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Abstract

Ru(bpy); @Si0,-COOH and Ru(bpy); @SiO,@CD47-peptide nanoparticles (NPs) with fluorescent and mass spectrometric
properties were designed and synthesized as the models of drug-nanocarriers. Their phagocytic internalization could be quan-
titatively measured using more sensitive inductively coupled plasma mass spectrometry (ICPMS) ('**Ru) versus traditional laser
confocal scanning microscope (Aex/em = 458/600 nm) for the first time. Modification of a self-signal trigging CD47-peptide on the
NPs’ surface decreased internalization by 10 times, (2.79£0.21) x 10* Ru(bpy); @SiO,-COOH and (0.28 +0.04) x 10*
Ru(bpy); @SiO,@CD47-peptide NPs per RAW264.7 macrophage (n=5). The alkynyl-linked CD47-peptide allowed us to
quantify the number (2412 +250) of CD47-peptide modified on the NP and the total content (5.14+0.25 amol) of signal
regulatory protein « (SIRPx) on the macrophage by measuring the clickable tagged Eu using ICPMS. Furthermore, the inter-
action between CD47-peptide and SIRP« as well as the changes of the remaining free SIRP« during the internalization process
of Ru(bpy);@SiO,@CD47-peptide NPs were quantitatively evaluated, providing direct experimental evidence of the
longspeculated crucial CD47-SIRP«x interaction for drug-nanocarriers to escape internalization by phagocytic cells.
Remarkable difference in the internalization ratio of 12.3 £4.8 of Ru(bpy); @SiO,-COOH NPs and 4.3+0.5
Ru(bpy); @SiO, @CD47-peptide NPs with and without the protein corona indicated that CD47-peptide still worked when the
protein corona formed. Not limited to the evaluation of the NPs studied here, such a fluorescent and mass spectrometric approach
is very much expected to apply to the assessment of other drug-nanocarriers designed by chemists and before their medical
applications.
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Introduction

Engineered nanomaterials have been significantly studied in
the past two decades, because they were thought to provide a
precisely controlled releasing manner for drug delivery. They
might display the drugs’ biological activity concentrated in the
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diseased cells and tissues, causing less unwanted adverse
events and systemic toxicity, thus being more efficacious
and safer [1-3]. However, the delivery efficiencies reported
were actually less than 1%, implying that the drugs could not
access the diseased cells and tissues at a sufficiently high dose
as expected [4]. One of the known reasons is the formation of
the so-called protein corona on the surface of a drug-
nanocarrier. The protein corona might be associated with the
mononuclear phagocyte system (MPS) that consists of the
phagocytic cells including monocytes, macrophages and den-
dritic cells [5—7]. The spontaneously formed protein corona
acts as opsonins, directing MPS recognize the drug-
nanocarriers as foreign materials and raise their accumulation
in liver, spleen and kidney where the phagocytic cells reside
[4]. One might be now more aware that this “biological
identity” of the nanocarriers is distinct from the “synthetic
identity” (the size, shape and surface chemistry) that chemists
mainly considered [8]. In order to avoid the internalization by
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MPS, which not only decrease the drug delivery efficiency but
also cause unwanted toxicity, a myriad of different designs
have been attempted so far that exhibited unique physico-
chemical properties and programmed with a multitude of bi-
ological and medical functions. For example, human albumin,
agonists of pattern recognition receptors and polyethylene
glycol were used as surface modifiers for decreasing influence
of' the protein corona opsonins while increasing the circulation
time [9-13]. In addition, cellular membranes play essential
roles in biointerfacing, selfidentification and signal transduc-
tion as well as compartmentalization. Macrophage and biomi-
metic leukocyte even cancer cell membranes were also used to
coat the nanocarriers for a long-circulating nanodrug delivery
[14, 15].

