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Glioma with very short medium survival time consists of 80% of primary malignant types of brain tumors. The
unique microenvironment such as the existence of the blood-brain barrier (BBB) makes the glioma theranostics
exhibit low sensitivity in diagnosis, a poor prognosis and low treatment efficacy. Therefore, the development of
multifunctional nanoplatform that can cross BBB and target the glioma is essential for the high-sensitivity
detection and ablation of cancer cells. In this study, C6 cell membrane-coated conjugated polymer dots (Pdots-
C6) were constructed for targeted glioma tumor detection. As a new kind of biomimetic and biocompatible
nanoprobes, Pdots-C6 preserve the complex biological functions of natural cell membranes while possessing
physicochemical properties for NIR-II fluorescence imaging of glioma. After encapsulating C6 cell membrane on
the surface of conjugated Pdots, Pdots-C6 exhibited the most favorable specific targeting capabilities in vitro and
in vivo. In particular, this pilot study demonstrates that biomimetic nanoparticles offer a potential tool to enhance
specific targeting to the brain, hence improving glioma tumor detection accuracy.
1. Introduction

Glioma is the most common category of brain tumors, whose median
survival time is 12–15 months after diagnosis [1–3]. Magnetic resonance
imaging (MRI) is routinely used for glioma detection [4–6]. However, the
downside of MRI is that it is costly and time-consuming. By contrast,
increasing attention has been paid to the development of fluorescence
imaging techniques for cancer theranostics in the second near-infrared
window (NIR-II, 1000–1700) [7–9]. Since the biological tissues show
less autofluorescence in NIR-II window than that in the visible (400–700
nm) or the first near-infrared window (NIR-I, 700–900) [10–13], NIR-II
fluorescent probes can visualize the biological tissues with high tempo-
ral/spatial resolution and deep penetration [14–16]. However, most of
the potential fluorescent probes do not exhibit a fluorescence signal in
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NIR-II window. Besides, it is also very challenging for the constructed
nanoprobes to cross blood–brain barrier (BBB) and accumulate in the
tumor site for enhanced glioma detection and therapy. Therefore, a facile
nanoengineering modality is essential to endow NIR-II fluorescence
nanoprobes with the BBB crossing ability and specific targeting effect.

In addition, nanoprobes can be designed through different strategies
to increase the likelihood of crossing BBB, including direct BBB disrup-
tion, adsorptive-mediated transcytosis, cell-mediated transport, receptor-
mediated transcytosis, carrier-mediated transcytosis, and reverse
neuronal transport [17,18]. Meanwhile, the cell membrane-coated
nanoparticles have recently been inspected for a variety of therapeutic
and imaging applications [19–21], drug delivery [22], vaccination [23],
and detoxification [24]. As a top-down coating approach, the use of
biological materials is able to bestow synthesized nanoparticles with
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native cell functionalities [25]. In particular, by extracting the entire
membrane from single cells and then linking cell membranes components
to the surface of nanoprobes, all biologically relevant surfacemoieties are
transferred and maintained for the biomimetic nanoplatform, such as
their biocompatibility, retention of cellular properties, and adaptability
[26–28]. For example, nanoparticles coating with red blood cell mem-
brane can prolong their circulation time and reduce the accelerated blood
clearance [29,30]. In addition, it was discovered that nanoprobes coated
with active cell membranes can open a new avenue for passing BBB and
targeting glioma [31,32]. Therefore, due to the preserved antigen and
cell membrane structure, biomimetic nanoprobes can acquire special
functions such as ligand recognition and targeting, long blood circulation
and immune escape [33], providing a promising way for the diagnosis of
brain tumors.

