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Microfluidic fluorescence assay devices show great promise as
preclinical and clinical diagnostic instruments. Normally, fluores-
cence signals from microfluidic chips are quantified by analysis of
images obtained with a commercial fluorescence microscope. This
method is unnecessarily expensive, time consuming, and requires
significant operator training, particularly when considering future
clinical translation of the technology. In this work, we developed
a dedicated low cost fluorescence microfluidic device reader
(FMDR) to read sandwich immunofluorescence assay (sIFA) devi-
ces configured to detect vascular endothelial growth factor ligand
concentrations in ocular fluid samples. Using a series of sIFA
calibration standards and a limited set of human ocular fluid sam-
ples, we demonstrated that our FMDR reader has similar sensitiv-
ity and accuracy to a fluorescence microscope for this task, with
significantly lower total cost and reduced reading time. We antici-
pate that the reader could be used with minor modifications for
virtually any fluorescence microfluidic device.
[DOI: 10.1115/1.4023995]
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1 Introduction

Microfluidic devices are increasingly important diagnostic tools
for preclinical and clinical applications. The advantages of micro-
fluidic technology (e.g., rapid assay speed, low sample/reagent
volumes, potential for automation, small footprint, and low cost)
have driven the rapid development of point-of-care (POC) devices
[1–4]. These have been used frequently for quantification of spe-
cific cell types and target biomolecules in a sample. Of particular
interest for this work are microfluidic devices that utilize a
fluorescent-label based antibody capture scheme for sensing and
quantification of target biomolecules, more specifically, vascular
endothelial growth factor (VEGF) from the eye. The Federal Drug
Administration (FDA) approved anti-VEGF agents (i.e., Mac-
ugen

VR

, Lucentis
VR

, Avastin
VR

, and Eylea
VR

) have been used to treat a
range of ocular diseases including neovascular age-related macu-
lar degeneration (AMD), retinal vein occlusion (RVO) and prolif-
erativediabetic retinopathy (PDR) [5–11]. Direct measurements of
VEGF in the eye may help correlate the progression of the disease
with the treatment. The sandwich immunofluorescence assay
(sIFA) device developed by Murthy et al. (shown in Fig. 1(a)) is
an optimal device for VEGF measurement [12]. The device uti-
lizes two rows of vertical oval pillars in a series of detection chan-
nels (Fig. 1(b)) that are coated with anti-VEGF antibodies. When
samples of ocular fluid are passed through each channel, free
VEGF is captured; these are subsequently detected with a biotin-
ylated antibody which is then labeled with fluorescent avidin. The
fluorescent signal from individual channels can then be “read” to
determine the concentration of VEGF in the original sample.

Until now, fluorescence microscopy has been used to read sIFA
microfluidic devices [12]. This technique entails a two-step
approach, whereby fluorescence images are first acquired on a
microscope and subsequently analyzed pixel-by-pixel using com-
mercial analysis software. While this approach has been robust in
the laboratory, in the anticipated translation to routine clinical use
this method has at least three significant limitations, including: (i)
the operation of a fluorescence microscope requires significant op-
erator training as does analysis of the fluorescence images, (ii) a
fluorescence microscope is an unnecessarily generalized optical
instrument for the task and consequently has a high associated
cost (~$60,000), and, (iii) the two-step imaging and analysis pro-
cess means that obtaining target biomarker concentrations is a rel-
atively time-consuming process.

To address these limitations, in this work we have developed
and tested a new low-cost dedicated fluorescence microfluidic de-
vice reader (FMDR). This instrument has a task-specific simpli-
fied optical design that allows reading of microfluidic devices
with a total cost that is at least an order of magnitude lower than a
typical fluorescence microscope. We first tested this design with a
series of sIFA calibration standards as well as a limited set of clin-
ical vitreous humor samples. We verified that results obtained
using our dedicated reader, which had similar sensitivity and ac-
curacy compared to those obtained using a fluorescent microscope
in the known clinical range of VEGF concentrations in ocular
fluid. These results were also obtained significantly more rapidly
(in �5 min per plate versus 20–30 min). As such, this design may
ultimately be useful for point-of-care clinical use of the microflui-
dic assay.