Cellular membrane glycoprotein CD47 is a “marker-of-self”
molecule [16]. CD47’s extracellular immunoglobulin (Ig) do-
main interacts with the extracellular N-terminal Ig V domain of
transmembrane protein signal regulatory protein o« (SIRPx) on
phagocytes. It promotes phosphorylation of tyrosine residues
within two typical immunoreceptor tyrosine-based inhibitory
motifs (ITIM) located in the SIRPo cytoplasmic tail. The phos-
phorylated ITIM recruit and activate protein tyrosine phospha-
tases (PTPase) that have Src homology region 2 (SH2)-domain,
SHP-1 and SHP-2. The interaction between SHP-1 and/or SHP-
2 and the phosphorylated ITIM of SIRPx disrupts their
autoinhibitory activity towards the PTPase domain, triggering
enzymatic activity and leading to the dephosphorylation of
downstream molecules. This process restricts the phagocytic
function by generating the signal of “do not eat me” [17]. As
typical paradigms, CD47-expressed erythrocytes can coexist
with white blood cells in the blood circulation system [18]; and
cancer cells are smart enough to overexpress CD47 for disguis-
ing themselves as self-cells to escape from the attack of immune
system [19]. Scientists believe that the CD47-modified
nanocarriers could also camouflage as self-particles thus inhibit
the uptake by the phagocytic cells. For instance, CD47 and its
functional peptide were used to modify nanobeads for
prolonging the circulation time in nonobese diabetic/severe com-
bined immunodeficient mice. Compared to the control
nanobeads, the functional peptide modified nanobeads increased
the persistence in the circulation with a mean doubling time of
20+ 3 min. During which, the methods of gene knockout and
antibody blocking were employed to prove that the interaction
between CD47 and SIRP«x that influenced the internalization
process [20]. These biological methods did work in revealing
the fact that the decreased internalization degree was related to
the CD47-SIRP« interaction. However, such biological methods
might induce other not yet understandable cellular changes, de-
veloping the similar phenomenon thus leading to an uncertainty
and many speculations [21]. In order to directly uncover the inter-
action between CD47 and SIRP«x do suppress the phagocytic in-
ternalization process, we proposed a dual fluorescent and mass
spectrometric approach (Fig. 1). At first, tris(2,2-
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Fig. 1 (a) Autodocking of CD47-peptide (green ribbon) in the active site P>
of SIRP« using software autodock 3.0 (http://autodock.scripps.edu), the
alkynyl group in the peptide was colored as red. Close-up of the SIRPx
active site bound to CD47-peptide was shown in detail at the right hand.
The main active amino acid residues (R53, R69, M72, K96, D100) of
SIRP«x and those (E97, T99, and E100, plus R103, E104, and E106) in
CD47 were shown as sticks. (b) Amino acid sequence of alkynyl CD47-
peptide, and structures of azido-DOTA-Eu and CD47-peptide-DOTA-Eu.
(¢) Ru(bpy); @SiO,-COOH, Ru(bpy); @SiO,@CD47-peptide and
Ru(bpy); @Si0, @CD47-peptide-DOTA-Eu. (d) Labeling and/or interac-
tion of SIRPx on the macrophages with CD47-peptide-DOTA-Eu and
Ru(bpy); @SiO,@CD47-peptide NPs. (e) Visualization and quantifica-
tion of the internalized NPs using LCSM (Aey/em =458/600 nm) and
ICPMS ('°>Ru), as well as quantification of SIRPx with 153y

bipyridyl)dicholororuthenium-(II) (Ru(bpy)s)-doped silica nano-
particles (Ru(bpy); @SiO,-COOH NPs) was synthesized and used
as a model of drug-nanocarriers. Ru(bpy); @SiO,-COOH NPs
was further modified using the alkyne-linked core self-functional
amino acids sequence (GAcpGNYTCEVTELTREGETIIELK)
of CD47. The obtained Ru(bpy); @SiO, @CD47-peptide NPs
andRu(bpy); @Si0,-COOH NPswereused to evaluate the phago-
cytic internalization process with and without CD47-peptide mod-
ification. The internalization process of Ru(bpy); @SiO,-COOH
and Ru(bpy); @SiO, @CD47-peptide NPs can be visualized and
quantified using laser confocal scanning microscope (LCSM) and
inductively coupled plasmamass spectrometry (ICPMS), thanks to
the fluorescent property of Ru(bpy)s (Acx/em = 458/600 nm) and
high sensitive 12Ru signal on ICPMS. Moreover, 1,4,7,10-
tetraazacyclododecane-1,4,7-tris-acetic acid-10-(azidopropyl
ethylacetamide)-Eu (azido-DOTA-Eu) was used to conjugate
alkynyl CD47-peptide via click chemistry for determining the
number of CD47-peptide modified on the surface of
Ru(bpy); @SiO,@CD47-peptide NPs. Azido-DOTA-Eu was al-
so click-conjugated directly with CD47-peptide to obtain CD47-
peptide-DOTA-Eu for quantifying the total SIRPoc on macrophage
RAW264.7 and the remained free SIRP« after incubation with the
NPs. Influence of the interaction between CD47-peptide and
SIRPx on the phagocytic internalization of the NPs can be inves-
tigated through measuring '**Eu signals using ICPMS.

