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Exploiting the protein corona: coating of black
phosphorus nanosheets enables macrophage
polarization via calcium influx†

Jianbin Mo, ‡a Yun Xu, ‡b Xiuxiu Wang,‡a Wei Wei *a,b,c and Jing Zhao *a,c

Black phosphorus nanosheets (BPNSs) have substantially promoted biomedical nanotechnology due to

their unique photothermal and chemotherapeutic properties. However, there is still a limited molecular

understanding of the effects of bio-nano interfaces on BPNSs and the subsequent impacts on physiologi-

cal systems. Here, it is shown that black phosphorus–corona complexes (BPCCs) could function as

immune modulators to promote the polarization of macrophages. Mechanistically, BPCCs could interact

with calmodulin to activate stromal interaction molecule 2 and facilitate Ca2+ influx in macrophages,

which induced the activation of p38 and NF-κB and polarized M0 macrophages to the M1 phenotype. As

a result, BPCC-activated macrophages show greater migration towards cancer cells, 1.3–1.9 times higher

cellular cytotoxicity and effective phagocytosis of cancer cells. These findings offer insights into the

development of potential and unique applications of corona on BPNSs in nanomedicine.

Introduction

Two-dimensional (2D) nanomaterials bring an opportunity for
fundamental studies and biological applications due to their
attractive and unique properties. By virtue of their special
physical and structural features, black phosphorus nanosheets
(BPNSs), a novel 2D layered nanomaterial, have been widely
used in nanomedicine such as phototherapy and drug
delivery.1–4 Most nanomaterials are rapidly internalized by the
mononuclear cells of the phagocyte system following intrave-
nous administration.5–7 Jiang and Yu et al. elegantly demon-
strated that BPNSs can be ingested by macrophages and
further induce inflammation in vivo.8 However, our under-
standing of the effects of BPNSs on the cellular function and
phenotype of macrophages is greatly limited. More studies are
imperative to better elucidate this very important issue to
guide the design and application of BPNSs in the biomedical
field.

Bio-nano interfaces occur once nanomaterials come into
contact with complex physiological environments, such as

blood plasma or the cytoplasm.9–12 After infiltrating into the
physiological environment, the physicochemical properties of
the nanomaterial are immediately redefined by adsorption of
the biomolecular corona from the biological fluid.13–16

Increasing evidence indicates that these coronal proteins have
diverse biological impacts.17–22 Chen et al. pioneered synchro-
tron radiation-based techniques to reveal the protective effect
of the protein corona against the toxicity of gold nanorods.23

Dong et al. creatively conjugated retinol molecules with nano-
materials to facilitate the formation of corona, endowing the
nanosystem with targeting abilities.24 Specifically, the corona
can facilitate unexpected interaction between nanomaterials
and cells, including triggering of endothelial cell death or
thrombocyte activation, which may not appear between
native nanomaterials and cells.25,26 Such novel interactions
further pose surprising influence on the in vivo application of
nanomaterials. In view of the significance of nanomaterial–
corona complexes, further investigations of their in vivo
fate, behaviour and potential biological impacts are greatly
needed.

Here, we characterized the corona protein on the surface of
BPNSs by liquid chromatography tandem mass spectrometry
(LC-MS/MS). The pivotal protein, myosin, on corona could
further interact with calmodulin to activate stromal interaction
molecule 2 and facilitate Ca2+ influx in macrophages to regu-
late macrophages in a positive way (Scheme 1). Our results will
be helpful to rethink the function of corona on macrophage
polarization and will play a guiding role for broad applications
of nanomaterials in nanomedicine.
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Results
Formation of the protein corona

