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ABSTRACT Optical imaging of nanoscale objects, whether it is based on SEM

Cell Phone

scattering or fluorescence, is a challenging task due to reduced detection signal-to-
noise ratio and contrast at subwavelength dimensions. Here, we report a field-
portable fluorescence microscopy platform installed on a smart phone for imaging
of individual nanoparticles as well as viruses using a lightweight and compact
opto-mechanical attachment to the existing camera module of the cell phone. This

hand-held fluorescent imaging device utilizes (i) a compact 450 nm laser diode
that creates oblique excitation on the sample plane with an incidence angle of
~75°, (ii) a long-pass thin-film interference filter to reject the scattered excitation light, (iii) an external lens creating 2 < optical magpnification, and (iv) a
translation stage for focus adjustment. We tested the imaging performance of this smart-phone-enabled microscopy platform by detecting isolated 100 nm
fluorescent particles as well as individual human cytomegaloviruses that are fluorescently labeled. The size of each detected nano-object on the cell phone
platform was validated using scanning electron microscopy images of the same samples. This field-portable fluorescence microscopy attachment to the cell
phone, weighing only ~186 g, could be used for specific and sensitive imaging of subwavelength objects including various bacteria and viruses and,
therefore, could provide a valuable platform for the practice of nanotechnology in field settings and for conducting viral load measurements and other

biomedical tests even in remote and resource-limited environments.

KEYWORDS: cell phone microscopy - fluorescence imaging - single nanoparticle - single virus imaging

ptical imaging of single nanoparti-

cles has become increasingly im-

portant for various fields such as
nanoscience and biomedicine."” With the
recent advances in light microscopy tech-
niques, individual nanoparticles as small
as a few nanometers have been visualized
by a number of imaging methods, such as
photothermal imaging,® interferometric**
and dark-field scattering microscopy,®”
among others.®® However, conventional
imaging methods used for the detection
of isolated subwavelength particles all rely
on relatively sophisticated and expensive
microscopy systems, which also involve high
numerical aperture (NA) objective lenses
and other bulky optical components, with
a small imaging field-of-view (FOV) of
<0.2 mm? We have recently demonstrated
a lens-free holographic imaging technique
which can detect sub-100 nm particles
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across a large FOV of >20 mm?; on the other
hand, this approach relies on bright-field
coherent imaging and is not applicable to
a fluorescent specimen due to the lack of
sufficient spatial and temporal coherence.’

Here we demonstrate a compact and light-
weight opto-mechanical attachment to the
existing camera module of a smart phone
for detection of individual fluorescent nano-
particles and viruses. This field-portable fluo-
rescent imager on the cell phone involves
a compact laser-diode-based excitation at
450 nm that illuminates the sample plane
at a high incidence angle, a long-pass (LP)
thin-film interference filter, an external low
NA lens, and a coarse mechanical translation
stage for focusing and depth adjustment (see
Figure 1). The oblique illumination light on
the sample plane is by and large missed by
the low NA of the external collection lens, and
only the scattered excitation beam needs to
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Figure 1. (a—d) Photographs and schematics of our cell-
phone-based fluorescence microscope. The screen of the
cell phone in (a) shows the fluorescence image of 1 um
diameter green fluorescent beads. A back view of the same
cell phone attachment is shown in (b), and its schematic
illustration is provided in (c). Ray-tracing diagram of the cell
phone microscope is shown in (d), where excitation and
scattered beams are indicated with solid blue rays, while the
fluorescent emission is highlighted with solid green rays.

be blocked through the LP filter, creating a very
efficient background rejection mechanism that is nec-
essary to isolate the extremely weak fluorescent signal
arising from individual nanoparticles or viruses. The
same low NA imaging system is also useful for reducing
the alignment sensitivity to depth of field, such that a
coarse mechanical translation stage would be suffi-
cient to focus the cell phone microscope to the sample
plane even in field conditions.

