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ABSTRACT 
Atherosclerotic cardiovascular disease is the leading cause of mortality in the world. A driving feature of atherosclerotic plaque 
formation is dysfunctional efferocytosis. Because the “don’t eat me” molecule CD47 is upregulated in atherosclerotic plaque cores, 
CD47-blocking strategies can stimulate the efferocytic clearance of apoptotic cells and thereby help prevent the progression of 
plaque buildup. However, these therapies are generally costly and, in clinical and murine trials, they have resulted in side effects 
including anemia and reticulocytosis. Here, we developed and characterized an intracellular phagocytosis-stimulating treatment in 
the CD47-SIRPα pathway. We loaded a novel monocyte/macrophage-selective nanoparticle carrier system with a small molecule 
enzymatic inhibitor that is released in a pH-dependent manner to stimulate macrophage efferocytosis of apoptotic cell debris via 
the CD47-SIRPα signaling pathway. We demonstrated that single-walled carbon nanotubes (SWNTs) can selectively deliver 
tyrosine phosphatase inhibitor 1 (TPI) intracellularly to macrophages, which potently stimulates efferocytosis, and chemically 
characterized the nanocarrier. Thus, SWNT-delivered TPI can stimulate macrophage efferocytosis, with the potential to reduce or 
prevent atherosclerotic disease. 
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1 Introduction 
Cardiovascular disease induced by atherosclerotic plaque 
formation is the leading cause of mortality in the US [1]. The 
recent increase in the incidence of obesity, poor dietary choice, 
diabetes, and other risk factors for cardiovascular disease suggests 
the trend will continue [1]. Common treatment options for severe 
cardiovascular disease include stents or invasive coronary artery 
bypass procedures [2]. Although these treatments can offer long 
term solutions and recurrent major adverse cardiovascular events 
(MACE) remain common [2]. Thus, development of novel non- 
interventional solutions is important. While atherosclerosis  
is being treated with Angiotensin-converting enzyme (ACE) 
inhibitors and statins, including modified statin regimens (affecting 
plasma lipids and hypertension), and diet changes to reduce 
disease progression [3], these are often temporizing solutions 
which may only slow or stop the rate of progression: typical 
doses can not reverse plaque growth [4]. 

A critical step in the pathophysiology of atherosclerosis is 
when circulating inflammatory monocytes infiltrate the vessel 
wall and differentiate into foamy macrophages. A major 

cause of atherosclerotic plaque build-up is inflammation and  
dysfunctional efferocytosis (Latin: “to bring the dead to the 
grave”), a mechanism in which macrophages normally clear 
apoptotic cells and cellular debris [5]. CD47, a transmembrane 
glycoprotein “don’t eat me” receptor, is upregulated in 
atherosclerosis, where recent studies show it suppresses macrophage 
engulfment of apoptotic cells in the necrotic core and promotes 
disease progression and blockage. Thus, antibodies that block 
CD47 expressed on dead/dying cells in atherosclerotic plaques 
(including dead and dying macrophages) stimulated efferocytosis 
[6–9]. By stimulating plaque macrophage efferocytosis, removing 
the debris from necrotic plaque cores, plaques could be stabilized 
and their size decreased [6]. CD47 binds to the signal regulatory 
protein alpha (SIRPα) expressed on phagocytic cells (e.g., 
macrophages), leading downstream to phosphorylation of protein 
tyrosine phosphatase 1 (SHP-1), which inhibits phagocytosis [7]. 
Notably, other molecules than CD47 antibodies—all proteins, 
to our knowledge—have also been employed to block the 
CD47-SIRPα interaction and increase programmed cell removal, 
including SIRPα variants, SIRPα antibodies, and CD47 nano-
bodies [7]. Protein-based “biologic” drugs are often costly to 

Address correspondence to Bryan Ronain Smith, smit2901@msu.edu; Nicholas J. Leeper, nleeper@stanford.edu 



Nano Res. 2021, 14(3): 762–769 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

