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Triple-negative breast cancer (TNBC) diagnosis remains challenging without expressing critical receptors. Cancer
cell membrane (CCm) coating has been extensively studied for targeted cancer diagnostics due to attractive
features such as good biocompatibility and homotypic tumor-targeting. However, the present study found that
widely used CCm coating approaches, such as extrusion, were not applicable for functionalizing irregularly
shaped nanoparticles (NPs), such as porous silicon (PSi). To tackle this challenge, we proposed a novel approach
that employs polyethylene glycol (PEG)-assisted membrane coating, wherein PEG and CCm are respectively
functionalized on PSi NPs through chemical conjugation and physical absorption. Meanwhile, the PSi NPs were
grafted with the bisphosphonate (BP) molecules for radiolabeling. Thanks to the good chelating ability of BP and
homotypic tumor targeting of cancer CCm coating, a novel PSi-based contrast agent (CCm-PEG-3°Zr-BP-PSi) was
developed for targeted positron emission tomography (PET)/computed tomography (CT) imaging of TNBC. The
novel imaging agent showed good radiochemical purity (~99 %) and stability (~95 % in PBS and ~99 % in cell
medium after 48 h). Furthermore, the CCm-PEG-%Zr-BP-PSi NPs had efficient homotypic targeting ability in vitro
and in vivo for TNBC. These findings demonstrate a versatile biomimetic coating method to prepare novel NPs for
tumor-targeted diagnosis.

1. Introduction computed tomography (CT) has the advantages of unlimited penetration

depth and high sensitivity, constituting an ideal approach for diagnosing

Approximately 2.6 million new cases of breast cancer (BC) were
diagnosed in 2020, with 685,000 deaths worldwide (Sung et al., 2021).
As a subtype of BC, triple-negative breast cancer (TNBC) has many
characteristics, such as the lack of expression of estrogen and proges-
terone receptors, causing a challenge in cancer diagnosis and therapy
(Park et al., 2018). The current diagnosis of TNBC mainly relies on tissue
biopsy, although the diagnosis results are subject to sampling errors and
invasiveness (Chudgar and Mankoff, 2017). Therefore, there is an urgent
medical demand to develop sensitive and efficient tumor-targeting im-
aging approaches for the diagnosis of TNBC.

The combination of positron emission tomography (PET) and

* Corresponding authors.

cancer. In this context, nanomaterial-based nuclear imaging agents with
longer blood circulation times than small molecule-based agents could
result in improved diagnostic agents (Pellico et al., 2021). In particular,
porous silicon (PSi) nanoparticles (NPs) are widely used in biomedical
research and have unique features for PET/CT imaging for different
reasons (Godin et al., 2010). First, PSi NPs are biodegradable and bio-
absorbable. Second, orthosilicic acid, as the degradation product of PSi,
is nontoxic and beneficial for bone growth (Jugdaohsingh et al., 2004).
Third, PSi NPs have a high surface area beneficial for grafting chelators
for radioisotopes in high amounts, which can subsequently be used to
anchor radiometals via the formation of metal-chelator complexes. Over
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Scheme 1. Schematic illustration of preparation and application of cell membrane-coated biomimetic NPs for homotypic tumor-targeting: porous silicon (PSi);
bisphosphonate loading (BP-PSi); 897¢ radiolabeling (sgzr—BP—PSi); PEGylation (PEG-8°Zr-BP-PSi) and cancer cell membrane coating (CCm-PEG-8°Zr-BP-PSi).

the past few years, PSi has been radiolabeled with various isotopes, such
as 'In (Ferreira et al., 2016; Ferreira et al., 2017; Lumen et al., 2021),
18p (Kallinen et al., 2014; Keinanen et al., 2017), and ®®Ga (Tishchenko
et al., 2020). In a previous work, PSi NPs were functionalized with
bisphosphonate (BP), a robust and stable chelator for radiolabeling
(Wen et al., 2022). BP-functionalized PSi (PSi-BP) NPs labeled with
99mTe and %8Ga exhibited excellent radiochemical yield (>91 %) and
radiochemical stability (>75 % within 24 h in phosphate buffer),
providing proof of concept for PSi-BP NPs in nuclear imaging with other
radioisotopes as well.

Plain NPs generally face the risk of being quickly eliminated by the
mononuclear phagocytic system (MPS) in vivo, causing a short blood
circulation time (Gustafson et al., 2015). One of the most widely
exploited approaches to prolong blood circulation consists of using the
hydrophilic polymer polyethylene glycol (PEG) for the surface coating of
NPs (Shi et al., 2021). However, PEGylated nanoplatforms with non-
specific ability can activate an anti-PEG immune response, leading to
accelerated blood clearance after administration (Lila et al., 2013).
Coating NPs with natural cell membranes, such as platelet membranes
and cancer cell membranes (CCm), is a new approach for functionalizing
different NPs with multiple biological benefits (Fang et al., 2022). For
example, NPs coated with CCm possess the inherited surface membrane
structure of cancer cells, endowing NPs with homotypic-targeting abil-
ity to tumors of the same kind (Ai et al., 2020). The most widely used
methods for coating NPs with CCm are extrusion and sonication (Fang
et al., 2023). For example, CT-26 cell membrane-coated porous silica
NPs were recently developed in our group using the extrusion method.
The resulting NPs presented a selective targeting ability to homotypic
CT-26 cancer cells in competitive experiments with other cell lines such
as MCF-7 and HelLa (Liu et al., 2021a). However, the most successful
CCm coating was mainly achieved with NPs with regular shapes, such as
spherical silica NPs (Cai et al., 2019), and the efficiency of CCm coating
on NPs with irregular shapes remains barely explored. Moreover, the
manual extrusion method may lead to high radiation exposure for the
operator during NPs coating. Therefore, a simple and efficient method
for coating irregular NPs (e.g., PSi) during the preparation of nuclear
imaging agents is urgently needed.

