticles
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Figure 3. Uptake of RAW 264.7 macrophages by RBC-SPNGs. (a) Schematic representation of reduced uptake of RBC-SPNs compared to SPNs.
(b) Representative confocal laser scanning microscopy (CLSM) images of SPNs and RBC-SPNs incubated in RAW 264.7 macrophage cell lines
for 4 h (scale bar: 10 pm), and (c—f) their corresponding fluorescent intensity comparisons at £ = 2 h and t = 4 h. (h—j) Flow cytometry
experiments were conducted for SPNs vs RBC-SPNs at t = 2 h and t = 4 h, with their corresponding cell uptake percentages calculated for each of

the two-time points.

behave in different types of tissue, phantom tumor studies were
conducted. A set of phantom tumors were prepared with a 100
UL concentration of RBC-FA@SPN1 and RBC-cRGD@SPN2
dispersed in 1% (by weight) agarose gel (Figure S19a—d). These
phantom tumor gels were covered by pork fat, muscle, and skin
of different thicknesses and imaged using the IVIS. Fluorescence
signal intensity at the region of interest was measured. Figure
S19c—k shows how the fluorescence signal attenuates when
different widths of pork muscle and fat is placed on the RBC-
FA@SPN1 phantom tumor gels. We observed that the
fluorescence signal was reduced by 60% for RBC-FA@SPN1
with 2 mm of fat tissue on top. The signal was further reduced by
78% with 4 mm fat and by 90% with 6 mm fat tissue. RBC-
cRGD@SPN2 lost 50% signal with 2 mm fat, 78% with 4 mm fat,
and 90% with 6 mm fat. SPN2 having more red-shifted emission
exhibited better penetration of 2 mm of fat, but the fluorescence
signals were trivial when imaged with 4 and 6 mm of fat. When
tested with 2 mm muscle tissues, RBC-FA@SPN1 phantom
tumors lost ~80% of the signal. With 4 and 6 mm muscle tissues
on top, the signal loss further increased to 86% and 88%,
respectively. RBC-cRGD@SPN2 phantom tumors lost 58%
signal with 2 mm muscle on top, which increased to 70% and
75% signal with 4 and 6 mm muscle on top, respectively. SPN2
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being red-shifted helps with improved fluorescence signals due
to enhanced signal penetration depth in muscle tissues. To
investigate the signal penetration of SPNs on the epidermis, we
further placed 4 mm pork skin on top of the gels. RBC-FA@
SPN1 phantom tumor gels lost 80% of the signal, while RBC-
cRGD@SPN2 lost 85% of the signal. Figure S20 also shows
representative IVIS fluorescence images of signal from RBC-
cRGD@SPN2 phantom tumor gel with different thicknesses of
pork muscle tissues on top. Such signal loss through the skin
tissues will not pose any significant issue as most FIGS are open
surgeries. In a typical procedure, these imaging probes are first
injected, and after a stipulated time, the surgeons make one large
cut where skin is first removed, exposing the tumor and a
minimal number of healthy tissues. The optical signals from the
accumulated dyes in the tumors are collected using camera
sensors in the operating suite guiding the surgeons in making the
resection. These experiments provide insight as to how tissues
on top of the tumor phantom attenuated the fluorescence signals
drastically and that SPN2 having more red-shifted emission than
SPN1 provides a better tissue penetration depth response.
Extended in Vivo Blood Circulation of RBC-SPNs. Next,
we investigated the effect of RBCm coating on improving the
circulation time of the SPNs in the blood as demonstrated in

https://doi.org/10.1021/acsnano.3c00578
ACS Nano 2023, 17, 8465—-8482


https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c00578/suppl_file/nn3c00578_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c00578/suppl_file/nn3c00578_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c00578/suppl_file/nn3c00578_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c00578/suppl_file/nn3c00578_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c00578?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c00578?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c00578?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c00578?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c00578?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano WWWw.acsnano.org

a > Fluorescence-guided resections b White light Cc
Retroorbital injections Monitoring of followed b T o 0
of SPNs, RBC-SPNs in vivo fluorescence histopathology assyE’:ssmenls H E
o~ =
4 8
= ] T 204
day 0 MmE wn oo E -
= °
invasiveness 3 o =}
identification cZ % 10 s
oo =
4T1 tumor-bearing o0 =
J/Nu mice m® = £
o N : ,
1 2 3
d Hematoxylin and eosin Fluorescence Imaging of Tumor Tissues
SRS | el i e e
S
4 1
+“ ! Health
2 | Healthy
24 1 Region
' 1
3 s 1
, I
% 1
d
- 1
B |
L = :
S~ o 500um |
1
I
1

Healthy
Region

100 pm

SPN2 RBC-cRGD@SPN2

Figure 4. Tumor delineation identification for fluorescence-guided surgical intervention. (a) Schematic illustration showing in vivo and ex vivo
accumulation in 4T1 tumor-bearing mouse models wherein surgical resections were conducted followed by histopathological assessments. (b)
Fluorescence images were acquired for resected sections to highlight fluorescent areas (tumor region) and nonfluorescent areas (healthy
regions). (c) Semiquantitative analysis of ROI from tumor and normal tissues in subcutaneous 4T1 tumor-bearing mice at 24 h postinjection
was collected for (1) SPN2, (2) RBC-SPN2, and (3) RBC-cRGD@SPN2. Histopathology assessments of tissue slices were conducted via (d)
hematoxylin and eosin, and (e) trichrome staining to highlight the tumor region, boundary, and healthy region. (f) Fluorescence images of
tissue specimens surgically resected were acquired. Cell nuclei were stained with DAPIL. The images were acquired at the NIR channel 670—750
nm with an excitation at 650 + 22.5 nm. Scale bar: 100 gm.