763 

manufacture. Small molecules are generally inexpensive, but 
such alternatives to stimulating efferocytosis have not been  
demonstrated—indeed, no intracellular nor small molecule- 
based phagocytosis stimulation mechanism in the CD47-SIRPα 
pathway has previously been reported to our knowledge. 
Moreover, although anti-CD47-based therapies are useful 
in preventing the progression of plaque buildup, the CD47 
transmembrane protein is also expressed on other cell types, 
including red blood cells. Thus, because the therapy’s specificity 
is not restricted to atherosclerotic plaques, anti-CD47 antibody 
administration results in increased anemia, reticulocytosis, and 
hyperbilirubinemia in clinical and pre-clinical (murine) trials 
likely due to phagocytosis of red blood cells [7, 8]. Treatment 
options to avoid such side-effects include variable dosing of 
the antibodies, yet toxicity concerns remain [7].  

A key tenet of nanomedicine is that side effects can be 
reduced via precise targeting [10, 11]. Previously, we showed 
that a nanoparticle, single-walled carbon nanotubes (SWNTs) 
enter inflammatory monocytes and macrophages with 
unprecedented selectivity (< 3% uptake in any other circulating 
immune cell type) [11]. Notably, polyethylene glycol (PEG)- 
coated SWNTs such as those used in this study are non-toxic, 
biocompatible, and biodegradable within macrophages based 
on extensive in vivo studies [12–14], and do not significantly 
affect the monocytes/macrophages which take them up [11].  

This study overcomes previous limitations through the use 
of a novel monocyte/macrophage-selective nanoparticle carrier 
system (SWNTs) loaded with an intracellular enzymatic 
inhibitor that releases in a pH-dependent manner to reactivate 
macrophage efferocytosis. SWNTs are loaded with tyrosine 
phosphatase inhibitor 1 (TPI-1, which we term TPI), a potent 
SHP-1 inhibitor, using non-covalent π–π stacking interactions 
on SWNTs. TPI is selective toward SHP-1 (IC50 of 40 nM) over 
SHP-2, another tyrosine phosphatase expressed in cells, and it 
is more selective than many other SHP-1 inhibitors, such as 
NSC 87877 [15].  

SWNT-based immunotherapy could provide a safer alternative 
to anti-CD47 antibodies and associated CD47-blocking strategies 
while retaining improved rates of efferocytosis due to: i) their 
selectivity to inflammatory monocytes/macrophages; ii) their 
capability to enter monocytes/macrophages and deliver  
small molecule drugs such as TPI intracellularly; and iii) their 
ability to release loaded drugs in a pH-dependent manner 
over time. Indeed, drugs are often loaded onto nanoparticles in 
large payloads for intracellular release of small molecules [16]. 
While these drugs are commonly covalently linked to their 
nanoparticle carriers, this can result in drug loading limitations, 
unexpected pharmacological effects, and release which is 
difficult to control [17–20]. Moreover, delivery of nanomaterials 
to target tissues remains a problem due to heterogeneity in 
access to the diseased tissue [21, 22]. While many studies have 
investigated the effects of nanoparticle shape and size on 
circulation and extravasation rate into disease sites within the 
body[21, 22], they have concluded that no single nanoparticle 
type serves as the best targeting agent for all situations [21, 22]. 
New approaches based on targeting immune cells for native 
homing to the plaque may thus reduce heterogeneity in targeting 
[10, 11]. SWNTs were developed to avoid these issues with 
extravasation and heterogeneity, as they are almost exclusively 
taken up by inflammatory monocytes, which differentiate 
into the phagocytic macrophages that are capable of clearing 
cell debris in atherosclerotic plaques [11, 23, 24]. SWNTs’ 
combination with TPI thus makes them potent stimulators 
of macrophage scavenging in the CD47 pathway. 

Here, we demonstrate: i) Macrophage phagocytosis can be 
stimulated intracellularly via the CD47-SIRPα signaling pathway 

by small molecules, unlike other approaches which employ 
proteins (CD47 antibodies, SIRPα variants [6, 7, 25]) (Fig. S1 
in the Electronical Supplementary Material (ESM)); ii) selective 
SWNTs can deliver small molecules intracellularly to macrophages; 
iii) SWNTs release small molecule inhibitors in a pH-dependent 
manner (thus, release is optimal in the acidic intracellular regions 
of monocytes); and iv) this delivery approach reactivates 
macrophage efferocytosis in vitro at least as effectively as anti- 
CD47 antibodies. 

