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Abstract: Smartphone is emerging as a portable analytical
biosensing platform in many point-of-care (POC) applica-
tions such as disease diagnostics, environmental moni-
toring, and food toxin screening. With the recent
advancement of imaging technologies on the smartphone,
the manual control of acquisition settings (e.g., exposure
time, frame rate, focusing distance, etc.) has already been
expanded from the photo to the video capturing mode. In
modern smartphone models, high frame rate (above 100
fps) can be achieved to bring in a new temporal dimension
to the smartphone-supported POC tests by recording high-
definition videos. This opens up a new analytical method
defined as smartphone videoscopy. In this review, the
recent development of smartphone videoscopy is summa-
rized based on different POC applications. Representative
examples of smartphone videoscopy systems and how
these time-dependent measurements could open up new
opportunities for POC diagnostics are discussed in detail.
The advances demonstrated so far illustrate the promising
future of smartphone videoscopy in biosensing, POC di-
agnostics, and time-resolved analysis in general.

Keywords: biosensing; fluorescence microscopy; point-of-
care diagnostics; smartphone videoscopy; time-resolved.

1 Introduction

Routine laboratory-based diagnostic or analytical tests
require trained personnel to operate, and the instruments

for highly sensitive biosensing and measurements are
usually bulky and costly. It has therefore posed significant
challenges to the broad access to healthcare outside of
centralized laboratories and well-resourced regions [1].
Portable and cost-effective readout devices are in
increasing demand for point-of-care (POC) diagnostics and
biosensing, leading to alternate ways for medical di-
agnostics and personal health monitoring. Since the initial
launch in the late 1990s, the smartphone has experienced a
significant evolution. The smartphone devices now can be
considered as advanced mobile minicomputers, which
integrate fast multicore processor, open-source operation
system, large memory, adequate power storage, user-
interactive touch screen interface, and multiple sensors
such as high-quality image sensors, all in a single platform
[2]. The significantly improved computing and imaging
capabilities have made the smartphone a promising
candidate as the new-generation all-in-one diagnostic
platform. The multifunctional smartphone device can act
as the optical detector, data processor and storage device,
as well as wireless telemedicine communicator with only a
handheld size [3]. Over the past decades, the smartphone
has been widely explored as a sensitive analytical sensing
platform in many POC applications, such as disease di-
agnostics, environmental monitoring, and food toxin
screening [4–8].

With the recent development and popularity of 3D
printing technologies, optomechanical components such
as optical lenses, filters, gratings, optical fibers, LEDs, and
batteries can be easily attached to smartphone camera
systems to create various imaging and sensing tools. In-
tegratedwith POCmolecular assays such asmicrofluidic or
paper-based lateral flow tests through 3D-printed attach-
ments, a plethora of smartphone-based sensor and mea-
surement devices, such as light microscope [9], cytometer
[10], and spectrometer [11] have recently been developed.
These pocket-size reader devices provide optical-based
measurement ranging from brightfield [12], colermetric
[13], fluorescent [14], to luminescent (i.e. chem-
iluminescence (CL) [15], electrochemiluminescence (ECL)
[16], and photoluminescence [17]) modes, as well as non-
optical measurement such as electrochemical detection
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[18]. As the drastic improvement of complementary metal-
oxide semiconductor (CMOS) technologies and optical lens
systems on the smartphone in recent years, high-resolution
megapixel images can be readily generated on smart-
phones for accurate and rapid quantification of POC tests;
making the optical detection mode the most commonly
applied analytical modality on smartphone-based
biosensors.

Moreover, because of the high-speed readout circuit
on CMOS, the frame rate of smartphone videos now can
be controlled ranging from <1 fps to >100 fps, providing
a tunable temporal resolution that can benefit various
smartphone-enabled POC tests. In particular, a high
temporal resolution can be achieved by recording opti-
cal signals in video mode without significantly sacri-
ficing image resolution. It opens up many promising
biosensing applications, such as micro object tracking
[19] and real-time monitoring of chemical kinetics [20],

which cannot be achieved by still imaging methods
before. We define the emerging smartphone biosensing
systems that involve video capturing function to detect
and monitor analytes as Smartphone Videoscopy. In
this Review article, the recent progress on smartphone
videoscopy has been summarized and classified into six
applications, namely smartphone videoscopy for cyto-
metric measurement, micro object tracking, real-time
assay analysis, fluorescence lifetime measurement,
spectroscopic analysis, and single-molecule imaging.
The article is closed with the discussion of current
challenges and future development of smartphone vid-
eoscopy at the end. To the best of our knowledge, there
are no other review articles on the same topic before.
A list of representative smartphone videoscopy systems
developed in recent years and their applications are
summarized in Table 1 and also shown in a timeline in
Figure 1.

Table : Summary of representative smartphone videoscopy systems.