2 Materials and Methods

Images of the sIFA microfluidic device are shown in Figs. 1(a)
and 1(b). Figure 1(a) is a photograph of the device showing 12 in-
dependent fluidic channels and Fig. 1(b) shows the interior detail of
one channel where VEGF has been captured and illuminated with a
fluorophore. Each channel contains vertical pillar structures to
enhance the surface area of immobilized capture antibodies from a
sample flowing from top to bottom or vice versa in Fig. 1(b).
Microfluidic devices were fabricated as described previously [12].

A schematic and photograph of the fluorescence microfluidic
device reader (FMDR) is shown in Figs. 1(c) and 1(d),
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respectively. The light source was a modulateable 470 nm laser
diode (M470L2; ThorLabs, Newton, NJ). The output light was
collimated using a plano-convex lens (f¼ 50 mm; Edmund Optics,
Barrington, NJ) and then passed through a 470 nm clean-up inter-
ference filter with a 30 nm bandpass (Chroma Technology Corp,
Rockingham, VT). Using a second plano-convex lens (f¼ 50 mm;
Edmund) the filtered light was focused and then passed through a
1 x 3 mm slit (Edmund Optics NT58-547, Barrington, NJ) so that
only a single channel of the sIFA microfluidic device was illumi-
nated at a time. The microfluidic chip was held in place using a
microscope slide holder (MAX3SLH; ThorLabs) and manually
aligned with respect to the excitation light slight using
micrometer-driven linear X–Y translation stages (PT3A; Thor-
Labs). The light source and associated optics were mounted in a
light-tight lens tube and then attached to the center of a rotational
mount (XYR1; ThorLabs) so that the slit could be precisely
aligned with the channels on the device. Emitted fluorescent light
from each channel was collected and collimated using a plano-
convex lens (f¼ 25 mm; Edmund) and then passed through a 530
filter with an 80 nm bandpass (Chroma) to remove the excitation
light. Fluorescent light was then focused on the anode of a photo-
multiplier tube (PMT; H5783-04, Hamamatsu Corporation,
Bridgewater, NJ). The output current from the PMT was con-
verted to a voltage using a 1 MX resistor in parallel to the input
analog channel of a data acquisition device (DAQ; NI-USB-6251
National Instruments, Austin, TX). The operation of instrument
and data collection was controlled using custom written LABVIEW

software (National Instruments).
Each microfluidic chip was positioned on the reader so that a

single channel out of five (see below) was illuminated at a time.
For these experiments, the LED output was modulated at 10 Hz
using an analog output channel of the DAQ card. The detected flu-
orescence signal from the PMT was then analyzed using LABVIEW

software to extract the 10 Hz component. We note that this step
was not necessary but was empirically found to improve the quan-
titative accuracy of our results since it allowed removal of DC
drift and high-frequency noise. The output signal from the PMT
was averaged over 1 s for each measurement to obtain the reading
for each channel. The chip was then repositioned to illuminate the
next channel and the procedure was repeated. The entire reading
process required less than 2 min per sIFA device.

To characterize the sensitivity and accuracy of the dedicated
FMDR, we developed two sets of calibration standards. The first
set utilized a microfluidic channel with a bare pillar array [14]

filled with solutions of Oregon Green fluorophore (A-6374; Invi-
trogen, Grand Island, NY) at concentrations of either 1, 5, 50, or
100 pmol/L. These solutions were passed into each of the five
channels on each microfluidic device manually with a syringe.
We chose this approach since it allowed us to directly test the
capabilities of our FMDR reader at known fluorophore concentra-
tions in the absence of complicating factors such as coating of the
sIFA posts with antibodies and VEGF-antibody binding efficiency
(see below). A set of control chips (phosphate buffered saline
only) was also fabricated so that background measurements could
be obtained and subtracted from each sample. For each device,
the mean and standard deviation from the five channels were com-
puted. This was repeated four times for each concentration.

A second set of sIFA calibration standards were prepared where
the posts were coated with anti-VEGF (MAB293, R&D Systems,
Minneapolis, MN) capture antibodies. Solutions containing
known concentrations of VEGF (293-VE, R&D Systems) were
then passed through the microfluidic device using a syringe pump
(PHD2000 microsyring pump, Harvard Apparatus, Holliston,
MA) and captured on the coated posts. A biotinylated detection
antibody (BAF293, R&D Systems) and an Avidin-Oregon Green
conjugate (A-6347, Invitrogen) were then sequentially passed
through each channel of the device. A series of chips was fabricated
using solutions of 1, 5, 10, 50, 100, 500, and 1000 pg VEGF/mL.
This range was selected since it approximately covers the expected
concentration range of VEGF in clinical vitreous fluid samples. In
particular, previously reported literature values are in the range of
35–7000 pg VEGF/mL [12,13]. As above, a control microfluidic
device (0 pg/mL) was also prepared, and each experiment was
repeated four times for each concentration.