Herein, we introduce a novel PEG-assisted membrane coating
method by integrating chemical PEG grafting and physical CCm coating.
First, BP molecules were conjugated on the surface of PSi NPs, which
acted as the chelators for 8°Zr radiolabeling; Second, we used the PEG
molecules to chemically functionalize the surface of 8°Zr-BP-PSi NPs to
obtain PEG-89Zr-BP-PSi NPs. Lastly, we designed an easy solvent-drying
coating method to achieve a successful cancer cell membrane coating
(Scheme 1). The radiolabeled, PEGylated, and biomimetic PSi NPs
(CCm-PEG-8°Zr-BP-PSi NPs) showed relatively low cytotoxicity, good
colloidal stability, and excellent radiochemical stability. The developed
CCm-PEG-%Zr-BP-PSi NPs exhibited efficient homotypic targeting
abilities in vitro and in vivo. Overall, the present study demonstrated a
novel approach for preparing biomimetic NPs with irregular shapes for
targeted cancer imaging.

2. Materials and methods
2.1. Chemicals and materials

All chemicals and solvents were obtained from commercial pro-
viders, and they were used without further purification, including sili-
con wafers (Okmetic Oy), hydrofluoric acid (HF 38-40 %, Merck),
ethanol (EtOH 99.5 %, Altia Oyj), hydrogen peroxide (H,O3, ACROS
OrganicsTM), phosphate buffer (PBS, pH = 7.00 + 0.02, VWR), fetal
bovine serum (FBS, Sigma-Aldrich), mesitylene (99 %, ACROS Organ-
icsTM), hydrochloric acid (HClL, 37 %, Merck), methoxy-PEG-silane
(PEG, 0.5 kDa, Gelest), methoxy-PEG-silane (PEG, 2 kDa, Biochempeg
Scientific), 4',6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich), 1,1-
dioctadecyl-3,3,3',3-tetramethylindocarbocyanine  perchlorate  (Dil,
Sigma-Aldrich), bicinchoninic acid (BCA) assay kit (Thermo Fisher Sci-
entific), EDTA-free mini protease inhibitor tablet (Sigma-Aldrich),
CellTiter-Glo assay kit (Promega), Cyanine 5.5 NHS ester (Cy5.5,
Lumiprobe),  4-(2-hydroxyethyl)-1-piperazineethanesulfonic  acid
(HEPES, Biowest), Dulbecco’s modified Eagle’s medium (DMEM, VWR),
Roswell Park Memorial Institute Medium (RPMI, VWR), and Hank’s
balanced salt solution (HBSS, HyClone). 897r was bought from Perki-
nElmer. The synthesis of bisphosphonate has been described elsewhere
(Riikonen et al., 2020).

2.2. Preparation of cancer cell membranes

The cancer cell membranes were collected following the ultracen-
trifugation method previously described by our group (Liu et al., 2021a).
In brief, MAD-MB-231 cells were cultured in 150 mm plates with RPMI
medium (10 % FBS and 1 % penicillin). At 80 % confluency, the cells
were detached with 5 mL Trypsin-EDTA solution. After washing with
HBSS (three times, 1200 x g/5 min), the cells were incubated in a hy-
potonic lysing buffer (20 mM Tris-HCl pH = 7.5, 10 mM KCl, 2 mM
MgCly, and 1 EDTA-free mini protease inhibitor tablet per 10 mL of
solution) at 4 °C for 30 min. The solution was disrupted under an ice
bath with a Dounce homogenizer set to 100 passes and centrifuged at
3200 x g/5 min. The supernatant was collected, and another 5 mL hy-
potonic lysing buffer was added to re-disperse the pellet before
repeating another 100 passes of homogenization followed by centrifu-
gation. The supernatants were saved and spun down under 6000 x g/20
min. The pellet was discarded, and the supernatant was centrifuged at 4
°C under 100,000 x g/1h. The collected cancer cell membranes were
washed once in 25 mM HEPES at 4 °C under 100,000 x g/0.5 h. The final
pellet was collected and re-suspended in 25 mM HEPES after probe
sonication under an ice bath for 1.5 min. The cell membrane proteins
were quantified with a BCA assay kit, and the samples were stored at
—20 °C for the subsequent experiments. The quantified CCm was stained
with Dil (10 pg/mL) at 37 °C for 2 h, and then the excess dye was
removed by washing with HEPES twice. Dil-labeled CCm was further
used in homotypic targeting studies.
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2.3. Synthesis of NPs