Applications Detection modality Frame rate Year Reference

White blood cell counting Imaging cytometry  fps  []
Blood cell counting Imaging cytometry NA  []
Cell and microbeads counting Imaging cytometry  fps  []
Blood cell counting Imaging cytometry NA  []
Spermatozoa counting and motility analysis Imaging cytometry  and  fps  []
Semen concentration and motility analysis Imaging cytometry  fps  []
Sperm maturity determination Imaging cytometry  fps  []
Salmonella typhimurium counting Imaging cytometry NA  []
Microdroplet megascale detector (μMD) Imaging cytometry  and  fps  []
Protein detection in droplets Imaging cytometry NA  []
Observations and measurement of cell nucleus Scattering imaging  fps  []
Monitoring growth of cultured cells Lens-free imaging NA  []
Quantification of filarial parasites in whole blood Brightfield imaging NA  []
Detection of HIV- RNA Colorimetric LAMP  fps  []
Detection of Zika virus Colorimetric LAMP  fps  []
Detection of waterborne pathogens Fluorescent LAMP  fps  []
Monitoring of glucose in the whole blood Colorimetric  fps  []
Real-time detection of HPV DNA in saliva and HIV RNA in plasma Colorimetric LAMP  fps  []
Real-time detection of mouse IgG antibodies SPR imaging  fps  []
Multiplex determination of three cancer biomarkers
(CEA, AFP, and PSA)

Chemiluminescent NA  []

HO detection Chemiluminescent NA  []
HO detection Electrochemiluminescent  fps  []
Detection of human chorionic gonadotropin (hCG) Time-gated luminescence  fps  []
Fingerprint imaging Time-gated luminescence NA  []
Temperature mapping Time-resolved luminescence  fps  []
Detection of oxygen Time-resolved phosphorescence NA  []
Detection of glucose and human cardiac troponin I Spectroscopic  fps  []
Chemical kinetics monitoring Spectroscopic  fps  [, ]
Absorption, fluorescence, and resonant reflection spectrum Spectroscopic  fps  [, ]
Single blink events detection SERS  fps  []
Observing of single-molecule blinking and photobleaching Fluorescence imaging . fps  []
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2 Smartphone videoscopy for
cytometric measurement

With the constant advancement of smartphone imaging
technology in recent years, single-cell resolution has been
achieved on smartphone imaging devices while main-
taining a relatively large field-of-view [51]. As a result, a
number of imaging-based cytometry platforms have been
developed by using smartphones as the imager.
Smartphone-assisted cytometric sensors can be con-
structed based on varieties of imaging modalities such as
brightfield imaging [12, 52, 53], fluorescence imaging [12,
53, 54], and lens-free imaging [55, 56]. On these platforms,
single cells will be identified and counted from single-
frame smartphone images. As an alternative, by combining
microfluidic chips with smartphone microscopes, flow-
based cytometry measurements have also been conducted
on several smartphone videoscopy platforms. Compared to
smartphone-based imaging cytometry methods, smart-
phone video cytometry records videos of flowing liquids
containing target cells of interest. The continuous work-
flow allows a higher measurement throughput and easier
sample preparation than imaging-based cytometry plat-
forms. The throughput of the smartphone video cytometry
system can be adjusted by the flow control system to adapt
to different cell types. Meanwhile, additional information
such as motility could be extracted from the video clips
which is generally unavailable in imaging cytometers.
Monitoring of such parameters will provide more clinically
relevant information in addition to cell counts.

The first case of smartphone videoscopy for flow
cytometry applicationwas reported by Zhu et al. (Figure 2a)
[10]. On this platform, fluorescently labeled white blood
cells (WBC) were diluted before they were continuously
delivered into themicrofluidic chamber by a syringe pump.
Two blue LEDswere placed on both sides of the chamber to
illuminate the sample through waveguide coupling. The

emission light from the fluorophores on the WBCs was
collected by an emission filter and subsequently focused
by an external lens placed in front of the smartphone
camera. During the test, the fluorescent flow videos of
WBCs in the chamber were captured and analyzed by a
single-cell tracking algorithm. The concentration of WBCs
in the sample was calculated and compared with a com-
mercial flow cytometer. This optofluidic platform demon-
strated the feasibility of using smartphone videoscopy for
continuous flow cytometry measurement, which opens
many opportunities for single-cell detection and counting.
In another example of blood cell counting, Moravapalle
et al. designed a smartphone-based blood cytometer with a
three-dimensional translational stage to cover a large
scanning area during each measurement [21]. A video clip
that included a 3 × 3 mm area of blood smear sample was
captured and analyzed. Each frame of the video was pro-
cessed with a cell-counting algorithm that recognizes and
counts cells based on pretraining. The cytometer showed a
relatively low counting error of 7% [21]. Recently, machine
learning has been introduced to process the super-resolved
holographic videos captured by a lensless imaging cy-
tometer. Huang et al. introduced an extreme-learning-
machine super-resolution processing (ELM-SR) algorithm
to perform recognition and cell counting in a continuously
flowing solution [23]. After processing, the lensless contact-
imaging based microfluidic cytometer reached less than
8% error for counting the absolute number of microbeads
[22]. More recently, they also compared the previous
ELM-SR method with the convolutional neural-network-
based super-resolution (CNN-SR) and found that CNN-SR
has a 9.5% improvement over the ELM-SR method on the
resolution enhancement. The improved algorithmwas also
used for blood cell counting and recognition, and the
performance was compared with a commercial flow cy-
tometer [23].

Besides blood cells, smartphone videoscopy has been
used for counting and analysis of other types of cells.

Figure 1: Timeline of representative technological achievements and applications of smartphone videoscopy.