2 Experimental 
2.1 Preparation of SWNT-TPI 

To prepare the nanocarrier (Fig. 1), HiPco (high-pressure carbon 
monooxide) RAW SWNTs were added to an aqueous solution 
of DSPE-050PA (NOF Corporation) and sonicated under ice 
bath conditions for ~ 12 h, then centrifuged at 100,000g for 2 h 
to obtain PEGylated SWNTs. Unbound surfactant was washed 
away with PBS using 100 kDa centrifugal filters (Millipore) at 
3,500 rpm for 10 min. 

To conjugate Cy5.5 Mono NHS Ester (GE Life Sciences) to 
SWNT-PEG, Cy5.5 Mono NHS Ester was diluted in DMSO and 
small aliquots were incubated with SWNT-PEG solution (pH 
~ 8.1) overnight. Excess Cy5.5 dye was removed by centrifugal 
filtration to obtain purified SWNT-Cy5.5 (SWNT), as described 
previously [11, 32, 33]. SWNT concentrations were determined 
by Nanodrop (Thermo Scientific, Nanodrop 2000) with an 
extinction coefficient of 7.9 × 106 M−1·cm−1 at 808 nm.  

To load TPI (2-(2,5-dichlorophenyl)-2,5-cyclohexadiene- 
1,4-dione) onto SWNTs, TPI dried powder was diluted in 
DMSO and added to stirred with SWNT-Cy5.5 (pH = 7.4)   
at room temperature overnight to form SWNT-Cy5.5-TPI 
(SWNT-TPI). Unbound TPI was washed with PBS 5 times 
using 100 kDa centrifugal filters (Millipore) at 3,500 rpm for  
10 min. The concentration of loaded TPI was measured using a 
Nanodrop at its absorption of 312 nm with the standard curve 
shown in Fig. S3 in the ESM. 

2.2 XPS sample preparation and analysis 

The surface chemistry of the top 50–80 Å of SWNT preparations 
was evaluated via X-ray photoelectron spectroscopy (XPS). 
The measurements were performed using a PHI 5400 ESCA 
system. The base pressure of the instrument was less than 10−8 
Torr. All samples were freeze-dried for 72 h, and a 1 cm2 sample 
was mounted onto the sample holder with double sided copper 
tape. The X-ray was a non-monochromatic Mg source with a 
take-off angle of 45°. Two types of scans were performed for 
each sample; a survey scan from 0–1,100 eV taken with a pass 
energy of 187.85 eV and regional scans of each element at a 
pass energy of 29.35 eV. The data were fit using PHI Multipak 
(v8.0) software. 

2.3 FT-IR sample preparation and analysis 

To prepare samples for Fourier transform infrared (FT-IR) 
spectroscopy assessment, all samples were freeze-dried for  
72 h. They were then applied as a powder to take an FT-IR 
spectrum using ATR (attenuated total reflectance) mode on a 
PerkinElmer Spectrum One FT-IR spectrometer (PerkinElmer) 
operated in the range 4,000–550 cm−1 by accumulating 20 scans. 

2.4 UV–Vis spectroscopy sample preparation and 

analysis 

UV–Vis spectroscopy in the 200–800 nm region (nanodrop type) 
was performed for TPI, SWNT, SWNT-Cy5.5, and SWNT-TPI. 
We used 2 μL per sample for each test. 
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2.5 Transmission electron microscopy 

10 μL of 10 nM SWNT were drop casted onto ultrathin lacey 
carbon 400 mesh TEM grids (Ted Pella, Inc.). Transmission 
electron microscopy (TEM) (Titan TEM, Thermo Fisher 
Scientific) was then performed after sample dried using an 
acceleration voltage of 80 kV. 

For SWNT-PEG negative staining, 10 μL of 10 nM SWNTs 
were drop casted onto ultrathin lacey carbon 400 mesh TEM 
grids (Ted Pella, Inc.) and incubated for 10 min. The grids were 
then washed with ultrapure water and negatively stained with 1% 
uranyl acetate for 30 s and subsequently dried on Whatman 
grade 1 filter paper to conduct TEM characterization.  

