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O
ptical methods for imaging single
biomolecules allow for exploration
of their individual behavior and

properties at nanoscale, which not only
significantly advance our knowledge of mo-
lecular biology and biophysics but also pro-
vide various diagnostics opportunities for
biomedical applications.1�13 Imaging of
single DNA molecules has been of particu-
lar interest as various diseases including
cancer and neurological disorders such as
Alzheimer's disease are associated with
genomic alterations, including for example
copy-number variations (CNVs).14,15 High
spatial resolution and nondestructive nature
of optical imaging methods are especially
attractive for probing DNA�protein inter-
actions16 or mapping genetic information
from individual DNA molecules.17 These
research and development efforts, how-
ever, have been mostly limited to advanced
laboratory facilities using relatively costly,

complex and bulky imaging set-ups, in-
cluding for example confocal fluorescence
microscopy,18 super-resolutionmicroscopy,19

or label-free plasmonic imaging.20 Transla-
tion of these and other existing imaging
techniques to field-portable, cost-effective
and high-throughput instruments would
open up a myriad of new applications in,
e.g., point-of-care (POC) medicine, global
health and diagnostics fields, among others,
and would also positively impact research
and educational efforts in developing coun-
tries and resource-limited institutions, help-
ing the democratization of advanced scien-
tific instruments and measurement tools.21

For this broad aim, mobile phones and
other consumer electronics devices, includ-
ing, e.g., tablet PCs and wearable compu-
ters, have been emerging as powerful
platforms to create cost-effective, portable
and readily accessible alternatives to some
of the advanced biomedical imaging and
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ABSTRACT DNA imaging techniques using optical microscopy

have found numerous applications in biology, chemistry and physics

and are based on relatively expensive, bulky and complicated set-ups

that limit their use to advanced laboratory settings. Here we

demonstrate imaging and length quantification of single molecule

DNA strands using a compact, lightweight and cost-effective fluores-

cence microscope installed on a mobile phone. In addition to an

optomechanical attachment that creates a high contrast dark-field

imaging setup using an external lens, thin-film interference filters, a

miniature dovetail stage and a laser-diode for oblique-angle excitation, we also created a computational framework and a mobile phone application

connected to a server back-end for measurement of the lengths of individual DNA molecules that are labeled and stretched using disposable chips. Using

this mobile phone platform, we imaged single DNA molecules of various lengths to demonstrate a sizing accuracy of <1 kilobase-pairs (kbp) for 10 kbp and

longer DNA samples imaged over a field-of-view of ∼2 mm2.
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measurement tools.22�30 Especially mobile phones
have been experiencing massive advances in their
optical imaging hardware, approximately doubling
their space-bandwidth product every two years over
the last∼10�15 years, recently reaching to more than
40 million pixels in their digital camera systems. In
addition to their advanced optical interface, the com-
putational power (now also including Graphics Proces-
sing Units, GPUs), data connectivity, massive volume
(with >7 billion subscribers) and cost-effectiveness of
mobile phones make them an ideal platform for con-
ducting various advanced biomedical experiments and
tests, including, e.g., blood analysis, measurement of
analytes in bodily fluids, flow-cytometry, among var-
ious others.21,31�44 Despite all of these recent advances
and progress, imaging of single DNA molecules on
a mobile phone device could not be achieved until
this work, leaving it as one of the major remaining
milestones in mobile phone based imaging and micro-
analysis systems, mostly due to extremely weak signal-
to-noise ratio (SNR) and limited contrast of single mole-
cule samples in optical part of the electro-magnetic
spectrum.
In this article, we report the first demonstration of

mobile phone based imaging and length quantifica-
tion of individual DNAmolecules using a field-portable
and cost-effective optomechanical attachment that is
created with additive manufacturing and integrated
onto the existing camera module of a smart-phone
(Figure 1a,b). This mobile microscopy unit, which