Further, multifunctional nanoprobes can serve as the contrast agents
for high-sensitivity brain tumor detection [31,34]. In particular, semi-
conducting polymer dots (Pdots) have received extensive attention in
biomedicine due to their outstanding biocompatibility, superior photo-
stability, attractive optoelectronic properties, and abundant functional
groups [35–37]. More importantly, luminescent conjugated polymers
with NIR-II fluorescence properties were inspected, which were able to
offer significant improvement for real-time imaging and glioma detection
[38–40]. For example, Wu et al. developed NIR-II aggregation-induced
emission (AIE) active Pdots with enhanced NIR-II fluorescence for
through-skull mouse-brain imaging [41]. However, Pdots as exogenous
materials, are easily identified by the immune system and quickly cleared
by the liver and kidney before they can be transported into the brain
[42]. Besides, pure Pdots have difficulties in crossing BBB, showing no
specific targeting to brain tumor tissue. By contrast, nanoparticles with
surface modification of BBB-targeting ligands or cell penetrating peptides
have been constructed to cross BBB for highly accurate diagnosis of brain
tumors [43,44]. More interestingly, the novel biomimetic nanoplatform
exploiting natural cell membrane as the cloaks of nanoparticles, can be
considered as a novel strategy for the design and synthesis of NIR-II
fluorescence-based Pdots for glioma detection. Therefore, cell mem-
brane components linked to the surface of Pdots might exhibit its un-
beatable advantages in improving the outcomes of present glioma
diagnosis protocols.

In this study, we demonstrated that C6 glioma cell membrane-coated
Pdots (Pdots-C6) as biomimetic biomaterials (Fig. 1a) for highly specific
Fig. 1. Schematic illustration of C6 glioma cell membrane coated Pdots (Pdots-C6) fo
Pdots-C6. (b) Schematic diagram of Pdots-C6 for crossing BBB and homologous targ
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NIR-II fluorescence imaging of glioma. The homologous targeting, bio-
distribution, and NIR-II fluorescence imaging capability of Pdots-C6 were
systematically accessed both in vitro and in vivo (Fig. 1b). Our findings
illustrated that Pdots-C6 not only exhibited a homologous targeting effect
at the cellular level but also specific targeting ability at the tissue level
with high spatial resolution and deep penetration. As a new NIR-II
fluorescence imaging strategy, Pdots-C6 hold great promise for clinical
glioma detection as compared to pure Pdots due to the highly specific and
crossing BBB abilities, excellent biocompatibility, and long circulation.
The developed strategy opens the door to the development of customized
biomimetic nanomaterials with different hybrid functions, which may be
able to overcome the limitations of current nanomaterials-based imaging
nanoplatforms.

2. Results and discussion

2.1. Design and synthesis of NIR-II PTZTPA-BBT

There is a great interest in developing novel semiconducting polymers
for biomedical applications [45,46]. The band gap of semiconducting
polymers can be effectively tuned by a design approach through
donor-acceptor (D-A) interactions (Fig. 2a). In the classical D-A structure,
the highest occupied molecular orbital (HOMO) of the donor unit and the
lowest unoccupied molecular orbital (LUMO) of the acceptor unit are
mainly responsible for the location of the frontier orbitals. Therefore, a
narrow band gap between the HOMO and the LUMO can be achieved by
using strong donor and acceptor units. Here we choose triphenylamine
(TPA) functionalized phenothiazine (PTZ) as the donor due to its excel-
lent electron donating ability and outstanding nonplanar structure to
enhance the fluorescence. Furthermore, we attempted to drive the fluo-
rescence emission of the semiconducting polymer to the NIR-II window
by using the extremely strong acceptor benzothiazole (BBT).

Density functional theory (DFT) calculations were used to predict the
geometric configuration and optical band gaps of the D-A semi-
conducting polymer PTZTPA-BBT (Fig. 2b). The LUMO of PTZTPA-BBT
was mainly localized on the BBT acceptor unit, whereas the HOMO
was distributed along the whole PTZTPA-BBT backbone, indicating
strong intramolecular charge transfer within the PTZTPA-BBT polymer
backbone to result in long-wavelength optical activity. The correspond-
ing S1/T1 values showed that the PTZTPA-BBT polymers possessed low
r targeted NIR-II fluorescence imaging of brain tumor. (a) Preparation process of
eting imaging.



