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Exosomes play an important role in numerous cellular processes.
Fundamental study and practical use of exosomes are significantly
constrained by the lack of analytical tools capable of physical and
biochemical characterization. In this paper, we present an optical
approach capable of imaging single exosomes in a label-free
manner, using interferometric plasmonic microscopy. We demon-
strate monitoring of the real-time adsorption of exosomes onto a
chemically modified Au surface, calculating the image intensity,
and determining the size distribution. The sizing capability enables
us to quantitatively measure the membrane fusion activity
between exosomes and liposomes. We also report the recording
of the dynamic interaction between exosomes and antibodies at
the single-exosome level, and the tracking of hit-stay-run behavior
of exosomes on an antibody-coated surface. We anticipate that
the proposed method will contribute to clinical exosome analysis
and to the exploration of fundamental issues such as the exosome-
antibody binding kinetics.

extracellular vesicle | plasmonic microscopy | label-free | molecular
interaction | nanoparticle

Exosomes are tiny membrane vesicles (30-150 nm in di-
ameter), which carry rich molecular information about the
parent cells (1). They play an important role in numerous cel-
lular processes, including cell-cell communication, angiogenesis,
immune response, and cancer metastasis (2-6). Despite their
importance, practical use of exosomes is constrained by the lack
of analytical tools capable of their physical and molecular
characterization (7-9). Conventional analytical methods, such as
transmission electron microscopy (TEM) and ELISAs, often
require large amounts of samples and extensive sample-
preparation processes (10). New techniques, including nano-
particle tracking analysis (NTA) (11, 12), tunable resistive pulse
sensing (13, 14), flow cytometry (FC) (15, 16), and surface
plasmon resonance (SPR) (17, 18) are powerful, but have their
own limitations in throughput, sensitivity, or multiplexing capa-
bility (8, 9). Fundamental knowledge about how exosomes in-
teract with cells to alter the physiology is difficult to discover,
since conventional optical microscopy is not able to visualize
exosomes, and complex labeling is required (19, 20).

Light scattering is the basis of multiple technologies for exosome
analysis including NTA and FC. However, limitation in sensitivity
hinders the dynamic imaging of single exosomes. Given the fact
that scattered light intensity by a nanoobject scales with the sixth
power of object diameter, and that there are many additional
spurious scattering sources, such as out-of-focus objects in the
medium and surface inhomogeneity, the challenge of detecting
pure light scattering from single exosomes becomes evident. Plas-
monic microscopy is superior in exosome analysis because it images
only the samples within 200 nm of the surface, and thus rejects
noise from out-of-focus sources in the medium. Resonant detection
enables the measurement of the binding kinetics between exosomes
and antibodies (17, 18), but heterogeneity information is lost due to
the lack of single-exosome analysis capability. SPR microscopy
(SPRM) with a high-numerical-aperture (N.A.) objective has been
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established in the last two decades as a unique tool for imaging
biological samples, including cells (21), viruses (22), and DNA
molecules (23). However, direct imaging of single exosomes has not
been realized due to limited sensitivity.

In this paper, we report an optical method for imaging and size
analysis of exosomes with interferometric plasmonic microscopy
(iPM). iPM is similar to SPRM, but with higher sensitivity and
spatial resolution achieved through optimized detection meth-
odologies and image-processing techniques. The development of
SPRM toward iPM for the detection, imaging, and quantitative
analysis of single exosomes is a nontrivial task because the
expected signal, which is about a hundredth of the detectable
signal in current state-of-the-art SPRM, is much smaller than the
intensity fluctuations originating from illumination and other
spurious scattering sources.

