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The development of biocompatible and nontoxic Biomimetic Red-Blood-Cell Membrane-Coated
surface-enhanced Raman scattering (SERS) nanoparticles is of Plasmonic Nanoparticles

considerable current interest because of their attractive biomedical
applications such as ultrasensitive in vitro diagnostics, in vivo tumor Lipichinsertion imparts

imaging, and spectroscopy-guided cancer surgery. However, current  tumor cell targeting W
SERS nanoparticles are prepared and stored in aqueous solution,

Enhancement

//-_//—/_/v SERS Signal

have limited stability and dispersibility, and are not suitable for | Au /‘
lyophilization and storage by freeze-drying or other means. Here, we | b &

report a simple but robust method to coat colloidal SERS '/“?m *ﬂ
nanoparticles by naturally derived biomimetic red blood cell ‘

membranes (RBCM), leading to a dramatic improvement in stability Iyggﬁﬁ;:itgﬁvghd

and dispersibility under freeze—thawing, lyophilization, heating, and physiological stability
physiological conditions. The results demonstrate that the

lyophilized SERS nanoparticles in the solid form can be readily

dissolved and dispersed in physiological buffer solutions. A surprising finding is that the RBCM-coated SERS particles are
considerably brighter (by as much as 5-fold) than PEGylated SERS particles under similar experimental conditions. This
additional enhancement is believed to arise from the hydrophobic nature of RBCM’s hydrocarbon chains, which is known to
reduce electronic dampening and boost electromagnetic field enhancement. A further advantage in using biomimetic
membrane coatings is that the bilayer membrane structure allows nonvalent insertion of molecular ligands for tumor targeting.
In particular, we show that cyclic-RGD, a tumor-targeting peptide, can be efliciently inserted into the membrane coatings of
SERS nanoparticles for targeting the arf3 integrin receptors expressed on cancer cells. Thus, biomimetic RBCMs provide
major advantages over traditional polyethylene glycols for preparing SERS nanoparticles with improved dispersibility, higher
signal intensity, and more efficient biofunctionalization.

red blood cell membrane, surface coatings, gold nanoparticles, dispersion stability, surface-enhanced Raman scattering
plasmonics, tumor targeting

old nanoparticles (AuNPs) functionalized with First, this coating layer prevents loss or leaching of the Raman
Raman-active dye molecules have been extensively reporter molecules into the surrounding media, hence avoiding
used as surface-enhanced Raman scattering (SERS) toxicity issues and cross-contamination with vibrational
nanotags owing to their intriguing attributes of size and shape signatures of other nanotags. Second, this layer minimizes
tunability, high photostability, low cytotoxicity, high bio-
compatibility, and narrow spectral bandwidth.'™* Recent January 30, 2022
advances have developed SERS nanoparticles (NPs) or April 20, 2022
nanotags for a multitude of biomedical applications including April 26, 2022

in vivo imaging, in vitro diagnostics, and image-guided cancer

surgery.”~'" A major component in these SERS nanotags is an
12

external coating layer that serves several important purposes.
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a Fabrication of biomimetic anisotropic & size-varied AuNP-RBCMs
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Figure 1. (a) Schematic diagram showing preparation of RBCM vesicles and successful coating on anisotropic AuNPs, leading to RBCM-
coated AuNP-RBCM with enhanced dispersibility and biofunctionalization properties. (b) RBCM coating on dye-tagged AuNP leads to
SERS signal enhancement and retains long-term signal stability in different storage conditions. (c) Lipid-insertion allows modifying the
RBCM with tumor-targeting cRGD peptides, imparting the AuNP-RBCM constructs with cancer cell targetability and use as in vitro SERS

nanotags.

the influence of other molecules present in the medium and
prevents undesired intensity variations. Third, it also minimizes
plasmonic coupling interactions between NPs which could lead
to the uncontrolled generation of plasmonic hot spots. Fourth,
this coating increases the colloidal stability of NPs and
provides an outer layer for further chemical modification. The
external coatings are often comprised of silica,' ™ poly-
mers,”"? or liposomes."'™** A silica coating has the advantage
of biodegradability, but for long-term studies, it has been
known to cause degradation and agglomeration problems.
Polymers such as polyethylene glycol (PEG) have been
extensively used for coating, but the ability of PEG coatings
to prevent aggregation is limited in high ionic strength buffer
solutions. Amphiphilic polymers have been recently utilized as
a coating material for SERS nanotags based on hydrophobic
interactions between the polymer and Raman reporter dye,*>*°
but these constructs have limited dispersion stability
(irreversible aggregation upon freeze-drying), limiting their
clinical translatability."*~"" Recently, liposomes composed of
zwitterionic phosphatidyl-choline lipid-coated SERS nanotags
have been developed by several research groups.'"”’ These
lipids mimic the natural cell membranes and possess
advantageous functions of improved dispersibility, biocompat-
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ibility, and the potential of tumor cell targeting via antibody
conjugation or lipid-functionalized antibody fragments. How-
ever, such artificial membranes are unable to recapitulate the
structure or protein composition of natural cell membranes,
including their intrinsic properties of homologous tumor
targeting, enhanced blood circulation, etc.”** Hence, coating
NPs with naturally derived cell membranes is an interesting
biomimetic engineering top-down approach‘%_38 imparting
NPs with properties of specific cell types. This approach
overcomes the limitations of biomaterials designed specifically
to mimic cell membranes via the bottom-up strategies.
Biomimetic cell membrane-coated nanomaterials have been
developed for drug delivery to treat cancer, microbial
infections, etc.”>~*° However, to the best of our knowledge,
biomimetic membranes have not been used to coat SERS
nanotags, and it is not known how such cell membrane
coatings might influence the SERS signal brightness and
dispersion stability properties and how they could be modified
to impart tumor targeting functions (Figure la—c).