Fig. 2. Design and synthesis of NIR-II semiconducting polymers. (a) The energy level diagram shows the mechanism of the reduction of HOMO and LUMO gaps caused
by the interactions between molecular orbitals of donor and acceptor units in D-A semiconducting polymers. (b) Chemical structure and optimized molecular orbitals
of PTZTPA-BBT polymer. (c) Synthesis route of the semiconductor polymer PTZTPA-BBT.
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band gap of 1.36 eV. According to the molecular engineering strategies,
the synthetic routes of PTZTPA-BBT were designed and carried out
(Fig. 2c). The TPA group was attached to the PTZ via nucleophilic sub-
stitution, and the resulted intermediate PTZTPA (Fig. S1) was bromi-
nated (PTZTPA-DBr, Fig. S2) and boronized (PTZTPA-DOB, Fig. S3) by
the Miyaura reaction. Finally, PTZTPA-DOB and brominated BBT (BBT-
Br) are polymerized through the Suzuki reaction. Detailed synthesis in-
formation was provided in Supporting Information. Gel permeation
chromatography (GPC) measurement was performed to quantify
number-average molecular weight (Mn) of PTZTPA-BBT (4900 Da) with a
polymer dispersity index (PDI) of 1.56.
2.2. Preparation and Characterization of Pdot-C6

Several methods are available right now for preparing membrane-
coated nanoparticles [47]. The Pdots-C6 were fabricated according to
previous approach [32,48], in which the Pdots core and purified C6 cell
membranes were coextruded through a porous membrane. The prepa-
ration method consists of the following steps. First, semiconducting
polymer PTZTPA-BBT and co-polymer polystyrene graft ethylene oxide
functionalized with carboxylic end group (PS-PEG-COOH) were utilized
to produce Pdots through the nanoprecipitation method. In addition, the
C6 cell membrane components were extracted from harvested C6 glioma
cells by emptying the cells. Further, the purified C6 membrane protein
was linked to the surface of PTZTPA-BBT Pdots by extrusion using the
filter membrane at 200 nm. The mechanical force provided by the
extrusion drives Pdots smaller than 200 nm in size to cross the lipid
bilayer, resulting in vesicle-particle fusion [49]. The issue on incomplete
3

particle coating during liposome-particle fusion can be resolved by using
repeatedly passing through the extruder [50]. Transmission electron
microscopy (TEM) imaging and dynamic light scattering (DLS) results
demonstrated that Pdots-C6 had the spherical shape and a typical
core-shell structure (Fig. 3a) with an average particle size of 40.8 nm
(Fig. 3b), which was slightly larger than that of the parental Pdots (35.2
nm) (Fig. 3c and d). It was also discovered that the obtained Pdots and
Pdots-C6 remained stable for more than 10 days, demonstrating the
feasibility of the subsequent experiments (Fig. 3e). After Pdots were
coated with C6 cell membranes (C6CMs), the zeta potential of Pdots-C6
also increased from �16.3 to �23.5 mV (Fig. 3f). The TEM, DLS and
zeta-potential analysis results consistently illustrated that C6CMs were
successfully translocated to the Pdots surface.

Besides, the optical properties of PTZTPA-BBT Pdots and Pdots-C6
were respectively examined by using the absorption and NIR emission
spectrum. PTZTPA-BBT Pdots and Pdots-C6 showed almost the same
absorption spectra with a peak at 745 nm (Fig. 3g). Meanwhile, the
fluorescence spectrum of both Pdots and Pdots-C6 exhibited a strong
emission peak at 1055 nm upon excitation at 808 nm (Fig. 3h). The NIR-II
fluorescence quantum yield (QY) of PTZTPA-BBT Pdots was determined
to be 0.6% under 808 nm excitation using IR-26 as a reference [41].
Further, the protein profiles of Pdots, C6CMs, and Pdots-C6 were
analyzed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE). As shown in Fig. 3i, the composition of C6CMs proteins was
mostly retained in Pdots-C6, and no protein signal was detected in Pdots.
This findings also indicated that the Pdots core was successfully coated
by C6CMs and the Pdots-C6 preserved the membrane proteins of original
C6 cells.