Experimental section
Materials and instrumentation

All chemicals used in this study are of at least analytical grade. The
ultrapure water used throughout this study was prepared with a
Milli-Q system (Millipore Filter Co., Bedford, MA). Triton
X-100, tris(2,2-bipyridyl)dicholororuthenium-(II) (Ru(bpy)s),
succinic anhydride, 3-aminopropyltriethoxysilane (APTES),
tetracthoxysilane (TEOS), 2-morpholinoethanesulfonic acid
(MES), 4-morpholinepropanesulfonic acid (MOPS), 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-
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hydroxysulfosuccinimide (sulfo-NHS) were purchased from  China) and used for synthesis of Ru(bpy); @SiO,-COOH NPs.
Aladdin Biochemical Polytron Technologies Inc. (Shanghai, 1,4,7,10-tetraazacyclododecane-1,4,7-tris-acetic acid-
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10-(azidopropy! ethylacetamide) (azido-DOTA) was purchased
from Macrocyclics (Dallas, TX). Europium oxide (Eu,Os, purity
>99.9%) and sodium ascorbate were obtained from J&K
Scientific Ltd. (Beijing, China). Water soluble benzimidazole li-
gand 5,5',5'-[2,2',2"-nitrilotris(methylene)tris(/ H-benzimidazole-
2,1-diyl)tripentanoic acid tripotassium salt (BimC4A)s) used for
copper(l) catalyzed azide-alkyne cycloaddition (CuAAC) reac-
tions was purchased from Sigma-Aldrich (St. Louis, MO).
Alkynyl CD47-peptide GAcpGNYTCEVTELTREGETIIELK
(CD47-peptide, MW = 2587.7) was designed by us and synthe-
sized by Sangon Biotech (Shanghai) Co., Ltd. (China). Dialysis
membranes (molecular weight cut off, 8 kDa) were purchased
from Sangon Biotech (Shanghai) Co., Ltd.. Signal regulatory pro-
tein o (SIRPox, MW = 64 kDa) was obtained from R&D system
(Minneapolis, USA). Bruker Microflex Matrix-assisted laser de-
sorption ionization time of flight mass spectrometry (MALDI-
TOF-MS) (Baltimore, MD, USA) was used to determine CD47-
peptide and SIRP« adduct. The operational parameters were as
follows: cassette N, laser, 337 nm; matrix, sinapic acid; and pos-
itive ion mode reflectance. For non-radioactive Eu/Ru isotope
analysis, an ELAN DRC II ICPMS (PerkinElmer, SCIEX,
Canada) equipped with a concentric pneumatic nebulizer and a
cyclonic spray chamber. The ICPMS operational parameters were
as follows: nebulizer gas, 0.88 L/min; auxiliary gas, 1.0 L/min;
plasma gas, 15 L/min; RF power, 1200 W; dwell time, 100 ms;
lens voltage, 7.2 V. Parameters such as Ar nebulizer gas flow and
lens voltage were optimized daily to obtain the best sensitivity
using ELAN DRC II Setup/Stab/Masscal Solution.
Transmission electron microscopy (TEM) (JEOL JEM-1400)
and dynamic light scattering (DLS) (ZetaSizer Nano ZS,
Malvern Instruments) were used for characterization of the NPs.
Macrophage cell RAW?264.7 and cervical cancer cell HeLa were
obtained from the Cell Line Bank of Shanghai Institute for
Biological Science. DMEM culture fluid, fetal bovine serum
(FBS), penicillin and streptomycin used for cell culture were ob-
tained from ThermoFisher scientific (Waltham, USA). 15-mm-
diameter glass bottom cell culture dish and 24-well tissue culture
plate were purchased from NEST Biotechnology Co., Ltd. (Wuxi,
China). Leica TCS SP5 LCSM (350 to 800 nm) with a HCX PL
APL CS 100.0 x 1.40 oil objective and an argon ion laser was used
for cell imaging.