Here, we demonstrate that biomimetic red blood cell
membranes (RBCMs) can provide enhanced dispersion
stability to AuNPs with varied shapes (sphere, rod, cube)
and sizes (D, ~15—80 nm). Specifically, we show that the
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Figure 2. Physicochemical characterization of anisotropic RBCM-coated AuNPs. Negative-stained transmission electron micrographs of (a)
AuNP1-Cit, (b) AuNP1-RBCM, (c) AuNP2-Cit, (d) AuNP2-RBCM, (e) AuNP3-Cit, and (f) AuNP3-RBCM, with the membrane coating in
(b, d, f) highlighted with white lines. (g—i) UV—vis absorbance spectra of AuNP’s and AuNP-RBCM’s, with the inset boxes zoomed. The
inset shows the intrinsic plasmonic absorbance peak shift for different anisotropic AuNPs upon RBCM coating. (j) Hydrodynamic diameter
and ¢ potential measurements for AuNPs before and after RBCM coating. (k) Anisotropic AuNPs uncoated and coated with RBCM were
stained with a fluorescent anti-CD47 antibody. Data shown as mean + standard deviation, n = 3.

RBCM coating strategy imparts AuNPs stability against
lyophilization, freezing, heating, and under different physio-
logical conditions. In addition, a noncovalent lipid-insertion
strategy’’ could be adopted to functionalize these AuNP-
RBCM with tumor targeting ligands. AuNP-RBCM do not lose
their activity or stability upon further freeze—thaw cycles,
establishing functionalization on RBCM with other proteins or
molecules of interest. As such, the RBCM coating strategy on
AuNPs imparts these constructs with enhanced dispersion
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stability with fast and efficient functionalization, enabling their
long-term storage for biomedical and clinical applications
which cannot be achieved by the current unstable surfactant
stabilized or PEGylated AuNDPs. In addition, the SERS signal
intensities of RBCM-coated particles are considerably higher
(by about S) in comparison with that PEGylated AuNPs. This
additional enhancement is most likely to arise from a
hydrophobic environment effect (RBCM consists of a large
number of lipid hydrocarbon chains) which reduces electronic
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Figure 3. Comparison of the relative absorbances to evaluate the aggregation tendency during the freeze—thaw cycles for (a) AuNP1-Cit and
AuNP1-RBCM, (b) AuNP2-Cit and AuNP2-RBCM, (c) AuNP3-Cit and AuNP3-RBCM, (d) AuNP15 and AuNP15-RBCM, (e) AuNP45 and

AuNP45-RBCM, and (f) AuNP80 and AuNP80-RBCM.

dampening and boosts electromagnetic field enhancement.
The improved SERS signals are well-protected by RBCM
during freeze—thaw cycles and on long-term storage for 2
weeks. In a proof-of-concept study, we utilized a lipid-insertion
strategy to conjugate tumor-targeting cyclic cRGD peptides
onto these biomimetic SERS NPs so that they exhibited
improved intracellular uptake in avf3 integrin receptors
expressing cells (MDA-MB231) with minimal cytotoxicity.
These RBCM encapsulated SERS tags could be used for future
in vitro and in vivo SERS detections with better sensitivity,
signal stability, and long-term storage.

RESULTS AND DISCUSSION

Functionalization of AuNPs with Biomimetic RBCM.
As illustrated in Figure 1la, the process of functionalizing
AuNPs with mouse-derived RBC membranes was conducted
by generating membrane vesicles from RBCs and subsequently
fusing the RBC membranes onto the surface of AuNPs via bath
sonication. First, RBC ghosts were derived from purified
mouse RBCs via hypotonic treatment and centrifugation steps.
Next, RBC membrane vesicles, RBCM (~190 nm), were
prepared using bath sonication. Subsequently, citrate-stabilized
AuNPs (0.032 mg/mL) having different shapes (AuNPI: 45
nm Au sphere, AuNP2: rod, AuNP3: cube) and sizes
(AuNP15: D, 15 nm, AuNP4S: D, 45 nm, AuNPS0: D, 80
nm) were mixed with the RBC vesicles and bath sonicated
resulting in the functionalization of AuNPs with RBC vesicles,
referred as AuNP-RBCM. Throughout this work, AuNP or
AuNP1 will refer to 45 nm AuNPs.

