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ABSTRACT: As per the American Cancer Society, lung cancer is the
leading cause of cancer-related death worldwide. Since the accumulation of
exosomal programmed cell death ligand 1 (PD-L1) is associated with
therapeutic resistance in programmed cell death 1 (PD-1) and PD-L1
immunotherapy, tracking PD-L1-positive (PD-L1 (+)) exosomes is very
important for predicting anti-PD-1 and anti-PD-L1 therapy for lung cancer.
Herein, we report the design of an anti-PD-L1 monoclonal antibody-
conjugated magnetic-nanoparticle-attached yellow fluorescent carbon dot
(YFCD) based magnetic-fluorescence nanoarchitecture for the selective
separation and accurate identification of PD-L1-expressing exosomes. In
this work, photostable YFCDs with a good photoluminescence quantum
yield (23%) were synthesized by hydrothermal treatment. In addition,
nanoarchitectures with superparamagnetic (28.6 emu/g), biocompatible,
and selective bioimaging capabilities were developed by chemically
conjugating the anti-PD-L1 antibody and YFCDs with iron oxide nanoparticles. Importantly, using human non-small-cell lung
cancer H460 cells lines, which express a high amount of PD-L1 (+) exosomes, A549 lung cancer cells lines, which express a low
amount of PD-L1 (+) exosomes, and the normal skin HaCaT cell line, which does not express any PD-L1 (+) exosomes, we
demonstrate that nanoarchitectures are capable of effectively separating and tracking PD-L1-positive exosomes simultaneously.
Furthermore, as a proof-of-concept of clinical setting applications, a whole blood sample infected with PD-L1 (+) exosomes was
analyzed, and our finding shows that this nanoarchitecture holds great promise for clinical applications.

1. INTRODUCTION

As per the World Health Organization (WHO) and the
American Cancer Society, even in 2021, lung cancer remains
the leading cause of cancer-related death.1,2 Among lung
cancer patients, non-small-cell lung cancer (NSCLC) causes
most of the deaths.3−7 The reported lower survival rate for
NSCLC is mainly due to its diagnosis at the advanced
stages.3−7 Recent advancement shows that immunotherapies
using antibodies that target the programmed cell death 1 (PD-
1) and programmed cell death ligand 1 (PD-L1) pathways
(PD-1/PD-L1) have enhanced antitumor effects for NSCLC
patients, which help to increase the survival rate.8−13 In the last
five years, clinical data have shown that anti-PD1/PDL1
therapy produced a limited response for many lung cancer
patients.10−16

Recent clinical studies show that the excessive accumulation
of exosomal PDL1 in the lymph node is associated with
therapeutic resistance in PD-1/PD-L1 immunotherapy.8−16

Due to the above fact, evaluating the presence of exosomal PD-
L1 is very important to determine the immune escape and
tumor progression.12−17

Herein, we report the design of an anti-PDL1 monoclonal
antibody-conjugated magnetic-nanoparticle-attached yellow
fluorescence carbon dot (YFCDs) based magnetic-fluores-
cence nanoarchitecture, as shown in Figure 1, which is capable
of the targeted separation and accurate identification of PD-
L1-expressing exosomes.
Exosomes are smaller sized (>200 nm) membrane vesicles

that contain biologically active m-RNA, proteins, lipids, DNA,
and other nucleic acids.12−22 It is now well-documented that
exosomes play a major role in the regulation of metastasis via
cell-to-cell communication.12−22 Several clinical studies in-
dicate that exosome-carrying PD-L1 can be associated with a
suppression of the antitumor immune response for
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NSCLC.10−17 As a result, analyzing the PD-L1 expression
exosomes in the tumor microenvironment is very important for
the clinical success of lung cancer treatment.12−17 Since
biological fluids containing exosomes also have cell debris,
proteins, different types of other vesicles, and several
biologically important molecules, as we and others have
reported before, isolation and enrichment steps are the initial
steps to separate an exosome before it can be analyzed.12−22

For this purpose, we have designed an immunomagnetic
nanoarchitecture that can be used to isolate the PD-L1-positive
(PD-L1 (+)) exosome from the cell culture and a whole-blood
sample. In our design, an anti-PD-L1 antibody is used to bind
the PD-L1 (+) exosome, and the exosome-attached magnetic
nanoparticles are separated using a simple bar magnet. In

addition, we have used YFCDs for the accurate identification
of the PD-L1 (+) exosome after magnetic separation. Due to
their simple large-scale synthesis, low toxicity, high fluores-
cence quantum yield, and excellent chemical stability,23−37