Synthesis and characterization
of Ru(bpy);@Si0,-COOH
and Ru(bpy);@SiO,@CD47-peptide NPs

Ru(bpy); @Si0,-COOH NPs that comprise of Ru(bpy); doped
silica core and a silica shell were synthesized using a water-in-oil
microemulsion system [22]. Briefly, 0.23 mL APTES and
100.0 mg succinic anhydride were first mixed in 0.5 mL DMF
to synthesize 3-aminopropyltriethoxysiylsuccinamide. The
microemulsion system containing 1.77 mL Triton X-100,
7.5 mL cyclohexane, 1.8 mL n-hexanol, 0.4 mL H,O and
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6.0 mg Ru(bpy); was stirred for 1 h, and then 100 uLL. TEOS and
100 pL. ammonium hydroxide were added. After stirred for 24 h,
25 uL TEOS and 70 pL 3-aminopropyltriethoxysiylsuccinamide
were added and stirred for another 24 h followed by disturbing the
microemulsion medium with acetone and washing with ethanol
and water for three times to obtain 40.0 mg Ru(bpy); @SiO,-
COOH NPs. A calibration cure between the concentration of
Ru** (1, 5, 20, 50, 100 ng/mL) and 12Ry signal intensity on
ICPMS was made for determination of the average Ru content
in one NP. In order to modify CD47-peptide on the surface of
Ru(bpy); @Si0,-COOH NPs through the amidation reaction be-
tween amido group in CD47-peptide and carboxyl group on the
surface of the NPs, 2.0 mg Ru(bpy); @SiO,-COOH NPs in 1 mL
MES buffer (100 mM, pH 6.0) were mixed with 6.4 mg EDC and
17.6 mg sulfo-NHS and stirred for 15 min to active the carboxyl
group, and then the mixture were centrifuged to obtain the precip-
itate. Subsequently 1 mL MOPS buffer (100 mM, pH 7.5) and
CDA47-peptide (50 pL, 2 mg/mL) were added and stirred for 2 h to
obtain Ru(bpy); @Si0, @CD47-peptide NPs after five times cen-
trifugation and washing with water. The NPs were all character-
ized using TEM for morphology. Hydrodynamic diameter (HD)
and zeta potential values were detected in MOPS buffer (pH 7.4)
and/or 10% FBS medium using DLS.

CD47-peptide content modified on each
Ru(bpy);@Si0,@CD47-peptide NP

To quantify how many CD47-peptide were modified on each
Ru(bpy); @SiO, @CD47-peptide NP, azido-DOTA-Eu tag was
used. First, 6.0 mg azido-DOTA was mixed with 4.1 mg
Eu(NO;); in ammonium acetate buffer (pH 6.4) at 37 °C for
3 h to obtain 6.3 mg azido-DOTA-Eu. Then 1 mg
Ru(bpy); @SiO,@CD47-peptide NPs (corresponding to 1.4 x
10" NPs), in which CD47-peptide was modified with alkynyl
group, were mixed with 0.63 mg azido-DOTA-Eu for a 1:1
clickable CuAAC conjugation [23, 24], during which CuSO,4
(0.8 mg), (BimC4A); (4.5 mg) and sodium ascorbate (9.9 mg)
were added and kept 1 h at room temperature. The mixture was
then centrifuged, and washed with water for five times to get rid
of the excess azido-DOTA-Eu. After HNO; (7 M, 0.5 mL) was
added to the Eu-tagged Ru(bpy); @SiO,@CD47-peptide NPs
and stayed overnight, the nitric acid digested mixture was centri-
fuged and the supernatant containing Eu was diluted to appropri-
ate concentration for [CPMS analysis (monitoring '**Eu) to
know the number of CD47-peptide modified on each
Ru(bpy); @SiO, @CD47-peptide NP.