Characterization of AuNP-RBCM. To confirm the
uniform coating onto AuNPs, transmission electron micros-
copy (TEM) was utilized for both bare-AuNPs and AuNP-
RBCM (Figure 2a—f). Successful RBCM coating on
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anisotropic AuNPs was further monitored by changes in the
hydrodynamic size and surface { potential of AuNPs before
and after the functionalization process (Figure 2j). Following
the membrane fusion process, the diameters of all AuNPs (size
and shape varied) increased by ~8—10 nm, indicating a
uniform RBC membrane coating which agrees with previous
reports.””*” UV—vis-NIR spectra were subsequently collected
to investigate the intrinsic plasmon peak changes on
anisotropic AuNPs before and after the RBCM coating process
(Figure 2g-i). The intrinsic plasmon peak for AuNP-RBCM
gradually red-shifted compared to AuNP: ~2 nm for AuNP1
(531—533 + 1 nm) and ~7 nm for AuNP2 (645—652 + 3
nm) and AuNP3 (548—555 + 10 nm), respectively, which
could be attributed to the diameter increase by the wrapping of
RBCM. The surface { potential of AuNPs was also found to
increase upon RBC membrane vesicle coating, possibly due to
the less negative surface charge of RBC membranes when
compared to citrate stabilized AuNPs, indicating that there was
likely a charge screening.

We further performed an indirect study to confirm the
successful RBCM coating on AuNPs by confirming the
presence of CD47 proteins on the surface of the particles.
CD47 protein is a “marker of self” receptor on the surface of
RBCs which bind to the signal regulatory protein alpha
receptors on macrophages and inhibit phagocytosis of RBCs.
Consequently, the presence of CD47 on RBCM coated AuNPs
would indicate successful functionalization without the loss in
activity of the RBCMs.”” Here, different samples including
RBCM, AuNPs, and AuNP-RBCMs were mixed with
fluorescent antibody for CD47, and we observed the highest
fluorescent signal intensity for RBCM, followed by AuNP-
RBCMs. The AuNPs had barely any signal intensity due to the
lack of CD47 receptors on their surface (Figure 2k). Together,
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Figure 4. Comparison of the relative absorbances to evaluate the aggregation tendency during the lyophilization cycles for (a) AuNP1-Cit
and AuNP-RBCM, (b) AuNP2-Cit and AuNP2-RBCM, and (c) AuNP3-Cit and AuNP3-RBCM.

these results indicate that both size- and shape-tuned AuNPs
were successfully coated with RBC-derived membranes.

Dispersion Stability of AuNP-RBCM against Freezing,
Lyophilization, Heating, and under Physiological
Conditions. We proceeded to investigate the enhanced
dispersion stability aspects imparted by the biomimetic
AuNP-RBCM and compared it with citrate-stabilized AuNPs
(AuNP-Cit) and linear PEG functionalized AuNPs (AuNP-
PEG), which is used for biological applications.'”*' ~** We first
investigated the freeze—thaw behavior of AuNP-RBCM by
freezing them at —80 °C for 30 min, followed by thawing them
at room temperature, repeating these freeze—thaw cycles 4
times (Figure 3). For AuNP-RBCM, the red color of the
solution persisted, and the UV—vis showed identical spectra to
that before freezing, demonstrating that the RBCM function-
alization step provided enhanced dispersibility through the
frozen state. AuNP-PEG demonstrated a similar behavior when
subjected to freeze—thaw cycles. However, AuNP-Cit changed
their color from red to colorless when subjected to freeze—
thaw cycles with their UV—vis spectra showing that their
plasmon absorption peak shifts to higher wavelengths and
becomes broader. Hence, we calculated corresponding relative
absorbance values to correlate with the stability of different
AuNP samples upon the treatment. This trend was consistent
across AuNPs having different shapes and sizes as evident by
the relative absorbance calculations (Figure 3 and Figure S2).
Hydrodynamic diameter measurements further showed an
increase in size upon freeze—thaw cycles for AuNP-Cit,
suggesting aggregation (Figure S4). However, AuNP-RBCM
and AuNP-PEG did not show any noticeable change in
hydrodynamic diameter and TEM upon freeze—thaw cycles
(Figures S4 and SS).

Based on these results, we next attempted to evaluate the
effects of lyophilization (Figure 4a—c and Figure S3). Here, the
samples were frozen in liquid nitrogen followed by sublimation
of the solvent under reduced pressure. AuNP1-RBCM
maintained their red color, indicating they did not aggregate
in the solid-state, suggesting that the RBCM coating prevented
AuNP aggregation. Upon addition of DI water, AuNP1-RBCM
was successfully redispersed giving a good restoration of the
original UV—vis absorption signal. However, AuNP1-PEG and
AuNP1-Cit upon redispersion in DI water gave a lighter red
color and gray color, respectively, with a considerable shift in
the surface plasmon resonance band of the AuNPs, indicating
aggregation after lyophilization. Negative-stained TEM images
were further performed that showed aggregation for AuNP1-

8055

Cit and AuNP1-PEG and no aggregation for AuNP1-RBCM
(Figure S6). These experiments further consolidate the
premise that RBCM coating on AuNPs endows them with
superior dispersion stability against lyophilization and freeze—
thaw treatments. We further demonstrated that changing the
hydrodynamic diameter of AuNP1-RBCM to 15 and 80 nm
did not affect the enhanced dispersion stability feature
imparted by the RBCM membranes (Figures S7—S10).