2.6 TPI release assay 

We conducted assays to evaluate TPI release from SWNTs in 
carbonate buffer (pH = 9) and PBS buffer (pH = 6.5 and 5.5). 
SWNT-TPI (200 μL, 16.5 TPI molecules/SWNT on average) 
was added to MINI Dialysis Devices (MWCO: 20K) and the 
volume of release medium was 3 mL. At fixed timepoints from 
1 day to 7 days, 2 μL of the outlet medium was removed to test 
the rate of TPI release.  

The cumulative drug release (CDR) percentage was calculated 
by the following equation:  

CDR (%) = Wreleased/Wloaded × 100% 
here, CDR represents the cumulative drug release percentage, 
Wreleased represents the mass of released TPI in the release 
media, Wloaded represents the total mass of TPI. 

TPI release in serum (20% fetal bovine serum (FBS) in 
phosphate-buffered saline (PBS)): The timepoints, sample 
volume, and calculation methods were identical to the above. 

2.7 Cell culture  

RAW 264.7 cells (a murine macrophage cell line) were cultured 
in 10% FBS (Hyclone, USA) in Dulbecco’s modified Eagle 
medium (DMEM, Gibco, USA) at 37 °C, 5% CO2. 

2.8 RAW cell uptake of SWNT assay 

1–2 × 106 RAW cells were placed in 10 cm tissue culture dish 
in 10% FBS in DMEM at 37 °C, 5% CO2 for 24 h. SWNTs at  
4 nM, and SWNT-TPI with TPI concentrations of 32 and   
80 nM (SWNTs at 4 nM) were respectively added to the RAW 
cells and cultured for 48 h. The cells were harvested and 
washed once with 1% bovine serum albumin (BSA, Gemini, 
USA)/PBS without calcium and magnesium (Corning) and 
analyzed by FACS LSR II (BD Bioscience, CA, USA). The 
data were analyzed by FlowJo10 (the Cy5.5 positive cells 
are recognized as the cells taking up SWNTs or SWNT-TPI). 
The rate of Cy5.5-positive cell uptake was calculated as Cy5.5 
positive cells/total cells × 100%. 

2.9 Phagocytosis assay 

PBS, SWNTs at 4 nM, and SWNT-TPI with different TPI 
concentration (TPI: 32 and 80 nM (described herein as 8 
TPI/SWNT and 20 TPI/SWNT); SWNTs at 4 nM) were 
respectively cultured with RAW cell phagocytes in 10% FBS in 
DMEM at 37 °C, 5% CO2 for 48 h. The control RAW phagocytes 
were cultured in 10% FBS with DMEM for 48 h and then 
stained with 1 nM CellTracker Deep Red (Invitrogen, USA) for 
30 min. Target RAW cells were cultured with DMEM without 
FBS for 24 h, adding Staurosporine (Sigma, USA) at 1 μM for 
3.5 h to induce apoptosis and staining with 1.25 nM CellTracker 
Orange CMRA (Invitrogen, USA) for 30 min. 

100,000 target RAW cells labeled with CellTracker Orange 

were loaded in each well of ultra-low attachment 96 well plate 
(Costa, USA). 50,000 RAW phagocytes treated with PBS (labeled 
with deep red), SWNT, or SWNT-TPI (with Cy5.5) for 48 h were 
respectively added to target cells and mixed well in 0.1 mL of 
DMEM without FBS. The two cell types were co-cultured at 
37 °C, 5% CO2 for 2 h. The mixed cells were washed once with 
1% BSA (Gemini, USA)/PBS and analyzed by FACS LSR II (BD 
Bioscience, CA, USA). 

The data were analyzed by FlowJo10. Double-positive cells 
were recognized as the target cells (orange color) engorged by 
phagocytes (deep red color or Cy5.5). The Phagocytosis index 
was calculated as double positive cells/(double positive cells + 
total phagocytes) × 100%. 