weighs less than 190 g (including three AAA batteries),
utilizes a compact laser-diode (450 nm, 75 mW) to
excite fluorescently labeled molecules at a high-
incidence angle of ∼75�. When combined with thin-
filmbased interferencefilters, thismodule creates a very
strong dark-field performance, significantly suppres-
sing the background noise created by the high-power
excitation beam (Figure 1b). The same optomechanical
unit also contains a miniature dovetail stage for depth-
of-focus adjustment and an external lens (taken from
another mobile phone camera) forming a magnified
image of the fluorescent specimen onto the CMOS
sensor-chip of the phone (Figure 1b). This lightweight
attachment to the mobile phone, including all of its
parts, costs approximately $400, which is significantly
cheaper than a conventional benchtop fluorescence
microscope; furthermore, the cost can be considerably
reduced with large volume manufacturing. In addition
to this compact and cost-effective fluorescent micro-
scopy unit, we have also created a computational
interface that is composed of aWindows-basedmobile
application (Figure 1a) running on the same phone for
communication of our raw images with a custom-
designed back-end server application for digital pro-
cessing of the acquired fluorescent images to rapidly
quantify the length of each DNA strand by fitting the
cellphone microscope's two-dimensional (2D) point-
spread-function (PSF) to the measured fluorescent
signatures. The results of this DNA detection and
length measurement process can be visualized both

Figure 1. Imaging and sizing of single DNA molecules on a mobile phone. (a) Photographs of the mobile phone based
fluorescence microscopy platform for single DNA molecule imaging and sizing. We also created a Windows-based smart
application running on the samemobile phone that can transfer images from the phone to a custom-designed remote server
and display the received DNA analysis results back on the screen of the phone. More screenshots of the same application are
also provided in Figure S5. (b) A 3DAutoCAD illustration of the sameoptomechanical attachment. (c) Schematic illustration of
a simple DNA stretching method used in this work. (d) Representative fluorescence microscope images of stretched λ DNA
molecules that are acquired by using our mobile phone microscope (left) and a benchtop fluorescence microscope with a
100� oil-immersion objective lens, NA = 1.3 (right). Scale bar, 10 μm.
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at the mobile phone screen as well as through remote
PCs (Figure 1a and Figure S5, Supporting Information).
We experimentally demonstrated the success of this

mobile phone based DNA imaging and sizing platform
using short DNA fragments with different lengths (5, 10,
and 20 kbp) and relatively long bacteriophage DNA
strands (λ and T7 DNA, 40 and 48 kbp, respectively),
which were fluorescently labeled and linearly stretched
using disposable chips, helping us achieve a length
measurement accuracy of <1 kbp for 10 kbp and longer
DNA molecules, imaged on the mobile phone over a
large field-of-view of ∼2 mm2. We should emphasize
that this level of length measurement accuracy and
throughput are sufficient for probing gene-level struc-
ture information from single DNAmolecules, and there-
fore this platform can serve as the stepping stone for
next-generation mobile biomedical analysis, sensing
and diagnostic tools, and might potentially be used in
various applications including, e.g., field and POC mea-
surements ofCNVs inhumangenome, early detectionof
cancers,45 nervous systemdisorders46 or drug resistance
in infectious diseases such as malaria.47

RESULTS AND DISCUSSION

In our experiments, mechanical stretching of DNA
molecules from coiled form into a linear shape is
achieved by quickly compressing a droplet of stained

DNA solution (3 μL) in between two coverslips to
generate a transient fluid flow (Figure 1c).48 This simple
procedure stretches theDNA fragments by utilizing the
strong shear force that is created at the silanized
bottomglass substrate (for details refer to ourMethods
section and Supporting Information). The boundary of
a DNA droplet can be observed at the center of the
bottom coverslip after stretching, which is due to the
adsorption of concentrated nonstretched DNA mol-
ecules at the liquid�air interface on the bottom cover-
slip. When compressed, DNA molecules were only
stretchedwithin the region outside the droplet bound-
ary and remained nonstretched inside (see Figure 2a).
This region of high-quality DNA stretching typically
spans over a few millimeters away from the droplet
boundary, which provides a sufficient sample area for
imaging of DNA molecules using our mobile phone
attachment over a large FOV of ∼2 mm2. Figure 1d
shows typical fluorescence images of individual DNA
molecules that are stretched by using this method and
imaged with our mobile phone based microscope as
well as a benchtop microscope having a 100� oil-
immersion objective lens (Numerical Aperture, NA =
1.3) and a cooled monochrome CCD camera (see
Supporting Information for details).
To test single DNA molecule imaging performance