Y. Wang et al.: Smartphone videoscopy 3



Recently, counting and analysis of spermatozoa have been
conducted on smartphone-based imaging cytometer [24]. A
simple ball lens-based smartphonemicroscopewasused in
the automated semen analysis. By analyzing the smart-
phone videos of semen samples, the numbers and motil-
ities of spermatozoa could be determined. The system was
tested on three smartphones with different models for
comparison. Kanakasabapathy et al. reported a POC semen
analysis platform based on smartphone video microscopy
(Figure 2b) [25]. The platform features a disposable micro-
fluidic chip that has a capillary tip at the inlet and a bulb at
the other end. During each use, the user created a negative
pressure by pressing the bulb, which drew the semen
sample into the microfluidic chip. The chip was then
inserted into the smartphone device for brightfield video
capturing. Both semen concentration and motility were
calculated and were compared with the results from a
laboratory-based semen analysis. The simple and user-
friendly smartphone platform demonstrated the possibility
for accessible male health monitoring at home or in remote
areas. More recently, the same group has further extended
the application of their system for other sperm quality

assessment tests, including hyaluronic binding assay
(HBA), sperm viability tests, and spermDNA fragmentation
test [26]. In the HBA assay, videos of spermatozoa in the
hyaluronic acid-coated region and nonhyaluronic acid-
coated region were differentially compared to calculate
HBA scores. The smartphone software was able to process
the video in less than 10 s and run the whole assay in less
than 1 min [26].

Counting of Salmonella typhimurium has been reported
using smartphone videoscopy as well. In this platform, the
bacteria were immuno-labeled with magnetic nano-
particles and separated from other impurities. Then, the
bacteria were labeled with fluorescent nanospheres and
separated from unreacted microspheres. Finally, the
concentrated, fluorescently labeled bacteria were contin-
uously injected into a microfluidic chip. The number of
fluorescent bacteria was finally calculated by processing
the captured videos in a smartphone application [27].

Besides cell counting, the concept of smartphone
videoscopic flow cytometry has also been combined with
microfluidic droplet assays for high-throughput and mul-
tiplexed detection. Issadore et al. have recently developed

Figure 2: Smartphone-based videoscopic cytometry.
(a) An optofluidic smartphone microscopy device for fluorescence flow cytometry. (b) Point-of-care semen analysis on a smartphone. (c)
Mobile phone-based droplet assay for ultrafast and multiplexed detection of protein. Reproduced with permission from Refs. [10, 25, 29],
copyright 2011 American Chemical Society and 2017 American Association for the Advancement of Science.
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an ultrafast digital droplet assay (microdroplet Megascale
Detector, μMD) on the smartphone [28]. Earlier, they re-
ported the detection of 106 droplets per second using a
smartphone camera. The fluorescent and nonfluorescent
droplets were generated, mixed, and injected into parallel
microfluidic channels on a chip. The videos of droplets
flowing in the parallel channels were recorded and
analyzed. The high-throughput, ultrafast droplet detection
was achieved by the correlation of time-domainmodulated
excitation with the extracted signal from the video clips.
The correlation-based detection algorithm is capable of
resolving neighboring droplets regardless of the frame rate
of smartphone video recording. More recently, they have
further applied the system on protein detection (Figure 2c)
[29]. In this assay, color-coded, antibody-functionalized
beads were individually encapsulated into droplets if the
target protein is captured. Beads processing, mixing,
droplet generation, and incubation were all integrated on
the microfluidic chip. Droplets with beads were detected
using the algorithm discussed above. By using different
fluorescent dyes, duplex protein detection with sub-
picomolar limit of detection (LOD) was successfully
achieved. The system can potentially be applied to high-
throughput cell screening as well.

3 Smartphone videoscopy for
micro-object tracking

In addition to cell counting, smartphone videoscopy has
also received a number of applications in micro object
tracking, including micro organism and single-particle
tracking (SPT). By combining robust tracking algorithms,
these object-tracking platforms could be applied to extract
rich information about the targets such as motility, diffu-
sion coefficient, etc., in addition to counts and particle
density that are typical for counting applications. This
additional information can improve the efficiency of clas-
sification of differentmicro organisms or pathogens. It also
provides a noninvasive means to measure the physiolog-
ical status of the targets. For example, Wu et al. have
developed a scattering imaging-based cell analyzer to
identify different types of cells from their nuclear structures
[30]. In this device, the cells were allowed to flow in a glass
chamber. An LEDwas placed above the sample chamber as
the light source with a microlens placed below it for
focusing. Between the microlens and the sample is a metal
slit to reject most of the directly incident light that hits the
sample. A thin light-sheet was generated in this configu-
ration to illuminate passing cells, and the image was