Results and Discussion

Principle of iPM Detection. iPM was built in the Kreschmenn
configuration (Fig. 14). A laser light at a wavelength of 637 nm
was collimated and illuminated a Au chip at a highly inclined
incident angle 6, stimulating surface plasmons (SPs) on the Au
surface. Reflective light, together with the light scattered by
the object, was then collected and imaged onto a complementary-
metal-oxide-semiconductor (CMOS) camera. The intrinsic prin-
ciple of iPM is thus common-path interferometry (Fig. 1B) (24).
The recorded iPM image results from the interference (Eq. 1)
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Fig. 1. iPM system. (A) Schematic of iPM. (B) Interferometric scattering
model of iPM. (C) Images of a 100-nm silica nanoparticle without (scale bar:
3 um) and (D) with (scale bar: 300 nm) image-reconstruction process. (E) k-
space image by taking 2D-FFT of C. (F) Longitudinal intensity profile across
the particle in C (cyanine) and D (red). (G) SNR in iPM detection of 100-nm
silica nanoparticles with the running-average algorithm, and the theoretical
shot-noise limitation (dashed line).

between the reflective light (E..f) and the SPs scattered by the
object at near-field (Esc), which back-propagates onto the far-
field detector. The interferometric scattering signal by an object

(Eret - Ef +Ege - Ere + |Esc|2) manifests itself as a small variation

over a large background (’Eref‘z). This background image was
recorded before adsorption, and subtracted from images after
adsorption to reveal the small intensity variation induced by
objects (SI Appendix, Fig. S1). We note that iPM signals scale
with D* (D denotes diameter of the object), compared with D° in

pure scattering detection (|Eqc|®).
2 2 * %
I= |Eref +Esc| = |Eref| + ‘Esc|2 +Eret 'Esc +Es 'Eref- [1]

SPs penetrate into the medium within only 200 nm above the
metal surface, and thus only objects within this range will scatter
the SPs and induce an intensity change in the iPM images. The
recorded image of an object (Fig. 1C) appears as a unique pat-
tern, causing difficulties in quantitative analysis and lowering
spatial resolution. Back-propagation of the scattered SPs into
far-field emission is directional, and the scattered light will only
emit from the glass slide within a small range of angles. This
effect is obvious if we examine the recorded image in k space
by taking the 2D fast Fourier transform (2D-FFT) of the inten-
sity image (Fig. 1E). By simulating the reflected light as a planar
wave, we adopted a digital image-processing algorithm (SI Ap-
pendix, Fig. S1) (25) to reconstruct the iPM image of an object as
a diffraction-limited spot (Fig. 1D), with a spatial resolution of
~260 nm (Fig. 1F). Since the scattered iPM signals are confined
in the two ring areas, the spatial filter in the image-reconstruction
algorithm also rejects the noise (Fig. 1F).

Noise Limitation in iPM Detection. In a well-established iPM ex-
periment, the shot-noise-induced fluctuation of the intensity is
the dominating noise source due to the large background in the
image. The signal-to-noise ratio (SNR) of iPM (S Appendix, Fig.

10276 | www.phas.org/cgi/doi/10.1073/pnas. 1804548115

S2) was thus improved by a running-average algorithm in the
temporal domain (SI Appendix, Fig. S1), which scaled with N'/
(N denotes number of images averaged) in a range up to n = 32
(Fig. 1G). The running-average strategy requires a high re-
cording rate with enough photon flux on the CMOS detector,
which is not suitable for pure scattering detection but is easily
fulfilled in iPM. In practical iPM experiments, the incident angle
was fixed at the angle at which 10% of the incident light was
reflected (SI Appendix, Fig. S3), and the recording frame rate
was 320 frames per second (fps) at 512 x 512 pixels with a
33.28 x 33.28-um~ full field-of-view area. The running average
was carried out with n = 32 images.