2.10 Cell proliferation assay 

A modified MTT (3-[4,5-dimethyl-thiazol-2-yl]-2,5- 
diphenyltetrazolium bromide) assay was performed to analyze 
macrophage proliferation. RAW 264.7 cells were plated at 
25,000 cells/well in a 96-well plate grown overnight at 37 °C, 
and serum-starved for the next 24h. Cells were stimulated 
with 10% FBS for 24 h with SWNTs (4 nM), SWNTs (4 nM), 
SWNT-TPI (TPI: 25 nM and 50 nM, equivalent to 6.25 
TPI/SWNT and 12.5 TPI/SWNT) or TPI (25 nM), and then 
incubated with 10 μL of MTT AB solution (Millipore, Billerica) 
for 2 h. 100 μL of acidic isopropanol (0.04N HCl) was added 
to each well and the absorbance was measured at 570 nm 
(reference wavelength 650 nm) on an ELISA plate reader a 
SpectraMax 190 Microplate Reader (Molecular Devices).  

2.11 Apoptosis assay 

RAW cells were seeded on 6 well plates at a density of 0.5 × 106 
cells/well and treated with PBS, TPI (32 nM), SWNT (4 nM), 
and 8 TPI/SWNT for 24 h. After treatment, cells were washed 
twice with cold PBS and resuspended in Annexin V binding 
buffer (ABB) at concentration 1 × 106 cells·mL−1. Cells were 
transferred to 5 mL test tubes and stained in 100 μL of ABB with 
5 μL of Annexin V-FITC (BioLegend) and 10 μL of propidium 
Iodide (BioLegend) for 15 min at RT in the dark. Then 300 μL 
of ABB was added to each tube and analyzed on a BD FACS 
ARIA IIu.  

2.12 Confocal laser scanning microscopy (CLSM) 

RAW cells were seeded on 8 well Ibidi chamber slides at a 
density of 0.5 × 105 cells/well and treated with 8 TPI/SWNT 
for 24 h. These were then imaged with CLSM (TCS SP8 X, 
Leica, USA) 
2.13 Statistical analysis 

Statistical differences were determined by one-way ANOVA, 
and results were expressed as means±SE. p-value < 0.05 and 
p-value <0.01 were considered to indicate statistical significance. 
Statistical analyses were performed using GraphPad Prism 7 
(GraphPad Inc.). 

3 Results 

3.1 Synthesis and characterizations of SWNT-TPI 

We prepared SWNT nanodelivery vehicles, which comprise  
a backbone of PEG-functionalized SWNTs conjugated to a 
fluorescent dye (Cy5.5) and loaded with a small-molecule,  
TPI, via π–π stacking (Fig. 1).  

TEM images, including by negative staining, show that PEG- 
functionalized SWNTs have a cylindrical appearance with a 
rigid diameter of 2–3 nm and PEG layer of 3–4 nm (Figs. 2(a) 
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and 2(b)). We confirmed the adherence of DSPE-PEG on 
SWNTs using XPS (Figs. 2(c) and 2(d), and Figs. S2(c) and 
S2(d) in the ESM). The sub-peaks of C1s are assigned to sp2 
C (284.9 eV), C–R (286.4 eV), C=R (287.9 eV), O–C=O or 
O–C–O (289.4 eV), and shake-up satellite p–p* (290.5 eV) in 
raw unmodified SWNT spectra (Fig. 2(c)). The existence of N 
elements (Fig. 2(d)), the C–O groups showing up at 285.9 eV 

(PEG backbone), and the O–C=O groups at 288.4 ± 0.1 eV, 
which represent the ester linkages associated with DSPE-PEG 
molecules (Fig. S2(d) in the ESM), all confirmed the decoration 
of the lipid on SWNTs. 

DSPE-PEG adheres to SWNTs via hydrophobic interactions, 
and we validated the presence of DSPE-PEG on SWNTs (Fig. 1, 
upper right) using XPS (Figs. 2(c) and 2(d), and Figs. S2(c) 

 
Figure 1 Schematic of the SWNT-TPI preparation process. 