focused by an objective lens before the darkfield image of
the cell was formedon the CMOS sensor. On the other hand,
the diffusive autofluorescence signal from the microlens
could also be used as brightfield illumination for the cells
[30]. A video clip of cells passing through the chamber was
recorded. From the video, both darkfield and brightfield
images of passing cells were recorded in the chamber at the
single-cell resolution. The nuclear structural characteris-
tics were resolved in the darkfield images, while the cell
contours were shown in the brightfield images. By
analyzing these images, cells in different proliferation
stages as well as different types of WBCs, such as mono-
nuclear and neutrophil cells, could be identified. Time-
lapsed lens-free imaging has also been used to monitor the
growth of cultured cells [31]. Consisting of an LED, a
pinhole, and a CMOS sensor, the lensfree imaging device
was relatively simple in structure. The lensfree holograms
of the cells were received by the CMOS sensor, and recon-
structed to reveal the morphology of the cells. Using this
device, a number of events including cell-substrate adhe-
sion, cell spreading, cell division orientation, aswell as cell
death, could be tracked over a time duration from 2 to 70 h.
Moreover, given the large field-of-view of the imaging
setup, events from around 3500 cells could be monitored
simultaneously. Cell motility was also monitored and
recorded over a 65-h test. Although the resolution is not
quite comparable with lens-based imaging, this simple
lensfree imaging setup can be well used in the large-scale
monitoring of cell culture and related biological research.
For micro-organism tracking, D’Ambrosio et al. tracked
and quantified filarial parasites in the whole blood sample
from smartphone-recorded videos (Figure 3a) [32]. In this
integrated platform, a microcontroller was used to control
the optical illumination on the smartphone microscope, as
well as the liquid flow in the chamber. Short smartphone
video clips were recorded as the blood sample containing
filarial parasite flew through the chamber. The differential
images between each frame and an averaged image from
all frames were calculated. The presence of the parasite
could be effectively identified from these differential im-
ages. By imaging blood samples from five different areas of
the chamber, which corresponded to a total sample volume
of <15 μL, the parasite density can be accurately estimated
by using this device. A pilot field study was conducted in
Cameron to validate the effectiveness of the smartphone
videoscopic diagnostic platform.

In addition to live-cell tracking and parasite detection,
SPT has also been demonstrated on the smartphone for
applications related to POC pathogen detection. For
instance, Draz and his colleagues designed an assay based
on particlemobility to detect HIV-1 RNA on the smartphone

Y. Wang et al.: Smartphone videoscopy 5



[19]. The core of the assay, the micromotor, consists of a
polystyrene (PS) bead with platinum (Pt) nanoparticles
coated on one side and DNA conjugated gold (Au) nano-
particles on the other side. The DNA segment on the Au
nanoparticle is able to capture the amplicon from a loop-
mediated isothermal amplification (LAMP) assay. When
H2O2 was added, the Pt nanoparticle would catalyze the
decomposition of H2O2. Driven by the bubbles from the
reaction, themovement of themicromotor was recorded by
a smartphone imaging device. A higher copy number of
amplicons would reduce the speed of the moving micro-
motor, which can be finally correlated to the concentration
of target HIV-1 RNA. Consequently, the sensitive detection
of HIV-1 RNA could be achieved by measuring the motion
speed of the Pt-micromotor. In the study, a threshold ve-
locity ofmicromotorwas applied to determine the presence
of LAMP DNA from the background noise. A smartphone
application interface was developed to record, analyze the
video, and provide the user with positive/negative diag-
nostic results. Based on a similar principle, this assay was
also used in the detection of Zika virus (ZIKV) on the
smartphone (Figure 3b) [33]. In the presence of ZIKV, an
antigen-antibody sandwich structure would form between
the catalytic nanoparticle, ZIKV, and the PS bead. The
catalysis-induced motion of Pt-PS micromotor indicated
the presence of the virus, while unbound PS microspheres
would stay relatively still when no virus was present. The
LOD was calculated to be as low as one particle per uL in
ZIKV-spiked urine samples. Recently, in another work from

the same group, they reported another smartphone assay
combining catalytic Pt nanoparticle and deep neuron
network for ZIKV detection [57]. In this assay, the virus was
captured at the bottom of amicrofluidic cartridge, followed
by labeling of Pt nanoparticles. In the presence of the
captured virus, oxygen bubbles were formed because of
the catalytic activity of Pt nanoparticles in contact with
H2O2. The videos of the bubbles were recorded and were
used to train the convolutional neuron network (CNN). The
system achieved 98.97% sensitivity in detecting
ZIKV-infected samples down to 250 copies/mL.

Detection of bacteria with smartphone videoscopy has
also been reported. Moehling et al. developed a
smartphone-based particle-tracking detection of LAMP
amplicon targeting the water-borne pathogen Vibrio chol-
erae [34]. The method quantified the increase of solution
viscosity after LAMP reaction by imaging the fluorescent
microbeads suspended in the solution. The diffusion co-
efficient was calculated from the Brownian motion trajec-
tory of the particle in the solution, which is related to the
viscosity of the solution. The presence of bacterial DNA
could be detected by the change in the diffusion coefficient
calculated from particle movement videos. A simple
smartphone fluorescent imaging setup based on tilted laser
illumination was adopted to capture the smartphone
videos. The LOD of this system was determined to be
400 cells/mL, which is relevant to the environmental
concentration range. A selectivity test was also conducted
in spiked pond water samples.

Figure 3: Smartphone videoscopy for object tracking.
(a) Blood-borne filarial parasite detection by using a smartphone-based video brightfield microscope (b) A smartphone-assisted virus
detection assay based on video tracking of micromotors. Reproduced with permission from Refs. [32, 33], copyright 2015 American
Association for the Advancement of Science and 2018 American Chemical Society.
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4 Smartphone videoscopy for real-
time assay analysis

Taking advantage of the sensitive CMOS imaging sensors
on the smartphone, various biomolecular assays have been
quantified on the smartphone as a portable and affordable
optical reader device. In the past decades, by combining
smartphone with molecular technologies like lateral flow
immunoassay (LFIA), enzyme-linked immunosorbent
assay (ELISA), and nucleic acid amplification such as
LAMP, colorimetric-based [58–60] and fluorescence-based
[61–63] detection on the smartphone are widely explored
for molecular sensing and diagnosis. Different from single
snap-shots, the video recording function of smartphones
makes it extremely useful in monitoring assay dynamics in
real time, which can help detect the analytes at a much
earlier stage.