Calibrating iPM with Silica Nanoparticles. As a scattering-based
detection technique, the iPM image intensity is intrinsically de-
pendent on the size and refractive index of the objects. For
exosome sizing, a calibration curve of iPM image intensity versus
size is a prerequisite. Silica nanoparticles are preferred for cal-
ibration purposes due to them having a similar refractive index as
exosomes. The diameters of standardized silica nanoparticles
used for calibration were 30, 50, 70, 100, and 160 nm to cover the
size range of exosomes. Typical TEM images and corresponding
iPM images of silica nanoparticles are shown in Fig. 24 for
comparison. While iPM did not spatially resolve the nanoparticle
in as much detail as TEM due to the diffraction limit, the cor-
relation between iPM intensity and particle size is clear. To
quantify this correlation, the iPM intensity of each silica nano-
particle was calculated as the difference between the peak and
mean background intensity (SI Appendix, Fig. S2). The statistical
histograms of iPM intensity were then constructed from hun-
dreds of recorded silica nanoparticles (Fig. 2B), and each was
fitted with a Gaussian function to determine the corresponding
intensity values (mean + SD, n > 150). The second peak as in-
dicated by the arrow in the histogram of 30-nm silica nano-
particles was attributed to the dimers. The calibration curve was
then plotted as the iPM intensity versus the diameter of silica
nanoparticles (Fig. 2C), and fitted the numerical model well (S
Appendix, Fig. S4).

One key feature required for exosome analysis is the capability
of composite sample analysis, because precise isolation of exo-
somes is challenging and cumbersome (1). We recorded the iPM
images of a mixture containing silica nanoparticles with mean
diameters of 30, 50, 70, 100, and 160 nm, calculated the iPM
intensity of each individual particle bond to the Au surface, and
determined the size distribution from hundreds of particles with
the calibration curve (Fig. 2D). Five peaks were observed at
27.8 +£8.9,46.9 + 10.2, 68.4 + 9.6, 104.3 + 11.3, and 166.1 +
8.3 nm, showing good correspondence with the true value
(Fig. 2E). The results thus suggest a sizing error of ~10 nm in
iPM detection.

Real-Time Monitoring and Analysis of Exosome Adsorption Process.
Exosomes were isolated and purified from the medium after
culturing A549 cell lines for 72 h using differential centrifuga-
tion. Before iPM recording, we first examined the samples with
TEM to confirm exosome isolation (SI Appendix, Fig. S5), and
determined the concentration to be ~10°/mL with NTA. The
adsorption of exosomes is expected to be dependent on the
surface charge of the Au surface, due to the negative charge on
exosomes membrane surface (SI Appendix, Fig. S6). We thus
recorded the real-time adsorption of exosomes (Movie S1) onto
Au surfaces modified with HS-PEG-NH, (10,000 Da), and show
typical time-lapse snapshots in Fig. 34. Individual exosomes
were easily distinguishable as bright spots. As a label-free tech-
nology, iPM lacks the specificity in identifying adsorbed objects.
However, iPM is easily integrated with fluorescent microscopy.
We labeled the lipid membrane of exosomes with DilC;g(3) dye,
and recorded the fluorescent image, which corresponds well with
the iPM images (Fig. 3B).
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A real-time binding curve was plotted by summing the iPM
intensity of each individual exosome frame-by-frame (Fig. 2C).
Compared with conventional plasmonic assays that measure the
light intensity induced by a large number of exosomes, iPM of-
fers single-exosome sensitivity. As expected, binding events were
observed only on the Au surface modified with positive charge,
but few observed on a negatively charged surface (Fig. 3C). The
sizes of hundreds of exosomes were determined with the cali-
bration curve in Fig. 2C, as shown in Fig. 3D. A continuous
distribution of the exosome diameter between 30 and 150 nm
was observed, with a peak value at ~62 nm. The size distribution
is significantly lower than the NTA results (SI Appendix, Fig. S7),
which gives a peak value at ~120 nm. This is reasonable, because
NTA measures the hydrodynamic diameter instead of the true
particle size.