1) PSi NPs: The PSi films were obtained by electrochemical etching in a
mixture (1:1HF (38-40 %)/ethanol) on silicon wafers (p+,
0.01-0.02 Q cm). After drying at 65 °C/1h, the PSi films were milled
in ethanol at 1000 rpm/1h with a planetary ball mill (Fritsch Pul-
verisette 7). Then particles with a size of around 160 nm were ob-
tained by centrifuge and stored for subsequent use.
BP-PSi NPs: The NPs were obtained after the surface functionaliza-
tion of the PSi NPs with the BP molecules. To remove the oxidized
layer, 60 mL of 10.0 g/L PSi NPs were treated with HF (6 mL, 5 %) for
10 min. After being washed twice with ethanol and mesitylene, PSi
NPs reacted with BP molecules via a hydrosilylation process at
120 °C under an N3 atmosphere for 19 h in a quartz tube (1:2 mass
ratio of BP to PSi NPs in mesitylene). The resulting BP-PSi NPs were
washed twice with ethanol and dispersed in ethanol.
897r-BP-PSi NPs: 89Zr-labelled NPs were synthesized by mixing the
BP-PSi NPs with 8°Zr in HEPES buffer (pH 7.5) at 70 °C for 1 h
(Bindini, 2021). To do this, 2 M sodium carbonate was used to
neutralize the pH value of 8°Zr in oxalic acid (250 pL, 12.15 mCi,
401.5 MBq) to 7. The neutralized 897r solution was added to the PSi-
BP NPs solution (2 mg, 700 pL 25 mM HEPES buffer) and mixed well
at 70 °C for 1 h. The NPs were centrifuged at 13,400 rpm/10 min,
washed with water three times to remove free 8°Zr and re-dispersed
in 1 mL ethanol. Radio-thin-layer chromatography was used to verify
the radiochemical purity by spotting the NP suspension on a paper
strip. The strips were eluted with ACN/citric acid (1/9, 20 mM) or
EDTA (60 mM) and measured with a TLC reader (MiniGTA TLC,
Raytest, Germany). The amount of radioactivity in the isolated NPs
was measured using a dose calibrator (Capintec, USA).
4) Cy5.5 labeled NPs: NPs (50 mg in 10 mL ethanol) were first reacted
with APTES (20 pL) for 2 h at room temperature. After being washed
twice with ethanol, the aminated NPs (SQZr-BP-PSi-NHZ NPs) were
reacted overnight with Cy5.5-NHS (0.25 mg in 1 mL ethanol) at room
temperature. The excess amine groups were capped with succinic
anhydride (10 mg in 2 mL of ethanol). The NPs were washed twice
with ethanol to yield the 87r-BP-PSi-Cy5.5-COOH NPs, which were
further used for PEGylation and CCm coating.

PEG-%9Zr-BP-PSi NPs were synthesized following our previous work

with a slight modification (Wen et al., 2022). PEG-silanes (100 pL

0.5 kDa and 50 mg of 2 kDa PEG-silane in 1 mL ethanol) were mixed

with 1 mg 8°Zr-BP-PSi NPs; then the mixture was incubated at 90 °C/

1h with airflow. The developed NPs were collected after washing
twice with ethanol.

6) CCm-%%Zr-BP-PSi NPs were prepared using the solvent-drying
method. A total of 0.5 mg %°Zr-BP-PSi NPs and 0.5 mg CCm in 25
mM HEPES were mixed and then dried under airflow at room tem-
perature to evaporate the solvent. CCm-PEG-8°Zr-PSi-BP NPs were
prepared using the same method, except PEG-3°Zr-BP-PSi NPs were
used. Cell membrane utilization was defined by the formula below:

2

—

3

(7

5

~

Cl—-C2
P=——%100%
c1 ‘
P is the effective utilization of cell membranes, C1 is the initial
concentration of cell membranes added during coating, and C2 is the
concentration of cell membranes in the supernatant after coating. The

concentration of the cell membranes was quantified by a BCA kit.

2.4. Physicochemical characterization

The morphology of the NPs was measured with transmission electron
microscopy (TEM, JEOL JEM2100F) after drying a droplet of the NPs
suspension onto a copper grid. The zeta potential of the NPs was
measured in deionized water at room temperature, and the hydrody-
namic size of all NPs was measured in buffer solutions at 37 °C (Zetasizer
Nano ZS, Malvern Instruments). The BP content of the NPs was
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determined with thermogravimetry analysis (TGA Q50, TA instruments)
under N3 flow (200 mL/min) with the steps of equilibration at 80 °C/30
min and then heating to 800 °C at a rate of 20 °C/min. The CCm coating
was verified with Fourier-transform infrared spectroscopy (FTIR, Nico-
let 8700, Thermo Scientific) and sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE). Scanning electron microscopy (SEM,
Zeiss Sigma HP VD) with energy-dispersive X-ray spectrometer (EDS)
was used to analyze the elements of NPs to verify the successful BP
conjunction and PEGylation. The samples were prepared after drying a
droplet of the NPs suspension onto aluminum specimen stubs. The
elemental analysis was done at 5 kV with Thermo Pathfinder software.