Video-based colorimetric-based detection on a smart-
phone was explored on various analytes in conjunction
with different assay technologies. For example, glucose in
whole blood was monitored by a smartphone video-based
colorimetry method in combination with a thread-paper
microfluidic device (μTPAD) [35], which can deliver the
results in 12 s with only 3 μL of whole blood without any
pretreatment. The color change on the cotton thread
caused by oxidized 3,3′,5,5′-tetramethylbenzidine (TMB)
was monitored by the smartphone video recording
(1440 × 1080 pixels, 25 fps) in real-time. The system
detected the glucose in the whole blood with a LOD of
12 μM. Yin et al. developed a portable smartphone-based
quantitative pathogen detection platform (termed ‘SCPT’),
by using synergistically enhanced colorimetric LAMP
assay and smartphone-based color analysis [36]. The au-
thors claimed for the first time to quantify nucleic acid
biomarkers in real-time using an unmodified smartphone
by a hue-based LAMP assay. Unlike the most used video
frame rate (e.g., 30 fps), the authors set a slow acquisition
rate of one frame per minute for 60 min to monitor the
whole amplification reaction process by a customapp.HPV
DNA in saliva and clinical vaginal swab samples, and HIV
RNA in plasma samples were quantitatively detected on
this platform, with a detection sensitivity of <100 copies for
HPV16 DNA, which is comparable to the results of bench-
top PCR machines. To eliminate the influence of light
conditions and improve the sensitivity of colorimetric-
based biosensing on the smartphone, Coleman et al.
adopted a video processing algorithm to select the best
inputs from a large set of video frames in 20 s [64]. The
algorithm was applied to monitor the NS1-based sandwich
ELISA assay for Zika detection, and the LOD was two times

lower than snap-shot-basedmethodswhen no video-based
analysis is used.

Surface plasmon resonance (SPR) is a label-free and
real-time biosensing technique with high sensitivity,
which is suitable for quantitative analysis and charac-
terization of biomolecular interactions [65]. A few studies
have recently reported SPR sensing on image-based
smartphone platform [66, 67]. Liu et al. reported using
flash LED and rear camera of the cell phone as the light
source and imaging sensor for SPR detection. The change
of refractive index (RI) was recorded at a frame rate of 2
fps by extracting the light intensities from the individual
frames. Moreover, Guner et al. [37]. demonstrated a 2D
SPR imaging sensor for high-throughput and multiplexed
detection on a smartphone with a 4-by-4 microarray of
sensing spots on an Ag/Au bilayer-coated sensor
(Figure 4a). Videos at 30 fps were recorded for real-time
monitoring biomolecular reactions and the signal-to-
noise ratio was enhanced by averaging several consecu-
tive frames. This system is capable of detecting multiple
analytes simultaneously by fabricating a microfluidic
chip with multiple sensing spots. Utilizing spatially
resolved multiplexing and video-based real-time detec-
tion, the system was applied to detect mouse IgG anti-
bodies with a nanomolar level LOD.

CL is an important measurement strategy in analytical
chemistry and biosensing. Smartphone provides an
attractive platform for CLmeasurement to satisfy the needs
of on-site analysis of kinetic curves for reaction [68] and
quantitative bioanalysis [69]. Li et al. developed a
temporal-spatial-color multiresolved CL imaging system
on the smartphone for multiplex immunoassays [38]. The
CL signals were recorded by the smartphone camera in
video mode. The image frames at different time points of
the videowere extracted for observing the dynamic process
of luminescence reactions. The extracted images were
stacked to create a new image with strong and uniform
intensities for quantitative analysis. Lebiga et al. demon-
strated CL intensity as a function of time following an
exponential decay pattern, by recording videos of the re-
action of H2O2 and bis(2,4,6-tri- chlorophenyl)oxalate in
the presence of rubrene and imidazole with a smartphone
(Figure 4b) [39]. They also found the concentration of H2O2

in the reaction affects not only the peak intensity but also
the rate of CL decay against time. The H2O2 concentration
as low as 250 nM can be detectedwith only 25 µL samples in
the paper–plastic disposable microfluidic device. Differ-
ently, Escobedo et al. also designed a smartphone-based
POC platform for the determination of H2O2 by means of
video recording based on ECL emissionmechanism, which
is an electrogenerated form of CL [40].

Y. Wang et al.: Smartphone videoscopy 7



5 Smartphone videoscopy for
fluorescence lifetime
measurement

Paper-based lateral flow assay (LFA) is a widely used POC
testing technology since it is inexpensive, rapid, and easy
to fabricate. Popular examples include the rapid tests for
pregnancy [70] and HIV [71]. The existing LFA devices can
be categorized into qualitative and quantitative tests. The
latter requires an optical reader device that can accurately
and quantitatively measure the signals of the positive lines
of the LFA assay. Due to their imaging performance and
portability, smartphones demonstrated significant advan-
tages in quantifying LFA testing [72]. However, one of the
remaining challenges of the conventional LFA is that the
autofluorescence from the cellulose-based paper substrate
and also the biological reagents such as the proteins
significantly interferes with the fluorescent emission of
report molecules, resulting in a decreased signal-to-noise
ratio and detection sensitivity [41, 73].