YFCDs were used for the bioimaging of the PD-L1 (+)
exosome. We used yellow fluorescence for exosome imaging
because it has better tissue penetration and to avoid blue auto-
fluorescence from the cell matrix.30−34

2. RESULTS AND DISCUSSION

2.1. Synthesis, Microscopy Characterization, and
Optical Properties of Yellow Fluorescence Carbon
Dots. The yellow fluorescent carbon dots (YFCDs) were

Figure 1. Scheme showing the design of the anti-PD-L1 monoclonal antibody-conjugated magnetic-fluorescence nanoarchitecture. (A)
Hydrothermal synthesis of YFCDs from o-phenylenediamine and 4-aminobutyric acid. (B) Synthesis of acid-functionalized magnetic nanoparticles.
(C) Synthesis of YFCD-attached magnetic nanoparticles. D) Synthesis of the anti-PD-L1 monoclonal antibody-attached nanoarchitecture.

Figure 2. (A) TEM image showing the morphology of yellow luminescent carbon dots derived from o-phenylenediamine and 4-aminobutyric acid.
The inserted HR-TEM image shows graphite-type lattice fringes with an interplanar spacing of 0.35 nm for carbon dots derived from o-
phenylenediamine and 4-aminobutyric acid. (B) TEM image showing the morphology of the acid-functionalized magnetic nanoparticles. The
inserted EDX elemental map shows the presence of Fe. (C) TEM image showing the morphology of the yellow luminescent carbon dot-attached
magnetic nanoparticle. The inserted EDX elemental map shows the presence of Fe and C. (D) FTIR spectrum from the yellow luminescent carbon
dot-attached magnetic nanoparticle showing the presence of amide A, amide-I, amide-II, amide-III, and other bands. (E) The X-ray diffraction
pattern from the yellow luminescent carbon dot-attached magnetic nanoparticle confirms the presence of (002) indices for graphitic carbon and
(220), (311), (222), (511), and (440) indices for the magnetic nanoparticles. (F) The XPS spectrum from the yellow luminescent carbon dot-
attached magnetic nanoparticle confirms peaks at 284.8, 398.1, 532.5, and 711.2 eV due to Fe, O, N and C, respectively.
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synthesized by a hydrothermal treatment using o-phenylenedi-
amine and γ-aminobutyric acid.30 The experimental details are
reported in the Supporting Information. For this purpose, o-
phenylenediamine and γ-aminobutyric acid were added to
distilled water, and the mixture was sonicated for 30 min. After
that, the solution was heated for 8 h at 160 °C using a Teflon-
lined stainless-steel autoclave. Next, we cooled the mixture to
room temperature and then filtered it through membrane filter
paper with a pore size of 0.45 μm. After that, we dialyzed the
mixture with 3.5 KD MWCO Snakeskin dialysis tubing for
three days. Finally, the pure solid product was obtained after
lyophilization for 3−5 days by a freeze-drying process.
To characterize the YFCDs, we used high-resolution

tunneling electron microscopy (HR-TEM), X-ray photo-
electron spectroscopy (XPS), absorption spectroscopy, and
fluorescence spectroscopy in addition to photoluminescence
quantum yield (PLQY), fluorescence lifetime analysis, and
dynamic light scattering (DLS) measurements20,31,32,34 as
reported in Figure 2 and Table S1 in the Supporting
Information. The TEM image reported in Figure 2A shows
the morphology of the YFCDs and indicates that the size of the
YFCDs is ∼5 ± 2 nm. The size measurement by TEM matches
very well with the DLS data, as reported in Table S1 in the
Supporting Information. The inserted high-resolution TEM
image indicates graphite type lattice fringes, where the
interplanar spacing is ∼0.35 nm. From the energy-dispersive
X-ray spectroscopy (EDX) analysis, we determined amount of
C, N, O, and H to be ∼60%, ∼18%, ∼12%, and ∼10%,
respectively. Figure 2F shows the XPS data for the YFCDs,
which clearly indicate the presence of a C 1s peak at 284.8 eV,
an O 1s peak at 532.5 eV, and a N 1s peak at 398.1 eV.30−33

On the basis of the XPS and EDX data, we can conclude that
YFCDs contains both carboxy and amine groups in the surface,
as shown in Figure 1A.