We tested the imaging performance of this smart-
phone-based fluorescent microscopy platform using
100 nm fluorescent particles as well as labeled human
cytomegaloviruses (HCMV)—a virus type that is known
to cause significant morbidity and mortality in
immunocompromised patients.'® To make sure that
indeed single nanoparticles or viruses are detected,
each sample was also imaged by scanning electron
microscopy (SEM) to validate our cell-phone-based
imaging results. These results constitute the first time
that a cell-phone-based field-portable imaging plat-
form has been able to detect single viruses or deeply
subwavelength objects. We believe that the new imag-
ing performance reached through this work would
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provide a complementary addition to various other
cell-phone-based microscopy, sensing, and diagnos-
tics tools,”" ~2® which might provide new opportunities
for the practice of nanotechnology in telemedicine and
point-of-care (POC) applications, among others.

RESULTS AND DISCUSSION

Hand-Held Fluorescence Microscopy on a Cell Phone. We
created a field-portable, mechanically robust, and
functional opto-mechanical attachment to the existing
camera module of a smart phone that integrates multi-
ple components such as the excitation light source,
power unit, sample holder, focusing stage, and imag-
ing optics including, for example, an external lens (focal
distance, f; =4 mm) and a thin-film interference-based
LP filter (Figure 1a,b).

Some of the major challenges for field-portable
imaging of individual nanoscale fluorescent particles/
objects on a cell phone microscopy platform are related
to the weak fluorescent signal arising from such small-
scale objects in addition to the noise background
created by the excitation light leakage and detection
noise. To overcome some of these signal-to-noise ratio
(SNR)-related limitations, a high-power compact laser
diode (75 mW) was installed as the excitation source to
illuminate the sample plane with a rather high inci-
dence angle of ~75° (Figure 1c). This oblique illumina-
tion angle is very important to reduce the background
noise in our fluorescent cell phone images as also
illustrated in the ray-tracing simulation of our cell
phone fluorescence microscope (see Figure 1d). The
directly transmitted excitation light (dashed blue rays,
Figure 1d) is missed by the low NA detection optics,
except for the scattered photons that are mapped onto
the cell phone sensor array (solid blue rays). To further
clean the background noise and get rid of such scat-
tered excitation photons, we also employed a thin-film-
based LP filter with a blocking wavelength of 500 nm
and a sharp transmission slope which strongly attenu-
ates shorter wavelengths, such as the scattered excita-
tion light (Supporting Information Figure S1a). This
combination of high-angle excitation illumination
and high-performance LP filter enabled us to achieve
a very high contrast on the cell phone microscope that
is required for imaging of isolated fluorescent nano-
particles and viruses (Figure 1d).

During our imaging experiments, air-dried samples
(fluorescent particles or fixed viruses) were supported
by a cover glass (18 x 18 mm, 150 um thickness) and
were held by a movable sample tray that is inserted
to the cell phone opto-mechanical attachment from
the side (Figure 1b). Liquid samples can also be imaged
on the same cell phone microscopy platform using
disposable microfluidic devices or simply between
two cover glasses that are sealed. The sample chamber
and the laser source are integrated on an adjustable
platform which is coupled to a miniature dovetail stage
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Cell Phone

0.6 mm

Figure 2. Imaging of 100 nm fluorescent particles on the cell phone. (a) Cell phone fluorescence image of 100 nm PS
nanoparticles detected over an area of 0.6 mm x 0.6 mm. (b,c) Enlarged ROIs from the dashed squares in (a). (d,e) SEM images
that correspond to the dashed boxes in (b) and (c), respectively. (f—h) High-magnification SEM images of individual
fluorescent nanoparticles as indicated by the solid boxes in (d) and (e).

for focus adjustment along the z direction. This opto-
mechanical attachment also serves as a light shield unit
which protects the users from exposure to our excita-
tion laser (75 mW) and permits highly sensitive fluo-
rescence imaging experiments to be conducted even
in the presence of strong ambient light.