 
Figure 2 TEM of the nanodelivery vehicle and chemical characterization of DSPE-PEG modified SWNTs. (a) TEM micrograph of SWNTs. White 
line—SWNT diameter is 2.2 nm. (b) TEM micrograph of SWNTs with negative staining. Green dashes—core SWNT and red dashes—PEG layer. Inset: 
enlarged TEM micrograph of SWNT. (c) XPS spectrum of raw SWNTs lacking a coating. (d) XPS spectrum of SWNT-DSPE-PEG.  
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and S2(d) in the ESM). The existence of N elements, the C–O 
groups at 285.9 eV (PEG backbone), and the O–C=O groups 
at 288.4 ± 0.1 eV, which represent the ester linkages associated 
with DSPE-PEG molecules, all confirmed the decoration of 
lipid on SWNTs. We further confirmed the presence of Cy5.5 
fluorescent dye (used for flow cytometric characterization [11]) 
and TPI loaded on SWNTs using a suite of characterization 
strategies, including UV–visible spectroscopy, XPS, and FT-IR 
(Fig. 3 and Fig. S2 in the ESM). UV–Vis spectroscopy validated 
the presence of Cy5.5 (sharp peak at ~ 674 nm) and TPI 
(absorption peak at ~ 312 nm) (Fig. 3(a) and Fig. S2(a) in the 
ESM), and also allowed us to quantify the number of respective 
molecules per SWNT. The presence of TPI on SWNTs was 
further validated by XPS and FT-IR. Two Cl element peaks  
at ~ 195 and 294 eV can be observed in the SWNT-DSPE- 
PEG-Cy5.5-TPI (which we term SWNT-TPI) sample compared 
with SWNT-DSPE-PEG-Cy5.5 (which we term SWNT, SWNT 
lacking Cy5.5 will be termed SWNT (no Cy5.5)) (Figs. 3(b) 

and 3(c)) in XPS charts, revealing the presence of the TPI 
molecule. In the FT-IR analysis, SWNT-TPI shows two new 
peaks at ~ 3,052 and ~ 1,655 cm−1 compared to SWNTs, validating 
TPI loading on SWNTs (Fig. 3(d) and Fig. S2(b) in the ESM). 

3.2 TPI release 

We studied the release profile of TPI from SWNTs in PBS at 
different pH (6.5 and 5.5), in carbonate buffer (pH = 9), and 
in serum (PBS + 20% FBS) across various pH levels. We found 
that TPI release is accelerated by progressively more acidic 
conditions, with pH = 5.5 and 6.5 more rapid than pH = 9.0 
across time-points through day 7 (Fig. 4(a) and Fig. S4(a) in 
the ESM)[18]. Thus, TPI release will greatly increase under the 
acidic conditions of the monocyte/macrophage intracellular 
milieu where the pH is acidic, ~ 5–5.5 [26]. Moreover, the slow 
release at more basic pH suggests our nano-platform features 
longer-term drug retention on the NPs prior to release. TPI 
release kinetics in vitro in PBS buffers may be slow due to the 

 
Figure 3 Chemical characterization of TPI-loaded SWNTs. (a) UV–Vis spectroscopy of SWNT (no Cy5.5), SWNT, and SWNT-TPI; (b) XPS analysis of 
SWNT; (c) XPS analysis of SWNT-TPI; (d) FT-IR spectra of SWNTs, SWNT-TPI, and TPI. 

 
Figure 4 TPI release profiles from SWNT-TPI in (a) PBS buffers and (b) serum (n = 3/group, ***P < 0.001). For all graphs, data are expressed as the mean
and standard error of the mean (s.e.m.) 
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relatively low TPI solubility in aqueous buffer.  
We demonstrated the pH-dependence of TPI release from 

SWNTs using a serum (20%)-containing buffer. TPI release 
from SWNTs in serum displays generally similar tendencies to 
that in PBS; i.e., a more acidic pH results in accelerated release 
kinetics (Fig. 4(b) and Fig. S4(b) in the ESM). TPI release 
rate in PBS and serum is really slow under intravascular pH 
conditions (pH = 7.4, Fig. S5 in the ESM). However, notably, 
across the range of pH tested, TPI is released more rapidly 
in serum compared with PBS. Thus, π–π stacking of TPI on 
SWNTs is advantageous compared to covalent bonding due  
to decreased toxic metabolites, ease of loading, consistent 
pharmacological effects, as well as a sensitive, pH-dependent 
release process [18].  