As an initial test of the ability of our FMDR reader to quantify
the VEGF concentration from clinical fluid samples, we per-
formed a limited test on two intraocular fluid samples obtained
during vitrectomy surgery. This project was conducted in compli-
ance with all applicable Health Insurance Portability and Account-
ability Act regulations. Informed consent was obtained from all
subjects on whom personal health identifying information was
recorded in accordance with a Duke Institutional Review Board-
approved protocol. These vitreous samples, diluted by balanced
saline infusion fluid were obtained from eyes of patients who
underwent planned vitrectomy at the Duke Eye Center. Samples
were frozen and shipped to Northeastern University. Prior to anal-
ysis, these samples were concentrated using centrifugal filter devi-
ces (Amicon Ultra-15 10 k Da membrane, Millipore, Billerica,

Fig. 1 (a) Photograph of the sandwich immune-fluorescence assay device, (b) an example fluo-
rescence microscopy image, showing pillar and channel surfaces coated with a capture anti-
body and Oregon Green labeling. (c) A schematic diagram and (d) photograph of the dedicated
fluorescence reader for the microfluidic devices. The total cost of all system components was
approximately $5,000.
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MA) from 50–200 mL total volume to between 1–3 mL. A single
microfluidic chip containing five channels was prepared as above
for each of the clinical samples.

All sIFA microfluidic devices were also read using the previ-
ously described fluorescence microcopy method. A Nikon Eclipse
TE2000 inverted microscope with a charged-coupled device cam-
era (CCD) was used, and images were taken with a constant gain
(16X) and an exposure time of 0.5 s. Image analysis software
(Nikon NIS Elements 2.1) determined the average fluorescence in-
tensity for a rectangular region in the center of each channel. This
measurement was made on the same z-plane for all devices,
although fluorescence measurements showed negligible variation
at different z-planes [14].

3 Results

We first quantified the Oregon Green fluorescence intensity
from a series of microfluidic device calibration standards (with
uncoated pillars) as described above. The mean fluorescence in-
tensity obtained using our FMDR instrument is shown in Fig.
2(a), along with the best fit-line. Likewise, the fluorescence inten-
sity obtained from the same set of calibration standards using the
Nikon TE2000 microscope (and image analysis) are shown in Fig.
2(b), along with the best-fit line. As expected, in both cases, the
measured fluorescence intensity increased linearly with increasing
Oregon Green concentration over the full two orders of magnitude
tested. Using these fits, and assuming that the minimum reliable
detectable signal level was three standard deviations of noise
above the background, we determined that the minimum detecta-
ble concentration (sensitivity) for the reader was about 0.2 pmol/L
of Oregon Green, and about 0.5 pmol/L for the fluorescence
microscope. As such, the FMDR reader was at least as sensitive as
the microscope under the conditions tested. The measured fluores-
cence intensities obtained with the FMDR instrument were then

compared directly to those obtained with the fluorescence micro-
scope for all concentrations as shown in Fig. 2(c). Here, an excel-
lent linear correlation was observed (r2¼ 0.98).

We next tested our FMDR reader using a series of VEGF-
sensing sIFA microfluidic devices with standard samples that con-
tained increasing concentrations of VEGF from 1 to 1000 pg/mL,
which approximately covers the concentration range anticipated
clinically [12,13]. The data obtained using the FMDR reader and
the fluorescence microscope are shown in Figs. 3(a) and 3(b),
respectively. The measured fluorescence signal generally
increased with increasing VEGF concentration as expected. A sin-
gle data point (100 pg/mL) yielded unexpectedly low fluorescence
readings. We attribute this outlier to minor variability in sample
preparation, but it is important to note that similar values were
obtained with both methods. As above, we then plotted the fluo-
rescence measurements obtained with the FMDR directly against
the fluorescence microscope, and an excellent linear correlation
was again observed (r2¼ 0.96).