other nanoparticle platforms.”*~** The strain of rats used for the precise imaging of tumors. Xenograft 4T1 murine breast tumor
in vivo study was the same as the rat strain we derived our RBCm models were established by inoculating 4T1 cells subcuta-
to avoid any potential immune responses that may arise from the neously into the mammary fat pad of nude mice. All mice were
inconformity in the blood cell type, a highly desired feature for fed a chlorophyll-free diet, which did not show any
clinical translation. Balb/c mice were injected with SPNs autofluorescence in the body, thereby reducing the background
(without any RBCm coating) and RBC-SPNs via the retro- signal at the acquired emission wavelengths (Figure S21). The
orbital route (Figure S20a). Upon systemic administration, all nanoparticles were administered into the retro-orbital artery of
plasma samples exhibited a strong fluorescence signal at 0.5 h, each mouse and the periodic change in mean fluorescence
indicating the presence of a high concentration of SPNs and intensity at the tumor site was monitored for 24 h. As shown in
RBC-SPNs in the systemic circulation (Figure S20b,c). The Figures S22 and S23, the fluorescence signal at the tumor site
fluorescence gradually decreased over time due to the clearance gradually increased for both SPNs and RBC-SPNs as time went
of the nanoparticles by the liver and kidneys. However, we by. However, RBC-SPNs had significantly higher fluorescence
observed a significant difference in mean fluorescence intensity signals than SPNs in all time points due to a combination of
between SPNs and RBC-SPNs starting at 6 h postadministra- enhanced permeability and retention (EPR) effect and active
tion. As a result, no fluorescence was detected in mice with targeting via tumor-targeting peptides. For SPNs, only the EPR
SPNs, whereas about ~20% relative fluorescence was retained in effect was responsible for their accumulation in tumors; hence, a

those with RBC-SPNs, showing the beneficial role of RBCm- slower tumor uptake was observed compared to RBC-SPNss.
coating in extending the systemic circulation of the nano- Surgical resection is regarded as the primary curative
particles. No noticeable difference was observed between RBC- procedure that is commonly utilized for therapeutic inter-
SPN-1 and RBC-SPN-2 in the absence of tumors. ventions of different solid tumors. However, the precise
Improved in Vivo and ex Vivo Delineation of Tumors localization of tumor margins is a major intraoperative challenge
using Receptor-Specific RBC-SPNs for Surgical Guid- and often results in tumor recurrence if the residual tumor is left
ance. The accumulation behavior of SPNs and tumor-targeting behind. Using these biomimetic, tumor-targeted nanoparticles
RBC-SPNs in tumors was first evaluated for their ability in and precision guidance from NIR fluorescence imaging,
8471 https://doi.org/10.1021/acsnano.3c00578
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Figure S. Prediction of cancer progression in tumor-mimicking phantoms using biomimetic nanoparticles and statistical tools. (a) Schematic
workflow of tumor-mimicking phantom samples (akin to mice-derived tumors in terms of their optics) determines the concentration of two
RBC-SPN, correlating to qualitative expression levels of cancer biomarkers. This would aid in the surgical decision-making process. (b) Both
RBC-FA@SPN1 and RBC-cRGD@SPN2 mixed in different volume/volume ratios to mimic the cancer progression from primary tumors to
highly metastatic tumor. (c) Fluorescent spectra acquired from the IVIS from seven different tumor-mimicking phantoms at unknown
concentrations of two RBC-SPNis at excitation wavelength of 640 nm and emission wavelength ranging from 680 to 840 nm. (d) Localizing SVD
components from phantom samples on the calibration curve to obtain the concentration of RBC-cCRGD@SN2. For the calibration curve, see
Figure.S29. (e) Obtained concentration of RBC-cRGD@SN2 from the calibration curve of known phantoms and p-value estimate that indicate

the cancer progression as metastatic or nonmetastatic.

complete debulking of tumors was performed at 24 h as a proof-
of-concept study (Figure 4a). RBC-SPNs had extended blood
circulation shown earlier; hence, attempting this study at a later
stage postinjection (at 24 h) will be beneficial as the fluorescence
signal was highest in the tumors and surrounding tissues
exhibited only negligible fluorescence signal as shown in Figure
4b. This contributed to a very high tumor-to-normal tissue (T/
NT) ratio (~11) for RBC-cRGD@SPN2 (Figure 4c), which is
higher than the Rose criterion®” of 5, showcasing their potential
as imaging agents for fluorescence-guided surgical resections.
Both SPNs and RBC-SPNs had appreciable but significantly
lower T/NT ratios of 1.6 and 2.95, respectively, than the tumor-
specific counterpart at the same dose. To further visualize the
tumor margins and successful debulking of tumors, tissue
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specimens containing both the tumor and normal tissues were
histologically analyzed by hematoxylin and eosin (H&E)
staining and trichrome staining. The stained tissue specimens
displayed distinct malignant tumorous regions adjacent to
normal healthy regions separated by a boundary region, which
was distinguishable in terms of their cellular morphology and
distribution of nuclei (Figure 4d,e). The corresponding tumor
tissue specimens were also visualized using fluorescence
microscopy after staining them with 4',6-diamidino-2-phenyl-
indole (DAPI) to visualize the cellular nucleus. The red
fluorescence signals emitted from the nanoparticles were used
to indicate their accumulation in tumors. Immunofluorescence
(IF) images were also acquired by staining the tumor slices with
antibodies specific to the biomarkers being investigated in this
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Figure 6. Prediction of cancer progression in noninvasive and invasive tumor-mimicking phantoms using biomimetic nanoparticles. (a)
Schematic representation of preparing tumor-mimicking phantoms composed of nanoparticles internalized into either noninvasive or invasive
tumor cells mixed with intralipid, agarose, and hemoglobin. (b) Representative noninvasive tumor cell line (MCF-7a) expressing folate
receptors and invasive tumor cell line (4T1) expressing both folate receptors and integrin avfi3 were selected for preparing the phantoms. (c)
RNA sequencing data confirming the biomarker expressions in MCF-7a and 4T1 tumor cells. Fluorescent spectra were collected from (d) MCF-
7 tumor phantoms and (e) 4T1 tumor phantoms wherein RBC-FA@SPN1, RBC-cRGD@SPN1, or RBC-FA@SPN1+RBC-cRGD@SPN2 were
treated with respective tumor cells for 24 h. (f and g) Corresponding unmixing of fluorescence intensities in RBC-FA@SPN1+RBC-cRGD@
SPN2 revealed differential signals of RBC-FA@SPN1 and RBC-cRGD@SPN2 for MCF-7 and 4T1 tumor phantoms, indicating distinctive

biomarker expression in each tumor cell line.

study (folate, av/33 integrin) in the EGFP channel (Figure S24).
As evident, RBC-cRGD@SPN2 had higher accumulation in
tumors than SPN2 (Figure 4f), closely agreeing with a trend

from our ex vivo and in vivo fluorescence imaging studies. IF
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images further supplemented these findings due to the overlap
between nanoparticle accumulation and different biomarkers.