Single-Nanopartidle Imaging Experiments. The perfor-
mance of our cell phone fluorescence microscope
was first tested by imaging fluorescent polystyrene
(PS) beads with different sizes (ranging from 10 um
down to 100 nm; see Figure S2). Figure 2a shows a
typical fluorescence image of 100 nm fluorescent
particles obtained by our cell phone microscope with
an exposure time of 0.5 s. Two representative regions
of interests (ROIs) are also highlighted by dashed white
boxes and enlarged in Figure 2b,c, respectively. The
brighter and bigger spots in these images are attrib-
uted to the clustering of nanoparticles (see, for exam-
ple, Figure 3), whereas single 100 nm particles appear
to be weaker and smaller, as shown in the dashed
boxes in Figure 2b,c. The detection of isolated 100 nm
particles on our cell phone microscope was indepen-
dently validated by imaging the same regions of our
samples with SEM: Figure 2d,e illustrates SEM images
that correspond to the same ROIs within the dashed
boxes in Figure 2b,c, respectively. Three individual
nanoparticles are shown in solid boxes (Figure 2d,e),
and higher-magnification SEM images indicate that
the sizes of these particles are 102, 95, and 105 nm,
respectively (Figure 2f—h).

We further validated that the detected signals on
our cell phone images were indeed due to fluores-
cence (but not due to scattering of excitation light) by
mixing nonfluorescent PS particles with fluorescent
samples of comparable sizes and imaging the mixture
of these particles both with (w/) and without (w/0) the
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LP emission filter. Specifically, T um fluorescent parti-
cles were mixed with 1 um nonfluorescent ones, and
500, 250, and 100 nm fluorescent particles were mixed
with 500 nm nonfluorescent particles. The color of the
fluorescent nanoparticles imaged on our cell phone
microscope was green when the emission filter was
used, and it turned to blue immediately after removal of
the emission filter (first and second rows in Figure S2).
Through these experiments, we confirmed that the
nonfluorescent particles in these mixtures (see the red
arrows in Figure S2) do not appear in our cell phone
images when the LP emission filter is used, clearly
indicating that the detected signals on our cell phone
images were indeed due to fluorescent emission, but
not a result of scattering-related leakage of the excita-
tion beam.

The brightness of 100 nm fluorescent particles that
we imaged using our cell phone microscope was also
characterized by a conventional confocal microscopy
setup that is equipped with a hybrid photon-counting
detector. To correlate the brightness of the fluores-
cence signal with the cluster size (n) of the fluorescent
nanoparticles, the same sample of interest was imaged
by our cell phone fluorescence microscope (Figure 3a),
the photon-counting confocal microscope (Figure 3b),
and an SEM (Figures 3c—i), sequentially. Cell phone
fluorescence image depicts a heterogeneous distribu-
tion of fluorescence intensity which can be attributed
to the formation of different sized nanoparticle clusters
(Figure 3a). The photon-counting map shown in
Figure 3b for the same sample illustrates a brightness
distribution (expressed in photon counts per second,
or cps) that matches very well to our cell-phone-based
imaging results. The formation of nanoparticle clusters
as well as the relationship between cluster size (n) and
the brightness of signal was further validated by SEM;
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Figure 3. Brightness of 100 nm fluorescent particles characterized by photon counting. (a) Cell phone fluorescence image of
100 nm PS particles. (b) Photon-counting map that corresponds to the dashed area in (a), measured using a confocal laser
scanning microscope. Note that the excitation conditions in (a) and (b) are different, which means the absolute photon count
per second per particle might exhibit differences between the two images. (c) SEM image of the same area of photon-
counting map shown in (b). (d—i) High-magnification SEM images of nanoparticle clusters highlighted in (c). (j) Correlation of
the fluorescent photon counts per second per object as a function of the cluster size. (k) Fluorescent photon count
distribution of single 100 nm particles (measured using 60 nanoparticles).