The colloidal stability of NPs was evaluated after the total decay by
incubating NPs with PBS and cell medium at 37 °C for 24 h. At various
time intervals, the size distribution of NPs was measured by Zetasizer. In
addition, the CCm content on the surface of NPs before and after the
incubation in PBS for 24 h was quantified by a BCA kit. The radio-
chemical stability of NPs was evaluated by incubating NPs with PBS and
cell medium at 37 °C up to 48 h. At different time points, the NPs were
separated by centrifugation, and the amounts of radioactivity in the
pellet and the supernatant were quantified. The radiochemical stability
of NPs was calculated as the ratio between the amount of radioactivity in
the pellet and the total amount of radioactivity (pellet + supernatant).

2.5. Cell cytotoxicity

The cytotoxicities of the PSi, BP-PSi, 8°Zr-BP-PSi, PEG-8°Zr-BP-PSi,
and CCm-PEG-89Zr-BP-PSi NPs were examined using a CellTiter-Glo
Luminescent Cell Viability Assay kit. MDA-MD-231 cells were seeded
in a 96-well plate at a density of 1 x 10* cells/well and cultured for 24 h
in 100 pL. DMEM supplemented with 10 % FBS and 1 % pen-
icillin-streptomycin. The medium was changed to 100 pL of fresh me-
dium containing various concentrations of PSi, BP-PSi, 89Zr—BP—PSi,
PEG-8°Zr-BP-PSi, and CCm-PEG-%Zr-BP-PSi NPs. The cell medium was
used as the negative control. After 24 h incubation at 37 °C, the cell
viability was quantified using the CellTiter Glo assay in a Synergy H1
microplate reader (Biotek, Winooski, USA). All samples had five repli-
cates (Li et al., 2020).

2.6. Homotypic targeting studies

To verify our hypothesis that CCm-coated NPs can be well self-
recognized by homotypic cancer cells, MDA-MB-231, Raw 267.4,
MCF-7, Hela, and mouse embryonic fibroblast cell lines were seeded in
8-well plates (2.5 x 10* cells/well) for 24 h in 200 pL cell medium. The
medium was changed to a medium containing 50 pg/mL NPs (experi-
mental group: CCm-PEG-3°Zr-BP-PSi NPs, control groups: 897r-BP-PSi,
PEG-%°Zr-BP-PSi, and CCm-8%Zr-BP-PSi). After 4 h incubation, the cells
were washed with HBSS three times, fixed with 4 % paraformaldehyde
solution for 10 min, and washed with HBSS twice before the last incu-
bation in DAPI solution (10 pg/mL in 200 uL HBSS) for 10 min at room
temperature. The internalization of NPs was measured with a confocal
laser scanning microscope (CLSM, Zeiss LSM 700, Carl Zeiss, Jena,
Germany), where the PSi NPs, CCm, and cell nuclei were marked with
Cy5.5 (red), Dil (orange) and DAPI (blue), respectively. The mean
fluorescence intensity (MFI) of images was quantified by Zeiss Zen Blue
imaging analysis software. TEM (JEOL JEM2100F) was used to confirm
the cell internalization of the different NPs. To this end, 2 x 10° cells/
well different cell lines were seeded in a 24-well plate. After 24 h of
culture, the cells were washed once with HBSS and then incubated with
a medium containing 50 pg/mL NPs for 4 h. Subsequently, the cells were
fixed with 2 % glutaraldehyde and 0.1 M phosphate buffer at 37 °C for 1
h, washed twice with 0.1 M phosphate buffer for 5 min, postfixed with 1
% osmium tetroxide in 0.1 M phosphate buffer for 1 h and washed twice
with 0.1 M phosphate buffer for 5 min. The samples were cut to obtain
60-80 nm frontal sections and stained with uranyl acetate after dehy-
drated and embedded in epoxy resin.
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Fig. 1. Transmission electron microscopy (TEM) images: a) PSi, b) BP-PSi, c) SQZr—BP—PSi, d) PEG—89Zr—BP—PSi, e) CCm after negative staining, f) CCm-PEG-%Zr-BP-
PSi after negative staining (red arrow points out CCm coating), g) mean diameter and h) zeta potential of all types of NPs and pure MDA-MB-231 CCm. Data represent

mean £ SD (n = 3).
2.7. PET/CT imaging in vivo

Animals were maintained and handled following institutional, na-
tional, and EU regulations and guidelines. Animals were all anesthetized
with a mixture (3-5 % isoflurane in O5) to achieve induction before each
procedure, while the mixture was reduced to 1.5-3 % prior to intrave-
nous administration. Eight-week-old female Swiss nude mice (Charles
River Laboratories, France) were subcutaneously injected with 100 pL
cold PBS: Matrigel (1:1) containing 4 x 10° MDA-MB-231 cells into the
back of each mouse. Three weeks after the injection, the tumor-bearing
mice were used for further experiments.