These collective results reported here demonstrate the potential

of tumor specific SPNs to detect tumor margins in an operating
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room and enable the precise differentiation of contrast signals
between the tumor and the normal healthy regions of the
specimen. Such a biomimetic nanoparticle agent could provide
meaningful data to surgeons in the operating room.

At 24 h postinjection of SPNs and tumor-targeted RBC-SPNss,
the mice were sacrificed to resect major organs (such as liver,
spleen, heart, and kidneys) and tumors. Based on the ex vivo
fluorescence imaging of major organs, both SPNs and RBC-
SPNs were detected in the liver, kidneys, and spleen (in addition
to the tumors), indicating that these are the main pathways of
clearance for SPNs. Interestingly, the accumulation of RBC-
SPNs in the liver was significantly lower than in SPN,
demonstrating the efficacy of RBCm coating in reducing liver
uptake (Figure S25).

Qualitative Biomarker Estimation and Predicting
Tumor Metastases at Single Excitation Wavelength. As
our understanding of tumor heterogeneity has increased over
the past decade, it is evident that there are multiple cancer
biomarkers expressed on the cell surface of many solid tumors.
Such findings further iterate an unmet need to transition from
traditional single-biomarker approaches currently used in
clinics®>*" to the ones that target multiple cancer biomarkers.
Using a single-biomarker approach often leads to subjective
decision-making and variable outcomes resulting in incomplete
tumor resections.”>>” This could be further augmented by the
ability to visualize multiple biomarkers to get an idea of the
cancer progression (such as metastases spread). Furthermore,
accurately assessing the distribution of multiple fluorophores at
single-wavelength excitation is advantageous, as multiple
excitations for each fluorophore often results in tedious imaging
instrumentations in the operating rooms. Allowing surgeons to
have portable devices such as fluorescence imaging sensors'”
that can precisely phenotype heterogeneous cancer in real-time
with high specificity, sensitivity, and resolution could provide
better tumor delineation without the need for secondary
surgeries and, consequently, better patient health. At present,
however, there is a lack of availability of such cancer-targeted
probes and/or fluorescence-based multiplexing tools that could
be used in an intraoperative setting capable of being excited at a
single wavelength.

Toward this aim, we have demonstrated the efficacy of using
our two spectrally tuned biomimetic nanoparticles as a
multiplexed detection tool for cancer progression in ex vivo
tumor-mimicking phantoms and in vivo tumor-bearing mice.
Our two biomimetic nanoparticles can be excited at a single
wavelength (640 nm) with distinct emission peak maxima (720
and 840 nm) and target two distinct cell-surface tumor
biomarkers (folate, primary cancer; av33 integrin, metastasis).
Extracting individual fluorescence intensities from the two
biomimetic nanoparticles can provide us with a more qualitative
assessment of tumor progression, improved guidance during the
surgical resection process (in situ and ex vivo), and an accurate
decision-making process in an operating suite. We further
validated our findings of metastases spread with RNA
sequencing results and fluorescence imaging of tumor slices.

First, we developed tumor-mimicking phantoms that
comprised agarose, hemoglobin (Hb), and intralipid solution.
These ex vivo phantoms have been shown to closely mimic solid
tumors in terms of tissue optics.”* >® The two biomimetic
nanoparticles were mixed in different volume-by-volume (v/v)
ratios to account for a variable expression level of the cancer
biomarkers (folate and avf33 integrin) in a solid tumor, which
would correspond to cancer progression (Figure Sa,b).
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Phantoms having only RBC-FA@SPN1 were used to mimic
primary cancer having extensive folate receptor expression
(10:0). A phantom having only RBC-cRGD@SPN2 was used to
mimic metastatic tumors with very high avf3 integrins
expressions (0:10). Phantoms having variable v/v ratios of
RBC-FA@SPN1 and RBC-cRGD@SPN2 (9:1, 7:3, 5:5, 3:7,
1:9) were used to mimic the gradual increase of cancer
progression from primary cancer to a metastatic one. To obtain
the calibration curve for this study, tumor phantoms with known
ratios of the two biomimetic nanoparticles were excited at 640
nm and emission spectra were collected from 680 to 840 nm
using the IVIS (Figure S26).

To corroborate the validity of our SVD analysis above, we
tested its efficacy in predicting the concentration of RBC-SPNs
using a single-blinded experiment with seven tumor-mimicking
phantoms with unknown mixtures of the two RBC-SPNs. A
qualitative understanding of the two probes in a tumor could
provide insights into biomarker expression and cancer
progression (metastases), thereby guiding surgeons with the
resection process of solid tumors. To acquire the concentration
of two RBC-SPNs in tumor-mimicking phantoms, similar
imaging and decomposition analysis processes were performed
(Figure S26). Seven tumor-mimicking phantom samples were
taken and excited with a 640 nm laser. Emission fluorescence
between 680 and 840 nm with 20 nm intervals was collected and
plotted as original spectra (Figure Sc). After performing SVD
analysis on the original spectra, the first two terms of SVD results
were able to reconstruct the original spectra with an accuracy of
98.1% (Figure S27). By locating the second term of the Eigen
combination V value on the calibration curve, the unknown
concentrations of RBC-cRGD@SNP2 and RBC-FA@SPN1
were determined with comparable (98%) accuracy (Figure Sd,e
and Table S1). We further calculated p-value estimates
classifying tumor phantoms as either metastatic or non-
metastatic tumors, with a p-value <0.01 being considered
significant. Such estimators would help surgeons in the
intervention procedure and potentially assist in making surgical
decisions such as resection of metastatic tumors.