Figure 3c shows an SEM image of the same region as in
Figure 3b and the dashed white square of Figure 3a.
Higher-magnification SEM images (Figure 3d—i) reveal
that four of these particles are single 100 nm particles
(n=1, Figure 3e—h), oneis a tetramer (n = 4, Figure 3d),
and one is a trimer (n = 3, Figure 3i). As expected,
the nanoparticle clusters (n = 2, e.g., Figure 3d,i) are
brighter than the individual nanoparticles (n = 1, eg.,
Figure 3e—h) as also validated in both our cell phone
fluorescence image (dashed region of Figure 3a) and the
photon-counting map (Figure 3b). Quantitatively, the
photon count per second for fluorescent nanoparticles
is found to be linearly proportional to the size of the
clusters with a fitting coefficient of 0.94 (see Figure 3j).
For single 100 nm particles only, a brightness distribu-
tion is also shown in Figure 3k, revealing a mean fluores-
cent photon count of 2.07 x 10® cps. Previous studies
have reported that a single fluorophore such as fluores-
cein or Alexa 488 exhibited a fluorescence emission
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rate on the order of 10° cps.?’~2° This suggests that
there are approximately a few thousand fluorescein
molecules embedded in a single 100 nm PS particle.
However, note that the excitation and photon collection
conditions in different experimental setups vary, which
means the absolute photon count per second per
particle might differ between differentimaging systems.

In our cell phone microscopy platform, isolated
100 nm fluorescent particles can be readily detected
over an area of 0.6 mm x 0.6 mm (Figure 2a), which,
however, is smaller than the full FOV of our imaging
platform (i.e,, ~3 mm x 3 mm). This relative reduction
in our imaging FOV is due to the small spot size of our
excitation laser beam (~1.8 mm in diameter) as well as
the aberrations of the low NA imaging optics installed
on our cell phone microscope. A measurement of the
two-dimensional (2D) laser illumination profile on the
sample plane shows that the excitation intensity drops
rapidly at a distance that is larger than 0.3 mm away
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Figure 4. Spatial resolution test of the cell phone fluorescence microscope. (a) Transmission image of a resolution test target
captured by a conventional microscope with a 10x objective lens (0.25 NA). (b) Same test target imaged by our cell phone
microscope. (c) Deconvolved cell phone microscope image; isolated 100 nm fluorescent particles were used to estimate the
point spread function of our microscope. (d—i) Line intensity profiles corresponding to the scanning lines in (b) and (c). Solid
blue and dashed red lines are obtained from the green channel of the cell phone microscope image, before and after the

Lucy—Richardson deconvolution, respectively.

from the center of the illumination area (Figure S1b).
As a result of this, 100 nm fluorescent particles located
outside of this 0.6 mm wide region are not excited
efficiently. However, for larger sized objects which
have stronger fluorescence emission and are less
sensitive to imaging and focusing conditions, the
object FOV can be significantly larger, reaching the
entire 3 mm x 3 mm.

The spatial resolution of our cell phone fluores-
cence microscope was also characterized using a
resolution test target fabricated by etching 200 nm
thin gold—chromium (Au/Cr) film on a glass slide via

e-beam lithography. This resolution target consists of
various line patterns which have equal line widths and
gap distances (ranging from 1.5 to 2.0 um). Figure 4a,b
shows the transmission images of this resolution test
target acquired by a conventional microscope (10x
objective lens, 0.25 NA) and our cell phone microscope,
respectively. To mimic our fluorescence experiments,
the illumination wavelength for these resolution tests
was set to green (520 nm). Figure 4c depicts a decon-
volved cell phone microscope image based on the
Lucy—Richardson deconvolution algorithm*°*' and a
2D point spread function (PSF) that is estimated using
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Figure 5. Single-virus imaging on the cell phone. (a) Cell phone fluorescence image of Alexa-488-labeled HCMV particles;
2 um red fluorescent beads were used as location markers for SEM comparison images. (b,c) SEM images of the regions
corresponding to the dashed boxes in (a). (d) Enlarged view of the boxed area in (b). (e—h) High-magnification SEM images of
individual HCMV particles highlighted by the solid boxes in (c) and (d). The same isolated viral particles are also highlighted

within the inset fluorescence images of (a).

isolated 100 nm fluorescent particles. Line intensity
profiles of 1.6, 1.7, and 1.8 um bars before (solid blue
curves) and after deconvolution (dashed red curves)
are shown in Figure 4d—i. Even before Lucy—
Richardson deconvolution is applied, our cell phone
microscope was able to resolve 1.7 um bars along both
the horizontal and vertical directions, as well as 1.5 um
bars along the horizontal direction (Figure 4d—g). After
deconvolution, 1.6 um bars along the vertical direction
(Figure 4d) and 1.5 um bars along the horizontal
direction were better resolved.