Fig. 3. Characterization of Pdot-C6. (a) The TEM image of Pdots-C6. (b) The hydrodynamic diameter and TEM image of Pdots-C6. (c) The TEM image of Pdots. (d) The
hydrodynamic diameter and TEM image of Pdots. (e) The hydrodynamic diameters of Pdots and Pdots-C6 versus the storage time at room temperature. Bars represent
the mean � SD (n ¼ 3). (f) Zeta potential of Pdots, Pdots-C6 and C6 cell membranes (C6CMs). (g) Absorption spectra of Pdots and Pdots-C6. (h) Fluorescence spectra of
Pdots and Pdots-C6. (i) SDS-PAGE protein analysis of C6CMs, Pdots-C6, Pdots, and protein markers.
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2.3. Biocompatibility and Anti-phagocytic characteristics of Pdots-C6

The in vitro biocompatibility and cellular uptake of fabricated Pdots
and Pdots-C6 were respectively inspected. Exogenous nanoprobes
entering the cells can be recognized by the immune system and cleared
by macrophages, resulting in limited diagnostic and therapeutic effi-
ciency. In particular, membrane proteins on the surface of homologous
C6CMs can actively signal “don't eat me”to macrophages [51], prevent-
ing themselves from being cleared (Fig. 4a).

In this study, a polymer poly [(9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-
benzo-{2,10,3}-thiadazole)] (PFBT) was used to prepare two nanoprobes
(PTZTPA-BBT:PFBT Pdots and PTZTPA-BBT:PFBT Pdots-C6), which
emitted green fluorescence (Fig. S4). The size of as-prepared PTZTPA-
BBT:PFBT Pdots-C6 showed no obvious change as compared to that of
PTZTPA-BBT Pdots-C6 before blending with PFBT (Fig. S5). First, the in
vitro cell cytotoxicity of Pdots and Pdots-C6 was also respectively
inspected by using C6 cells with various concentrations of Pdots (0, 3, 6,
12, 25, 50, and 100 μg/mL) and CCK-8 assays (Fig. S6). Then PTZTPA-
BBT:PFBT Pdots and PTZTPA-BBT:PFBT Pdots-C6 were respectively
incubated with C6 cells for 6 h. Flow cytometry was performed to
quantify the uptake efficiency of PTZTPA-BBT:PFBT Pdots and PTZTPA-
BBT:PFBT Pdots-C6 in C6 cells, respectively (Fig. 4b). The fluorescence
intensity of the PTZTPA-BBT: PFBT Pdots-C6 group was about 3.3 times
higher than that of the pure PTZTPA-BBT:PFBT Pdots group (Fig. 4c). The
high binding efficiency was largely due to the internalized homologous
4

targeting ability of PTZTPA-BBT: PFBT Pdots-C6 group. For the qualita-
tive uptake analysis, the cell nucleus was labeled with 40,6-diamidino-2-
phenylindole (DAPI), which emitted blue fluorescence. Since PFBT
emitted green fluorescence, both PTZTPA-BBT: PFBT Pdots and PTZTPA-
BBT: PFBT Pdots-C6 were able to emit green fluorescence as well. In
particular, a merged view of the two channels was also offered for
comparison (Fig. 4d). The imaging results demonstrated that stronger
green fluorescence was detected in the PTZTPA-BBT: PFBT Pdots-C6
group as compared to that from pure PTZTPA-BBT: PFBT Pdots. Intra-
cellular fluorescence intensity of C6 cells was measured by using fluo-
rescence microscope images after treated with Pdots and Pdots-C6,
respectively (Fig. 4e). The analysis results indicated that C6 cells have a
significantly high tendency to uptake C6CMs coated Pdots, demon-
strating the targeting capability of the cell membrane coating strategy.