Having dispersion stability against physiological conditions
and high temperatures would be ideal for future applications in
photothermal therapy when using these AuNP-RBCM
constructs. Physiological conditions have salts including
NaCl that cause unwanted aggregation owing to the enhanced
ionic strength forming a salt between the citrate on AuNP
surface, which neutralizes the charges.‘?’5 After demonstrating
the enhanced dispersibility of our RBCM coating on AuNPs,
we next examined under different physiological conditions.
The dispersibility of AuNP1-Cit, AuNP1-RBCM, and AuNP1-
PEG was tested at physiological conditions of pH = 7.4 and
~137 mM of NaCl. A phosphate buffer saline (PBS 10x)
solution (0.1 mL) was added to the AuNP1/AuNP1-RBCM/
AuNP1-PEG dispersions (1 mL) to make the desired
physiological condition. The color of AuNP1-Cit instanta-
neously changed from dark red to colorless immediately after
the addition of the concentrated PBS solution. On the other
hand, no significant color change or aggregation (via UV—vis
absorption) was observed for AuNP1-PEG and AuNP1-RBCM
after 4 h of incubation (Figures S11 and S12).

Next, to determine their thermal stability, AuNP1-Cit,
AuNP1-RBCM, and AuNP1-PEG were heated at 85 °C for4 h
(Figure S13). AuNP1-Cit eventually turned into an almost
colorless liquid solution with aggregation, as depicted by their
UV—vis absorption spectra. Both AuNP1-RBCM and AuNP1-
PEG showed high stability by retaining their red color and no
aggregation, as observed by their UV—vis absorption spectra. It
was interesting to note during the heating, the protein peak
due to RBCM slowly started to disintegrate, but it was still
sufficient to maintain the AuNPs dispersibility.

Finally, we tested the stability of different AuNPs (AuNP1-
Cit, AuNP1-RBCM, and AuNP1-PEG) in a biological fluid,
that is, human serum. This will be an important prerequisite
for AuNP1-RBCM that could allow different in vitro and in
vivo biosensing and biomedical applications. Using dynamic
light scattering (DLS) to measure their hydrodynamic
diameter, we did not observe any aggregates for AuNP-
RBCM (Figure S14). However, for AuNP-Cit and AuNP-PEG,
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the hydrodynamic diameter gradually increased due to the
formation of large aggregates, highlighting the importance of
improved dispersibility provided by RBCM (Figure S14).
Design of Biomimetic SERS Nanoparticles with Signal
Enhancement, Long-Term Signal, and Dispersion
Stability. The biomimetic RBCM was coated on dye attached
AuNPs to function as the protective coating of SERS NPs. The
resulting SERS NPs were referred to as AuNP-dye-RBCM.
Dye attached AuNPs without coating (AuNP-dye) and dye-
attached AuNPs coated with 2k Da SH-PEG (AuNP-dye-
PEG) were employed as controls. Raman spectra of different
AuNPs were measured in aqueous NP solutions with the same
particle concentration and laser parameter (integration time
and laser power). It was first observed that, after RBCM
coating, the SERS intensity increases to S times the original
intensity of AuNP-dye (Figure Sa,b). Hotspot-induced SERS
intensity change was excluded by good monodispersity of
AuNP-dye-RBCM that is indicated in the absorbance spectrum
and hydrodynamic size distribution (Figure S15). The
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compact wrapping of RBCM around AuNPs was proved to
be important for the SERS enhancement by three supple-
mentary trials (Figure S16). In the first trial, the AuNP-dye
solution was simply mixed with RBCM fragments without bath
sonication treatment. Only a ~3 times enhancement was
observed after the mixing, which is probably due to membrane
fragments attaching to AuNPs and forming an incomplete
RBCM shell. The mixture was then treated with a 10 min bath
sonication, and the SERS signal increases to 5 times the
original intensity as a result of a complete and compact
membrane packing (Figure Sl6a). In the second trial, the
RBCM was coated on the surface of AuNP-dye-PEG (Figure
S16b), and in the third trial, AuNPs were mixed with dye
solution after RBCM coating (Figure S16c). None of these
experiments resulted in a SERS intensity enhancement as high
as directly attaching RBCM on dye absorbed AuNPs,
indicating that a tight and direct encapsulation of RBCM on
AuNPs is essential for the observed SERS enhancement. The
enhancement effect is then believed to be related to the
electromagnetic enhancement mechanism, where the dielectric
medium around plasmonic NPs changing from polar water
(dielectric constant of 80.4) to the nonpolar lipid bilayer
(averaged dielectric constant of 2 to 3) leads to an amplified
reduction of electron dampening and boosts the electro-
magnetic field enhancement (detailed mechanism discussed in
Supporting Information).*®

Besides, the enhanced SERS signal was observed to be quite
stable over time, as the intensity of AuNP-dye-RBCM stays
~90% after up to 2 month storage at 4 °C. Unfortunately,
AuNP-dye-Cit irreversibly aggregated over this period. AuNP-
Cit is generally stable for long-term storage due to its negative
surface charge. However, after the attachment of the positively
charged dye, the net surface charge of AuNP-Cit drops below
—20 mV (Figure S17), and hence it is eventually aggregate
during long-term storage. The SERS stability of AuNP-dye-
RBCM was also tested during freeze—thaw cycles. RBCM
exhibited excellent protection of SERS NPs against freezing,
demonstrating not only well-preserved NPs dispersity but also
a stable and intact SERS signal (Figure 6a—g). In contrast,
obvious aggregation was observed in AuNP-dye-Cit upon
freezing, leading to an uncontrolled SERS enhancement.'®** A
plausible explanation could be that when SERS AuNPs begin
to aggregate, SERS hotspots are generated between adjunct
AuNPs, resulting in a stron§ electric field in the area that
enhances the SERS intensity.”” However, this increased SERS
signal owing to chemical or physical property change of the
solution system is undesirable because the hotspot generation
does not happen in a controlled manner, leading to
unrepeatable SERS enhancement.’**” Hence, upon subjection
to freeze—thaw treatments, AuNP-Dye-Cit aggregate leads to
its uncontrolled SERS enhancement.