One approach that can address autofluorescence
interference is through time-resolved fluorescence/lumi-
nescence detection. The time-resolved method takes
advantage of long-lived luminescence probes, whose
luminescent signals are detected in a delayed timewindow
following the short excitation pulse, whereas scattering
and short-lived autofluorescence interference will be
diminished by the time delay [74, 75]. The smartphone is an
emerging platform for time-resolved detection by

capturing image sequences or videos of long-lived lumi-
nescence immediately after the excitation pulse. Only
simple optomechanical components such as UV LED and
focusing lens are needed to construct a time-resolved
smartphone microscope in most cases. Depending on
different strategies of video processing, the smartphone
can do either time-gated [41, 42] or time-resolved lifetime
detection [43, 44, 76]. The time-gated detection on the
smartphone can be achieved by extracting the first post-
excitation frame from the smartphone videos after the
excitation is turned off. On the other hand, luminescence
lifetime can be calculated by fitting the intensities of
postexcitation frames into an exponential decay function:

I = A ⋅ exp(−t
τ), where I is the intensity of a region of in-

terest (ROI) at time point t,A is the intensity of the sameROI
at the first frame after turning off the excitation, and τ is the
luminescent lifetime to be calculated. The frame rate of
most smartphone cameras (30 fps or above) provides
enough temporal resolution for time-resolved lifetime
detection with properly chosen long-lived luminescent
reporters.

Paterson et al. [41]. adapted time-gated imaging on an
iPhone 5s to capture continuous videos at a frame rate of 30
fps to detect human chorionic gonadotropin (hCG) with an
LFA and persistent luminescent strontium–aluminate
nanophosphors (SrAl2O4:Eu

2+, Dy3+) as the reporter. To
simplify the device, the authors used the smartphone’s
camera flash as the excitation light. The phosphors were
first excited by a 3 s torch followed by a 300 ms flash,
during which the frames of the captured videos were

Figure 4: Smartphone videoscopy for time-dependent assay analysis.
(a) A smartphone-based biosensor for surface plasmon resonance imaging. (b) Chemiluminescence detection of nanomolar levels of H2O2 on a
smartphone. Reproduced with permission from Refs. [37, 39], copyright 2016 Elsevier and 2015 The Royal Society of Chemistry.
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extracted to determine the exact frame of flash-off. Then,
the first postflash frame was captured and stored for pro-
cessing and signal quantitation. The whole process was
controlled and implemented by a programmed application
running on the phone. A consistent time delay between the
flash and first postflash image was achieved by a gap of
approximately 100 ms, which is efficient in removing the
background autofluorescence. The detection limit for hCG
on this time-gated smartphone imaging platform is deter-
mined to be around 1.2 pM, which is 10- to 50- fold better
than commercial LFA-based tests [77–81]. Tian et al.
implemented a similar time-gated strategy on aMi 4 phone
to detect fingerprints with a different persistent lumines-
cent reporter (1 wt% CzDPS in cross-linked TRPGDA (tri-
propylene glycol diacrylate)), which also effectively
eliminated the interference from background auto-
fluorescence [42].

Luminescent lifetime in the range of hundreds of
milliseconds can also be resolved from the analysis of
video frames recorded by the smartphone camera, which
usually operates at a frame rate of 30 fps [43, 44]. By using
long-lifetime luminescent probes, which are sensitive to
the microenvironment [82, 83], analytes i.e. pH [84],
temperature [43], and oxygen [44] can be quantitatively
detected. In a recent work by Katumo et al. [43], they

demonstrated a phosphor, europium-doped gadolinium
oxysulfide (Gd2O2S:Eu

3+), which exhibits a temperature-
dependent long lifetime on the order of a few hundreds of
milliseconds (Figure 5a). Such a long lifetime allowed
thermal maps to be created via the analysis of videos
captured with a smartphone (Galaxy A5 2017) at a rate of
30 fps. After a pulsed 1000ms excitation by a UV LED, the
lifetime is determined by exponentially fitting the red-
channel luminescence intensities of postexcitation
frames over time. By establishing the delayed lumines-
cence lifetime as a function of temperature, the
smartphone-based thermometry allows reliable temper-
ature measurement in the range of 270–320 K with a
temperature resolution better than 2 K, which is compa-
rable with many commercial devices used in thermal
imaging. With a similar strategy, Zhou et al. used a
polymer film doped with an oxygen-sensitive and long-
lived (lifetime about 350 ms) unconventional organic
molecule with asymmetric noncoplanar D-p-A system,
namely TBBU for quantitative detection of oxygen
(Figure 5b) [44]. For shorter lifetime probes, Zhu et al. [76]
effectively resolved the lifetime in themicroseconds range
by tracing the luminescence decay in the spatial domain
instead of the conventional time domain with a smart-
phone and motor-driving turntable.