Figure 3A shows the absorption spectra of the YFCDAs,
which clearly show two absorption peaks. The first higher-
energy absorption peak, which is mainly due to the π−π*
transition of C−C bonds within the cores of the YFCDs, was
observed at 260 nm.30−32 On the other hand, the second
lower-energy absorption peak, which is mainly due to the n →
π* transitions in C−O bonds originating from the surface
functional groups attached to the carbon backbone of YFCDs,
was observed at 436 nm.30−33 Panels B and C in Figure 3 show
photographs of the YFCDs in the presence and absence of 380
nm UV light, respectively. The photograph shown in Figure 3C
clearly shows the emission of strong yellow fluorescence from
the YFCDs in the presence of 380 nm UV light. Panels D and
E of Figure 3 show the emission spectra of the YFCDs at
excitation wavelengths of 300 and 480 nm, respectively. We
observed two emission peaks when the YFCDs were excited at
300 nm, as shown in Figure 3D. The first sharp peak is visible
around λmax = 390 nm of the emission, which is mainly due to
the core emission from YFCDs. The sharp emission arises due
to quantum confinement effects and the presence of π-domains
within the cores of the YFCDs. The second broad peak is
visible around λmax = 570 nm of the emission, which is mainly
due to the surface −OH, −NH, CO functional groups
and other groups bonded to the cores of the YFCDs.30−33 We
observed only one emission peak when the YFCDs were
excited at 480 nm, as shown in Figure 3E. The observed broad
peak is around 570 nm, showing that the broad luminescence
spectrum remains unchanged for YFCDs even when the the
excitation wavelength is varied from 300 to 480 nm. To
measure the photoluminescence quantum yield (PLQY), we
used quinine sulfate as a standard (QY = 54%).20,31−33 By
measuring the fluorescence intensity from a standard and the
YFCDs, we determined the PLQY for YFCDS is 0.31 at an
excitation wavelength of 480 nm. Figure 3F shows the time-

Figure 3. (A) Absorption spectrum of the YFCDs, which indicates two absorption peaks. The π−π* transition is visible at 260 nm, and the other
transition due the functional groups conjugated on CDs is visible at 436 nm. (B) Photograph of YFCDs in the absence of UV light. (C) Photograph
of YFCDs in the presence of UV light showing the strong yellow emission. (D) Emission spectrum of YFCDs in the presence of 300 nm excitation
light. (E) Emission spectra of YFCDs and the anti-PD-L1 monoclonal antibody-conjugated magnetic-nanoparticle-attached YFCD-based
nanoarchitecture in the presence of 480 nm excitation light. (F) Plot showing the time-resolved photo luminescence decay of YFCDs and the anti-
PD-L1 monoclonal antibody-conjugated magnetic-nanoparticle-attached YFCD-based nanoarchitecture in the presence of 480 nm excitation light.
(G) Luminescence intensity of the anti-PD-L1 monoclonal antibody-conjugated magnetic-nanoparticle-attached YFCDs as a function of time in
the presence of 480 nm excitation light. The experiment was performed five times, and error bars were calculated from the standard deviation.
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dependent photoluminescence decay profiles for YFCDs at an
excitation wavelength of 480 nm. The observed that the time-
resolved decays can be fit very well by a double -exponential
function with τ1 = 1.8 ns and τ3 = 11.4 ns.
2.2. Synthesis, Microscopy Characterization, Mag-

netic and Optical Properties of the Anti-PD-L1
Monoclonal Antibody-Conjugated Nanoarchitecture.
We have designed an anti-PD-L1 monoclonal antibody-
conjugated magnetic-nanoparticle-attached YFCD-based mul-
tifunctional magnetic-fluorescence nanoarchitecture using a
four-step procedure, as reported in Figure 1. In the first step,
the yellow fluorescent carbon dots were synthesized as
discussed in the previous section. In second step, carboxylic
acid-functionalized magnetic nanoparticles were synthesized.
As shown in Figure 1B, we used a coprecipitation method with

ferric chloride and 1,6-hexanedioic acid for this purpose.31−33

The experimental details are reported in the Supporting
Information. After the reaction between ferric chloride and 1,6-
hexanedioic acid was complete, the black precipitate was
separated using a neodymium magnet.31,32 The TEM image
shown in Figure 2B shows the morphology of the acid-
functionalized magnetic nanoparticle and indicates that the
nanoparticle’s size is ∼20 ± 5 nm. The size measurement by
TEM matches very well with the DLS data, as reported in
Table S1 in the Supporting Information. Inserted energy-
dispersive X-ray spectroscopy (EDX) mapping data from the
magnetic nanoparticles, as reported in Figure 2B, indicates the
presence of Fe. We measured the superparamagnetic proper-
ties using as SQUID magnetometer, as we have reported