The internalization of Ru(bpy);@Si0,-COOH
and Ru(bpy);@Si0,@CD47-peptide NPs by RAW264.7
macrophages

RAW264.7 macrophages were seeded on sterilized 15-mm-
diameter glass bottom cell culture dish (1.0 x 10* cells per well)
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and incubated overnight in DMEM medium containing 10%
FBS, 1% penicillin and 1% streptomycin at 37 °C under a 5%
CO,/95% air condition. After washed three times with PBS,
20 pg Ru(bpy); @SiO,-COOH and Ru(bpy); @SiO,@CD47-
peptide NPs were respectively added to the macrophages and
incubated for 0.5, 1.0, 2,0, 5.0, 10.0 and 15.0 h in the culture
media with or without FBS. After washing five times with PBS
buffer, the cells were first imaged using LCSM, then trypsinized,
and centrifuged (2000 r/min, 3 min), the obtained cells were
digested with 7 M HNO; and 10 M HF acids overnight. After
gently evaporating out HNO; and HF acid, the residue was ap-
propriately diluted prior to the determination of Ru in the inter-
nalized NPs using ICPMS monitoring 1020, Moreover, CD47-
peptide was used for block experiments. First, 50 pL 1 mg/mL
CD47-peptide was incubated with the macrophages for 3 h and
washed five times with PBS, then 20 pg Ru(bpy); @SiO,-
COOH or Ru(bpy); @SiO,@CD47-peptide NPs were added
and incubated for 5 h. In parallel, control experiments were done
using SIRPa-negative HeLa cells. 20 pg Ru(bpy); @SiO,-
COOH and Ru(bpy); @SiO,@CD47-peptide NPs were added
respectively to Hela cells and incubated for 24 h, and then
washed five times with PBS. All these cells were visualized
under LCSM and determined using ICPMS.

SIRPa measurement

Interaction between CD47-peptide and SIRPx was first inves-
tigated in vitro. 10 uL 1.0 mg/mL CD47-peptide was added to
20 pL 100 pg/mL SIRPx in 0.5 mL 10 mM PBS buffer
(pH 7.4), and the mixture was incubated at 37 °C for 3 h.
After the excess free CD47-peptide were dialyzed out, the
SIRPa-CD47-peptide adduct was identified using MALDI-
TOF-MS with 1 pL sample and sinapic acid (1 pL) as the
matrix. Next, a calibration cure between the concentration of
SIRP«x and the clickable tagged Eu ICPMS intensity was
made. CD47-peptide-DOTA-Eu (0.8 mM, 0.1 mL) was added
to a series of SIRPx solution (2.4, 12.0, 60.2, 120.0,
150.8 nM) for 3 h each. After dialyzed out of excess CD47-
peptide-DOTA-Eu, the SIRPx-CD47-peptide-DOTA-Eu was
determined using ICPMS monitoring '**Eu. Finally, SIRP«
on RAW264.7 macrophages were quantified. RAW264.7
macrophages (1.0 x 10°) were incubated with 20 pg
Ru(bpy); @SiO,-COOH NPs and/or a series concentration
(0, 1 ng, 10 ng, 50 ng, 100 ng, 500 ng, 1 ug, 10 pug, 20 ug,

50 png) of Ru(bpy); @SiO,@CD47-peptide NPs for 5 h, re-
spectively; afterwards, CD47-peptide-DOTA-Eu (0.8 mM,
0.1 mL) was added. The mixture were further incubated for
5 h. The macrophages were washed five times with PBS, and
then 7 M HNO; digested overnight. After centrifugation and
appropriate dilution, the total SIRPx on RAW264.7 macro-
phage and remained free SIRP« after incubation with the NPs
were determined via ICPMS monitoring '**Eu.