Though AuNP-dye-PEG did not aggregate, it showed a
continuous SERS intensity decrease with ongoing freeze—thaw
cycles (Figure S18). We further demonstrated that upon
lyophilization, AuNP-dye-RBCM retained its SERS spectra and
corresponding intensities without any noticeable signs of
aggregation. As expected, the AuNP dye aggregated upon
lyophilization, as shown by its SERS spectra (Figure S19). The
cryoprotection of dye reporter molecules and SERS brightness
from RBCM are hypothesized to be related to the strong
hydrophobic—hydrophobic interaction between aromatic dye
molecules and the alkyl tails of the lipids. However, the exact
mechanism remains unclear and requires further investigations.
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acquired at a laser power of 200 mW and integration time of 500 ms.
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We further demonstrated that the SERS signal for AuNP-dye-
RBCM remains significantly stable (Figure S20) in the
presence of serum proteins (50%), highlighting the importance
of using these biomimetic SERS tags for different in vivo
biosensing and biomedical applications.

Spectroscopic Detection of Cancer Cells Using
Ligand-Inserted, Biomimetic SERS Nanoparticles. We
next attempted to impart these biomimetic NPs with the
cancer-targeting ability so that they could be used for in vitro
SERS detection. A lipid-insertion strategy was adopted to
functionalize RBCM with tumor-targeting peptides and
subsequently coated them onto AuNPs. Toward this direction,
we first attempted to optimize the lipid-insertion strategy in
RBCM by using a lipid-tethered fluorescent probe (DSPE-
PEG-CyS, excitation/emission = 633 nm/660 nm). Fluores-
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cent intensities were measured for DSPE-PEG-CyS at
increasing concentrations (1—1000 pg/mL) to generate a
calibration curve that would help us characterize the lipid-
insertion efficiency and saturation level (Figure S21).
Subsequently, DSPE-PEG-Cy5 at different concentrations
was incubated with RBCM for 30 min at 4 °C followed by
centrifugation, washing, referred to as RBCM-CyS 1, 10, or
100 (depending on DSPE-PEG-CyS concentrations) and
examined via fluorescence intensity measurements. Figure
S22 demonstrates the ligand density on the RBCM by
controlling the amount of lipid-tethered ligand added. We
further demonstrated by flow cytometry that compared to
unmodified RBCM, modified RBCM-CyS 100 had a
significantly higher signal under the CyS channel (Figure S23).
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Figure 8. (a) Schematic depicting the targeting and spectroscopic detection of arff3 expressing cancer cells using biomimetic and tumor
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respectively.

Once we had validated the successful incorporation of lipid-
tethered fluorescent dyes, we utilized a lipid-tethered tumor-
targeting ligand (DSPE-PEG-cRGD) to functionalize AuNP-
RBCM. Cancer targeting using NPs has been achieved in the
last two decades by exploiting specific proteins that are
upregulated in cancer cells. For example, integrins receptors
are highly upregulated on tumor-associated endothelial cells
during angiogenesis and metastasis of a wide range of rapidly
growing tumors. Several integrins, including the av integrins,
have been shown to recognize the Arg-Gly-Asp (RGD)
sequence as a critical determinant in their ligands. These
RGD-functionalized nanocarriers have been extensively
developed and utilized for tumor imaging and delivering
cargoes (chemotherapeutics drugs). In this work, we attempted
to selectively target arf33 integrin-expressing cancer cells and
their spectroscopic detection using lipid-inserted biomimetic
SERS NPs (AuNP-RBCM). For cancer cell detection, cRGD-
functionalized AuNP-RBCM were prepared using RBCM
inserted with cRGD-PEG-lipid, followed by sonicating with
AuNPs (Figure 7a,c). Hydrodynamic diameter and { potential
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values did not change appreciably before and after the lipid-
insertion strategy (Figure 7b). UV—vis absorption spectrosco-
py was also conducted to show successful conjugation of
cRGD peptides onto AuNP-RBCM. As the targeting ability of
cRGD-functionalized NPs has been established in literature,
we picked two model cancer cells lines, a high avf3 integrin
expressing cell line, MDA-MB231, and another with a low
avf3 integrin expressing cell line, PANC-1, to confirm
successful functionalization. Prior to conducting in vitro
SERS spectroscopy studies, the cellular viabilities of AuNP
and AuNP-RBCM@cRGD were evaluated in MDA-MB231
and PANC-1 cell lines using the MTT assay and exhibited
minimal cytotoxicity (Figure S24). After overnight incubation
of the cells with different dye-tagged AuNPs (AuNP-PEG,
AuNP-RBCM, and AuNP-RBCM@cRGD), cellular binding
was evaluated using SERS spectroscopy and dark-field
microscopy. The MDA-MB231 cells were arf3 integrins
positive and were detected with strong SERS signals (Figure
8a,c). In contrast, the PANC-1 cells did not express avf3
integrins, showing little or minimal SERS signals (Figure 8d
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and Figure S25). In addition, we further validated the in vitro
targeting efficacy of AuNP-RBCM@cRGD in the endothelial
cells using dark-field microscopy (Figure 8b). Dark-field
imaging allows the generation of images from light scattering
of the samples. AuNPs are detected for their increased
scattering properties compared to the surrounding signals. For
MDA-MB231 cells, AuNP-RBCM@cRGD appeared to bind
with the cells at a high degree, unlike AuNP-RBCM which had
minimal or low binding. Contrastingly, for PANC-1 cells, there
was no enhanced binding among any of the investigated
samples. Our results from SERS spectroscopy agree well with
the expression levels of avf33 integrins evaluated with the flow
cytometry for these cells lines using FITC-conjugated mouse
antibody, which show a high expression for MDA-MB231 cell
line and low expression for PANC-1 cell line.*>*'