Figure 4. (A) Viability of LaCaT normal skin cells, SK-BR-3 breast cancer cells, LnCaP prostate cancer cells, and H1264 and A549 lung cancer
cells after 24 h of treatment with the nanoarchitecture. The experiment was performed five times, and error bars were calculated from the standard
deviation. (B) The percent of PD-L1-positive exosomes separated from different cell lines. We used the human PD-L1 ELISA kit for the
quantitation of the PD-L1 (+) exosomes. (C) Photograph showing the separation of the PD-L1 (+) exosome-attached nanoarchitectures using bar
magnet. The experiment was performed five times, and error bars were calculated from the standard deviation. (D) SEM image of PD-L1 (+)
exosomes after magnetic separation from the H460 cell line. The inserted TEM image and SEM image show the nanostructures attached the PD-L1
(+) exosomes. (E) Bright-field image of the PD-L1 (+) exosome-attached nanoarchitectures after magnetic separation from the H460 cell line. (F)
Fluorescence image showing the high number of PD-L1 (+) exosome-attached nanoarchitectures after magnetic separation from the H460 cell line.
(G) Fluorescence image showing the low number of PD-L1 (+) exosomes after magnetic separation from the A549 cell line using the
nanoarchitecture. (H) Fluorescence image showing the absence of PD-L1 (+) exosomes after magnetic separation from the HaCaT cell line using
the nanoarchitecture. (I) Fluorescence image showing PD-L1 (+) exosome-attached nanoarchitectures after magnetic separation from the whole-
blood sample.
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before,31−33 and obtained a specific saturation magnetization
of ∼34.6 emu/g.
As shown in the Figure 1C, in the third step we developed

the multifunctional magnetic fluorescence nanoplatform by
conjugating the acid-functionalized magnetic nanoparticle with
the amine group of the YFCDS. The experimental details are
reported in the Supporting Information. For this purpose, we
used 1-ethyl-3-(3-(dimethylamino)propyl)-carbodiimide
(EDC)-N-hydroxy succinimide (NHS) mediated esterification
process, as reported previously by us and others.31−33 Once the
reaction was finished, we separated the YFCD-conjugated
magnetic nanoparticles using a magnet. The TEM image
shown in Figure 2C shows the morphology of the YFCD-
conjugated magnetic nanoparticle and indicates that the
nanoparticle’s size is ∼30 ± 6 nm. The size measurement by
TEM matches very well with the DLS data, as reported in
Table S1 in the Supporting Information. Energy-dispersive X-
ray spectroscopy (EDX) mapping data from the nano-
architecture, as reported in Figure S1A, and elemental mapping
EDX data, as reported in Figure S1B, show the presence of Fe,
C, O, and N, indicating that the YFCDs are conjugated with
the magnetic nanoparticle. Figure 2D shows the FTIR
spectrum of the YFCD-conjugated magnetic nanoparticle,
where we can clearly see the presence of amide A, amide-I,
amide-II, amide-III, and other bands. The presence of these
bands indicates the coupling of the YFCDs with the magnetic
nanoparticles via the esterification process.31,32 Figure 2F
shows the XPS data for the YFCD-conjugated magnetic
nanoparticles, which clearly indicate the presence of a C 1s
peak at 284.8 eV, an O 1s peak at 532.5 eV, a N 1s peak at
398.1 eV, and an Fe 2p peak at 712.4 eV.31,32 We measured the
superparamagnetic properties of the YFCD-attached magnetic
nanoparticle using as SQUID magnetometer, and we obtained
a specific saturation magnetization of ∼29.4 emu/g.
As shown in Figure 1D, in the fourth step we the conjugated

anti-PD-L1 monoclonal antibody with the magnetic-nano-
particle-attached YFCDs. For this purpose, we used the EDC-
NHS-mediated esterification process with the amine group of
the antibody and the functionalized acid group of nano-
architectures, as reported previously by us and others.31,32,34