Intravenous injections (100 pL, 4 % mannitol, 1 mg/mL) were car-
ried out through the tail vein of the MDA-MB-231 tumor-bearing mice
(3 mice/per group: PEG-89Zr-BP-PSi, and CCm-PEG-%9Zr-BP-PSi NPs).
The injected sample had an activity of 80-170 uCi (2.96-6.29 MBq).
Static PET images (5 min duration) were acquired at t = 1, 4, 24, and 48
h post administration, using a p-Cube scanner (Molecubes, Belgium).
After each PET acquisition, the animals were subjected to a CT scan
using a y-Cube scanner (Molecubes, Belgium) for anatomical reference
and to generate an attenuation map for PET image reconstruction. PET
images were reconstructed using a 3D OSEM reconstruction algorithm
and applying random, scatter, and attenuation corrections. PET and CT
images of the same mouse were co-registered and analyzed using the
PMOD image processing tool (PMOD Technologies LLC, Switzerland;
version 3.4). Volumes of interest (VOIs) were manually delineated in
major organs, and activity values (decay-corrected) were obtained as
kBq/cm®. The values were then corrected by applying a calibration
factor obtained from previous scans on a phantom (micro-deluxe, Data
Spectrum Corp.) under the same experimental conditions (isotope,
reconstruction, algorithm, and energy window).

2.8. Biodistribution in vivo

All animals were sacrificed 48 h post-injection (p.i.), and the main
organs and tumors were harvested and weighed. The amount of radio-
activity in each organ was measured using a gamma counter (Wallach
Wizard, PerkinElmer, Waltham, MA, USA). The %ID g’1 (percent
injected dose per gram of tissue) was calculated by normalizing toward

the total radioactivity injected (decay-corrected) and organ weights.

2.9. Statistical analysis

Statistically significant differences were tested with an unpaired two-
tailed Student t-test (Microsoft, Excel). Data were reported as mean +
standard deviation. p < 0.05 were considered significant. * indicates p
< 0.05, ** indicates p < 0.01, and *** indicates p < 0.001.

3. Results and discussion
3.1. Preparation of biomimetic NPs

Prior to PEGylation, attempts were made to coat the 897:-BP-PSi NPs
directly through extrusion and sonication methods following previously
published works.(Guo et al., 2022; Rahikkala et al., 2020) However, the
colloidal stability of the resulting NPs was poor, as shown in Fig. S1. In
the extrusion method, the initial resuspension of the NPs in a PBS so-
lution resulted in an immediate size increase of ~80 nm, followed by a
further increase of ~160 nm after 24 h incubation. Furthermore, the
yield was meager, as a significant portion of the NPs were blocked at the
polycarbonate membrane during the process. The sonication method
also significantly increased the size of the NPs, reaching 450 nm after
incubation in PBS for 24 h. These results demonstrate that both methods
failed to coat °Zr-BP-PSi NPs directly with CCm. Consequently, PEGy-
lation of the NPs before solvent-drying CCm coating was explored to
improve their stability. The effects of reaction temperature and PEG
amount were investigated (Fig. S2). PEGyaltion with two different
weight PEG molecules (2 kDa and 0.5 kDa) was used to obtain the
PEG-%97r-BP-PSi NPs under optimized conditions (1 mg NPs + 50 mg 2 k
PEG + 100 pL 0.5 k PEG in 90 °C/1h). The PEGylation facilitated suc-
cessful CCm coating of PEG-2°Zr-BP-PSi NPs via the solvent-drying
method, leading to well-dispersed and stable CCm-PEG-%Zr-BP-PSi
NPs, as discussed in the next sections.

3.2. Physiochemical characterization

The synthetic route of NPs is shown in Scheme 1. PSi NPs were
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Fig. 2. Physicochemical characterizations of different NPs: a) thermogravimetric analysis (TGA) curves, b) Fourier transform infrared spectroscopy (FTIR) spectra, c)
SDS-PAGE protein analysis (Coomassie staining), d) colloidal stability in PBS and cell medium at 37 °C for 24 h. Radiochemical stability in e) cell medium and f) PBS

at 37 °C for 0, 24, and 48 h. Data represent mean + SD (n = 3).

produced by ball-milling films prepared with electrochemical etching of
silicon wafers. BP-PSi NPs were synthesized by following the procedure
in our previous work, in which BP molecules were conjugated with the
Si-H groups on the surface of PSi NPs by hydrosilylation (Wen et al.,
2022). The chelator-assisted radiolabeling procedure depends on the
solid affinity between BP molecules (phosphate groups) and Zr*' ions
under the HEPES buffer solution (pH ~7) at 70 °C for 1 h. The shapes of
the NPs were examined using TEM measurements (Fig. 1a—f). Similar to
PSi, the NPs of BP-PSi, 39Zr-BP-PSi, and PEG-3°Zr-BP-PSi were mono-
disperse and irregular without any shape changes after BP loading, 3°Zr
radiolabeling, or PEGylation, respectively. However, a clear external
layer was observed on the CCm-PEG-%°Zr-BP-PSi NPs because of the
CCm coating (Fig. 1f and Fig. S3). Compared to °Zr-BP-PSi (155 + 2
nm), a gradual increase in hydrodynamic diameter was observed after
PEGylation and CCm coating: 163 + 3 nm (PEG-89Zr-BP-PSi), and 173
+ 1 nm (CCm-PEG-3Zr-BP-PSi) (Fi g. 1g). Furthermore, the zeta poten-
tials of PSi, BP-PSi, 8°Zr-BP-PSi, PEG-8°Zr-BP-PSi, pure CCm, and CCm-
PEG-%%Zr-BP-PSi were —35.0 + 0.4, —58 + 1, —45 + 1, —26.6 + 0.7,
—24.7 + 0.7, and —26.1 + 0.6 mV, respectively (Fig. 1h). The BP-PSi
NPs were more negative than the PSi NPs due to the phosphate groups
from the BP molecules. Further, successful ®°Zr radiolabeling and
PEGylation led to the lower negativity of the as-formed NPs.