We next attempted to use our two biomimetic nanoparticles
to predict the cancer progression in noninvasive and invasive
tumor-mimicking phantoms. Unlike the previous case where we
used a solution containing agarose, intralipid, and hemoglobin
to make phantoms, we further included tumor cells labeled with
nanoparticles (Figure 6a). For noninvasive tumor phantoms, we
used a representative cancer cell line (MCF-7a), and for invasive
tumor phantoms, we used a representative cancer cell line
(4T1). Each of these cells was labeled with either (i) RBC-FA@
SPN1, (ii) RBC-cRGD@SPN2, or (iii) RBC-FA@SPN1 +
RBC-cRGD@SPN2. MCEF-7a cells overexpress folate receptors
but have low expressions of avf3 integrin,* and 4T1 cells
overexpress both folate receptors and avf3 integrin (Figure
6b).** RNA sequencing data from MCF-7a and 4T1 tumor cells
were used to get an estimate of different receptor expressions
(Figure 6¢). Subsequently, fluorescence imaging of phantoms
was conducted using an IVIS imager to obtain their emission
spectra. For MCF-7a tumor phantoms, there was strong
emission intensity at 720 nm both with RBC-FA@SPN1
nanoparticles alone and in mixtures, indicating their strong
internalization due to specific targeting of folate receptors
(Figure 6d). RBC-cRGD@SPN?2 labeled MCF?7 cell phantoms
showed weaker emission intensity at 840 nm and thus lower
uptake. An opposite trend was observed for 4T1 tumor
phantoms, with strong emission intensity at 840 nm for both
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Figure 7. Prediction of cancer progression in preclinical tumor models using biomimetic nanoparticles and statistical tools. (a) Schematic
workflow of 4T 1-tumor bearing mice models injected with two RBC-SPNs and correlating to qualitative expression levels of cancer biomarkers.
This will be further verified via fluorescence imaging of tumor tissues and RNA-sequencing. (b) Fluorescence emission of ex vivo tumors (n = 4
tumors) where the mice were injected with RBC-FA@SPN1 (pink), RBC-cRGD@SPN?2 (green), and both RBC-FA@SPN1 and RBC-cRGD@
SPN2 (gray). (c) Obtained concentration of RBC-cRGD@SPN?2 from the calibration curve after SVD calculations, corresponding ratio of
[SPN1]/[SPN2] calculation, and indication of cancer progression. (d) Top panel: Inmunofluorescence (IF) images of tumor tissues injected
with the nanoparticle mixture labeled with antibodies for folate and avf3 integrin. Bottom panel: Fluorescence imaging to show RBC-FA@
SPN1 and RBC-cRGD@SP2 accumulation in tumors. (e) Corresponding fluorescence intensity calculations. (f) RNA transcriptome analysis of

4T1 tumors indicating the expression levels of folrl, av, and #3.

RBC-cRGD@SPN2 nanoparticles alone and in mixtures,
indicating their strong internalization by specifically targeting
the avf3 integrins (Figure 6e). RBC-FA@SPN1 labeled 4T1
cell phantoms showed weaker emission intensity at 720 nm and
consequently lower uptake. Both MCF7 and 4T1 tumor cell
phantoms labeled with a mixture of biomimetic nanoparticles
were spectrally unmixed to quantify the contributions from
individual biomimetic nanoparticles (RBC-FA@SPN1 and
RBC-cRGD@SPN2). From the unmixing in MCF-7a tumor
cell phantoms, RBC-FA@SPN1 had a higher contribution than
RBC-cRGD@SPN2 (SPN1 emission at 720/SPN2 emission at
840 = 2.46), indicating an overabundance of folate receptors on
MCEF-7a cells utilized by the latter for cellular internalization
(Figure 6f). Contrastingly, from unmixing the mixture of
biomimetic nanoparticles in 4T1 tumor cell phantoms, RBC-
cRGD@SPN?2 had a higher contribution than RBC-FA@SPN1
(SPN1 emission at 720/SPN2 emission at 840 = 0.28),
suggesting that avf3 integrins were utilized for cellular
internalization by the former (Figure 6g). These unmixing
results closely agree with the trends obtained from our RNA
sequencing data in Figure 6c.

We next attempted to confirm this multiplexed detection
capability in in vivo tumor-bearing mouse models. 4T1 cells were
selected as a representative case for highly tumorigenic, invasive,
and metastatic (avf33 integrin > folate) tumors (Figure 7a).
However, one critical issue needs to be addressed before
proceeding to multiplexed detection experiments. It is well
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understood that active-targeted nanoparticles (such as RBC-
FA@SPN1 and RBC-cRGD@SPN2) utilize a combination of
both active-targeting mechanisms and passive uptake mecha-
nism (EPR) for the uptake behaviors in solid tumors.”~®" This
could interfere with our molecular phenotyping and qualitative
biomarker estimation studies in in vivo subjects, and thus, the
following corrections were made. 4T 1-tumor-bearing mice (n =
3 tumors each) were injected separately with (i) nontumor
targeted nanoparticles (RBC-SPN1 and RBC-SPN2) where
only the EPR effect was dominant and (ii) tumor-targeted
nanoparticles (RBC-FA@SPN1 and RBC-cRGD@SPN2),
which utilizes both the EPR effect and active targeting. At 24
h, when the EPR effect is the least predominant and the active
targeting mechanism is dominant, the fluorescent signals at
tumor locations were acquired and plotted against the emission
wavelength (Figure S30). Assuming the EPR effect and active
targeting are the only two uptake pathways of nanoparticles into
solid tumors, we subtracted the contribution of the EPR effect
from the emission spectra.

Using singular value decomposition (SVD), we analyzed the
tumor spectra of nanoparticles employing “EPR effect only” and
“EPR + active targeting” and quantified the contribution of the
EPR effect. After plotting the tumor data, we found the
fluorescent signal coming from EPR to be linearly dependent on
the total fluorescent intensity. SVD being a linear decomposition
technique, EPR, therefore, did not change the eigen spectra but
only scaled the singular value. The scaling factor was very similar
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Figure 8. In vivo toxicity evaluation of RBC-SPNs by body weight measurements, blood tests and histology analysis. (a) Schematic explanation
of retro-orbital injection of BALB/c mice with injections of SPNs and RBC-SPNs, (b) followed by the mice body weight changes over a span of 2
weeks. Blood biochemistry data were collected including several liver function biomarkers, (c) ALT and (d) AST, and kidney function
biomarkers, (e) Creatinine, (f) BUN, and (g) Bilirubin. (h) Representative H&E-stained images of major organs from the euthanized mice on
the day 14th after being retro-orbital injected with saline or RBC-SPNs.