Once the reaction was finished, we separated the anti-PD-L1
monoclonal antibody-conjugated magnetic-nanoparticle-at-
tached YFCDs using a magnet. To understand the amount
of anti-PD-L1 monoclonal antibodies attached to the YFCDS-
attached magnetic nanoparticles, we performed thermogravi-
metric analysis, as reported in Figure S1C in the Supporting
Information. This analysis indicated that the weight percentage
of the antibodies was around 4.1%. Figure 3E shows the
emission spectrum from the nanoarchitecture at an excitation
wavelength of 480 nm. By measuring the fluorescence intensity
from the quinine sulfate standard and the anti-PD-L1
monoclonal antibody-conjugated magnetic-nanoparticle-at-
tached YFCDs, we determined the PLQY of the nano-
architecture to be 0.26 at an excitation wavelength of 480 nm.
Figure 3F shows the time-dependent photo luminescence
decay profiles of the anti-PD-L1 monoclonal antibody-
conjugated magnetic-nanoparticle-attached YFCDs at an
excitation wavelength of 480 nm. The observed time-resolved
decays can be fit very well by a double-exponential function
with τ1 = 1.9 ns and τ3 = 12.6 ns.
2.3. Finding the Photostability and Cytotoxicity of

Antibody-Conjugated Magnetic-Nanoparticle-Attached
YFCD Nanoarchitectures. Since photostability is one of the

most important parameters for the optical imaging of
biomolecules,30−37 we determined the photostability of the
anti-PD-L1 monoclonal antibody-conjugated magnetic-nano-
particle-attached YFCD-based nanoarchitectures. For this
purpose, we performed time-dependent luminescence experi-
ments for 2 h using an excitation wavelength of 480 nm. As
reported in Figure 3G, the luminescence intensity from anti-
PD-L1 monoclonal antibody-conjugated magnetic-nanopar-
ticle-attached YFCD-based nanoarchitectures changed less
than 5%, even after 2 h of exposure to 480 nm light. The
data clearly show that the anti-PD-L1 monoclonal antibody-
conjugated magnetic-nanoparticle-attached YFCD-based nano-
architecture is photostable for bioimaging purposes. Since
cytotoxicity is an important parameter for bioimaging
applications,30−37 we next determined the possible toxicity of
the anti-PD-L1 monoclonal antibody-conjugated magnetic-
nanoparticle-attached YFCD-based nanoarchitectures. For this
purpose, we used breast cancer SK-BR-3 cells, normal skin
HaCaT cells, prostate cancer LnCaP cells, and lung cancer
H1264 and A549 cells.20,31,32,34

Initially, all cells were treated with the nanoarchitecture for
48 h. After that, we used an MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) assay to determine the
cell viability.20,31,32,34 The experimental details for the cell
viability assays are reported in the Supporting Information. As
reported in Figure 4A, our experimental data show that the cell
viability hardly changed after treatment with the magnetic-
nanoparticle-attached YFCDs based nanoarchitectures, indicat-
ing that the nanoarchitectures are highly biocompatible.