BPNSs were obtained according to the protocols in previously
published literature.27 The mean lateral sizes of BPNSs were
128 nm by transmission electron microscopy (TEM) (Fig. 1a).
After being covered with plasma proteins, the average height
of BPNSs and BPCCs was 1.6 nm and 13.5 nm, which
increased by 11.9 nm (Fig. 1b, d and S1†). The homogeneous
distributions of C, N and P in the BPCCs were confirmed by
EDS-elemental mapping (Fig. 1c), indicating the successful
and dispersive coverage of BPNSs by plasma proteins.
Furthermore, the average size of the BP nanomaterials also
increased from 174 nm to 207 nm (Fig. 2a). To further analyse

corona formation, we detected the zeta potential and protein
concentration of BPCCs (Fig. 2b and c). The zeta potential and
protein concentration increased from −18.1 mV and 0 mg
protein per mg BPNSs to −4.85 mV and 1.35 mg protein per
mg BPNSs, respectively, and these effects were time-depen-
dent. Specifically, after 8 h- and 12 h-incubation, the zeta
potential and protein concentration were increased without
reaching statistical significance, indicating that corona for-
mation was balanced after 4 h of incubation. Compared to pre-
vious studies on rapid formation of corona in plasma,13,28

BPNSs took 4 h to form a stable corona probably due to their
unique surface chemistry.

Then, LC-MS/MS was used to determine the components of
the corona (Fig. 2d). BPCCs contained on average 73 proteins,

Scheme 1 Summary diagram of the regulation mediated by BP–corona complexes (BPCCs). BPNSs covered with a plasma protein corona could
promote the activation and polarization of macrophages and enhance the anticancer ability of macrophages.

Fig. 1 Characterization of BPNSs and BPCCs. (a) TEM analysis of
BPNSs. Scale bar: 200 nm. (b) AFM image of BPNSs. Scale bar: 500 nm.
Right: corresponding height profiles along the coloured lines in the AFM
image. (c) Area-elemental mappings of BPCCs. Scale bar: 100 nm. (d)
AFM image of BPCCs. Scale bar: 500 nm. Right: corresponding height
profiles along the coloured lines in the AFM image.

Fig. 2 Dynamic analysis and identification of corona formation. (a)
Dynamic light scattering (DLS) analysis of BPNSs and BPCCs. (b) BCA
protein assay of corona on BPCCs at different incubation times. (c) Zeta
potential of BPCCs at different incubation times. (d) Analysis of the protein
from BPCCs. All values are expressed as the mean ± SD of triplicates.
Statistical significance was assessed by Student’s t test. *p < 0.05, **p < 0.01.
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31 of which were annotated as immune-relevant proteins
according to gene ontology (GO) analysis (Fig. 2d and S2†).
These results indicated that BPNSs mainly bind to immune-
relevant proteins to form a corona and inspired us to further
study the regulatory effect of BPCCs on immune cells.

Ca2+ influx responses in macrophages

Cell morphology has recently been highlighted as a robust
integrated biomarker of cell function.29,30 According to pre-
vious studies, macrophage polarization states demonstrate a
hallmark morphology, including elongated projections for M2
cells and round and flattened morphologies for M1 cells.31,32

After treatment with the BPCCs, we observed that the mor-
phology of the treated macrophages was similar to that of IFN-
γ/lipopolysaccharide (LPS)-induced M1 macrophages
(Fig. S3†). To further determine whether BPCCs induce
M1 macrophages, we examined the transcriptomes of BPCC-
treated Raw264.7 cells for expression differences in M1- versus
M2-type mRNAs by quantitative real-time polymerase chain
reaction (RT-PCR). The results showed that compared with
untreated macrophages, BPCC-exposed macrophages signifi-
cantly upregulated the expression of M1-related markers
(including tumour-necrosis factor (TNF)-α, iNOS, interleukin
(IL)-12p40 and CD16). In addition, the mRNA levels of M2-
related genes (including IL-10, CD206 and Arginase-I)
decreased after treatment with the BPCCs (Fig. 3a). Besides,
the M1 polarization was also determined by the expression of
the surface marker CD80 using flow cytometry. As illustrated
in Fig. 3b and Fig. S4,† BPCCs and LPS induced high levels of
CD80 expression, while BPNSs showed parallel CD80
expression levels compared to untreated cells.

Next, we performed proteomic analysis of the total protein
in the BPCC-treated and untreated macrophages to reveal the
immunoregulation of macrophages by the BPCCs (Fig. 3c, S5
and S6†). The quantitative proteomic results showed 20 pro-
teins with significant differences (Fig. 3d and Table S1†).
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis revealed that the calcium signalling pathway is the
most likely pathway related to cell morphology (Fig. S7†).
Stromal interaction molecule 2 (STIM2) showed the most
differences among proteins in the calcium signalling pathway.
As shown in Fig. 3e, the expression of STIM2 was increased
2.03-fold in the macrophages treated with the BPCCs. Precise
LC-PRM/MS quantitative analysis was also applied to confirm
the upregulation of STIM2 expression (Fig. 3f).