Quantitative Study of Membrane Fusion Between Exosomes and
Liposomes. Exosomes have been recognized as natural drug de-
livery cargo (26), and membrane fusion between exosomes and
liposomes has emerged as a potential approach for better design
of drug-delivery systems (27). We performed the quantitative
study of the fusion activity between exosomes and cationic li-
posomes. First, we recorded the liposome adsorption onto a
negative-charge-modified Au surface and determined the size
distribution of liposomes to be ~64 nm (SI Appendix, Fig. S8).
This value is also much smaller than that obtained by NTA
analysis (S Appendix, Fig. S7), but closer to the size observed in
TEM images (SI Appendix, Fig. S4). Few liposomes were de-
tected on the positive-charge-modified Au surface due to the
positively charged liposome membrane surface (SI Appendix, Fig.
S6). We then prepared the mixture of exosomes and liposomes at
dose ratios of 2:1 and 1:2, incubated under 37 °C for 30 min to
allow the membrane fusion, and performed the iPM analysis on a
positive-charge-modified gold surface to obtain the size distri-
bution of particles (Fig. 3E and SI Appendix). For pure exosomes,
we identified more than 600 individual exosomes in 5 min, showing

Yang et al.

True size (nm)

particles. (C) Calibration curve of iPM intensity vs.
diameter fitted with the numerical model. (D) Size
distribution of silica nanoparticles in a mixture as
determined by iPM. (E) Comparison of nanoparticle
size in the mixture determined by iPM and the true
labeled value.

100 160

normal size distribution with a mean diameter of ~56 nm. For the
mixture of exosomes and liposomes at a ratio of 2:1, less than 400
particles were detected, and the mean diameter increased to ~75 nm.
The increase of mean diameter was also confirmed by the NTA
analysis (SI Appendix, Fig. S7). Meanwhile, for the mixture of exo-
somes and liposomes at a ratio of 1:2, only a few particles (less than
20) were detected. We attribute the differences to the net surface
charge of the exosomes/liposomes complex after membrane fusion
(ST Appendix, Fig. S8C).

The Hit-Stay-Run Behavior of Exosomes on Antibody-Coated Surfaces.
Measuring the adsorption of exosomes onto an antibody-coated
surface enables the molecular profiling of exosomes with plas-
monic sensors (17, 18). We examined the adsorption of exo-
somes onto a CD 63 antibody-coated Au surface as an example
to explore the origin of the plasmonic signal at the single-
exosome level. The behavior of exosomes differs greatly from
that on a positive-charge-modified Au surface described above
or a (1-Mercapto-11-undecyl)hexa(ethylene glycol) (PEG)-coated
surface. On a PEG-coated surface, exosome nanoparticles were
imaged to appear, move, and leave immediately, which is due to
Brownian motion (BM) (Fig. 4B). This is reasonable because a
PEG coating is well known to block nonspecific binding of exo-
somes (17). On an antibody-coated surface, an intermediate
hit-stay-run behavior was observed. Most exosomes bonded to
the antibody, stayed for a while, and left afterward (Fig. 44 and
Movie S2), while some exosomes underwent BM similar to that on
a PEG-coated surface. We attribute the distinct hit-stay-run
behavior on the antibody-coated surface to the relatively weaker
binding force on antibodies compared with that on the charged
surface.

To quantitatively study the binding dynamics between exo-
somes and antibodies, real-time intensity profiles of the regions
indicated in Fig. 4 4 and B were plotted in Fig. 4C. Each peak on
the BM profile represented a transient event. Owing to the ev-
anescent wave nature of SPs, iPM intensity is quite sensitive to

PNAS | October9,2018 | vol. 115 | no.41 | 10277

www.manaraa.com

CHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804548115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804548115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804548115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804548115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804548115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804548115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804548115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804548115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804548115/-/DCSupplemental
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1804548115/video-2

o
8
S
&
<
8
&
E
e
8
@
o
=
S
B
2
=3
3
3
3
<]
=
g
o
g
=
8
I
@
o
©
o
8
°
8
k-l
8
S
=
H
8
a