2.4. Demonstrating That Antibody-Conjugated
Nanoarchitectures Can Be Used for the Selective
Separation and the Accurate Identification of PD-L1-
Expressing Exosomes. Due to the good photoluminescence
quantum yield, photostability, superparamagnetic property,
and high biocompatibility of the anti-PD-L1 monoclonal
antibody-conjugated magnetic-nanoparticle-attached YFCD-
based nanoarchitectures, we explored the possibility of using
the nanostructures to track PD-L1 (+) exosomes. For this
purpose, we used human NSCLC H460 cells lines, which
express a high amount of the PD-L1 (+) exosomes, A549 lung
cancer cells lines, which express a low amount of the PD-L1
(+) exosomes, and the normal skin HaCaT cell line, which
does not express PD-L1 (+) exosomes. All cells were cultured
using an ATCC (American Type Culture Collection) culture
medium until they reached 60−70% confluency.19,20 The
experimental details for the cell culture are reported in the
Supporting Information. After that, we replaced the culture
medium with the exosome-depleted medium.19,20 Next, non-
small-cell lung cancer H460 cells, A549 lung cancer cells, and
normal skin HaCaT cells were cultured for another three days.
At the end, PD-L1 (+) exosomes and other types of exosomes
were separated by differential centrifugation by removing cell
debris and other different types of vesicles, as reported
previously by us and others.19−24 After that, we used DLS and
SEM techniques to find the size distribution of the exosomes
separated from different cell lines, as reported in Figures S2
and S3 and Table S2 in the Supporting Information. Using the
DLS data reported in Table S2 and SEM data for exosomes
separated from H460 and HaCaT cell lines, we found that the
size of exosomes varies between 100 and 160 nm. We have also
used the human PD-L1 enzyme-linked immunoassay kit for the
quantitation of the PD-L1 (+) exosomes.13−17 The ELISA
data, shown in Figure 4B, indicate that the percentage of PD-
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L1 (+) exosomes is much higher for non-small-cell lung cancer
H460 cells lines than for A549 lung cancer cells lines. We did
not observe detectable PD-L1 (+) exosomes in case of the
normal skin HaCaT cell line.
Next, to understand whether anti-PD-L1 monoclonal

antibody-conjugated magnetic-nanoparticle-attached YFCD-
based nanoarchitectures can be used for the accurate capture
and selective identification of PD-L1 (+) exosomes, we mixed
the nanoarchitectures (500 μg/mL) with cell culture super-
natants. After being mixed continuously for 30 min, the
nanoarchitecture-attached exosomes were separated using a
bar magnet, as shown in Figure 4C. After that, we also used the
human PD-L1 enzyme-linked immunoassay kit for the
quantitation of the PD-L1 (+) exosomes.13−17 The eper-
imental ELISA results are very similar to those we obtained by
differential centrifugation. After magnetic separation, using the
ELISA data, we found that the percentage of PD-L1 (+)
exosomes is around five-times higher for non-small-cell lung
cancer H460 cells lines than for A549 lung cancer cells lines.
Additionally, we did not observe detectable PD-L1 (+)
exosomes for normal skin HaCaT cell line. To compare the
magnetic separation and exosome imaging efficiency of the
nanoarchitecture with those of the separate magnetic nano-
particles and YFCDs , we separately performed the PD-L1 (+)
exosome separation experiment with lung cancer H460 cell
culture supernatants using the anti-PDL1 monoclonal anti-
body-conjugated carbon dots (500 μg/mL) and the anti-PDL1
monoclonal antibody-conjugated iron oxide nanoparticles (500
μg/mL). We used the PD-L1 enzyme-linked immunoassay kit
for the quantitation of the PD-L1 (+) exosomes. As reported in
Table S3 in the Supporting Information, the observed
separation of PD-L1 (+) exosomes is 0% for YFCDs and 98
± 2% for both the anti-PDL1 monoclonal antibody-conjugated
iron oxide nanoparticles and the anti-PDL1 monoclonal
antibody-conjugated nanoarchitectures. Similarly, as reported
in Figure S4A and B in the Supporting Information, we did not
observe any fluorescence image from the separated PD-L1 (+)
exosomes when they were separated by anti-PDL1 monoclonal
antibody-conjugated iron oxide nanoparticles in the absence of
YFCDs. Similarly the fluorescence image shown in Figure S4C
in the Supporting Information, shows the absence of PD-L1
(+) exosomes after separation when we tried to separate them
using antibody-attached YFCDs. All the above data clearly
show that the conjugation of YFCDs with magnetic nano-
particles is necessary for the separation and imaging of PD-L1
(+) exosomes from the cell culture supernatant.
The TEM image shown in Figure 4D clearly indicates that

the anti-PD-L1 monoclonal antibody-conjugated nanoarchi-
tectures are attached on the surfaces of the PD-L1 (+)
exosomes. Similarly, the yellow fluorescence image of the PD-
L1 (+) exosomes shown in Figure 4F shows that the anti-PD-
L1 monoclonal antibody-conjugated magnetic-nanoparticle-
attached YFCD-based nanoarchitectures can identify PD-L1
(+) exosomes after magnetic separation. Our experimental data
clearly indicate that the anti-PD-L1 monoclonal antibody-
conjugated magnetic-nanoparticle-attached YFCD-based nano-
architectures are capable of the accurate separation and
identification of PD-L1 (+) exosomes via fluorescence imaging.
Next, to find out whether the anti-PD-L1 monoclonal