Finally, we tested the FMDR reader using a small set of clinical
vitreous humor samples obtained from the Duke University Eye
Center. As described above, samples were run through the VEGF
sIFA microfluidic devices and then read with the FMDR and the
fluorescence microscope. Here, raw fluorescence measurements
from the reader and microscope were converted to absolute VEGF
concentrations using the calibration curves obtained in Figs. 3(a)

Fig. 2 Fluorescence measurements from a series of bare-pillar microfluidic device calibration
standards filled with 1 to 100 pmol/L Oregon Green solutions, obtained using (a) the FMDR, and
(b) fluorescence microscopy. (c) Comparison of readings obtained using the FMDR and fluores-
cence microscopy.

Fig. 3 Fluorescence measurements from a series of microfluidic device calibration standards
from 1 to 1000 pg/mL VEGF, obtained using (a) the FMDR, and (b) fluorescence microscopy as a
function sample concentration. (c) Comparison of readings obtained using the two methods.

Table 1 VEGF concentrations in pg/mL from two non-
diagnostic vitrectomy samples obtained using the FMDR reader
and Nikon TE2000 fluorescence microscope

FMDR TE2000 microscope

Sample 1 (pg VEGF/mL) 0.6 6 0.2 0.8 6 0.2
Sample 2 (pg VEGF/mL) 0.8 6 0.2 0.6 6 0.2
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and 3(b), respectively. As shown in Table 1, the two devices
yielded statistically identical readings for the clinical samples. In
summary, these data demonstrate that the FMDR yielded results
at least as sensitive and accurate versus fluorescence microscopy
in reading sIFA microfluidic devices.

4 Discussion and Conclusions

We have developed and tested a dedicated, low cost fluores-
cence microfluidic device reader ultimately intended for POC
clinical use. The simplified design and operation of the reader
allowed fluorescence readings to be obtained significantly faster
(2 versus 20–30 min) and at lower cost ($5,000 versus $60,000)
with virtually identical sensitivity and accuracy compared to fluo-
rescence microscopy. In the present study, samples were manually
positioned on the FMDR reader. However, in the future, this pro-
cess will be automated with computer controlled motorized trans-
lation stages to further simplify the process. We anticipate that the
speed, ease of use and low cost will be particularly useful to trans-
late the sIFA microfluidic device technology into clinical patient
care. We are currently testing this technology as a POC ocular
diagnostic assay using an expanded set of clinical samples. We
also anticipate that, with minor modification to the optical design,
our FMDR instrument would be useful as a low-cost reader for
virtually any fluorescence-based microfluidic device.

Acknowledgment

This work was partially funded by the National Science Foun-
dation (Grant No. CBET-0827868; PI-Murthy) and from a New
Investigator award from the Massachusetts Life Sciences Center
to Professor Niedre.

References
[1] Mark, D., Haeberle, S., Roth, G., von Stetten, F., and Zengerle, R., 2010,

“Microfluidic Lab-on-a-Chip Platforms: Requirements, Characteristics and
Applications,” Chem. Soc. Rev., 39, pp. 1153–1182.

[2] Yager, P., Domingo, G. J., and Gerdes, J., 2008, “Point-of-Care Diagnostics for
Global Health,” Ann. Rev. Biomed. Eng., 10, pp. 107–144.

[3] Vincent, L., 2007, “Microfluidics at the Crossroad With Point-of-Care Diag-
nostics,” Analyst, 132, pp. 1186–1192.

[4] Whitesides, G. M., 2006, “The Origins and Future of Microfluidics,” Nature,
442, pp. 368–373.

[5] Nicholson, B. P., and Schachat, A. P., 2010, “A Review of Clinical Trials of
Anti-VEGF Agents for Diabetic Retinopathy,” Graef. Arch. Clin. Exp. Ophthal-
mol., 248(7), pp. 915–930.

[6] Arias, L., Caminal, J. M., Badia, M. B., Rubio, M. J., Catala, J., and Pujol, O.,
2010, “Intravitreal Inflizimab in Patients With Macular Degeneration Who are
Nonresponders to Antivascular Endothelial Growth Factor,” J. Ret. Vis. Dis.,
30, pp. 1601–1608.

[7] Campochiaro, P. A., Hafiz, G., Channa, R., Shah, S. M., Nguyen, Q. D., Ying,
H., Do, D. V., Zimmer-Galler, I., Solomon, S. D., Sung, J. U., and Syed, B.,
2010, “Antagonism of Vascular Endothelial Growth Factor for Macular Edema
Caused by Retinal Vein Occlusions: Two-Year Outcomes,” Ophthalmology,
117(12), pp. 2387–2394.