Store-operated Ca2+ entry (SOCE) is a ubiquitous Ca2+ entry
pathway in different cells such as immune cells, and the
stromal interaction molecule (STIM) proteins (including
STIM1 and STIM2) and the Orai protein are the main proteins
responsible for SOCE.33–35 Increasing evidence has demon-
strated that STIM2 plays a critical role in the regulation of Ca2+

influx and Ca2+-dependent cell function at low stimulus
intensities.36,37 Moreover, the amplitude and duration of Ca2+

signals regulate gene expression, cytokine release and
migration.33 Thus, we further monitored the Ca2+ influx in
macrophages based on the quantitative proteomic results. As

shown in Fig. 3g and S8,† the mean fluorescence intensity
(MFI) of Fluo-4 AM was 116.67, 141.29 and 402.39 in untreated
cells, BPNS-treated cells and BPCC-treated cells, respectively,
suggesting that the intracellular calcium concentration
increased after treatment with the BPCCs. Furthermore, we
eliminated Ca2+ in the culture medium to confirm that the
increase in the Ca2+ concentration in the cytoplasm was associ-
ated with extracellular Ca2+ influx (Fig. S9 and S10†). The Ca2+

concentration barely changed in the BPNS/BPCC-treated cells
in the Ca2+-free culture medium compared with the treated

Fig. 3 Effect of BPCCs on Ca2+ influx and macrophage polarization. (a)
Marker genes of M1 or M2 macrophages were measured in Raw264.7
cells with or without nanomaterial treatment by quantitative RT-PCR. (b)
Surface CD80 expression in macrophages with or without nanomaterials
analysed by flow cytometry. (c) Statistical analysis of the total number of
proteins identified in Raw264.7 cells and BPCC-treated Raw264.7 cells
by LC-MS/MS. (d) Volcano plot showing the P value (−log 10) versus the
fold change in the protein ratio (log 2, BPCC-treated cells versus control
cells). The dashed lines represent a 2-fold difference in abundance and a
p value <0.05. (e) Label-free quantification analysis of the expression of
STIM2 proteins in untreated cells and BPCC-treated cells. (f ) LC-PRM/
MS quantitative analysis of the expression of STIM2 proteins in untreated
cells and BPCC-treated cells. (g) Effects of BPNSs and BPCCs on the
intracellular Ca2+ concentration. Scale bar: 20 μm. Statistical significance
was assessed by Student’s t test. *p < 0.05, **p < 0.01.
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cells in the normal culture medium (Ca2+-containing culture
medium). Moreover, we tested the effect of BPCC-induced Ca2+

influx on macrophage polarization. A lack of Ca2+ in the
culture medium resulted in the loss of the BPCCs’ ability to
induce M1 macrophages (Fig. S11†).

Ca2+ influx activated p38 and NF-κB

To further explore the interaction between BPCCs and STIM2,
we first carefully examined the functions of all proteins on
BPCCs (Table S2†). We discovered that the most abundant
protein on BPCCs was myosin, a well-recognized calmodulin

(CAM)-binding protein.38–40 It is known that CAM could
further bind and activate STIM2 to facilitate Ca2+ influx.41–43

Therefore, we hypothesized that the interaction between
BPCCs and STIM2 was mediated by CAM (Fig. 4a). The
binding ability of CAM to BPCCs was evaluated in macrophage
lysates to simulate the macrophage environment. As shown in
Fig. 4b, BPCCs could interact with CAM through myosin. To
determine whether CAM is involved in BPCC-mediated Ca2+

influx, calmidazolium chloride was used to block CAM. When
macrophages were pre-treated with calmidazolium chloride,
BPCC-induced Ca2+ influx was inhibited (Fig. 4c and d), and