——Positive
——Negative |

50

100 150 200
Time (s)

vertical direction, and thus a large fluctuation induced by small
motion in the vertical direction was observed on the line profile
of bond exosomes. We then determined the bond lifetime of
each exosome on the surface as the duration of the plateau and
the spikes on the line profiles. With further development, the
bond lifetime may serve as a potential indicator for estimating
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Diameter (nm)
[JExosomes Fig. 3. iPM detection of exosomes. (A) Snapshots of
CIE/L: 2:1 exosome adsorption onto a positive-charge-modi-
CJE/L: 1:2 fied Au surface. (B) iPM and fluorescent images of
exosomes. (C) Real-time binding curve of exosomes
onto positive- or negative-charge-modified Au sur-
face. (D) Size distribution of exosomes determined
by iPM. (E) Size distribution of exosomes and
0 2= rris exosome-liposome complex absorbed on positive-
20 60 . 100 140 charge-modified Au surface, prepared at different
Size (nm)

exosome/liposome ratios (E/L). (Scale bar: 5 um.)

the binding-energy landscape between exosomes and antibodies
(28). A continuous distribution from less than 1 s to more than
160 s was obtained, with two obvious peaks (Fig. 4D). The peak
at less than 1 s corresponds to BM, and the peak at ~110 s de-
scribes the typical lifetime of the bond between an exosome and
the CD63 antibodies. The relatively long bond lifetime was due
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Fig. 4. iPM imaging of exosome-antibody interaction.
77777 (A) Snapshots of exosomes bonded to CD 63 antibody-
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coated and (B) PEG-coated gold surface; the red dashed
line shows the BM trajectory. (C) Real-time iPM signals
of an exosome bonded to antibodies or that underwent
BM. (D) Distribution of exosome-antibody bond lifetime
measured on a CD 63-coated Au surface.
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to the multiple binding sites on the exosome surface to the
antibodies.

Real-Time Tracking of Exosome Motion. The imaging capability of
iPM enables real-time tracking of individual exosomes, which is
important for understanding the intra- and intercellular traf-
ficking process of exosomes. The iPM image of exosome nano-
particles shows a normal distribution, and the central location
can be accurately determined by fitting with a 2D Gaussian
model (Fig. 54). Fig. 5 B and C shows typical locations of an
exosome bond to positive-charge-modified and antibody-coated
Au surfaces in 1 min, respectively, and typical BM trajectories of
exosome on a PEG-coated surface were shown in Fig. 5D. To
quantify the difference, the mean velocity of exosome motion
was calculated as the total distance traveled versus time of the
trajectory (mean + SD, n = 52, Fig. 5E) The difference in ve-
locity was due to the external binding force exerted on exosomes
from antibodies or the charge on Au surface, which confines the
motion of exosomes.

We anticipate that, with further development, the proposed
iPM technology could be useful for exploring exosomes as a
cancer biomarker for diagnostics and for evaluating tumor re-
sponse to therapy in translational settings. Although the exo-
some samples in the current study were isolated from cell-line
models after ultracentrifugation, direct analysis of clinical sam-
ples after simple filtration on plasmonic platforms is believed to
be reasonable (17). While iPM offers exceptional sensitivity in
dynamic analysis of single exosomes, the throughput for screening
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Fig. 5. Tracking and localization of single exosomes with iPM. (A) The 2D
iPM intensity profile of an exosome, and its localization by 2D Gaussian
fitting. (Scale bar: 300 nm.) (B) Localization of an exosome bond to a posi-
tive-charge-modified, and antibody-coated (C) Au surface. (D) BM trajecto-
ries_of four exosomes on a PEG-coated Au surface. (F) mean velocity of
exosomes on positive-charge-modified (Au), antibody-coated (Antibody),
and PEG-coated (PEG) Au surfaces.
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multiple clinical samples is yet to be optimized. Integration with
microfluidic fluid control, micropatterning of antibodies, and full
automation will be the key to pushing iPM toward successful
translation into clinical applications (17, 18).