In this report, we have shown that RBCM coatings impart a
drastic enhancement in the dispersion stability of AuNPs,
allowing AuNPs to be frozen, lyophilized, heated, or exposed
to physiological conditions with superior performances than
previous PEGylated SERS nanotags. Moreover, when the
RBCM coating was applied to AuNPs functionalized with
Raman-active dye molecules, it resulted in a further improve-
ment in the particle brightness with excellent reproducibility,
long-term retention of the signal intensity, and improved
dispersion stability. These biomimetic SERS AuNPs were
further modified with tumor-targeting peptides (cyclic-RGD)
using a lipid-insertion strategy to target the arf3 integrin
receptors expressed on cancer cells and consequently used for
in vitro SERS detection. Our data indicate that a biomimetic
RBCM coating could be used as an alternative to PEGylated
coating, imparting AuNPs with improved dispersibility,
enhanced SERS signal brightness, and tumor targeting
functions. We anticipate that biomimetic membranes of
different origins (cancer cells, immune cells, bacteria, etc.)
could be employed to impart plasmonic NPs with features of
increased dispersion stability, improved SERS signal intensity,
biocompatibility, and biofunctionalization capabilities for
biomedical applications, facilitating their introduction at a
clinical level.

Materials. Deionized water (DI water) was used throughout the
work. The following chemicals were used as purchased without any
further purification: IR-780 iodide (dye content >95%), N,N-
dimethylformamide (DMF), sodium citrate tribasic dihydrate,
gold(III) chloride trihydrate (HAuCl,), sodium borohydride
(NaBH,), poly(sodium 4-styrenesulfonate) (Na-PSS) solution
(average Mw ~ 70,000, 30 wt %), silver nitrate (AgNOs,), L-ascorbic
acid, sodium bromide (NaBr), hexadecyltrimethylammonium bro-
mide (CTAB), and poly(ethylene glycol) methyl ether thiol (mPEG-
thiol, Mn 2000 Da) from Sigma-Aldrich, hexadecyltrimethylammo-
nium chloride (CTAC) from Tokyo Chemical Industry Co., Ltd., and
poly(ethylene glycol) methyl ether thiol (mPEG-thiol, Mn 5000 Da)
from Laysan Bio Inc.

Synthesis of Citrated-Stabilized Size and Shape Varied
AuNPs. Glassware and stir bars for gold NP synthesis were washed by
aqua regia before use. Gold nanospheres were synthesized via a
kinetically controlled seeded growth method.** First, a water solution
of 22 mM sodium citrate (60 mL) was heated to boiling under
vigorous stirring. Once boiling had commenced, 400 uL of HAuCl,
solution (25 mM) was quickly injected. The reaction completed
within 10 min where the solution turned from yellow to purple gray
and then to burgundy. Thirty mL of the resulting gold particle
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solution was stocked as 15 nm Au nanospheres (AuNP1S), and the
other 30 mL of the particle solution was used as the Au seeds for the
next step. Immediately after the Au seeds synthesis, in the same
reaction vessel, the solution was cooled to 90 °C, then 200 uL of
HAuCl, solution (25 mM) was injected. After 30 min, the reaction
was finished. This process was repeated once. After that, the particle
solution was diluted two times by 2.2 mM sodium citrate solution.
Thirty mL of the diluted particle solution was then used as the seed
solution, and the process was repeated until Au nanospheres with a
hydrodynamic size of 50 + S, 80 & 5 nm in diameter were obtained
sequentially, and the corresponding Au nanospheres solutions were
stocked as AuNP4S and AuNPS80, respectively. A condenser was
utilized throughout the synthesis process to keep a consistent volume
of the solution. The weight concentration of the obtained citrate
stabilized Au nanospheres was determined by inductively coupled
plasma mass spectrometry (ICP-MS). The size varied Au nanospheres
solutions were finally diluted to 32 mg/L in S mM sodium citrate for
long-term storage.

Gold nanorods (AuNP2) and gold nanocubes (AuNP3) were
synthesized by seed-mediated growth methods.** A seed solution
was first synthesized by quickly adding 600 uL of ice-cold 10 mM
NaBH, solution to a mixed solution of CTAB (5 mL, 0.2 M) and
HAuCl, (5 mL, 0.5 mM) under vigorous stirring. The seed solution
was stirred for 2 min and then kept at room temperature for over 1 h
before the next step. For the growth of nanorods, a CTAB solution
(20 mL, 0.2 M) was first mixed with a HAuCl, solution (20 mL, 1
mM) and an AgNO; solution (1.2 mL, 4 mM) at a 30 °C water bath.
To the above solution, 380 uL of 0.0788 M ascorbic acid solution was
added, followed by gentle shaking. The growth solution was observed
to change from yellow to colorless. After that, 48 uL of seed solution
from the first step was added followed by gentle shaking, and the
growth solution was kept at 30 °C unstirred. After 1 h, the growth was
stopped by centrifuging the resulting AuNP2 solution at 4000g. The
washed AuNP2 solution was redispersed to 2 mM CTAB solution.