antibody-conjugated magnetic-nanoparticle-attached YFCD-
based nanoarchitectures have the capability for the selective
tracking of PD-L1 (+) exosomes, we also performed the same
experiment with A549 lung cancer cells lines, which express a

low amount of PD-L1 (+) exosomes, and the normal skin
HaCaT cell line, which expresses the PD-L1 (−) exosome. As
shown in Figure 4G, the yellow fluorescence image of the PD-
L1 (+) exosomes shows that the anti-PD-L1 monoclonal
antibody-conjugated nanoarchitectures can identify very few
PD-L1 (+) exosomes after magnetic separation, which clearly
shows that the number of PD-L1 (+) exosomes expressed by
A549 lung cancer cells lines is much lower compared to that
expressed by the lung cancer H460 cells lines. Similarly, as
shown in Figure 4H, no PD-L1 (+) exosomes were separated
by the anti-PD-L1 monoclonal antibody-conjugated nano-
architectures from the normal skin HaCaT cell line. The above
data clearly show that anti-PD-L1 monoclonal antibody-
conjugated nanoarchitecture-based separation and identifica-
tion of PD-L1 (+) exosomes is highly selective. Our
experimental results also indicate that the normal skin
HaCaT cell line does not express detectable PD-L1 (+)
exosomes.
To understand whether anti-PD-L1 monoclonal antibody-

conjugated nanoarchitectures can be used for the selective
capture and identification of PD-L1 (+) exosomes from blood
samples, we have used exosome-infected citrated whole rabbit
blood as a proof-of-concept of clinical setting applications. For
this purpose, 12 000 exosomes/mL PD-L1 (+) exosomes were
injected into 5 mL of whole blood. After that, we added one
million peripheral blood mononuclear cells per milliliter into
the blood sample. In next step, the mixture was shaken gently
for 2 h. We then combined the mixture with the nano-
architectures (500 μg/mL). After the mixture was mixed for
half an hour, nanoarchitecture-attached exosomes were
separated using a bar magnet. Using the human PD-L1
enzyme-linked immunoassay kit, we found a PD-L1 (+)
exosomes recovery of about 100%, as reported in Figure S5 in
the Supporting Information. Figure 4I shows the yellow
fluorescence image of the PD-L1 (+) exosomes after magnetic
separation from whole blood. All the above data clearly
indicate that the anti-PD-L1 monoclonal antibody-conjugated
magnetic-nanoparticle-attached YFCD-based nanoarchitec-
tures are capable of the accurate separation and identification
of PD-L1 (+) exosomes via fluorescence imaging from an
infected blood sample.

3. CONCLUSIONS
In summary, we have designed and synthesized bioconjugated
magnetic-nanoparticle-attached YFCD-based nanoarchitec-
tures for the magnetic separation and identification of PD-L1
(+) exosomes. More importantly, using different microscopic
and spectroscopic characterization techniques, we have
demonstrated that the bioconjugated magnetic-nanoparticle-
attached YFCD-based nanoarchitectures exhibit a good
photoluminescence quantum yield (23%) and superparamag-
netic (28.6 emu/g) behavior. Additionally, they are photo-
stable and highly biocompatible. In this work, our finding
reveals that anti-PD-L1 monoclonal antibody-conjugated
magnetic-nanoparticle-attached YFCD-based nanoarchitec-
tures are capable of accurately separating and tracking PD-L1
(+) exosomes from cancer cell lines as well as from a blood
sample. In addition, using two different human lung cancer
cells lines that expressed high and low amounts of PD-L1 (+)
exosomes, we showed that the nanoarchitectures are capable of
the effective separation and accurate identification of PD-L1
(+) exosomes via yellow luminescence imaging. On the other
hand, using a cell line that expressed the PD-L1 (−) exosome,
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we further demonstrated that the nanoarchitecture-based
separation and tracking of PD-L1 (+) exosomes is highly
selective. As a proof-of-concept of clinical setting applications,
we used a PD-L1 (+) exosome-infected whole-blood sample to
demonstrate that nanoarchitectures are capable of separating
and imaging PD-L1 (+) exosomes from infected blood sample.
Taken together, reported data show the design of an innovative
nanoplatform that has the potential to be a powerful tool for
improving lung cancer detection and therapy.
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