Fig. 4 Mechanistic insight into BPCC-induced macrophage polarization. (a) Diagram showing the adsorption of CAM (yellow) on BPCCs through
myosin (red). (b) Western blot analysis of myosin and CAM on BPCCs after incubation with macrophage lysates. (c) Cellular imaging of Ca2+ with
Fluo-4 AM. Cells were pre-treated with the inhibitor and then incubated with BPCCs. Scale bar: 20 μm. (d) Quantitative analysis of the MFI of Fluo-4
AM from c. (e) The phosphorylation of p38, Erk1/2 and JNK in Raw264.7 cells treated with 15 µg ml−1 BPNSs or BPCCs analysed by western blot ana-
lysis. (f ) NF-κBp65 levels in Raw264.7 cells treated with BPCCs or left untreated as determined by fluorescence microscopy. Green, NF-κB p65; blue,
nucleus. Scale bar: 20 μm. All values are expressed as the mean ± SD of triplicates. Statistical significance was assessed by Student’s t test. *p < 0.05,
**p < 0.01.
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the upregulation of M1-related genes in BPCC-induced macro-
phages was also inhibited (Fig. S12†). To study the interaction
between BPCCs and STIM2 in macrophages, we obtained fluo-
rescent BPCCs by adding serum albumin that was conjugated
to rhodamine B isothiocyanate (SA-RBITC) to plasma. The
addition of SA-RBITC did not change the component of BPCCs
(Fig. S13†). As shown in Fig. S14,† the overlap of fluorescent
BPCCs and STIM2 indicated that most BPCCs could interact
with the STIM2 protein. An inhibitor of the STIM proteins,
BTP2, was utilized to further confirm that the BPCC-induced
Ca2+ influx was associated with STIM2 (Fig. 4c and d). When
BTP2 was added to the medium, unchanged expression of
marker genes was observed, confirming that BPCC-induced
macrophage polarization was associated with STIM2
(Fig. S15†).

Next, we investigated the signalling pathway through which
BPCCs induce M1 macrophages. Mitogen-activated protein
kinase (MAPK) and nuclear factor-κB (NF-κB) are key regulators
of proinflammatory factors, and these proteins are activated in
IFN-γ/LPS-induced M1 macrophages.44,45 Here, we used
western blot analysis and immunofluorescence to analyse
MAPK and NF-κB expression in BPCC-induced
M1 macrophages. After analysing the three MAPK members
JNK, p38 and Erk 1/2, we found that only p38 was significantly
phosphorylated in the BPCC-treated Raw264.7 cells, implying
that p38 might be involved in the BPCC-induced macrophage
phenotype switch (Fig. 4e and S16†). Then, we analysed NF-κB
p65 by assessing its nuclear translocation. According to the
immunofluorescence results, the entry of NF-κB p65 into the
nucleus occurred in Raw264.7 cells after treatment with BPCCs
(Fig. 4f). However, the untreated cells and BPNS-treated cells
had no NF-κB p65 expression in the nucleus. On the other
hand, blocking p38 or NF-κB p65 with inhibitors (SB203580,
an inhibitor of p38; JSH-23, an inhibitor of NF-κB p65) resulted
in a loss of the effect of BPCCs on induced M1 macrophages
(Fig. S17†). Taken together, these results revealed that BPCCs
could interact with STIM2 through CAM adsorption and
induce Ca2+ influx to promote M1 macrophage development
by activating p38 MAPK and NF-κB p65.

Effects of BPCCs on cancer cells and macrophages in vitro

According to previous reports, nanomaterials, including silica
nanoparticles (NPs), ferumoxytol, and titanium dioxide, can
attract alveolar macrophages.46–48 To study whether BPCCs can
attract macrophages, we first investigated their chemotactic
properties in vitro. Using a Transwell system with 3 μm-sized
microporous membranes (macrophages are able to migrate
through 3 μm pores),46 we assessed the migration of Dil-
labelled macrophages (Fig. 5a). As shown in Fig. 5b and c,
cancer cells and the BPCCs could each attract macrophages,
and the combination of the BPCCs and cancer cells led to an
additive effect on the migration of macrophages.