For the synthesis of AuNP3, 10 nm gold nanospheres were first
synthesized with the previously prepared CTAB-capped Au seeds.
Two mL of 0.2 M CTAC solution, 1.5 mL of 0.1 M ascorbic acid
solution, and 50 uL of the Au seeds solution were mixed in a 10 mL
vial. Under stirring of constant speed, 2 mL of 0.5 mM HAuCl,
solution was injected. The solution was incubated at room
temperature for 15 min under stirring at 300 rpm. The resulting 10
nm Au nanosphere solution was then washed twice at 20,000g and
redispersed to 1 mL in 20 mM CTAC solution for further use. For the
growth of AuNP3, 72 mL of 0.1 M CTAC, 360 uL of 20 mM NaBr,
and 84 uL of previously prepared 10 nm Au nanospheres were mixed,
then 4.68 mL of a 10 mM ascorbic acid solution was added and mixed
thoroughly. Finally, 72 mL of 0.5 mM HAuClI, solution was quickly
injected into the solution under stirring at 500 rpm. The solution was
incubated at room temperature for 30 min. The resulted AuNP3
solution was washed by centrifugation at 4000g and redispersed to 2
mM CTAC solution.

The surfactant exchange process of AuNP2 and AuNP3 follows a
literature protocol.** Typically, 10 mL of AuNP2 or AuNP3 dispersed
in 2 mM CTAB or CTAC solution was first centrifuged at 4000g. 9.5
mL of the supernatant was removed, and AuNP2 or AuNP3 were
redispersed to 10 mL by DI water. The resulting AuNP2 or AuNP3
solution (current CTAB or CTAC concentration is 0.1 mM) was then
added to 100 mL of Na-PSS solution (0.15 wt %) and kept at room
temperature for over 1 h. After the incubation, the NP solution was
centrifuged at 4000g and redispersed to 0.15 wt % Na-PSS solution
for two cycles and then centrifuged again at 4000g and redispersed to
S mM sodium citrate solution. The AuNPs were incubated in sodium
citrate solution overnight. Finally, the AuNP2 or AuNP3 was washed
again at 4000g by S mM sodium citrate. The concentrations of the
citrate-stabilized AuNP2 and AuNP3 were determined by ICP-MS.
The AuNP2 and AuNP3 solutions were finally diluted to 32 mg/L in
S mM sodium citrate for long-term storage.

Synthesis of Shape Varied AuNP-PEGs. Typically, 3 mL of
AuNPs solution (32 mg/L) was mixed with 500 uL of mPEG-thiol
solution (51.8 uM) for 1 h at room temperature. The AuNPs were
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then washed by DI water twice via centrifugation at 4000g to remove
excess PEG ligands and redispersed to 3 mL of DI water.

RBCM Collection and Coating on AuNPs. 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, that is, 0.25X PBS at 4 °C for 1 h. The
resulting solution was centrifuged 4 times at 20,000g 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 ice—water mixture. The RBCM solution was
eventually added to AuNP solution with the RBCM vesicle/AuNP
volume ratio of 3/9 and bath sonicated for 10 min to form AuNP-
RBCMs. The resulting solution was centrifuged at 700g for 15 min to
eliminate residual RBCM vesicles aggregates.

Characterization of RBCM-Coated Nanoparticles. Dynamic
light scattering (DLS) measurements were conducted to measure the
hydrodynamic size distribution (intensity average) of the NPs on
Malvern Zetasizer ZS90 instrument (Malvern Instruments Ltd.,
United Kingdom) at a fixed angle of 90°. The { potential values
were determined using a Malvern Zetasizer (Malvern Instruments
Ltd,, United Kingdom) of Nano series. UV—vis absorbance was
recorded on GENESYSTM 10S UV—vis spectrophotometer (Thermo
Scientific, MA, USA). Absorbance spectra were collected at an interval
of 1 nm scanning from 300 nm to 1000 nm. To evaluate the presence
of CD47 on the surface of the particle, allophycocyanin-labeled
antimouse CD47 antibody was used (BioLegend, San Diego, CA)
according to a previously established protocol.*’

Transmission Electron Microscopy Imaging. A drop of RBC-
coated or bare (non-RBC-coated) NP solution was deposited onto a
glow-discharged, carbon-coated transmission electron microscopy
(TEM) grid and incubated for S min. Excess liquid was removed, and
samples 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 transmission electron microscope at 200 kV.

Dispersion Stability against Freeze—Thaw Cycle. AuNPs
having different shapes and sizes with citrates only, RBCM coating,
and PEG coating, respectively, were taken in glass vials (2 mL, 0.032
mg/mL). The resulting solutions were frozen at —80 °C for 30 min
and then thawed at room temperature for 10 min. The thawed
solutions were briefly sonicated and analyzed using UV—vis
spectrophotometry and DLS.