[8] Jyothi, S., Chowdhury, H., Elagouz, M., and Sivaprasad, S., 2010, “Intravitreal
Bevacizumab (Avastin) for Age-Related Macular Degeneration: A Critical
Analysis of Literature,” Eye, 24, pp. 816–824.

[9] Nguyen, Q. D., Shah, S. M., Browning, D. J., Hudson, H., Sonkin, P., Haripra-
sad, S. M., Kaiser, P., Slakter, J. S., Haller, J., Do, D. V., Mieler, W. F., Chu,
K., Yang, K., Ingerman, A., Vitti, R. L., Berliner, A. J., Cedarbaum, J. M., and
Campochiaro, P. A., 2009, “A Phase I Study of Intravitreal Vascular Endothe-
lial Growth Factor Trap-Eye in Patients With Neovascular Age-Related Macu-
lar Degeneration,” Ophthalmology, 116, pp. 2141–2148.

[10] Tombran-Tink, J., 2010, “PEDF in Angiogenic Eye Diseases,” Curr. Mol.
Med., 10, pp. 267–278.

[11] Weiss, K., Steinbrugger, I., Weger, M., Ardjomand, N., Maier, R., Weg-
scheider, B. J., Wedrich, A., and El-Shabrawi, Y., 2009, “Intravitreal VEGF
Levels in Uveitis Patients and Treatment of Uveitic Macular Oedema With
Intravitreal Bevacizumab,” Eye, 23, pp. 1812–1818.

[12] Aiello, L. P., Avery, R. L., Arrigg, P. G., Keyt, B. A., Jampel, H. D., Shah, S.
T., Pasquale, L. R., Thieme, H., Iwamoto, M. A., Park, J. E., Nguyen, H. V.,
Aiello, L. M., Ferrara, N., and King G. L., 1994, “Vascular Endothelial
Growth-Factor in Ocular Fluid of Patients With Diabetic-Retinopathy and Other
Retinal Disorders.” N. Engl. J. Med., 331, pp. 1480–1487.

[13] Funk, M., Schmidinger, G., Maar, N., Bolz, M., Benesch, T., Zlabinger, G. J.,
and Schmidt-Erfurth, U. M., 2010, “Angiogenic and Inflammatory Markers in
the Intraocular Fluid of Eyes With Diabetic Macular Edema and Influence of
Therapy With Bevacizumab.” Retina, 30, pp. 1412–1419.

[14] Green, J. V., Sun, D., Hafezi-Moghadam, A., Lashkari, K., and Murthy, S. K.,
2011, “Microfluidic Pillar Array Sandwich Immunofluorescence Assay for Ocu-
lar Diagnostics.” Biomed. Microdev., 13(3), pp. 573–583.

024501-4 / Vol. 7, JUNE 2013 Transactions of the ASME

Downloaded From: http://medicaldevices.asmedigitalcollection.asme.org/ on 07/02/2013 Terms of Use: http://asme.org/terms

http://dx.doi.org/10.1039/b820557b
http://dx.doi.org/10.1146/annurev.bioeng.10.061807.160524
http://dx.doi.org/10.1039/b706347d
http://dx.doi.org/10.1038/nature05058
http://dx.doi.org/10.1007/s00417-010-1315-z
http://dx.doi.org/10.1007/s00417-010-1315-z
http://dx.doi.org/10.1097/IAE.0b013e3181e9f942
http://dx.doi.org/10.1016/j.ophtha.2010.03.060
http://dx.doi.org/10.1038/eye.2009.219
http://dx.doi.org/10.1016/j.ophtha.2009.04.030
http://dx.doi.org/10.2174/156652410791065336
http://dx.doi.org/10.2174/156652410791065336
http://dx.doi.org/10.1038/eye.2008.388
http://dx.doi.org/10.1056/NEJM199412013312203
http://dx.doi.org/10.1097/IAE.0b013e3181e095c0
http://dx.doi.org/10.1007/s10544-011-9528-4

	s1
	s2
	cor1
	l
	F1
	s3
	F2
	F3
	T1
	s4
	B1
	B2
	B3
	B4
	B5
	B6
	B7
	B8
	B9
	B10
	B11
	B12
	B13
	B14