for both SPN1 and SPN2, demonstrating that their ratio is
robust to EPR background effects. Thus, SVD will reduce the
contribution of unwanted signals when the result is expressed as
an SPN1/SPN2 ratio. The resulting emission spectra, which
only incorporated contributions of active-targeting components,
i.e., folate, avf3 integrin, respectively, were subsequently used
for our molecular phenotyping and qualitative biomarker
estimation experiments (Figure 7b). The emission spectra
from tumor tissues that were injected with the nanoparticle
mixture were corrected for scattering and SVD analysis was
adapted to obtain the concentration of each nanoparticle in the
tumor (Figures $31—S33). A ratio of SPN1/SPN2 less than 1
indicated more accumulation of SPN2 into the tumor than
SPN1, suggesting a greater amount of av/33 integrin than folate.
The emission spectra from tumor tissues injected with the
mixture were also fitted with a linear combination of the vial
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spectra of individual SPNs (Figures S28 and S29). The ratio of
the fitting parameters was used to estimate the relative
distribution of the biomarkers. A ratio less than 1 (~0.86)
indicates the lesser accumulation of RBC-FA@SPN1 than RBC-
cRGD@SPN2 (Figure.S33), indirectly suggesting more avfi3
integrin than folate. To validate our qualitative estimation of
biomarkers from our statistical analysis, we utilized both
fluorescence microscopy images of tumor tissues and RNA
sequencing (RNA-seq) data. 4T 1-tumor-bearing mice that were
injected with both RBC-SPNs for this multiplexed study were
sacrificed, and the tumor tissues obtained were imaged under
fluorescence microscopy (Figure 7d). Two adjacent tissue slices
from the tumor injected with the mixture were stained with
antibodies corresponding to folate and avf3 integrin,
respectively (Figure 7d, top panel). The folate antibody-stained
slice was imaged in the Cy5 NIR fluorescence channel to
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visualize the uptake of RBC-FA@SPN1 while the av/33 integrins
antibody-stained tumor slice was imaged in the ICG NIR
fluorescence channel to visualize the uptake of RBC-cRGD@
SPN2. Based on the semiquantitative analysis, a stronger and
more persistent NIR signal was distributed across the tumor
tissues for RBC-cRGD@SPN2 than RBC-FA@SPN1 (Figure
7e). This trend was further validated by RNA-seq data, which
showed that the distribution levels of both av and /33 integrins
were significantly higher than Folr1 (folate-a) receptors (Figure
7f), indicating more accumulation of RBC-cRGD@SPN2
(targeting avf3 integrins) than RBC-FA@SPN1 (targeting
folate-a receptors).

Preclinical Evaluations of RBC-SPNs. As for any
experimental nanoparticle, there is always a cause for concern
about the potential in vivo toxicity. We proceeded to do a full-
scale toxicity study as we will be leveraging an RBCm-coated
nanoparticles platform, which could cause potential toxicity
issues including transfusion reactions due to a mismatch of the
blood types, potentially leading to fatal incidents.

For our study, BALB/c mice (n = 3) received a retro-orbital
injection of 200 uL of PBS1x or PBS containing SPNs or RBC-
SPNs at a concentration of 1 mg/mL. The body weight of mice
was monitored for 2 weeks as it is a direct indicator of the in vivo
toxicity of the nanoparticles. There were no significant changes
in the body weight of the mice for either the control or the
treated group postinjection. Furthermore, none of the animals
experienced severe symptoms or death, suggesting potentially
no in vivo side effects (Figure 8a—c). On day 14 of the injection,
all mice were euthanized, the major organs including hearts,
kidneys, livers, lungs, and spleens were collected for H&E
staining, and their blood was collected for a blood test. We
observed no hepatic or renal toxicity that was induced by these
nanoparticles as shown by the normal values of the liver function
markers, ie, ALT, AST (Figure 8d,e), and kidney function
markers, ie., Creatinine, BUN, and Bilirubin (Figure 8f—h).
These values were consistent with those in the control group
that had been injected with saline. In addition to that, no
observable sign of major organ damage was noticed from the
H&E staining, implying negligible hepatic and hematological
toxicity of the RBC-SPNs. We further conducted an erythrocyte
hemolysis assay experiment to evaluate the interactions of RBC-
SPNss and red blood cells derived from BALB/c mice. As shown
in Figure S34, the RBC-SPNs exhibited minimum hemolysis at
all tested concentrations for RBC-SPN1 and RBC-SPN2 (10—
200 pg/mL). These results collectively indicate that RBCm
camouflaged SPNs have no noticeable in vivo toxicity to healthy
mice, at least at our tested dose, and are suitable for in vivo
applications. However, more work is needed to systematically
study the response of short- and long-term toxicity of these
nanoparticles at various doses.

While imaging systems like PerkinElmer’s IVIS spectrum have
become essential tools for the preclinical researcher, their
reliance on a filter wheel that can pick out just a single
wavelength at any given time makes them unsuited for the
dynamic activity that is intrinsic to the clinical environment. As
such, there is a need to design not only fluorescent probes that
can emit at different wavelengths, even when excited at a single
wavelength, but also fluorescent imaging systems that can
discriminate between those emission wavelengths from the
information captured in a single snapshot. A solution is posed by
an 18-band snapshot hyperspectral imaging system that was
previously evaluated for sentinel lymph node dissection with
multiple near-infrared fluorophores but is equally applicable for
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tumor detection with a collection of cancer biomarkers.”> By
permitting multiple wavelengths to be probed at each pixel, this
snapshot hyperspectral imaging system preserves the high frame
rates that are possible with color imaging systems while
facilitating a balance between field of view and spatial resolution
that has been demonstrated with similarly constructed imaging
systems.””** These features enable the imaging system to
capture more information at a faster rate than laboratory
instruments without sacrificing the benefit of image fidelity that
is offered by those instruments. Spectral unmixing of two RBC-
SPNs was conducted using an 18-band snapshot hyperspectral
imaging system designed for near-infrared fluorescence image-
guided surgery (Figure S35).