Single-Virus Imaging Experiments. To further demon-
strate the imaging performance of our cell-phone-based
fluorescent microscope, we also imaged individual
HCMV particles. HCMV is a member of the herpes virus
family that causes severe mortality especially inimmuno-
compromised patients.’ It is also one of the leading
causes of virus-associated birth defects, such as mental
retardation and deafness.'® HCMV virus particle consists
of genome, capsid, tegument, and a lipid bilayer
envelope with an overall particle size ranging from

WEI ET AL.

150 to 300 nm in diameter.3? To label intact HCMV
particles, we first targeted glycoprotein B (gB) molecule,
which is one of the most abundant glycoproteins on
the virus envelope® with anti-gB primary antibody, and
then labeled the virions with Alexa-488-conjugated
secondary antibody (refer to the Methods section for
further details). Conventional fluorescence microscopy
confirmed the successful fluorescent labeling of HCMVs
on glass slides (see Figure S3b,d), whereas our control
samples containing only primary and secondary anti-
bodies did not show significant fluorescent back-
grounds (Figure S3a,c). For cell-phone-based detection
of single viruses, fluorescence images of labeled HCMV
samples were acquired under similar imaging condi-
tions as fluorescent nanoparticles. A representative
cell phone fluorescent image of labeled HCMV particles
is shown in Figure 5a, where red fluorescent PS beads
(2 um in diameter) were added to provide location
markers for SEM comparison, as also detailed in our
Methods section. Two different ROIs containing isolated
viral particles are highlighted with the dashed white

VOL.7 = No.10 = 9147-9155 = 2013 ACINJAN(C)

WWww.acshano.org

9152



- " Cell Phone 100
T 80

60

40

350 4 Single viruses

N N
o
=3
2

-

[=3

o
1

Aggregates

T—Fmﬁi;—hr—_

0 +—— T u T T T T T
10 20 30 40 50 60 70 80 90

Cellphone Virus Counts
o @
o o

Intensity (a. u.)

‘n ‘e /jaduadsaion|4

Cellphone Virus Density

b
o

Photon counts

N W
(4}

P N
o
sda ,0 X / sjuno) uojoyd

-

o
o

o

L]
L]

10° 10 10° 10° 10
Virus Concentration (PFU/mL)

Figure 6. Fluorescent signal intensity comparison for HCMV particles. (a) Cell phone fluorescence image of labeled HCMV
particles at an incubation concentration of 107 PFU/mL. (b) Photon-counting map corresponding to the dashed area in (a),
measured using a confocal laser scanning microscope. Note that the excitation conditions in (a) and (b) are different, which
means the absolute photon count per second per particle might exhibit differences between the two images. (c) Distribution
of the intensity of the labeled HCMV particles in the cell phone fluorescent images. (d) Cell-phone-based virus density
measurements (counts/mm?) plotted against different virus incubation concentrations (103, 10%, 10°, 105, and 107 PFU/mL).
Three independent measurements for each concentration were performed.

boxes as well as the insets in Figure 5a, and their cor-
responding SEM images are also shown in Figure 5b,c,
respectively. Figure 5d is an enlarged SEM image taken
from the dashed area in Figure 5b. The green fluorescent
dots highlighted by the dashed boxes and the insets in
Figure 5a were thus confirmed by the high-magnification
SEM images to be single virus particles, as shown in
Figure 5e—h. According to our SEM measurements, the
size of each HCMV particle varied between 159 and
272 nm, which provides a decent match to the previous
reports on HCMV.2