Results and discussion

Characterization of Ru(bpy);@SiO,-COOH
and Ru(bpy);@Si0,@CD47-peptide NPs

From the autodocking of CD47 and SIRP« interaction, we can
see that the highest density of CD47 that interacts with the
extracellular N-terminal IgV domain of SIRP« is in the loop
between canonical 3 strands F and G containing the amino
acids E97, T99 and E100, plus R103, E104, and E106. They
are existing in the core self-functional amino acids sequence
GNYTCEVTELTREGETIIELK, which locates in the extracel-
lular portion of CD47 [25]. GNYTCEVTELTREGETIIELK
peptide was thus modified with alkyne-GAcp to obtain alkynyl
CD47-peptide. It was subsequently modified on the surface of
Ru(bpy); @SiO,-COOH NPs via amidation between -COOH
and -NH, at lysine residue of the peptide to obtain
Ru(bpy); @SiO, @CD47-peptide NPs, in which the alkyne
was used for later azido-DOTA-Eu labeling through CuAAC
click reaction. The synthesized Ru(bpy);@SiO,-COOH and
Ru(bpy); @SiO, @CD47-peptide NPs were first characterized
using TEM and DLS. The obtained TEM results indicated that
Ru(bpy); @Si0,-COOH and Ru(bpy); @SiO,@CD47-peptide
NPs are regularly spherical with uniformly distributed granular
diameters of 61.0£3.0 and 63.8 +£2.0 nm (see Electronic
Supplementary Material (ESM) Fig. S1). DLS measurements
revealed that the hydrodynamic diameter (HD) of
Ru(bpy); @SiO,-COOH and Ru(bpy); @SiO, @CD47-peptide
NPs were 73.2+£0.9 and 77.6 + 0.3 nm, and negatively charged
with the Zeta potentials of —36.5+0.5 and—34.4+0.5 mV
(n="7, Table 1). The 4.4 nm and 2.1 mV increases in HD and
Zeta potential of Ru(bpy); @SiO,@CD47-peptide NPs were
ascribed to the modification of CD47-peptide, which was about
4 nm and had relative positive potential with an isoelectric point

Table 1 Hydrodynamic diameter
(HD) and Zeta potential values of
Ru(bpy); @SiO,-COOH and
Ru(bpy); @SiO, @CD47-peptide

NPs in MOPS buffer and FBS
medium

Nanoparticle DLS hydrodynamic diameter (nm) Zeta potential (mV)

MOPS FBS MOPS FBS
Ru(bpy); @SiO,-COOH 732 +09 1104 £ 0.9 -36.5+0.5 -255+09
Ru(bpy); @SiO, @CD47-peptide 77.6 £0.3 1109 + 1.8 -344+05 250+ 1.1

Septuplicate experiments were performed

@ Springer



4198

Liu C et al.

Fig. 2 LCSM images (A¢x/em =458/600 nm) of the internalization of
Ru(bpy); @SiO,-COOH and Ru(bpy); @SiO,@CD47-peptide NPs by
RAW264.7 macrophages at different incubation times (0, 0.5, 1, 2, 5,
10, 15 h) with and without FBS. Ru(bpy); @SiO,-COOH NPs

of 4 (http://protcalc.sourceforge.net). Subsequently, the average
number of CD47-peptide modified on the surface of
Ru(bpy); @SiO, @CD47-peptide NPs was determined using
ICPMS by measuring'**Eu. Based on the 1:1 clickable
CuAAC conjugation between azido-DOTA-Eu and alkynyl
CD47-peptide, 2412 +250 on each Ru(bpy); @SiO,@CD47-
peptide NP were determined. The average Ru content in the
NPs was determined by measuring '**Ru using ICPMS with a
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0h 0.5h 1h 2h 5h 10h 15h

incubated in the culture media with (a) and without (b) FBS;
Ru(bpy); @SiO, @CD47-peptide NPs incubated in the culture media
with (¢) and without (d) FBS, and the corresponding merged
fluorescent images (a’, b’, ¢’ and d’)

known number of the NPs (1.4 x 10'%). The Ru content was 6.
4+0.5 zmol (corresponding to 3850 +320 Ru atoms) in one
Ru(bpy); @Si0,-COOH and/or Ru(bpy); @SiO,@CD47-pep-
tide. Moreover, both the NPs emitted red light (A.;,, = 600 nm)
from Ru(bpy); under excitation of Aex =458 nm. As we men-
tioned before that proteins intend to adsorb on the surface of
nanomaterials to form the protein corona when they enter into a
biological system. The HDs of both Ru(bpy);@SiO,-COOH
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and Ru(bpy); @SiO, @CD47-peptide NPs increased to the al-
most same value of 110.4+0.9 and 110.9 + 1.8 nm, and also
the Zeta potentials to —25.5+0.9 and—25.0+ 1.1 mV (n=7)
after incubated with the culture media containing FBS, indicat-
ing that the protein corona was actually formed.