Conclusions

We have demonstrated iPM as an efficient analytical approach
for visualizing and analyzing single exosomes. We optimize iPM
sensitivity and spatial resolution to image single-exosome nano-
particles as small as 30 nm. The capability of iPM in sizing and
tracking single exosomes enables the quantitative study of mem-
brane fusion between exosomes and liposomes, as well as the exo-
some-antibody interaction. We discovered that exosomes’ behavior
occurred in a unique hit-stay-run pattern on an antibody-coated
surface, which offers a potential approach for estimating the bind-
ing force. With further development and validation, iPM could help
explore fundamental questions about exosome-mediated in-
tercellular communication and tumor microenvironments, and also
be useful for identifying exosomes as cancer biomarkers for diag-
nostics and for exploring exosomes as targeted delivery systems.
Technical modifications, including the use of fast cameras to im-
prove temporal resolution (29) for analyzing rapid exosome-
mediated processes, and the integration with fluorescence micros-
copy for multiplexing (30) will further extend the application
of iPM.

Methods

iPM System. The iPM system was built on an inverted microscope (Nikon Eclipse
Ti-S) using a high-N.A. 100x oil immersion objective (N.A. = 1.49). The iPM chips
were BK7 (VWR Corporation) glass coverslips coated with 2 nm of chromium
and then 47 nm of Au by evaporation. Incident light from a 637-nm fiber-
pigtailed laser (OBIS 637 nm LX FP 100 mW) was refocused and collimated, and
illuminated the Au chip in the Kreschmenn configuration. A CMOS camera
(Prime TM; Photometrics) was used with the system for image recording. Im-
ages were acquired at 512 x 512 pixels (full field of view: 33.28 x 33.28 ym?)
and a frame rate of 320 fps. A motorized XY stage (Ludl Electronic Products,
Ltd.) was incorporated on the microscope to translate the sensor chip.

iPM Image Processing. Images recorded by the CMOS camera were running-
averaged every 32 frames before digital reconstruction to minimize shot
noise. Then the first image was subtracted from each image to remove
background noise. The image reconstruction was performed in MATLAB
(MathWorks) with self-developed codes. The wave vector of SPs was de-
termined by calculating the center and radius of the ring in k space. Decon-
volution was done in k space using the point-spread function obtained
experimentally, by aligning 30 individual images of 100-nm silica nanoparticles
to the maximum intensity point, and averaging after alignment.

Silica Nanoparticle Calibration. Silica nanoparticles were purchased from
MikroNano. The silica nanoparticles were diluted with PBS at 1:1,000 vol/vol,
and ultrasonicated for 30 min for redispersion. For iPM calibration, 20 pL of
nanoparticle solution was injected into the channel, and images were
recorded immediately for 5 min. iPM intensity is determined as the mean
intensity of a 3 x 3-pixel area around the maximum intensity pixel, after
subtraction of mean background intensity.

Cell Culture and Exosomes Isolation. Human lung cancer A549 cells (American
Type Culture Collection, ATCC) were maintained in Dulbeco’s modified es-
sential medium (HyClone; GE Healthcare) culture medium supplemented
with exosome-depleted 10% FBS (Invitrogen, Thermo Fisher Scientific) and
1% (vol/vol) penicillin-streptomycin (Invitrogen, Thermo Fisher Scientific).
Cancer cells were incubated in a humidified incubator (Thermo Fisher Sci-
entific) at 37 °C with 5% CO, for 72 h. We collected the cell culture medium
by centrifugation at 4,000 x g for 10 min to remove the cells. The super-
natant was further centrifuged at 10,000 x g for 10 min to remove cell
debris. After filtering using a 0.22-um membrane filter (Millipore), the su-
pernatant was further ultracentrifuged at 100,000 x g for 90 min at 4 °C to
retain the precipitated pellets of extracellular vesicles (EVs). The EV pellets
were washed with 30 mL PBS once, and precipitated by a second ultracen-
trifugation at 100,000 x g for 90 min at 4 °C, and then supernatant was
discarded. The purified EV was redispersed in 1x PBS solution (pH = 7.4) for
use. Bio-TEM images were obtained by 120-kV TEM (Tecnai G2 SpritBiotwin).
Size distribution was analyzed using a NanoSight NS300 instrument
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(Malvern Instruments Ltd.). The zeta potential was tested using Zetasizer ZSP
(Malvern Instruments Ltd.).