Dispersion Stability against Lyophilization. AuNPs having
different shapes and sizes with citrates only, RBCM coating, and PEG
coating, respectively, were taken in glass vials (2 mL, 0.032 mg/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 NP solutions were briefly sonicated and analyzed using
UV—vis spectrophotometry and DLS.

Dispersion Stability against Heating. AuNPls with citrate
only, RBCM coating, and PEG coating were placed in glass vials (2
mlL, 0.032 mg/mL). The resulting solutions were placed with caps to
prevent evaporation of water and subsequently were heated for 4 h at
85 °C. Following that, they were briefly sonicated and analyzed by
collecting time-course UV—vis measurement.

Dispersion Stability against a PBS Buffer Solution. AuNP1s
with citrate only, RBCM coating, and PEG coating were placed in
glass vials (2 mL, 0.032 mg/mL). A 0.1 mL phosphate-buffered saline
(PBS) solution (pH = 7.4, KCI = 2.6 mM, KH,PO, = 1.47 mM, NaCl
137.9 mM) was added to each vial. Time-course UV—vis
measurements were taken before and after the addition of the PBS
solution.

Stability of AuNPs in Human Serum. AuNPs were added to
undiluted human serum in a ratio of 1:1 (final solution containing
50% serum). The samples were incubated for 24 h at 37 °C. Samples
were then centrifuged at 10,000 rpm, and the dispersion solution was
removed. The AuNPs were resuspended in distilled water and
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centrifuged down at 10,000 rpm; this process was repeated twice.
Finally, DLS profiles of AuNPs in water were recorded using a
Malvern Zetasizer Nano ZS.

AuNP-Dye Physisorption for SERS Studies. Raman reporter
dyes were physically attached to AuNPs before the PEG or RBCM
coating process. Raman reporter molecules IR-780 stock solution
were prepared by dissolving 1 mg of IR-780 into 1 mL of DMF. The
stock solutions were diluted by DI water to form a dye concentration
of 2.62 uM for further use. Typically, 10 uL above IR-780 solution
was dropwise added to 1 mL of gold AuNP1 (32 mg/L) under
vigorous stirring. The resulting dye concentration for 45 nm gold
AuNP1 was calculated to be 450 dye molecules per AuNP.

SERS Data Collection and Processing. Raman spectra were
obtained using a BaySpec Agility transportable 785/1064 nm dual-
band benchtop Raman spectrometer (East JHX, Inc.). A 785 nm laser
(200 mW) was used as the excitation source. Each Raman
measurement includes 3 scans, and the averaged Raman spectrum
was plotted. Averaged Raman intensity of 1205 cm™" peak from the 3
scans was chosen to show the Raman signal change for the SERS
AuNPs, and the error bars represent the standard deviations of the
scans performed for 3 separate experiments. All the Raman spectra
were baseline corrected to remove fluorescence background, and the
band intensities were calibrated by standard sample (benzonitrile)
spectrum.

Lipid Insertion of Tumor-Targeting Peptides. Stock solutions
of DSPE-PEG-CyS$ with concentrations (1000 ug/mL, 500 pug/mL,
200 pg/mL, 100 pug/mL, S0 ug/mL, 10 ug/mL, and 1 ug/mL) were
made in DI water. RBCMs prepared earlier were thawed and bath-
sonicated in ice water. Subsequently, 1 mL of RBCM was added to 1
mL of each DSPE-PEG-CyS5 of different concentrations and vortexed
vigorously for 1 min. The solutions were incubated for 30 min in the
refrigerator followed by centrifugation at 600g for 15 min at 4 °C. The
supernatant was removed, and 2 mL of DI water was added to each
tube. The UV—vis absorption was collected in addition to acquiring
their fluorescence excitation and emission spectra at 633 nm and
650—700 nm, respectively.

MTT Assay of Different AuNPs. The cytotoxic effects of various
AuNPs in two different endothelial cell lines (MDA-MB231, PANC-
1) were investigated using MTT assay established previously.**~*

In Vitro SERS Study. To verify the effective binding of AuNP-
RBCM@cRGD to endothelial cells, a comparative targeting study was
performed in vitro with MDA-MB231 and PANC-1 cells. Both cell
lines were grown in Eagle’s minimum essential medium (MEM),
supplemented with 1.5 g/L sodium bicarbonate, nonessential amino
acids, L-glutamine, and sodium pyruvate and cultured until they
reached ~80—90% confluency. Subsequently, they were plated in a 6-
well plate at a density of 10° cells per well and allowed to grow for 24
h at 37 °C. Dye-tagged AuNPs (AuNP-PEG, AuNP-RBCM, and
AuNP-RBCM@cRGD) were added to the media and allowed to
incubate overnight. Following this, the AuNP-containing media was
removed by aspiration, and cells were rinsed two times with PBS. The
cells were then collected and measured for SERS signal intensities
using a BaySpec Agility transportable 785/1064 nm dual-band
benchtop Raman spectrometer (East JHX, Inc.). Subsequently, the
same cell samples were fixed with Karnovsky’s fixative (paraformalde-
hyde-glutaraldehyde solution) and imaged using dark-field micros-
copy to visualize the AuNPs associated with the cells. Dark-field
microscopy was performed using a Zeiss Axiovert inverted micro-
scope. All images were acquired using a 50X objective lens.
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