The internalization of Ru(bpy);@Si0,-COOH
and Ru(bpy);@Si0,@CD47-peptide NPs by RAW264.7
macrophages

RAW?264.7 macrophages were used to investigate the phago-
cytic internalization of Ru(bpy); @SiO,-COOH and

Ru(bpy); @SiO, @CD47-peptide NPs. LCSM results showed
that Ru(bpy); @SiO,-COOH NPs (Fig. 2a and a’) could be
found clearly inside the macrophages after 0.5 h incubation,
but 2 h needed for Ru(bpy); @SiO, @CD47-peptide NPs (Fig.
2¢ and ¢’). While ICPMS results by measuring '**Ru (Fig. 3)
indicated that Ru(bpy); @SiO,-COOH NPs was internalized
from 0.5 h incubation as indicated by LCSM, but
Ru(bpy); @Si0O, @CD47-peptide NPs were determined after
1 h incubation that is not the same as the observation under
LCSM, suggesting that ICPMS not only provide quantitative
information but also is more sensitive. After 15 h incubation,
the Ru contents in each RAW264.7 macrophage showed

Fig. 3 Calibration curve of Ru a 30
concentration against '’Ru
signal intensity on ICPMS (a) and
average content of Ru in each
RAW264.7 macrophage incubat-
ed with Ru(bpy); @SiO,-COOH
and Ru(bpy); @SiO,@CD47-
peptide NPs in the culture media
with and without FBS for 0.5, 1,
2,5, 10, 15 h (b). The break for Y
axis was from 0.6 to 1 at 60% of
the axis
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remarkably difference (Fig. 3), 4.24 + 0.31 pg (corresponding
to (2.79+0.21) x 10* NPs) for Ru(bpy); @Si0,-COOH and
0.43+£0.06 pg (corresponding to (0.28 +0.04) x 10* NPs)
Ru(bpy); @SiO, @CD47-peptide (n=15). In addition, block
experiments using free CD47-peptide were performed to pre-
liminarily verify the influence of CD47-peptide on the inter-
nalization. The uptake of both Ru(bpy); @SiO,-COOH and
Ru(bpy); @Si0, @CD47-peptide NPs by the macrophages
became almost negligible when the free CD47-peptide was
added 3 h prior to the 5 h incubation with the NPs (see
ESM, Fig. S2a3 and a4, and Fig. S3), implying the crucial
function of CD47-peptide for escaping the internalization.
More importantly, their uptake remarkably decreased when
the NPs were incubated with RAW264.7 macrophages in the

Fig. 4 MALDI-TOF-MS of a

culture media without FBS, that is, the protein corona was not
formed on the surface of the NPs. Especially,
Ru(bpy); @Si0, @CD47-peptide NPs were not internalized
until at least 5 h (Fig. 2b, b', d, d', and Fig. 3), suggesting that
the protein corona played a very important role in mediating
the uptake of the NPs. The internalization ratio of
Ru(bpy); @Si0,-COOH NPs with and without FBS was
12.3 £4.8, while that of Ru(bpy); @SiO, @CD47-peptide
4.340.5 after 15 h incubation, indicating that CD47-peptide
still worked when the protein corona formed, considering that
both Ru(bpy); @SiO,-COOH and Ru(bpy); @SiO,@CD47-
peptide NPs had the almost same size and Zeta potential after
incubated in the culture media containing FBS (Table 1). On
the other hand, SIRPa-negative cervical cancer cell Hela was

SIRP«x and the adduct formed by
SIRPx and CD47-peptide (a) and

— SIRPa
— SIRPa -CD47-peptide

66160.16 Da

the calibration curve of SIRPo
against ICPMS '**Eu signal in-
tensity (b)
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Fig. 5 Free SIRP« content

changes on RAW264.7 102

Amount of CD47-peptide on NPs (pmol)
10" 10° 10’ 107

macrophages when incubated 6
with a series concentration (1 ng,
10 ng, 50 ng, 100 ng, 500 ng,

1 pg, 10 pg, 20 ng and 50 pg) of
Ru(bpy); @SiO, @CD47-peptide
NPs. 1.0 x 10° RAW264.7
macrophages were used and five
parallel runs were performed

Free SIRPa on 1.0 x 10° RAW264.7 cells (pmol)

N

Ru(bpy),@Si0,-COOH NPs
(2.79 + 0.21) x 10 per cell

Ru(bpy)3;@SiO,@CD47-peptide NPs

(0.28 + 0.04) x 10* per cell

10°

used as a control. The obtained results (see ESM, Fig. S2as
and ag, and Fig. S3) showed that there were no obvious dif-
ference in the uptake by Hela cells between Ru(bpy); @SiO,-
COOH and Ru(bpy); @SiO, @CD47-peptide NPs, further in-
dicating the indispensable role of the CD47-SIRP« interac-
tion. All these results suggested that the interaction between
CD47-peptide and SIRP« is very crucial during the phagocyt-
ic internalization process.