TGA was used to quantify the amount of BP grafted on PSi NPs,
which was ~4.47 wt%, equivalent to 139 pmol BP (MW = 330 g/mol)
per gram of sample. The PEG amount was ~14.88 wt%, validating the
success of PEGylation (Fig. 2a). EDS mapping and spectrum analysis
demonstrated that the decreasing density of element Si and increasing
density of element C and P, further verifying the successful BP
conjunction and PEGyaltion (Fig. 4S). During the membrane coating, we
also investigated the effect of the weight ratios of CCm/ NPs (0.5, 1, 2)

on the effective utilization of the cell membrane (Fig. S5). Notably, we
observed that effective membrane utilization reached the highest value
when a ratio of 1 was used (26.0 £ 0.6 %, compared to 4 + 2 % and 20.6
+ 0.3 % for ratios of 0.5 and 2, respectively). The results indicated a
threshold (26.0 + 0.6 %) above which the membranes could not be
further coated on the surface. FTIR spectra presented typical peaks of the
protein (1500-1700 em™) and lipid (1400-1450 cm ) absorption
bands from pure CCm and CCm-PEG-8°Zr-BP-PSi NPs, further indicating
a successful membrane coating (Fig. 2b) (Bangaoil et al., 2020). Addi-
tionally, the membrane reservation on CCm-PEG-89Zr-BP-PSi NPs was
confirmed by SDS-PAGE. The CCm-PEG-%9Zr-BP-PSi NPs retained almost
all membrane proteins compared to the original CCm (Fig. 2c). Due to
the PEGylation, and CCm coating, PEG-%9Zr-BP-PSi and CCm-PEG-8Zr-
BP-PSi NPs were both stable in PBS or a cell medium solution at 37 °C for
24 h (Fig. 2d). After the 24 incubation in PBS, there were 76 + 5 %
remaining CCm, equal to ~0.2 mg of CCm per 1 mg of NPs on the surface
(Table S1). As a control group, the CCm-8°Zr-BP-PSi NPs were synthe-
sized directly by CCm coating without PEGylation. The size of CCm-89Zr-
BP-PSi NPs was 299 + 5 nm higher than 77 + 5 nm (CCm-PEG-8Zr-BP-
PSi), highlighting the critical role of the PEG molecules in preventing
aggregation during the CCm coating procedure. The colloidal stability
test revealed that CCm-8°Zr-BP-PSi NPs had around a 100 nm size in-
crease after incubating in PBS and cell medium at 37 °C for 24 h, further
verifying that PEGylation assisted the CCm coating (Fig. S6a). Addi-
tionally, the zeta potential of CCm-8°Zr-BP-PSi NPs without PEGylation
was —30.4 + 0.8 mV (Fig. S6b), which was more negative than CCm-
PEG-%97r-BP-PSi (—26.1 + 0.6 mV). The typical TEM of CCm-%°Zr-BP-
PSi was shown in Fig. S6¢c. The radiochemical yields of 8°Zr-BP-PSi,
PEG-8°Zr-BP-PSi, and CCm-PEG-39Zr-BP-PSi NPs were all above 95 %
(Fig. S7). Based on the radio-TLC results, radiochemical purity values
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Fig. 3. Representative confocal laser scanning microscopy (CLSM) images of cells after 4 h incubation with 50 pg/mL 3°Zr-BP-PSi, PEG-8Zr-BP-PSi, CCm-8°Zr-BP-
PSi, and CCm-PEG-%°Zr-BP-PSi NPs: a) Raw 267.4, b) MDA-MB-231, ¢) MCF-7, and d) HeLa. The PSi cores and cancer cell membranes (CCm) were labeled with Cy5.5
(red) and Dil (orange), respectively. Cell nuclei were stained with DAPI (blue): scale bars, 10 pm.

were ~99 % (Fig. S8). The radiochemical stability of NPs was examined
in vitro by incubating them in PBS and cell medium for 48 h (Fig. 2e-f). In
PBS, both PEG-89Zr-BP-PSi and CCm-PEG-%9Zr-BP-PSi had a slight Zr
release (~4.8 %). A higher release was observed for 897:-BP-PSi (~15.5
%) after 48 h because of the protection from the PEG layer and CCm
layer. However, all the nanoparticles had good radiochemical stability
in the cell medium after 48 h of incubation. One possible explanation is
that the higher hydrolysis rate of NPs in PBS than in the cell medium led
to a difference in radiochemical stability.