of our mobile phone microscope, we initially used

Figure 2. Fluorescence microscopy of stretched DNA molecules on a mobile phone. (a) Large FOV (∼2 mm2) mobile phone
image of labeled DNAmolecules stretched on a glass substrate. This image is taken at the boundary of the initial DNA droplet
placed on the substrate, and it is averaged using 13 successive cellphone images and is displayed after background
subtraction. Inset shows a typical FOV corresponding to a 100� objective-lens. The large circular fluorescent spots that
appear in this image are 500 nm green fluorescent polystyrene beads which are added into the sample to assist depth
focusing and locationmatching (for comparison purposes). (b,d,f) Enlarged cellphone images showing single DNAmolecules
within the red boxes in (a). (c,e,g) Corresponding conventional benchtop fluorescence microscope images of the same
molecules obtained using a 100� oil-immersion objective lens (NA = 1.3) and a cooled monochrome CCD camera. Scale bar,
250 μm for (a) and 10 μm for (b�g).
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double-stranded λ bacteriophage DNA (∼48 kbp).
The sample glass substrate with combed DNA mol-
ecules of interest (as illustrated in Figure 1c) was
placed within our sample holder and inserted into
the cellphone attachment. Image acquisition for each
sample was repeated 10�15 times for the same
region of interest with an exposure time of ∼4 s per
frame; these multiple frames were then averaged to
create the final raw fluorescence image of the sample.
Figure 2a displays one of these fluorescence images
captured on our mobile phone device, showing that λ
DNA molecules are linearly stretched around the
initial droplet position and that the DNA alignment
direction is approximately perpendicular to the
boundary of the droplet. The cellphone image in
Figure 2a covers a large FOV of 1.76 mm � 1.09 mm,
and this is especially advantageous for high-throughput
imaging and sizing of a large number of DNA mol-
ecules within the same sample. Figure 2b,d,f show
some of the zoomed-in regions that are denoted with
the red rectangles in Figure 2a, which clearly illustrate
that the single DNA strands imaged on our mobile
phone attachment exhibit a comparable contrast
to the images of the same molecules obtained using
a 100� oil-immersion objective lens (NA = 1.30) and
a passively cooled monochrome CCD camera on a
conventional benchtop fluorescence microscope
(Figure 2c,e,g).

Tomeasure the lengths of individual DNAmolecules
imaged on our mobile phone based fluorescence
microscopy platform, we created an algorithm which
is summarized in Figure 3. This automated length
estimation process starts with digital alignment and
then averaging of multiple fluorescence images re-
corded on our mobile phone using the lossless digital
negative (DNG) format,49 which displays the image in a
Bayer pattern50 without any demosaicing and com-
pression steps (Figure 3a,b). This averaging step sig-
nificantly improves the SNR of our images; for example
the mean SNR of single DNA molecules (calculated for
over >350 individual DNA strands) increased from
3.8 for a single frame to an SNR of 12.1 for an average
of 10 frames (see Figures S1 and S2), following an SNR
improvement factor that is proportional to the square
root of the number of frames (n). In our experimentswe
typically averaged 10�15 successive frames to benefit
from this SNR improvement before the effects of
photobleaching were observed. The second step in
our length estimation framework involves rejection of
all the blue and red pixels in the Bayer pattern such that
only the green pixels of the image are kept, improving
the spectral overlap with the fluorescent signal band
(Figure 3c). The resulting green pixel array is then
rotated by 45 deg to form a new image where the
pixel period is “effectively” increased by

√
2 compared

to the raw image pixel pitch; this is entirely due to the

Figure 3. Flow-chart of automatedDNA length quantification algorithm. (a) Sequence ofmobile phone images of single DNA
molecules, captured in DNG format. (b) High SNR mobile phone image obtained by averaging of the sequence in (a).
(c) Formation of a green pixel only image by elimination of the blue and red pixels from the Bayer pattern in (b). Inset shows
the rotation and rearrangement of the remaining green pixels. (d) Object mask generation step (also see Figure S3).
(e) Superposition of the calculated skeleton (blue line) on a single DNA image taken from the red square in (d). (f) DNA length
estimation throughminimization of the difference between the actualmeasured edge intensity (blue line) and the theoretical
edge function (dashed line, which is calculated by using one-dimensional convolution of the cellphone PSF with an ideal
rectangular function). * denotes spatial convolution operation. (g) Estimated DNA length (red line) is superimposed onto the
calculated DNA skeleton (blue line) and its mobile phone based fluorescence image.
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fact that red and blue pixels of the raw Bayer pattern
are not used in our analysis (Figure 3c). The next step is
the generation of an object mask (see Figure 3d) for
each DNAmolecule, which is automatically implemen-
ted by using a curvature detection algorithm to isolate
the junctions of overlapping regions/masks due to
closely located DNAmolecules, significantly improving
the overall detection efficiency of DNA strands (see
Figure S3 and the Supporting Information). The fourth
step of our algorithm is to find the skeleton (blue line in
Figure 3e) of each DNA molecule through PSF fitting.
The PSF of our cellphonemicroscopewas estimated by
averaging the 2D intensity profiles of 100 nm fluores-
cent particles imaged on the same mobile device. The
PSF fitting procedure is initially applied to the short axis
of each DNA molecule to find its center. Note that this
fitting process cannot be as accurate as determining
the lateral position of a single fluorescent molecule
since (1) our PSF is estimated using 100 nm particles,
and (2) there are more than one fluorescent molecule
along the short-axis of each DNA strand; however, this
does not pose a limitation for our current mobile
microscopy design and would be important to con-
sider only for platforms that can achieve much smaller
sizing accuracy and precision. Then, the peak points of