Quantitatively evaluation of CD47-peptide and SIRPa
interaction

In order to quantitatively evaluate the interaction between CD47-
peptide and SIRP«, we first studied the interaction between
CD47-peptide (MW =2587.7 Da) and SIRPx (63,549.71 Da)
using MALDI-TOF-MS. As we can see from Fig. 4a, a new peak
appeared at 66160.16 Da. The mass difference of 2610.45 +
25.4 Da (n=3) indicated that one CD47-peptide bound with
one SIRPx, which is well in agreement with the autodocking
predicated results. Furthermore, we used CD47-peptide-DOTA-
Eu as an element-tag to label SIRPo and determine the tagged Eu
using ICPMS for establishing a calibration curve of SIRP« con-
centration against '>>Eu signal intensity. The linear dynamic range
was up to 150.8 nM (higher concentrations were not tested) with
R?=0.999 and the LODs (30) of 41.1 SIRP« fmol with an RSD
0f0.2% at 60.2 nM (n = 5) (Fig. 4b), suggesting that we are able to
quantify SIRPocusing ICPMS by measuring '>*Eu. Subsequently,
we determined the total free SIRPox content on RAW264.7 mac-
rophages and the remained free SIRPox content after the NPs in-
cubation. The average free SIRPx content on each RAW264.7

P i

10' 10? 10° 10
Amount of Ru(bpy),@SiO,@CD47-peptide NPs (ng)

10°

macrophage was determined as 5.14 £0.25 amol (n=5) using
1.0 x 10° RAW264.7 cells; the same amount of SIRPx was also
determined after the macrophages was incubated for 5 h with
20 pg Ru(bpy); @SiO,-COOH NPs, owing to no CD47-peptide
modified on Ru(bpy); @SiO,-COOH NPs and thus no interaction
with SIRPx. While the remained free SIRPx content more than
10 times decreased to 0.48 £0.01 amol (n=15) after incubated
with 20 pg Ru(bpy); @SiO, @CD47-peptide NPs. Additionally,
the remained free SIRPo decreased along with the increase in the
amount of not only Ru(bpy); @SiO,@CD47-peptide NPs added
but also CD47-peptide modified on the NPs (Fig. 5), providing the
quantitatively experimental evidence of the interaction between
CD47-peptide modified on the NPs and SIRPx on the macro-
phages for the first time.

Conclusions

We designed and synthesized Ru(bpy); @SiO,-COOH and
Ru(bpy); @SiO, @CD47-peptide NPs as the models of drug-
nanocarriers. Their fluorescent and mass spectrometric
reporting properties allowed us to investigate the internaliza-
tion process of the drug-nanocarriers by RAW264.7 macro-
phages. Modification of the self-signal CD47-peptide on the
surface of Ru(bpy); @SiO, @CD47-peptide NPs significantly
decreased its uptake and postponed the starting time of se-
questration by RAW264.7 macrophages, implying that
Ru(bpy); @SiO, @CD47-peptide NPs would be less internal-
ized by MPS and have a longer circulation time. The interac-
tions between CD47-peptide and SIRP« during the
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internalization process could be quantitatively evaluated using
ICPMS with azido-DOTA-Eu tag, providing direct experi-
mental evidence to the long time speculation of CD47-
SIRP« interaction, which plays the crucial role for escaping
the phagocytic internalization of drug-nanocarriers.
Moreover, even though the protein corona formation remark-
ably induced the NPs internalization, the CD47-peptide mod-
ified on the surface of the NPs was still efficacious against the
macrophages’ uptake. This finding inspire us to modify more
effective signal peptides on other drug-nanocarriers for more
efficient drug delivery to realize the initial dream of the med-
ical scientists in the near future.
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