3.3. In vitro cytotoxicity and homotypic targeting experiments

The samples were incubated with the MDA-MB-231 cell line to
evaluate their biocompatibility. With an increase in the concentration of
NPs, the non-PEGylated and non-CCm coated NPs (PSi, BP-PSi, and 897r-
BP-PSi) showed significant concentration-dependent toxicity. However,
PEG-®Zr-BP-PSi and CCm-PEG-%°Zr-BP-PSi NPs presented negligible
cytotoxicity when the concentration was up to 250 pg/mL (Fig. S9), in
line with our previous work related to PEGylated and membrane-coated
NPs (Liu et al., 2022; Nakki et al., 2015). NPs were labeled with Cy5.5 to
enable the study of homotypic targeting ability with fluorescence mi-
croscopy. The physicochemical characterizations of the dye-labeled NPs,
including FTIR, TGA, size distribution, and zeta potential, indicated
successful conjugation of the dye on the NPs (Fig. S10) (Tamarov et al.,

2021). Next, CCm-PEG-8°Zr-BP-PSi NPs, as well as control groups ®9zr-
BP-PSi, CCm-%°Zr-BP-PSi, and PEG-3°Zr-BP-PSi NPs), were incubated
with four cell lines (RAW 267.4, MDA-MB-231, MCF-7, and HeLa), after
marking the CCm, PSi core, and cell nuclei with Dil (orange), Cy5.5
(red), and DAPI (blue), respectively. With the RAW 267.4 cell line, the
group treated with 8°Zr-BP-PSi NPs showed the strongest fluorescence
because of the plain NPs without stealth properties, causing enhanced
macrophage cell uptake. CCm-°Zr-BP-PSi NPs also had robust fluores-
cence, indicating that the direct coating method failed and could not
improve the immune escape ability of the NPs. Both PEG-%°Zr-BP-PSi
and CCm-PEG-%°Zr-BP-PSi showed nearly no uptake evidencing suc-
cessful PEGylation and PEG-assisted CCm coating (Fig. 3a). After incu-
bation with CCm-PEG-8°Zr-BP-PSi NPs, MDA-MB-231 cells showed the
highest intensity of orange and red fluorescence compared to the control
groups, confirming homotypic targeting of the CCm-coated NPs
(Fig. 3b). Similar weak signals were observed in the MCF-7 cell line
treated with CCm-8°Zr-BP-PSi and CCm-PEG-%Zr-BP-PSi. One explana-
tion is that cell membranes from MDA-MB-231 and MCF-7 have similar
compositions (Fig. 3c) (He et al., 2015). However, with the HeLa cell
line, all the groups had negligible fluorescence signals (Fig. 3d); similar
signals were also observed in the mouse embryonic fibroblast cell line
(Fig. S11a). The quantitative results based on the CLSM images revealed
that the MDA-MB-231 cell incubated with CCm-PEG-39Zr-BP-PSi NPs
had the strongest MFI than those of 8°Zr-BP-PSi, PEG-®°Zr-BP-PSi and
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tail vein of MDA-MB-231 tumor-bearing mice. Arrows indicate the tumor areas.
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Fig. 5. The concentration of radioactivity in different organs obtained from quantification of PET images, expressed as a percentage of injected dose per gram of
tissue: a) lungs, b) liver, c) spleen, d) heart, e) femur, f) bladder, g) kidney, and h) tumor; i) tumor to muscle ratio measured 1, 4, 24, and 48 h after tail vein injection
in MDA-MB-231 tumor-bearing mice. Data represent mean + SD (n = 3). * indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001.

CCm-%°Zr-BP-PSi NPs. Moreover, CCm-PEG-%°Zr-BP-PSi NPs did not
have an affinity advantage for other cell lines, indicating the homotypic
ability of CCm-PEG-%"Zr-BP-PSi NPs to homologous MDA-MB-231 cell
(Fig. S11b-c). We also used TEM to confirm the homotypic targeting
property of CCm-PEG-8°Zr-BP-PSi NPs; the results were consistent with
the CLSM images. Specifically, both CCm-8°Zr-BP-PSi NPs and 8°Zr-BP-
PSi had enhanced intracellular uptake by RAW 267.4 cells. A large
number of CCm-PEG-%°Zr-BP-PSi NPs were also located inside the
endocytic vesicles of MDA-MB-231 cell lines but were rarely found in
other cell lines. Moreover, few NPs were found inside MCF-7 and HeLa
cells (Fig. S12).

3.4. In vivo imaging study

Encouraged by the efficient homotypic targeting ability in vitro, we
explored the in vivo targeting performance of the biomimetic PSi as PET/
CT imaging agents with MDA-MB-231 tumor-bearing mice. After the
intravenous injection of radiolabeled NPs, static PET imaging was car-
ried out at different time points (1, 4, 24, and 48 h p.i.) (Fig. 4). The 3D
coronal and sagittal PET/CT images clearly indicated that a small part of
PEG-89Zr-BP-PSi NPs accumulated in the lung at 1 h (p.i.) and then
decreased with time. However, increased uptake was observed in the
liver and spleen after administration. CCm- PEG-3°Zr-BP-PSi NPs
showed a rapid accumulation in the liver and spleen after the adminis-
tration. Compared with the MPS organs (liver, spleen, and lungs), the
relatively low amount of radioactivity in the tumors could not be

visualized in the 3D PET/CT images or selected 2D PET/CT images. This
might be due to different causes. One of which could be the rapid
sequestration of the NPs by MPS organs, which decreased bioavail-
ability, thus compromising tumor uptake. Most importantly, the small
size of the tumors when images were acquired could be a reason for the
lack of abundant vasculature (Table S2), leading to poor performance in
the enhanced permeation and retention effect, which is an essential
factor in determining the efficacy of active targeting (such as homotypic
targeting) in vivo (Sun et al., 2022).