2.4. In vivo NIR-II imaging of Brian tumor

Inspired by the excellent biocompatibility and active-targeting ability
of Pdots-C6 from in vitro test results, in vivo experiments were performed
using brain tumor-bearing BALB/c nude mice model. Luciferase-labeled
C6 glioma cells (C6-Luc) were injected into the mouse striatum to
construct glioma orthotopic implantation tumor model. After the mice
were fixed on a digital stereotaxic instrument, cells (5� 105 cells/mouse)
were seeded into the hippocampus. The contact surface between the
syringe of brain stereotaxic instrument and brain tissues was zero



Fig. 4. Anti-phagocytic characteristics of Pdots-C6. (a) Schematic diagram of cell uptake difference between Pdots and Pdots-C6. (b) Intracellular fluorescence in-
tensity distribution of C6 cells analyzed by flow cytometry after treated with Pdots and Pdots-C6. (c) The mean fluorescence intensity values of C6 cells after in-
cubation with Pdots and Pdots-C6. Bars represent the mean � SD (n ¼ 3). (d) Fluorescence microscope images of C6 cells treated with Pdots and Pdots-C6, respectively.
Scale bar ¼ 20 μm. (e) Intracellular fluorescence intensity of C6 cells analyzed by fluorescence microscope images after treated with Pdots and Pdots-C6.

X. Men et al. Materials Today Bio 16 (2022) 100383
interface, and the needle injection depth was 4 mm. After 5 min, the
depth was adjusted to 3.5 mm and cells were injected immediately. After
inoculation, the skull was sealed with bone wax while the scalp was
sutured. The use of C6-Luc to construct the tumor model allowed us to
assess the viability of glioma cells by fluorescence imaging. Besides, MRI
and optical coherence tomography (OCT) were performed to monitor the
growth of intracranial glioma cells. MRI demonstrated that the depth of
glioma was about 3.55 mm after 8 days of tumor cell inoculation
(Fig. 5a), whereas the blood vascular structures in glioma microenvi-
ronments were able to be visualized by OCT (Fig. 5b). The MRI/OCT
multimodal imaging results demonstrated that the brain tumor model
was successfully constructed.

In addition, NIR-II fluorescence imaging was conducted to access the
targeting ability of Pdots and Pdots-C6 in living body, respectively. Due
to reporter-gene labeled C6 glioma cells labeled by luciferase, fluores-
cence signal intensity was able to be inspected in the tumor site of the
orthotopic glioma mouse (Fig. 5c). The mice were randomly divided into
two groups (n ¼ 3 mice for each group): 1) the pure Pdots control group,
and 2) the Pdots-C6 group. After tail-vein injection of Pdots or Pdots-C6,
the fluorescent signals from the two groups of mice were monitored at 1,
6, 12, 24, and 48 h post-injection, respectively (Fig. 5d). Substantial
fluorescence was clearly detected in the brains of mice for the Pdots-C6
group. However, this is not the case for pure Pdots group, in which no
obvious fluorescence signals were identified. More importantly, the
Pdots-C6 group exhibited an improved brain accumulation rate and
enhanced fluorescence signals (Fig. 5e). This pilot results demonstrated
that the Pdots-C6 group exhibited an improved brain accumulation rate
as compared to the pure Pdots group, due to the better tumor targeting
and BBB crossing ability of C6CMs.

3. Conclusion

In summary, we have successfully fused natural C6 membranes onto
the surfaces of the Pdots, resulting in Pdots-C6 that perfectly integrates
the biomimetic function, high homotypic binding and glioma-targeting,
5

and BBB crossing abilities. Due to the improved delivery of Pdots
across BBB, Pdots-C6 was constructed for enhanced NIR-II fluorescence
imaging of glioma through homologous targeting mechanism. Pdots-C6
mediated NIR-II fluorescence imaging significantly improves imaging
capabilities as compared to Pdots, leading to high-accuracy glioma
detection. These findings provide insights for the development of a bio-
mimetic nanoplatform for the precise diagnosis of glioma.