Fluorescence Imaging of Exosomes. To label the lipid membrane of exosomes,
DilCyg(3) (AT Bioquest) was diluted with PBS to a concentration of 5 mM, and
mixed with exosome samples at a ratio between DilC18(3) molecules and
exosomes of ~100:1. A laser source at 561 nm (300 mW; Olympus Optical
System) coupled with optical fiber was used for fluorescence excitation. To
minimize out-of-focus fluorescence from medium, the excitation light was
introduced at a highly inclined angle around 53° through the total internal
reflection fluorescence module. Emitted fluorescence signals were collected
with a 405-/488-/561-/640-nm filter set (Chroma). The exposure time of the
CMOS camera was set to 5 s for optimized contrast. Pseudocolor was added
to the fluorescent image with Image J software.

Surface Modification. The Au chip was rinsed with deionized water and
ethanol, and then blown dry with nitrogen gas. The chip was then further
cleaned with hydrogen flame and immediately submerged into 10 mM HS-
PEG-NH, (M, 10,000 Da; Nanocs) water/ethanol (1:1) solution for positive-
charge modification, or 10 mM 3-Mercaptopropionic acid (Sigma-Aldrich)
water/ethanol (1:1) solution for negative-charge modification, or 1 mM (1-
Mercapto-11-undecyl)hexa(ethylene glycol) (Sigma-Aldrich) for PEG coating.
After overnight incubation at room temperature, the chip was rinsed with
deionized water and ethanol, and then blown dry with nitrogen gas.

Antibody Coating. Mouse monoclonal CD63 antibody was purchased from
NOVUS. The monoclonal antibody was bound onto the Au surface using a
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modified N-ethyl-N'-(3-(dimethylamino)propyl)carbodiimide (EDC) and N-
hydroxysuccinimide (NHS) reaction (31). The Au surface was treated by trace
oxygen plasma for 5 min, and then immediately immersed in 0.1 mg/mL
mercapto acetic acid solution for carboxylation for 20 min. The chip was
rinsed with PBS buffer, and then activated in 1 mL molar equivalent of NHS
and EDC Mes buffer (pH = 5.5) solution for 30 min at 37 °C. Following the
activation of carboxyl groups, the chip was incubated in 4 pg/mL of the
Monoclonal CD63 antibody PBS buffer solution at 37 °C in the dark over-
night. The chip was rinsed twice with PBS buffer to remove unbound anti-
body before use.

Preparation of Cationic Liposome Particles. Cationic liposomes were prepared
according to a method described elsewhere (32). N-[1-(2,3-dioleoyloxy)pro-
pyll-N,N,N-trimethylammonium chloride (DOTAP) and 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) were purchased from Lipids, GmbH. In brief,
the dichloromethane mixture solution of 1 mg DOTAP and 1.2 mg DOPE was
removed from the solvent, formed the lipid film with the help of rotary
evaporation for 6-8 h at 30 °C, and the film was hydrated with PBS (1x, pH = 7.4)
buffer with ultrasonication for 30 s. The resulting suspension was incubated
at 37 °C for 1 h and extruded through a polycarbonate membrane with pore
sizes of 100 nm (Whatman) 30 times.
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