CONCLUSION

In summary, we have introduced a biomimetic nanoplatform
having favorable biological properties (increased biocompati-
bility, prolonged in vivo blood circulation and reduced liver
uptake) and spectral properties (providing specific and robust
fluorescence enhancement in tumors with T/NT tissue ratios
~11 and multiplexed molecular phenotyping at single-wave-
length-excitation). Such features of the nanoparticle contrast
agent will account for the tumor heterogeneity issues that are
often associated with solid tumors and provide tumor biomarker
expressions and cancer progression (such as metastases) to
surgeons in an operating room. We validated these features
using in vitro cells, in vivo and ex vivo tumor-bearing mice
models, and ex vivo tumor phantom models. As the EPR effect in
humans has been found to be variable unlike in mice models,
more in-depth studies need to be conducted that enable patient-
specific stratification of EPR with corresponding adjustments to
our SVD model. However, such efforts are beyond the current
emphasis of this study, which discusses murine and phantom
models. Our biomimetic nanoplatform with favorable biological
and spectral properties results in applications for precise
fluorescence-guided surgical interventions in preclinical studies
on a wide range of solid tumor models.

METHODS

Materials. All materials were purchased from Sigma-Aldrich and
used without any modifications unless stated separately. Agarose was
purchased from Fisher Scientific. Pork skin, fat, and muscle tissues were
acquired from local grocery stores.

Preparation of SPNs. For preparing SPN1 or SPN2, 0.5 mg of
SP1/SP2 and 5 mg of DSPE-mPEG2000 were dissolved in 1 mL of
THE by stirring it for 2 min. This was followed by a dropwise addition
of 9 mL of DI water in an empty 20 mL vial under probe sonication for
3:30 min. Subsequently, THF was removed by stirring at 300 rpm at
room temperature overnight with nitrogen flushing gently. The mixed
solution was ultrafiltered at 4500 rpm for 30 min and then washed three
times with DI water to remove any excess DSPE-mPEG2000. The final
products (SPN1 and SPN2) were collected and stored at 4 °C.

Preparation of RBCm. RBCs derived from BALB/C mouse blood
were purchased directly from BioIVT. Subsequently, it was subjected to
hemolysis where the RBCs were suspended in lysis buffer, i.e., 0.25%
PBS at 4 °C for 1 h. The resulting solution was centrifuged 4 times at
20000g to eliminate hemoglobin until a pink pellet (RBCm
concentrate) was obtained, and the supernatant solution was colorless.
The pink pellet was resuspended in distilled water (~50 mL) and
vigorously mixed and sonicated for 10 min in an ice—water mixture
followed by extrusion through a 200 nm polycarbonate membrane 15
times using a mini extruder (Avanti Polar Lipids). The final RBCM
solution was stored at —80 °C under further use.

Preparation of Targeting Peptide Inserted RBCms. RBCm
obtained in the previous step was taken and incubated with 100 y¢g/mL
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DSPE-PEG-FA or DSPE-PEG-cRGD at 37 °C for 30 min to form RBC-
FA and RBC-cRGD, respectively. All samples were centrifuged at 700g
for 10 min and washed with PBS1x twice before reconstructing them
into vesicles using the mini extruder.

Preparation of RBC-FA@SPN1 and RBC-cRGD@SPN2. RBC-
FA and RBC-cRGD modified membranes were subsequently coated
onto the SPNs that were prepared earlier by extruding through 200 nm
polycarbonate porous membranes using the mini extruder 15 times.
Hydrodynamic diameter and {-potential measurements were collected
(Zetasizer Nano ZS, Malvern Instruments Ltd.).

Transmission Electron Microscopy (TEM) Imaging of RBC-
SPNs and SPNs. A drop of RBCm-coated or bare (non-RBC-coated)
nanoparticle solution was deposited onto a glow-discharged, carbon-
coated TEM grid and incubated for 5 min. Excess liquid was removed,
and samples were dried overnight in a desiccation chamber. For
negative staining, samples were stained with 1% uranyl acetate for 30 s
immediately before imaging. All samples were imaged using a JEOL
JEM-2100 Cryo transmission electron microscope at 200 kV.

Physicochemical, Optical, and Molecular Biology Character-
ization of SPNs and RBC-SPNs. Dynamic light scattering (DLS)
measurements were conducted to measure the hydrodynamic size
distribution (intensity average) of the nanoparticles on a Malvern
Zetasizer ZS90 instrument (Malvern Instruments Ltd.) at a fixed angle
of 90°. {-Potential values were determined using a Malvern Zetasizer
(Malvern Instruments Ltd.) of Nano series. Ultraviolet—visible (UV—
vis) absorbance was recorded on a GENESYSTM 10S UV-—vis
spectrophotometer (Thermo Scientific). Absorbance spectra were
collected at an interval of 1 nm scanning from 300 to 1000 nm. To
evaluate the presence of CD47 on the surface of the particle,
allophycocyanin-labeled antimouse CD47 antibody was used (BioL-
egend, San Diego, CA) according to a previously established protocol.
The protocol to conduct the Dot blot studies was conducted from a
previous study against CD47 proteins on RBC membranes. Further
protein characterization was conducted using a sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) method that has been
previously reported. Briefly, the samples were heated at 95 °C for 10
min, and 20 uL of each sample was loaded in each well for a 10% SDS-
PAGE gel. Samples were run at 100 V for 2 h, and the obtained gel was
stained with Coomassie blue, washed with deionized water, and
subsequently imaged.

Calculation of Quantum Yields of SPNs and RBCm-SPNs.
Using ICG as the reference, the quantum yields of SPN1, SPN2, RBC-
SPN1, and RBC-SPN2 were calculated using the following formula: Q
= Qg X I X ODjcg X N2/(Iicg X OD X Nycg), where Q is the
fluorescence quantum yield, I is the integrated fluorescence intensity, N
is the refractive index of solvent (PBS), and OD is the optical density
(absorption). Q¢ in PBS is 0.027.

Dispersion Stability of RBC-SPNs against Lyophilization.
RBC-SPNs stock solutions were taken in glass vials (2 mL). The
resulting solutions were frozen by placing them in liquid nitrogen for a
few minutes and then connected immediately to a freeze-drier (—47
°C) with an applied vacuum (53 X 10~* mbar) for ~24 h. The freeze-
dried products were reconstituted with deionized water (1 mL). The
RBC-SPN solutions were briefly sonicated and analyzed using DLS and
IVIS fluorescence imager.