Macrophages are important members of the immune
system, and phagocytosis is one of the significant cellular
functions of macrophages.49 Based on the above results, we
further determined the effect of BPCCs on phagocytosis in

macrophages (Fig. 5d). Cancer cells and macrophages were
first labelled with different dyes and then co-cultured with Dil-
labelled macrophages and DAPI-labelled cancer cells incu-
bated with or without BPCCs. We found significantly more
blue fluorescence overlapping with red fluorescence after incu-
bation with the BPCCs, suggesting that the formation of a
corona on BPNSs could promote the phagocytosis of cancer
cells by macrophages. Then, we further studied the apoptosis
of cancer cells in a co-culture model (Fig. 5e). We found mark-
edly increased caspase 3/7 activity when different cancer cells
were incubated with macrophages plus the BPCCs compared
with when the cancer cells were incubated with either the
macrophages or BPCCs alone. Moreover, the BPCCs could
enhance the cytotoxicity of macrophages in a direct or indirect
way.

To further determine whether BPCCs induce macrophage
polarization, we isolated macrophages from the above-
described co-culture model and analysed their transcriptomes
through RT-PCR. As shown in Fig. 6a, compared with the
untreated macrophages, the macrophages treated with the

Fig. 5 BPCCs enhanced the anticancer effect of macrophages. (a)
Diagram showing the macrophage-cancer cell co-culture model in
Transwell plates (3 μm-sized microporous membrane that allows macro-
phage migration). (b) Migration of Dio-labelled macrophages (green)
from the insert chamber to the bottom chamber. Macrophages were
treated with 15 μg ml−1 BPNSs or BPCCs for 8 h, and the bottom
chamber was analysed with fluorescence microscopy. Scale bar:
200 μm. (c) Statistical analysis of the number of macrophages that
migrated to the bottom chamber. Macrophage cell counts were averaged
from 5–10 fields of view using fluorescence microscopy. (d) Phagocytosis
of DAPI-labelled 4 T1 cancer cells (blue) by Dil-labelled Raw264.7 cells
(red) treated with BPCCs. Scale bar: 25 μm. (e) Caspase 3/7 activity of
different cancer cell types in the co-culture model after the addition of
15 μg ml−1 nanomaterials to the insert or bottom chamber. All values are
expressed as the mean ± SD of triplicates. Statistical significance was
assessed by Student’s t test. *p < 0.05, **p < 0.01.
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BPCCs upregulated the expression of the M1-related molecules
TNF-α, iNOS, IL-12p40 and CD16. In addition, the mRNA
levels of the M2-related markers IL-10, CD206 and Arginase-I
were significantly decreased after co-culturing macrophages
with cancer cells and BPCCs. Then, we further verified the
expression of IL-10 (M2-related marker) and TNF-α (M1-related
marker) by enzyme-linked immunosorbent assay (ELISA). As
shown in Fig. 6b and c, a 3.9-fold increase in TNF-α expression
above the background level and a slight decrease in IL-10
expression were observed. These results suggested that BPCC-
induced cancer cytotoxicity was coupled to M1 macrophage
polarization.

Conclusions

Macrophage polarization is the pivotal process in macrophage-
based immunotherapy, and a great number of nano-
materials have been explored to induce macrophage
differentiation.46,48,50 Most nanomaterials induce macrophage
polarization in the blood circulation system, which means that
interactions between nanomaterials and plasma proteins are
unavoidable. However, knowledge of the relationships among
nanomaterials, plasma proteins (corona proteins) and
immune cells is lacking. This work reveals that 2D BP nano-
materials can adsorb plasma proteins to form BPCCs and that
the accumulation of corona proteins on BPNSs exhibits
specific regulation towards macrophages. Due to the opsonins
in the corona, BPCCs were efficiently ingested by macrophages
and interacted with the STIM2 protein to facilitate Ca2+ influx.
Intriguingly, our findings suggest that BPCC-induced Ca2+

entry further promoted macrophage polarization, which is
similar to a recent report showing that alteration of the metal
ion concentration enabled the activation of T cells.51 This
finding reveals the critical role of the corona in immunother-
apy for cancer and immune-related diseases. The current work
may not only shed light on the important roles of BPCCs in
the activation of macrophages but also open a new avenue for
immune cell activation from the perspective of bio-nano
interfaces.
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