4. Experimental section

4.1. Theoretical calculation

The DFT method was employed to calculate the electronic properties
of the synthetic polymers. To reduce the computational cost, the mono-
mer and oligomer of the polymers were chosen as the calculating model.
The ground-state (S0) geometries of four polymer models were
completely optimized using the functional B3LYP combined with the 6-
31G(d) basis set. The HOMO energy, the LUMO energy and the energy
gap were calculated to investigate the electronic and optical properties of
polymers from a theoretical perspective.
4.2. Preparation of C6 glioma cell membranes

C6 membrane proteins were firstly processed with direct extrusion
and then centrifuged to extract the cell membranes [52,53]. Briefly, C6
cells were cultured with complete culture medium in a 175T cell culture
flask and subsequently grown into about 80% at 37 �C. Further, C6 cells
(2.5 � 107 cells/mL) were harvested and resuspended in ice-cold tris--
magnesium buffer for 30 min at 4 �C. To disrupt the cell's structure, a
mini-extruder with a 0.4 μm polyester porous membrane filter was car-
ried out to produce cell homogenate. Finally, the cell homogenate was
added into the ice-cold TM-buffer with 0.25 M of sucrose. In particular,
the mixture was centrifuged for 10 min at 2000�g and 4 �C to remove the
intracellular content. As a result, the cell membrane components were
collected by centrifugation at 3000�g and 4 �C for 30 min. And the



Fig. 5. (a) Coronal section view by MRI of glioma-bearing mouse. (b) In vivo OCT image of glioma-bearing mouse. (c) In vivo fluorescence images of glioma-bearing
mice. (d) In vivo NIR-II fluorescence imaging of glioma with Pdots and Pdots-C6 administration at different time points post-injection. (e) Brain tissue section 24 h
post-injection. Green: PFBT; blue: cell nuclei stained with DAPI. Scale bar ¼ 1 mm. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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protein content was determined by bicinchoninic acid (BCA) protein
assay.
4.3. Preparation of Pdots-C6

PTZTPA-BBT Pdots were synthesized based on the previously re-
ported nanoprecipitation method with a simple sonication [54]. In a
typical reprecipitation, conjugated polymer PTZTPA-BBT (100 μg mL�1)
and functional polymer PS-PEG-COOH (30 μg mL�1) were dissolved in
fresh THF. And then the mixture solution (3 mL, 100 μg mL�1

PTZTPA-BBT) was rapidly poured into 10 mL Milli-Q (10 mL) water
under vigorous ultrasonication for 3 min. Further, the resultant Pdots
suspension was heated to get rid of the THF solution with nitrogen gas
protection. The Pdots suspension was filtrated using a 0.22-μm mem-
brane filter to remove the aggregates Pdots. Pdots-C6 were constructed
6

by coextruding of a purified C6 membrane proteins and Pdots together
through the filter membrane at 200 nm.

4.4. Characterization of Pdots-C6

The particle size (diameter, nm) and surface charge (zeta potential,
mV) of Pdots and Pdot-C6 were respectively measured by using DLS on a
Zetasizer Nano ZS (Nano ZS90, Ltd.). The absorbance was recorded on
the UV-1800 spectrophotometer (Shimadzu, Japan), whereas the fluo-
rescent spectroscopy was measured with a fluorescence spectrophotom-
eter (FluoroMax-4, Horiba, Japan). The protein profiles of C6CMs, Pdots,
and Pdots-C6 were obtained using SDS-PAGE protein analysis. Flow
cytometry analysis was performed on a BD Biosciences FACS Calibur
HTS. To analyze the frequency, a total of 20, 000 cells were counted.
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