The detection of single fluorescently labeled virus
particles is challenging due to the low fluorophore
labeling density per virus particle. Our photon-counting
analysis suggests that the brightness of labeled HCMV
particles is approximately an order of magnitude
weaker (10 cps, Figure 6b) than that of individual
100 nm fluorescent particles (10® cps, Figure 3b). This
implies that a labeling density on the order of a few
hundred fluorophores per virus particle was achieved
through our surface marker labeling strategy. The
fluorescence signal of labeled virus particles detected
using our cell phone microscope also displayed a broad
distribution as revealed by single-particle analysis
shown in Figure 6c. The major peak at the low-intensity
region (a.u. < ~30) can be attributed to isolated virus
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particles, whereas the distribution with higher fluores-
cent intensities is due to virus aggregates (Figure 6c).
We also measured the density of virus particles (counts/
mm?) using our cell phone images which, as desired,
exhibited a strong dependence on the initial incubation
concentration (PFU/mL) of virus solutions (Figure 6d).
Our control sample (without any virus particles but
only treated with primary and secondary antibodies)
displayed an averaged fluorescent spot density of
12.7 4 0.8 counts/mm?. After subtracting this back-
ground value, our samples incubated with 103, 10%, 10°,
10% and 107 PFU/mL of HCMV particles yielded cell-
phone-based viral density measurements of 3.9 + 2.9,
149 + 3.0,34.2 + 10.2, 65.2 + 5.2, and 112.3 £+ 19.2
counts/mm?, respectively (Figure 6d), which demon-
strates the correlation between our cell-phone-based
virus density measurements (i.e., counts/mm?) and the
initial incubation concentration of the viral load (i.e.,
PFU/mL).

These imaging results constitute the first time that
a cell-phone-based field-portable microscopy platform
has detected isolated/individual viruses and nanoscale
fluorescent objects. This new imaging performance
presented in our work should provide a complemen-
tary addition to other cell-phone-based microscopy,
sensing, and diagnostics tools, enabling various new
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nanotechnology applications for especially telemedi-
cine and point-of-care testing/analysis.

CONCLUSIONS

We demonstrated a field-portable fluorescence
microscopy platform installed on a smart phone for
imaging of single nanoparticles and viruses. The design
of this hand-held fluorescence imaging device installed
on the cell phone includes a 450 nm laser diode, a LP
thin-film interference filter, alow NA external lens, and a
translation stage for focusing. Our imaging device over-
comes SNR limitations by utilizing (i) a high-power
excitation source to enhance the fluorescence

METHODS

Opto-Mechanical Design of the Cell Phone Microscope Attachment.
The three-dimensional (3D) opto-mechanical attachment to our
cell phone (PureView 808, Nokia) was designed using Inventor
software (Autodesk) and built by a 3D printer (Elite, Dimension).
A compact blue laser diode (eBay) that was mounted ona 12 x
30 mm copper module (also used as a heat-sink) was used as
the excitation light source and powered by three AAA batteries.
The laser diode provides a narrow-band excitation centered at
450 nm (fwhm = 2 nm) with a total output power of ~75 mW.
The spectrum and optical power of this laser diode were
measured by a HR2000+ spectrometer (Ocean Optics) and
PM100 optical power meter (Thorlabs), respectively. The sample
slide of interest was illuminated by this blue laser diode with a
75° incidence angle, and its position was controlled using a
miniature dovetail stage (DT12, Thorlabs) for focus adjustment.
The fluorescence emission from the specimen was collected
by an external lens (f; = 4 mm) and was separated from the
excitation light by using a 2 mm thick 500 nm long-pass thin-
film interference filter (FFO1-500/LP-23.3-D, Semrock) that was
positioned after the sample (see Figure 1d). Magnified fluor-
escent images of the specimen were formed using both the
external lens and the built-in lens (f, = 8 mm) of the cell phone
camera and were recorded by the CMOS sensor chip (7728 x
5386 pixels, pixel size = 1.4 um) embedded on the cell phone.

Preparation of the Fluorescent Particle Samples. Green fluorescent
polystyrene (PS) particles (excitation/emission: 505/515 nm)
with various sizes (0.1, 0.25, 0.5, 1, 2, 4, and 10 um) were
obtained from Invitrogen. For imaging isolated particles, the
samples were diluted 10°—10° times in deionized (DI) water.
Glass coverslips (18 x 18 mm, No. 1, Thermo Fisher) were rinsed
sequentially with acetone, isopropyl alcohol, methanol, and DI
water and dried by nitrogen blow. Cleaned coverslips were
further treated by plasma (BD-10AS, Electro-Technic Products,
Inc.) for a duration of 5—10 s to hydrophilize the surface. Finally,
2 ul of diluted solution was pipetted onto the treated glass
coverslips and dried at room temperature (RT) before imaging.