Based on the CT images, volumes of interest (VOIs) were drawn from
different organs to obtain quantitative data. The concentration of
radioactivity in each VOI was expressed as a percentage of the injected
dose per gram of organ/tissue (%ID/g) (Fig. 5). The accumulation of
PEG-89Zr-BP-PSi and CCm-PEG-8°Zr-BP-PSi NPs in the lungs was 37 +
11 %ID/g (1 h p.i.) and 6 & 2 %ID/g (1 h p.i.), respectively (Fig. 5a). The
remarkable accumulation difference may result from the decreased
interaction between NPs and pulmonary surfactants in the lungs after
CCm coating (Beck-Broichsitter and Bohr, 2019; Liu et al., 2021b).
Obviously, most PEG-3Zr-BP-PSi and CCm-PEG-3°Zr-BP-PSi NPs were
initially located in the liver and spleen, with a typical accumulation
pattern (Fig. 5b-c) very similar to those of previous works (Lumen et al.,
2019; Lumen et al., 2021; Wen et al., 2022). One possible explanation is
that both PEG-8°Zr-BP-PSi (~26.6 + 0.7 mV) and CCm-PEG-Zr-BP-PSi
NPs (—26.1 + 0.6 mV) were negatively charged, increasing the in-
teractions with macrophages in the liver and spleen (An et al., 2019).
The radioactivity concentration of PEG-3°Zr-BP-PSi and CCm-PEG-8Zr-
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Fig. 6. Ex vivo biodistribution of NPs in selected organs at 48 h. Data represent mean + SD (n = 3). * indicates p < 0.05, and ** indicates p < 0.01.

BP-PSi NPs in the liver and spleen slightly increased over time. In the
heart, both NPs followed a similar declining trend. (Fig. 5d) During the
imaging process, a small part of the free 3Zr was released because of the
biodegradation of the PSi NPs. Thus, a minor amount of radioactivity
could be found in the kidneys, bladder, and femur (Fig. 5e-g). Most
importantly, CCm-PEG-3°Zr-BP-PSi NPs had a 2-fold tumor accumula-
tion of 2.1 + 1.6 %ID/g (48 h p.i.) compared to PEG-2Zr-BP-PSi (0.9 +
0.4 %ID/g) after 48 h of blood circulation (Fig. 5h). The tumor/muscle
ratios of both NPs were higher than 1 at the beginning of the experi-
ments and gradually increased with time, reaching a maximum value of
5 + 1 (PEG-%°Zr-BP-PSi, 48 h p.i.) and 8 + 9 (CCm-PEG-2°Zr-BP-PSi, 48
h p.i.) after administration (Fig. 5i). These results evidenced the benefit
of homotypic targeting by CCm coating of the NPs.

After 48 h post-injection, the ex vivo biodistribution demonstrated
that most NPs accumulated in MPS organs (liver, spleen, and lungs)
(Fig. 6), strongly agreeing with the visualized PET/CT imaging results
and the VOI quantification analysis (Figs. 4 and 5). Compared to the
minor accumulation in the kidney, high MPS organ uptake confirmed
that hepatobiliary system clearance was apparently the main excretion
route for both NPs (Karageorgou et al., 2022; Wang et al., 2021). The
tumor radioactivity of CCm-PEG-3°Zr-BP-PSi NPs was 1.1 + 0.1 %ID/g
(48 h p.i.), significantly higher than that of PEG-8°Zr-BP-PSi NPs (0.4 +
0.1 %ID/g, 48 h p.i.). By contrast, the %ID/g of CCm-PEG-3°Zr-BP-PSi
NPs in blood was 0.36 + 0.05 %ID/g (48 h p.i.), which was 90 % higher
than that of PEG-%°Zr-BP-PSi NPs (0.19 + 0.08 %ID/g, 48 h p.i.).
Overall, the presence of CCm coating on the surfaces of CCm-PEG-3°Zr-
BP-PSi NPs could efficiently enhance tumor-targeting uptake with a long
blood circulation time.

4. Conclusion

In this work, we efficiently designed novel PEGylated and CCm-
coated PSi NPs. By integrating BP molecules to serve as the chelator
for 897r, the as-synthesized nanoplatforms (CCm-PEG-%°Zr-BP-PSi NPs)
displayed good colloidal stability, radiochemical stability, cytocompat-
ibility, and targeting ability in vitro. PET/CT images and ex vivo bio-
distribution analysis showed the accumulation of NPs primarily in MPS
organs. Nonetheless, CCm-PEG-8Zr-BP-PSi NPs had relatively higher
blood retention and tumor accumulation after 48 h post-injection than
the control group’s performance (PEG-3°Zr-BP-PSi NPs), highlighting
the importance of CCm in enhancing the blood circulation and tumor
targeting abilities of NPs. The in vivo active targeting performance of the
NPs was probably limited by the presence of small-sized tumors with
low-density blood vessels, reducing the enhanced permeation and
retention effect, which is the basis of active targeting. Overall, these

preliminary results indicate that the developed biomimetic NPs have the
potential as targeting imaging agents for TNBC. We anticipate that with
further modifications, such as drug loading, these biomimetic PSi NPs
could be employed for targeted chemotherapy in treating TNBC.
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