MTT Assay of RBC-SPNs. The cytotoxic effects of various samples
(SPN1, SPN2, RBC-FA@SPN1, RBC-cRGD@SPN?2) in two different
cell lines (MDA-MB231, MCF?7) were investigated using a MTT assay
established previously.*®

In Vitro Cellular Uptake Experiments. MCF-7 and 4T1 cancer
cells were cultured in a 6-well plate (10° cells/well) and incubated with
DMEM containing SPN1, SPN2, RBC-FA@SPN1, and RBC-cRGD@
SPN2 at a concentration of 50 ug/mL for 12 h. The treated cells were
subsequently washed, stained with DAPI, and then fixed. LSM 880
confocal laser scanning microscopy (Carl Zeiss) was used to capture the
fluorescence images.

Flow cytometry was further performed to quantify the cellular
uptake. 4T1 and MCF-7 cancer cells were incubated with SPNs and
tumor-targeted RBC-SPNs at a concentration of 50 yg/mL for 12 h.
Then, the treated cells were successively washed with PBSIx,
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trypsinized, collected, and resuspended in 1% FBS in PBS solution
and used for cellular uptake analysis on a BD LSR Fortessa.

In Vitro Macrophage Experiments. RAW 264.7 macrophage cells
were cultured in a 6-well plate (10° cells/well) and incubated with
DMEM containing SPN1, SPN2, RBC-FA@SPN1, and RBC-cRGD@
SPN2 at a concentration of 50 pg/mL for 2 and 4 h, respectively. The
treated cells were subsequently washed, stained with DAPI, and then
fixed. LSM 880 confocal laser scanning microscopy (Carl Zeiss) was
used to capture the fluorescence images.

Flow cytometry was further performed to quantify the cellular
uptake. RAW 264.7 macrophage cells were incubated with SPNs and
tumor-targeted RBC-SPNs at a concentration of 50 yg/mL for 2 and 4
h, respectively. Then, the treated cells were successively washed with
PBS1x, trypsinized, collected, and resuspended in 1% FBS in PBS
solution and used for cellular uptake analysis on a BD LSR Fortessa.

Ex Vivo Tissue Penetration Experiments. Synthesized RBC-
FA@SPN1 and RBC-cRGD@SPN2 after ultracentrifugation were
dispersed in PBS 1x buffer with a concentration of 400 yig/mL. One wt
% agarose aqueous solution was heated until full dissolution. Prepared
solutions of RBC-FA@SPN1 and RBC-cRGD @SPN2 were mixed with
1 wt % agarose aqueous solution with a final nanoparticle concentration
of 100 y¢g/mL. The mixture was quickly transferred into a 12-well tissue
culture plate for gel formation. The plate was left at room temperature
until SPN-agarose gel completely cooled and then was solidified. The
RBC-SPN-agarose gels were carefully removed from the 12-well plate
with an approximate thickness of 1—1.5 cm. The tissue phantom
imaging was carried out by a PerkinElmer IVIS Spectrum CT in Vivo
Imaging System (Waltham, MA). Pork fat and muscle tissues were
sliced into 2, 4, 6, 8, and 10 mm sections. The prepared pork tissues with
various thicknesses were placed on top of the SPN-agarose gels in the
imaging compartment of the IVIS. SPN-agarose gel covered by 4 mm
pork muscle tissue and pork skin on the top was also imaged for
comparison. Fluorescence images at each tissue thickness for both
SPNs were acquired with similar settings from the in vivo imaging by the
IVIS. Agarose was purchased from Fisher Scientific. Pork skin, fat, and
muscle tissues were acquired from local grocery stores.

Ex Vivo Phantom Experiments. We made phantom tumors with
agarose, hemoglobin (Hb), and intralipid solution to make more
realistic models for imaging. For SPN agarose-Hb-intralipid gel, we
mixed an equal volume of RBC-SPN with a solution of 2% agar with
hemoglobin and intralipid. For a 3 mL solution of gel, we mixed 30 mg
of agarose, 15 mg of hemoglobin, 75 uL of intralipid solution (20%),
and 1425 uL of PBS. Then, the solution was heated to 60 °C and 1.5 mL
ofa200 uL RBC-SPN solution was added. The solution was cooled to 4
°C for 2 h to form the gel. The subsequent tumor phantoms made from
RBC-FA@SPN1 and RBC-cRGD@SPN?2, respectively, were imaged
on the IVIS with single excitation of 675 nm, Em. 720 nm and Em. 840
nm.
Animal and Tumor Models. Female mice BALB/c and J:NU of
22—-25 g weight (2 months old) were purchased from Jackson
Laboratory (Bar Harbor, ME). Upon arrival, all mice were housed in the
animal care facility at the Beckman Institute for Advanced Science and
Technology (University of Illinois at Urbana—Champaign, Urbana, IL)
under the required conditions with free access to water and food
throughout the experiments. All animal studies were performed in
accordance with the guidelines of the Institutional Animal Care and Use
Committee (IACUC, Protocol ID 20194) and the Division of Animal
Resources at the University of Illinois. Breast cancer xenograft was
established using a 4T1 murine mammary carcinoma cell line (CRL-
2539, ATCC, Manassas, VA). An 100 uL 4T1 cell solution (10° cells
per injection) was administered at the mammary fat pad of the second
nipple of the left side of each J:NU mouse using a 27G1/2 needle.
Anesthesia was maintained by mask inhalation of 1.5—2.0% isoflurane
throughout the procedure.

Tumor-Cell-Mimicking Phantom Models. MCF-7a and 4T1
cancer cells were cultured in Petri dishes until 80% confluency,
following which they were incubated with DMEM containing SPN1,
SPN2, RBC-FA@SPN1, RBC-cRGD@SPN?2, or both (50:50 v/v ratio)
at a concentration of 200 yug/mL for 24 h. Subsequently, after the
washing steps, the cells labeled with nanoparticles (10° cells) were taken

https://doi.org/10.1021/acsnano.3c00578
ACS Nano 2023, 17, 8465—-8482


www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c00578?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acsnano.org

to form the tumor-cell-mimicking phantoms. For making the
phantoms, we mixed these cells with agarose, hemoglobin (Hb), and
intralipid solution. For making MCF-7 or 4T1 tumor cell-mimicking
phantoms, we mixed 1 mL of cells labeled nanoparticles with a solution
of 2% agar with hemoglobin and intralipid. For a 3 mL solution of gel,
we mixed 30 mg of agarose, 15 mg of hemoglobin, 75 uL of intralipid
solution (20%), and 1425 uL of PBS. Then, the solution was heated to
37 °C and 1 mL of cell labeled nanoparticles solution was added. The
solution was cooled to 4 °C for 2 h to form the gel. The subsequent
tumor phantoms made were imaged on the IVIS with single excitation
of 640 nm and emission ranging from 680 to 840 nm.