Figure 5: Smartphone videoscopy for luminescent lifetime measurement.
(a) Smartphone-based luminescent thermometry. (b) Quantitative detection of oxygen in real time based on persistent lifetime measurement
on a smartphone platform. Reproduced with permission from Refs. [43, 44], copyright 2019 Wiley‐VCH Verlag GmbH & Co. KGaA, Weinheim.
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6 Smartphone videoscopy for
spectroscopic analysis

The concept of “Cell Phone Spectrometer” was first raised
in 2010 by A. Scheeline et al. [85]. by attaching a light
source and a grating in front of the phone camera as a
demonstration of low-cost optical instrument in teaching.
Later, Cunningham et al. greatly matured this area and
developed a series of smartphone-based spectrometers as
label-free biosensing instrument based on photonic crys-
tals (PC) [86]. Since then, many other smartphone-based
spectrometers have been developed, which are integrated
with different types of light sources, e.g., laser [87], LED
[88], sunshine [89], phone flash [90], and varied grating [11,
91–94] for promising applications ranging from absorp-
tion/fluorescence measurement [92], to POC biosensing
[91, 95], and diagnostics [88, 93]. For diagnostic applica-
tions, most of the smartphone spectrometers are designed
for colorimetric or fluorescent assays that emit visible light
between 400 and 700 nm. The signals therefore can be
readily captured by the color CMOS camera on the smart-
phone. To obtain spectral information, the emission or
transmission light from the sample is dispersed into a
rainbow band after passing the diffraction grating, which
projects a spectrum image over the smartphone image
sensor. After calibration by correlating pixel position with
specific wavelength values, the spectrum image can be
converted into a spectral intensity profile. The video
function integrated on the smartphone can further add a
temporal resolution to the spectrum measurements for
real-time or time-dependent detection.

A smartphone spectrometer was developed by Wang
et al. by using the build-in flash LED as the light source and
a compact disk (CD) as the grating substrate (Figure 6a)
[45]. Smartphone videos with a rate of 19 fps were recorded
for real-time colorimetric detection of glucose and human
cardiac troponin I. The spectrum images were first extrac-
ted from the recorded videos and then converted to in-
tensity spectra in thewavelength range from 430 to 650 nm
with a resolution of 0.386 nm per pixel. The developed
smartphone spectrometer was used to monitor the whole
spectrum change over time and provided a two-fold higher
detection sensitivity compared to that of commercial plate-
readers. Bogucki and Greggila et al. also used a
smartphone-based spectrometer to collect time-dependent
data using the video mode at a frame rate of 30 fps
(Figure 6b) [20, 46]. By engineering a dual-beam geometry
inside a 3D-printed adaptor that can hold two sample cu-
vettes, the smartphone spectrometer device can collect the
sample and background spectra simultaneously to

significantly increase the signal-to-noise ratio and repro-
ducibility of the data.

While the above-mentioned systems utilized the
smartphone videos to monitor the absorption spectra,
Cunningham et al. demonstrated a smartphone-based
handheld spectrometer using video recording to extend
the multiplexing capacity by performing simultaneous
measurement of multiple samples (Figure 6c) [47, 48]. The
team fabricated a cartridge comprised of a series of linear
compartments containing sample replicates or experi-
mental controls to achieve spatial multiplexing on the
smartphone spectrometer. The spectra of all samples in the
cartridge were recorded successively by the smartphone
videos at 60 fps, when the cartridge was swiped across the
examination spot. Customized software was developed
that can automatically select representative spectra with
the best light alignment of each compartment from the
video. This device was also reported as one of the early
examples of a smartphone-based spectroscopic sensor that
can measure three distinct spectral modalities on the same
platform, i.e., colorimetric absorption spectrum, fluores-
cence emission spectrum, and resonant reflection
spectrum.

7 Smartphone videoscopy for
single-molecule imaging

Single-molecule imaging plays an increasingly important
role inbiological science, such asprotein andRNAdetection
[96, 97], protein structure determination [98], and DNA
sequencing [99]. Traditional microscopy and spectroscopy
approaches for single-molecule imaging require bulky and
expensive instrument, which limits its applications in
advanced laboratory settings. Although many sensing and
imaging systems have been demonstrated on the smart-
phone in recent years, performing single-molecule imaging
on the smartphone remains challenging and is considered
the nextmilestone for researchers. Limited by the sensitivity
of the smartphone sensor and the low numerical aperture
(NA) of the smartphone imaging system, observing single-
molecule events was difficult without proper enhancement
of the fluorescence signals. In earlier attempts, a thin film of
silver was used as the plasmonic substrate to enhance the
fluorescence signal in smartphone-based fluorescence
microscopy [100]. DNA-origami nanobeads with predefined
numbers offluorophoreswere usedasbrightness standards.
The limit of sensitivitywas estimated to be∼80fluorophores
per diffraction-limited spot for the silver film-enhanced
smartphone fluorescence microscopy. Using an upgraded
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phone model with a monochromic image sensor, this limit
of sensitivity was further reduced down to ∼10 fluorophores
per diffraction-limited spot on the phone [101]. However,
either the enhancement from the substrate or the sensitivity
of the imaging system is not sufficient to observe single-
molecule events directly on a smartphone in the previous
studies.