these centers are connected to form a DNA skeleton
along the long axis direction. The next step is to find
the edges of the DNA strand along its long axis by
comparing a PSF-based theoretical edge intensity
profile with the measured intensity profile of the
cellphone image (Figure 3f). The PSF-based edge
function is digitally slided on the DNA skeleton toward
both of its ends until a minimum difference between
the theoretical and the actual edge functions was
observed. The estimated length of the stretched DNA
molecule is then indicated by a red curve that connects
both of these end points through the calculated
skeleton (see, e.g., the red string in Figure 3g). For
extremely low SNR DNA molecules, where these PSF
fitting procedures cannot be successfully applied, the
length of the molecule can also be estimated by
thresholding the measured DNA intensity profile.
To test the accuracy and precision of our cellphone-

based DNA length measurements, we used a con-
ventional benchtop fluorescence microscope with a
100� oil-immersion objective lens (NA = 1.3) and a
passively cooled CCD camera as our referencemethod.
Figure 4a,b display zoomed-in regions of the λ DNA
sample imaged on our mobile phone platform and a
conventional fluorescence microscope, respectively,

Figure 4. DNA length measurements. (a,b) Single λ DNA molecules imaged by our mobile phone device as well as a
conventional benchtop microscope (100� oil-immersion objective-lens, NA = 1.3). Red lines that are superimposed in each
image denote our length measurements for each DNA strand. Scale bar, 10 μm. (c) DNA length measurement results of our
mobile phonedevice plotted against the benchtopmicroscope results. Each oneof theseDNAmolecules (N=236) reported in
this curve has been imagedby both ourmobile phonemicroscope and a benchtop fluorescencemicroscope, providing a one-
to-one comparison between the two platforms. The red curve is a linear fit to the raw data. (d) The distribution of the length
measurement differences (Δ l) between mobile phone and microscope results, where the mean error is �0.33 μm and the
standard deviation is 1.08 μm.
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and each DNAmolecule image is superimposed with a
length profile (red line) calculated using the computa-
tional procedures outlined earlier. As illustrated in
Figure 4c, DNA length values measured on our cell-
phone platform are in decent agreement with those
obtained using the benchtop fluorescence micro-
scope. The mean error for our cellphone based length
measurement results is ∼0.33 μm or ∼0.96 kbp
(shorter) compared to benchtop microscope measure-
ments, with a standard deviation of ∼1.08 μm or
∼3.17 kbp (Figure 4d).
We also performed experiments for differentiating

five different DNA sequences that are combed, im-
aged, and measured under the same imaging condi-
tions by using our cellphone microscopy platform (see
Figures 5 and 6). In these experiments, we selected
relatively large molecular weight DNA strands, corre-
sponding to 48.5 kbp (λ DNA) and 39.9 kpb (T7 DNA),
where conventional gel electrophoresis methods
would not be able to differentiate (see, e.g., Figure S4),
as well as three shorter DNA fragments (5, 10, and
20 kbp) to demonstrate a broad sizing range (Figure 6).
Figure 5a�e show these single DNA molecules with
various lengths imaged by our cellphone microscope
(top row) and a benchtop inverted fluorescence micro-
scope equipped with a 100� objective lens (NA = 1.3)
and a cooled monochrome CCD camera (second row).
Figure 5f�j illustrate the length distributions of these
DNA samples quantified by our cellphone based imag-
ing platform as well as the conventional fluorescence
microscope. The measured number of DNA molecules