In Vivo Blood Circulation Studies. To investigate the circulation
time of the nanoparticles, dye-labeled SPNs and RBC-SPNs (1000 g/
mL) were administered into the retro-orbital sinus of BALB/c mice. At
0.5, 1, 2, 6, and 24 h after nanoparticle administration, 20 uL of blood
was collected from the submandibular vein of each mouse and
centrifuged at 2000g for 10 min to separate the plasma. The samples
were stored at —80 °C and imaged with the IVIS.

The body weights for each mouse were recorded using a digital scale
every 3 days. After waiting for 2 weeks, all mice were euthanized to
harvest the organs (heart, liver, kidney, spleen), which were
histologically analyzed for any sign of chronic cytotoxicity from the
nanoparticles. Prior to sacrificing the mice, their blood was also
collected for analyzing their liver and kidney function assessments. Mice
administered with PBS were used as a negative control.

In Vivo Fluorescence Imaging. When the 4T1 tumor size reached
approximately 10 mm, the mice were randomly assigned to administer
SPNs and RBC-SPNs into the retro-orbital sinus at a dose of mg/kg (n
= 3) and imaged with the IVIS at 2, 4, 8, 12, and 24 h.

Histological Analysis. After the mice were imaged using the IVIS
and euthanized, the tissues of the main organs including tumors were
obtained and studied using hematoxylin and eosin stain using the
standard protocol. The fixed tumors and tissues were first dehydrated
using ethanol solution, followed by embedding in paraffin and cutting
into sections with a thickness of 10 ym. The sections were washed with
ethanol and immersed in hematoxylin working solution for 3 min and
then in eosin working solution for 1 min. The stained slices were
washed with water and observed by a Keyence microscope BZ-800E.

For fluorescence imaging of tumor slices, the collected tumor tissues
were first dehydrated and then embedded in a frozen optimal cutting
temperature medium and cut into 10 ym using a cryostat (Leica,
CM1950). These sections were washed with PBSIx three times
followed by staining with DAPI at 25 °C for 20 min, followed by
staining with folate-specific and avf3 integrin-specific antibodies that
were imaged in the EGFP channel. The stained sections were observed
under a Keyence microscope BZ-800E. For SPN1 fluorescence, a CyS
filter was used. For SPN2 fluorescence, an ICG filter was used.

Statistical Analysis. The results of experiments are reported as the
mean =+ standard deviation. The experimental data for in vitro and in
vivo experiments in each group were analyzed by ANOVA with post hoc
tests using GraphPad Prism 8 software. Different significance levels of
the data were considered at *p < 0.05, **p < 0.01, and ***p < 0.001.

Tumor Phantom Fluorescent Spectra Analysis. Fluorescent
spectra were analyzed and plotted using MATLAB. RBC-FA@SPN1
and RBC-cRGD@SPN2 were mixed in different v/v combinations:
RBC-FA/RBC-cRGD = 130:0, 117:13, 91:39, 65:65, 39:91, 13:117,
and 0:130 pg/mL. The emission spectra were collected from 680 to 840
nm with 20 nm intervals by exciting the mixture at 655 nm. With nine
wavelength points and seven different v/v combinations, the emission
spectra were rewritten as a matrix Agy;. Singular value decomposition
was performed on the spectra Ag,; and decomposed it into Ugy;, Sy,
and V., where A = USV". The first two terms of U, S, and V were used
to reconstruct the spectra, A & Ugy;S,,,Vay,. The calibration curve was
obtained by rescaling the V, with the absolute intensity value and
replotted it as a function of different v/v combinations. For samples
with unknown concentration of the two RBC-SPNs, the study was
conducted in a single-blind manner. Each sample was excited at 640 nm
and collected emission fluorescence from 680 to 840 nm, and the
collected spectra were decomposed using the same SVD analysis. The
V, value from the decomposition was highlighted on the calibration
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curve to calculate the estimated RBC-cRGD@SPN2 (and conse-
quently, RBC-FA@SPN1) concentrations.

Microcentrifuge Tube Fluorescent Spectra Analysis. An 18-
band snapshot hyperspectral imaging system was constructed from a
stacked photodiode image sensor and a three-by-three-pixel spectral
filter array and was then equipped with a 647 nm long-pass filter
(BLP01-647R, Semrock) as described in ref 62; it was further
configured with a Rokinon 50 mm f/1.4 lens adjusted to an aperture
of £/2.8 and two notch filters at 658 nm (NF03-658E, Semrock) and
785 nm (NF03-78SE, Semrock) for this particular study. Fluorescence
images of any samples were captured under 665 nm laser excitation
(BWF2-665, B&W Tek) provided by a beam-expanded and current-
controlled source that was configured to an irradiance 0of 20.7 mW/ cm?
at the location of the sample, while white light images of any samples
were captured under direct halogen lamp illumination (OSL1 w/
OSL1B bulb, Thorlabs). The 665 nm laser was setup at an angle of 105°
with respect to the sample and the imaging system, while the halogen
lamp was setup at an angle of 20—30° with respect to the same.

The spectra of RBC-FA@SPN1 and RBC-cRGD@SPN2 were
determined by extrapolating the spectra observed across various
concentrations of SPN1 or SPN2 (in solution with phosphate buffered
serum) to a unit concentration of SPN1 or SPN2 (Supporting
Information). The spectral unmixing of RBC-FA@SPN1 and RBC-
cRGD@SPN2 was then evaluated by decomposing the spectra
observed for various mixtures of SPN1 and SPN2 (again in solution
with phosphate buffered serum) into a concentration-weighted linear
combination of the spectra of SPN1 and SPN2 (Supporting
Information). Since the emission from SPN1 could excite SPN2, the
ratios found via unmixing were biased away from SPN1 toward SPN2
whenever the SPNs were mixed. To counteract this coupling between
the SPNs, a calibration curve that mapped the observed (biased) ratios
to the actual (unbiased) ratios was defined as a scaled, shifted, and
clamped version of a square root function before being fitted and
applied to the data (Supporting Information).
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