Significant progress has been made on the single-
molecule imaging on the smartphone recently. Ayas et al.
observed single-molecule blinking events on the smart-
phone by using Ag nanoislands on Ag overlayer and HfO2

dielectric layer as the enhancement substrate [49]. The
thickness of the Ag overlayer and dielectric layer was
optimized to produce the highest blinking rates and
intensities. The smartphone was placed in front of the
eyepiece of a benchtop microscope to complement the
imaging apparatus. With the optimized plasmonic sub-
strate, blinking events could be observed from smartphone
videos recorded at a frame rate of 30 fps. Raman spectrum

and surface-enhanced Raman scattering (SERS) blinking
events were also studied using the custom-built low-reso-
lution spectrometer. In the spectrometer configuration, the
collection fiber from the objective was collimated and
dispersed with a transmission grating before entering the
smartphone camera detector. By comparing the time series
of Raman spectrum between a smartphone detector and a
cooled charge coupled device (CCD) detector, a similar
single-molecule blinking event was observed on the
smartphone. More recently, single-molecule blinking and
photobleaching events were observed on a standalone,
portable smartphonemicroscope for the first time (Figure 7)
[50]. In this work, a strong amplification of fluorescence
signals from the emitters was achieved by using silver
nanoparticle dimers assembled by DNA origami pillars,
also known as NanoAntennas with Cleared HOtSpots
(NACHOS) (Figure 7a). Using this smartphone microscopy
platform, up to 461-fold fluorescence enhancement was
observed. Finally, single-molecule imaging was conducted

Figure 6: Smartphone videoscopy-enhanced spectrometer.
(a) Smartphone spectrometer for colorimetric biosensing. (b) A 3D-printed dual-beam spectrophotometer on a smartphone. (c) Smartphone-
based multimode spectrometer for transmission, reflection, and fluorescence spectral biosensing. Reproduced with permission from
Refs. [45–47], copyright 2016 The Royal Society of Chemistry, 2019 American Chemical Society and 2017 The Royal Society of Chemistry.
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on this smartphone microscope by using a portable laser
diode as the light source and an inexpensive lensmodule as
the objective lens (Figure 7b). From the fluorescence time
trace extracted from the smartphone video clips, hallmarks
of single-molecule events such as blinking and single-step
photobleaching were observed, confirming the direct
visualization of single fluorescent molecules on the smart-
phone (Figure 7c). A sandwich DNA detection assay was
also developed to demonstrate the potential application of
such as handheld single-molecule imaging device. The
strong, enhanced fluorescence signals were only observed
in the presence of target DNA sequences, demonstrating the
future application of this system for POC diagnostics.

8 Summary and future perspective

The recent decades have witnessed the rapid development
and popularization of smartphone as a sensitive analytical
sensing platform in many POC applications. After the first
example of video-based smartphone biosensing reported
in 2011 [10], smartphone videoscopy has been widely
explored for the detection of various analytes in

conjunction with different assay technologies. The number
of related publications has grown dramatically especially
after 2017. The video function of smartphone has been used
to record the flow of cells or particles in microfluidic chips,
track the motion of micro organism or single particles,
monitor the trace of chemical kinetics in real-time, detect
long luminescent lifetime, measure the spectra during re-
actions, and visualize the single-molecule blinking events.
The smartphone videoscopy with a controllable temporal
resolution has significantly advanced the conventional
smartphone POC tests by extracting useful diagnostic in-
formation in the time domain.

Although many related works have been reported,
smartphone videoscopy is still in the early stage of explo-
ration with high potential in the future. There are still
several challenges necessary to overcome in the design of
next-generation video-based smartphone biosensors. First,
the temporal resolution of smartphone videoscopy is still
limited by the available frame rate of the smartphone
video. The most common acquisition setting is 30 fps, and
many video-based mobile biosensing applications have
been reported to use this frame rate. However, for some
emerging applications such as single-molecule imaging

Figure 7: Single-molecule imaging on a portable smartphone microscope using DNA origami-assisted plasmonic nanoantenna.
(a) Schematics of NACHOS assembly (b) Sketch of the portable smartphone microscope (c) Fluorescence image of a single Alexa Fluor 647 in
NACHOS (left) and exemplary fluorescence transients (right) showing single bleaching steps of dyes and long-time blinking events measured
on the portable microscope setup. Reproduced with permission from Ref. [50].
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and luminescent lifetime detection, 30 fps is far too slow to
capture the quick decay signals. To this end, several latest
smartphone models on the market such as Google Pixel 5
and Sony Xperia 1 II are capable of recording videos at 120
fps with a 1080 p resolution. In addition, the slow-motion
mode on Samsung Galaxy S20 Ultra, Xiaomi Mi 10 Pro, or
Huawei P40 Pro allows an even higher frame rate of 960 fps
for a short duration, which is able to provide a much better
time resolution down to 1 ms. However, the higher frame
rate will be companioned by shorter exposure time, which
represents the second challenge to detect signals with very
faint fluorescent intensity. A smartphone image sensor
with higher detection sensitivity will be needed for these
applications and a convex lens with higher NA is required
to increase the throughput of light transmission to the
smartphone imaging sensor. Finally, high-frame-rate video
recording also demands more efficient data transmission/
processing protocols to achieve real-time or near-real-time
data analysis and visualization. A cloud-based data
communication framework and processing algorithms will
be needed to shorten the data processing time and increase
the data analysis accuracy. In addition, smartphones with
higher computational power are desired to provide on-
phone video data processing capability. Overall, smart-
phone videoscopy is promising to play a crucial role in
future POC biosensing and applications.
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