(N) is significantly less in benchtop microscope mea-
surements compared to our mobile phone results due
to much smaller FOV of the 100� objective lens (see,
e.g., Figure 2a). The average lengths (L) of the stretched
λ and T7 DNA molecules (Figure 5i,j) measured using
our cellphone were 16.31 and 14.10 μm, respectively,
whichwere ingoodagreementwith 16.64 and14.41μm
that were measured using the conventional benchtop
microscope, yielding an average length measurement
accuracy of 98.0 and 97.8%, respectively. We should

Figure 5. Length measurements of individual DNAmolecules. (a�e) Cellphone images (top row) and benchtop fluorescence
microscope images (100� obj., NA = 1.3) (second row) of 5, 10, 20, 40, and 48 kpb DNA samples, respectively. Scale bars,
10 μm. (f�j) Length histograms of single DNA molecules measured using our cellphone device (third row) and a benchtop
fluorescence microscope (bottom row), respectively. The average DNA length (L) for each histogram is calculated by
automatically fitting a Gaussian, i.e., a normal distribution, and taking themean of the fitted function (shownwith the dashed
curve for each histogram).

Figure 6. Comparison of the mean DNA lengths measured
by the cellphone (red triangle) and benchtop fluorescence
microscope (black square). Theoretical length of the fully
stretched DNA molecule was calculated based on 0.34 nm
per base pair. The full length of the error bar for each data
point represents twice the standard deviation of a normal
distribution curve that is fitted to themeasured DNA length
histograms shown in Figure 5f�j.
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reemphasize that separation and detection of large
molecular weight DNA segments are major challenges
for conventional gel electrophoresis techniques, which
work better for small DNA fragments as also illustrated
in Figure S4.
This decent agreement in our measurement results

was also observed on shorter DNA fragments (20 and
10 kbp) as illustrated in Figure 5g,h and Figure 6,
yielding an average length measurement accuracy of
96.4 and 96.9% for 20 and 10 kbp DNA samples,
respectively, compared to the benchtop microscope
measurements. These results, as summarized in
Figures 5 and 6, illustrate that for 10 kbp and longer
DNAmolecules our mobile phone platform can achieve
an average DNA sizing accuracy of <0.34 μm or <1 kbp.
On the other hand, for 5 kbp DNA samples, the average
length measured by our mobile phone based imaging
platform was considerably longer compared to the
benchtop microscope measurement results as illu-
strated in Figure 5f (L = 2.76 μm vs L = 1.66 μm,
respectively). This length measurement discrepancy
for 5 kbp DNA samples can be attributed to our
reduced detection SNR for such short DNA fragments
as well as to the limited spatial resolution of our mobile
phone, both of which can be substantially improved
by, e.g., substituting the current external lens in our
imaging design with a higher numerical aperture lens.
Further improvements in our image quality and sizing
accuracy can also be achieved by using specially
designed substrates, including for example plasmonic
metal films or nanostructure arrays, to significantly

increase the fluorescent signal of each DNA molecule
through field enhancements.

CONCLUSIONS

In conclusion, we reported the first demonstration of
imaging and sizing of individual DNA molecules on a
mobile phone microscope. This simple, field-portable,
and cost-effective fluorescent microscopy platform
installed on a mobile phone permits direct visualiza-
tion of individual DNAmolecules that are fluorescently
labeled over a large FOV of ∼2 mm2. A robust image
processing framework that is integratedwith the cloud
was also developed to overcome the SNR challenge
and allow quantitative length measurements of single
DNAmolecules imaged on ourmobile phone platform,
achieving a sizing accuracy of <1 kbp for 10 kbp and
longer DNA samples. This mobile phone based ima-
ging platform provides a unique solution for sizing of
DNA molecules and might also be utilized for deter-
mining CNVs in genome using a field-portable and
cost-effective design, a distinct capability that can be
broadly used in various clinical applications including
for example the detection of cancers (e.g., stomach,
brain, etc.), nervous system disorders or even drug
resistance in infectious diseases. Offering spatiotem-
poral data mapping, this single molecule DNA imaging
and sizing platform could also assist, e.g., health-care
professional, epidemiologists and policy makers,
among others, to track emerging trends and shed
more light on genetic cause-effect relationships in
point-of-care and resource limited settings.