3.3 Cell proliferation and cellular uptake 

We explored the effect of TPI (25 nM), SWNTs (4 nM), and 
SWNT-TPI on cell health via apoptosis assay (Fig. S6 in the 
ESM), cell proliferation assays in vitro and observed no 
significant effect of TPI and SWNT-TPI on RAW cell 
proliferation compared with SWNTs alone (Fig. 5(a)). We have 
previously demonstrated the exquisite selectivity of SWNTs 
for circulating Ly-6Chi monocytes in vivo [11], and here we 
confirm the excellent uptake of SWNTs by phagocytic RAW 
264.7 cells. After co-culturing SWNTs or SWNT-TPI with RAW 
cells for 48 h, over 99% of RAW cells took up SWNTs (4 nM), 
independent of the number of TPI per SWNT based on flow 
cytometry analysis (Fig. 5(b)). 

3.4 Macrophage efferocytosis 

To investigate the ability of SWNT-TPI to stimulate macrophage 
efferocytosis, we employed in vitro phagocytosis assays [6, 24]. 
48 h after co-culturing SWNTs or SWNT-TPI with RAW cells, 
99% of RAW cells took up SWNTs bearing varied TPI 
concentrations (0, 32, or 80 nM, holding SWNT concentration 
constant at 4 nM) (Fig. 6). Then we co-cultured phagocytic 
RAW cells containing SWNTs or SWNT-TPI with apoptotic 
RAW cells. We observed significantly more phagocytosis of 
apoptotic cell debris in the 20 TPI/SWNT condition compared 

with phagocytic RAW cells treated with PBS, SWNTs (4 nM),  
and 8 TPI/SWNT (Fig. 6(a)), indicating SWNT-TPI enhanced 
macrophage phagocytic function. Indeed, TPI-concentration- 
dependence was observed, as phagocytic RAW cells in the 8 
TPI/SWNT condition also significantly, albeit slightly, improved 
phagocytic function compared with PBS (*P = 0.0293), and 
SWNTs lacking TPI did not (not significant). Thus, 20 TPI/ 
SWNT displayed the highest phagocytic index (**P = 0.005) 
compared with all groups tested. 

4 Discussion 
Atherosclerotic plaques, driven in part by dysfunctional 
efferocytosis, are the main cause of cardiovascular disease-related 
deaths [1, 5]. Stimulating plaque macrophage efferocytosis to 
remove the debris from necrotic plaque cores is emerging as  
a promising therapeutic approach [27]. A recent strategy 
involves use of antibodies that block the CD47 transmembrane 
glycoprotein receptor in apoptotic cells in plaques in order to 
stimulate efferocytosis [6–9]. However, despite strong therapeutic 
efficacy, this approach faces several key concerns: i) protein- 
based drugs such as CD47 antibodies and SIRP variants are 
often costly to manufacture, making treatment expensive;  
and ii) the CD47 transmembrane protein is also expressed on 
other cell types, which decreases the specificity of anti-CD47 
antibody-based therapy to atherosclerotic plaques and leads  
to side effects such as anemia and reticulocytosis. Toxicity 
remains an issue despite emerging approaches to circumvent 
such side-effects, including variable dosing of the antibodies 
[7]. The principles of nanomedicine can be adopted in such 
situations given nanomaterials’ multifunctional ability to: 
(1) specifically target certain cell types; (2) carry large amounts 
of drugs to target; and (3) enable “smart”, environmentally- 
responsive release properties [10, 28].  

Previously, we showed that SWNTs enter inflammatory 
monocytes and macrophages with unprecedented selectivity 
in vivo [11]. Moreover, SWNTs can carry 10 to 100 s of small 
molecule drugs per nanoparticle with pH-dependent release 
[29]. Here, we take advantage of SWNTs’ merits to provide 
a potentially safer alternative to anti-CD47 antibodies and  