Fluorescent Labeling of Human Cytomegaloviruses (HCMVs). For
immobilization of HCMV particles, glass coverslips (9 x 9 mm,
No. 1, Electron Microscopy Sciences) were washed and dried as
previously described. The surface of each glass substrate was
functionalized with amino groups by immersion in 2% (v/v)
solution of 3-aminopropyltriethoxysilane (Sigma) in acetone for
10 min at RT. Coated slides were rinsed thoroughly with acetone
and DI water and allowed to dry in nitrogen blow. Then, 250 uL
of cell-culture supernatant containing HCMV viruses at various
concentrations ranging from 10° to 10 plaque forming units
per mL (PFU/mL) was seeded onto each amine-functionalized
glass slide in a 24-well plate overnight. The culture medium was
then removed, and the virus particles were fixed and immobi-
lized onto glass substrates by treating with cross-linking buffer
containing 2% paraformaldehyde (Sigma) and 0.1% glutaralde-
hyde (Sigma) in phosphate buffered saline (PBS) for 2 h.
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emission, (ii) a high illumination angle, and (iii) a
thin-film interference filter to reduce/suppress the back-
ground noise. We tested the performance of our cell
phone microscope by detecting individual 100 nm
fluorescent particles as well as single HCMVs that are
fluorescently labeled. Given its high sensitivity and field-
portability, our cell-phone-based fluorescence imaging
platform could be useful for specific imaging of various
fluorescently labeled specimen such as bacteria and
viruses in field settings. Therefore, it holds significant
promise for various point-of-care applications such as
viral load measurements or other biomedical tests con-
ducted in remote or resource-limited environments.

Excess cross-linkers were quenched by Tris buffered saline
(TBS, 500 mM Tris) for 30 min. These substrates were then
blocked from nonspecific protein—protein interactions using
the blocking buffer containing 3% bovine serum albumin (BSA),
10% fetal bovine serum (FBS), and 0.1% TritonX-100 in TBS for
1 h. The glass slides that contained immobilized viral particles
were then washed with TBS (50 mM Tris) three times and
followed by incubation with mouse monoclonal antibody
(CH446, Virusys Corp) against HCMV glycoprotein B at 10 xg/mL
for 1 h. Unbound antibodies were removed by washing three
times with TBS (50 mM Tris). The sample slides were further
incubated with 2 ug/mL of Alexa-488-conjugated secondary anti-
body against mouse IgG for 1 h and washed three times with TBS
(50 mM Tris). Finally, the labeled virus slides were dried by nitrogen
blow. On each slide, to provide location markers, we also added
2 um diameter red fluorescent PS particles (excitation/emission:
580/605 nm; from Invitrogen) which helped us to better define
regions of interest and search for the specific locations that contain
isolated viral particles within our large field of view so that we can
compare our cell-phone-based fluorescent imaging results against
SEM images.

Photon-Counting Microscopy. The brightness of 100 nm fluores-
cent particles and Alexa-488-labeled HCMV virus particles was
independently characterized by using a confocal laser scanning
microscope (TCS SP8, Leica) equipped with a high NA objective
(HCX PL APO CS 63x/1.40 oil) and a hybrid detector (HyD, Leica)
that is capable of recording photon streams. Photon-counting
maps (512 x 512 pixels) were collected using 488 nm laser
excitation and a 510—560 nm band-pass emission filter.
The laser beam was scanned at a rate of 1.2 us/pixel with 8
accumulated scanning per line, resulting in an effective pixel
dwell time of 9.6 us/pixel.

SEM Comparison Experiments. An FEI Nova 600 instrument
operating at 10 kV was used to validate the size of individual
nanoparticles or viruses imaged on our cell-phone-based
fluorescent microscope. After imaging with the cell phone
microscope, all the sample slides were sputtered with gold
conductive layer for 60 s before SEM imaging experiments were
performed.
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