METHODS

Design of Cellphone-Integrated Fluorescence Microscopy. A field-
portable cellphone-based fluorescence microscope was cre-
ated by integrating a 3D printed optomechanical attachment
to the existing camera module of a smartphone (Lumia 1020,
Nokia). This robust cellphone attachment was designed in
Autodesk Inventor and printed by using a 3D printer
(Dimension Elite 3D). A 450 nm laser diode powered by three
AAA batteries and a constant current output driver was used as
the excitation light, which illuminated the sample at an inci-
dence angle of ∼75�. The laser beam was focused through a
small convex lens (f = 35 mm) to form a tight illumination spot.
The average illumination power density at the sample plane
was estimated to be 2.4 W/cm2. To dissipate the heat, the laser
diodewasmounted on aΦ12� 30mmcopper host and further
surrounded by aΦ18� 40mmaluminumheatsink. The focus of
the cellphone microscope was controlled by a miniature dove-
tail stage (DT12, Thorlabs) which moved both the sample
chamber and the light source. The fluorescence signal emitted
from the specimen was collected though an external lens (f =
4 mm) in addition to the built-in cellphone camera lens (f =
6.5 mm), and finally recorded by the cellphone CMOS sensor
chip (pixel pitch: 1.12 μm; image size: 7152 � 5368 pixels).
Two stacked 500 nm long-pass filters (FF01�500/LP-23.3-D,
Semrock) were placed between the external lens and the
cellphone camera lens to reject the scattered background light
due to high-power laser excitation.

Fluorescence Labeling and Stretching of DNA Molecules. DNA frag-
ments (5, 10, and 20 kbp, Thermo Scientific), Lambda DNA

(48,502 bp, Life Technologies) and T7 DNA (39,937 bp, Boca
Scientific Inc.) were labeled with an intercalating dye YOYO-1
(Excitation/Emission = 491/509 nm, Life Technologies) at a base
pair to dye molecule ratio of 5:1 following a standard labeling
protocol (see Supporting Information).

Before stretching of DNA molecules, prestained DNA solu-
tions were warmed up at 65 �C for 10 min, followed by a quick
cooling in running water for 2 min to open up the sticky ends of
DNA. Then, 5 μL of this prelabeled DNA solution was diluted in
110 μL imaging buffer (1� TAE buffer added with 4.8% (v/v)
2-mercaptoethonal and 500 nm green fluorescent beads) to a
final concentration of ∼0.03 ng/μL.

To stretch DNA molecules using a simple and rapid
method,48 a 22 � 22 mm silanized coverslip (see Supporting
Information) was placed on a solid planar surface, and 3 μL of
the stained DNA solution diluted in imaging bufferwas pipetted
onto the center of the coverslip. Another 18 � 18 mm plasma-
treated coverslip was held horizontally which was approxi-
mately 1 mm above the bottom coverslip. The top coverslip
was then quickly pressed down toward the bottom substrate
with a tweezer. The droplet containing the DNA samples was
pushed from the center to the edges between the top and
bottom coverslips, forming a strong shearing flow, which
stretches the DNA molecules on the bottom substrate. The
sample was then sealed with colorless nail polish and imaged
using our microscopes.

Image Acquisition. The DNA sample of interest, after the
preparation steps detailed earlier, was loaded onto our sample
holder and inserted into the cellphone attachment. All the
fluorescence images were recorded in a lossless raw format
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(DNG) with an integration time of∼4 s per frame. About 10�15
frames of the same DNA sample were captured for image
averaging, before photobleaching was observed.

Windows Based Smart Mobile Application Development. We created
a custom-developed Windows phone application that allows
for analysis of the lengths of single DNA molecules imaged on
the phone (see Figure 1a and Figure S5). This application can be
used to capture an image of the sample or alternatively open a
saved image for DNA length measurement (Figure S5a,b). The
selected or captured image is subsequently uploaded to a
remote server through HTTP for rapid digital processing
(Figure S5c). On this server, the uploaded image is first con-
verted from DNG format to 16-bit TIFF format and then pro-
cessed in MATLAB using the length quantification method
described previously (Figure 3). Once the processing is finished
(Figure S5d), the results (a histogram of DNA length measure-
ments and a corresponding labeled image marking all the
locations of analyzed DNA molecules) are then sent back to
the originating phone (Figure S5e,f). The processing time for a
200 � 200 pixel cropped section of the full field-of-view is∼7 s
in MATLAB using a single PC (CPU: Intel Xeon E5�2620), and it
can be reduced bymore than an order ofmagnitude if the same
algorithms are implemented in a more efficient software lan-
guage such as C/Cþþ and/or adapted to utilize GPUs. Depend-
ing on the network speed, the upload time of the 41 megapixel
raw DNG image varies between 10 s to 3 min.
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