 
Figure 5 High macrophage uptake upon exposure to SWNT-TPI, with no change in cell proliferation. (a) The proliferation of RAW cells is not 
significantly affected by treatment with SWNT, SWNT-TPI, and TPI (ns: not significant; n = 4 independent replicates, data are expressed as the mean +/− the
s.e.m.) (b) SWNT-TPI uptake by RAW macrophages in representative flow plots. SWNTs alone (upper right) and SWNT-TPI were incubated with RAW 
cells. All SWNT conditions displayed > 99% uptake (n = 4 independent replicates) 
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associated CD47-blocking strategies while retaining improved 
rates of efferocytosis. Our SWNT-SHP1 inhibitor (TPI)-based 
strategy shows that SWNTs can enter RAW macrophages with 
high uptake (>99%), and intracellularly deliver small molecule 
TPI inhibitors in a pH-dependent manner in vitro. At pH > 7, 
the drug fairly stably interacts with the SWNTs via π–π electronic 
interactions, while under more acidic conditions (pH ~ 6.5 
and 5.5; endosome pH: ~ 4.5 to 6.5; atherosclerotic plaques 
pH: ~ 6.5 to 8.5), TPI release accelerates as π–π stacking 
interactions are pH sensitive given that cyclohexadienedione 
may protonate at acidic pH, which can increase aqueous 
solubility and interfere with π–π stacking interactions. TPI 
release increased more quickly in serum than in PBS, as 
expected due to the solubilizing effect of serum proteins on 
TPI [30] (Fig. 4). We chose TPI because: i) it is a particularly 
selective tyrosine phosphatase inhibitor toward SHP-1 versus 
similar proteins such as SHP-2 (for example, compared with 
NSC 87877 [24], which is more selective toward SHP-2 than 
SHP-1), and ii) is an even more effective SHP-1 inhibitor than 
NSC87877 (with an IC50 of 0.355 μM versus 40 nM for TPI) 
and sodium stibogluconate, a clinically-used SHP-1 inhibitor 
(by over two orders of magnitude) [31]. 

Thus, we showed that macrophage phagocytosis can be 
stimulated intracellularly, by small molecules via the CD47- 
SIRPα signaling pathway, for the first time by pH-dependent 
drug release from the nanocarrier. Noting that the studies were 
conducted in different systems, the phagocytic index ratio   
of SWNT-TPI versus control (in this study) and anti-CD47 
antibodies versus baseline control is 2.16 and 2.11, respectively 
[6]. These data suggest the SWNT-TPI delivery approach 
stimulates macrophage efferocytosis in vitro at least as effectively 
as anti-CD47 antibodies. Unlike the anti-CD47 antibody 
approach, however, which necessarily involves a single injection 
at a time for a single treatment, our platform nanoparticle 
releases TPI over a period of days, and thus will likely require 
administration substantially less often than comparable anti- 
CD47-based approaches—in addition to its likely decreased 
toxicity and costs. While SWNTs alone appear to slightly decrease  

proliferation, we reiterate that based on in-depth studies these 
very short, functionalized SWNTs are non-toxic in rodents 
and non-human primates [12, 13], and indeed most control 
conditions decrease proliferation in such assays (e.g., IgG alone) 
[6]. We further note the biphasic release profile of TPI from 
SWNTs (Fig. 3), and we plan to reduce this pre-day 1 “mini- 
burst” release in order to make SWNT-TPI more reliable and 
reduce the administration dose. Moreover, while our current 
study demonstrates that cell-selective SWNTs can intracellularly 
deliver a new immunotherapy to enhance macrophage 
efferocytosis with TPI selective to SHP1 in vitro, further reducing 
TPI concentrations on SWNTs, evaluation of efficiency, efficacy, 
and toxicity in vivo in acute, chronic [24], and “vulnerable” 
atherosclerotic plaque models are necessary.  

5 Conclusion 
We successfully prepared small molecule TPI-loaded SWNT 
nanodelivery vehicles using non-covalent π–π stacking 
interactions to intracellularly induce macrophage efferocytosis 
in vitro. The combination of selective uptake into inflammatory 
monocytes/macrophages and pH-dependent drug release 
potentially could render this therapy a novel, safe, and effective 
alternative to anti-CD47 antibodies and similar extracellular 
receptor blocking agents. This new mechanism could reduce 
atherosclerotic plaque formation and overall morbidity without 
the toxic side effects of anti-CD47 antibodies due to its highly 
selective uptake, highly effective, SHP1-selective inhibitor,  
and long-term pH-dependent release. Promising results from 
this study may lead to implementation of this therapy into 
pre-clinical and clinical trials, and potentially also into treatment 
for various cancer types that express CD47. 
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