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Abstract

A microfluidic sample preparation multiplexer (SPM) and assay procedure is developed to 

improve amplification-free detection of Ebola virus RNA from blood. While a previous prototype 

successfully detected viral RNA following off-chip RNA extraction from infected cells, the new 

device and protocol can detect Ebola virus in raw blood with clinically relevant sensitivity. The 

Ebola RNA is hybridized with sequence specific capture and labeling DNA probes in solution and 

then the complex is pulled down onto capture beads for purification and concentration. After 

washing, the captured RNA target is released by irradiating the photocleavable DNA capture probe 

with ultraviolet (UV) light. The released, labeled, and purified RNA is detected by a sensitive and 

compact fluorometer. Exploiting these capabilities, a detection limit of 800 attomolar (aM) is 

achieved without target amplification. The new SPM can run up to 80 assays in parallel using a 

pneumatic multiplexing architecture. Importantly, our new protocol does not require time-

consuming and problematic off-chip probe conjugation and washing. This improved SPM and 

labeling protocol is an important step toward a useful POC device and assay.
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Point-of-care (POC) testing enables medical diagnosis to be performed immediately in the 

infected communities with simple instruments and processing.1,2 For example, the recent 

outbreak of Ebola in West Africa highlighted the need for rapid and quantitative POC 

detection.3,4 Nucleic acid-based detection techniques such as real-time polymerase chain 

reaction (qPCR)5,6 have been developed for pathogen detection as they show excellent 

sensitivity and specificity. However, qPCR requires expensive reagents, bulky instruments, 

and well trained personnel, all of which are in short supply in low resource settings. 

Isothermal amplification, on the other hand, provides a simple way for performing target 

amplification and shows excellent sensitivity.7,8 However, nucleic acid prepurification is 

required because organic and inorganic substances can inhibit the target amplification.9 In 

addition, multiplex detection is often limited when using isothermal amplification due to the 

primer–primer interactions.10 Thus, a rapid, sensitive, low cost, and fully integrated analysis 

process which can work with raw blood sample is needed to address POC viral testing 

needs.

Recently, amplification-free nucleic acid techniques such as surface-enhanced Raman 

scattering (SERS),11 electrochemical sensing,12 and fluorescence imaging13 have been 

introduced to address these diagnostic needs. These techniques do not require complicated 

target amplification and are intended for POC applications. As the Ebola viral loads are 

extremely low at the initial stages of infection, attomolar sensitivity is required to enable 

early clinical decisions.14,15 Although SERS and electrochemical sensing are label-free and 

amplification-free techniques, the sensitivity of these techniques is poor16,17 and does not 

reach the level required for clinical decision making. Microscopy provides highly sensitive 

single molecule sensing capability, but it is expensive and difficult to perform in field 

environments.18,19

State-of-the-art optofluidic and microfluidic technology enables an alternative approach for 

amplification-free detection of pathogens20,21 that is advantageous because it integrates 

microfluidic processing and optical sensing functions.22–27 We previously developed an 

efficient sample preparation multiplexer (SPM) and a sensitive liquid-core antiresonant 

reflecting optical waveguide (ARROW) biosensor chip for Ebola RNA sensing.25 Without 

target amplification, a limit of detection (LOD) of 800 aM was achieved with ∼2 h detection 

time.28 The automated SPM captured and concentrated Ebola RNA molecules on DNA 
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probe labeled magnetic beads and the ARROW chip detected individual labeled RNA 

molecules in femtoliter excitation volumes. This optofluidic system demonstrated excellent 

sensitivity, specificity, and dynamic range for quantitative RNA molecule counting. 

However, several challenges still need to be addressed if optofluidic systems are to be used 

for POC applications. Most importantly, the sample processing procedure must be simplified 

and optimized to allow virus detection directly from body fluids without additional off-chip 

RNA purification steps. An on-chip filtering process could be used to isolate nucleic acid 

targets from blood,26,29 but our focus here is on simpler approaches with higher specificity 

and sensitivity. In addition, the processing throughput of the SPM needs to be improved to 

match high throughput techniques such as qPCR.30

Here we present a new SPM and analysis protocol that is based on a sequence specific 

barcode fluorescence reporter and a photocleavable capture probe. This method enables 

efficient extraction of Ebola RNA from raw blood using a SPM that is more automated and 

integrated as a result of the facile target release process. The sequence specific hybridization 

of the fluorescence reporter and the capture probe to the target RNA is simply and rapidly 

performed completely in solution phase before bead binding. The target RNA is efficiently 

released after solid-phase concentration and cleanup by activating the photocleavable linker 

with ultraviolet light. Exploiting a pneumatic multiplexing architecture, the SPM is capable 

of running 80 samples on a single chip. Combined with a simple, sensitive, and inexpensive 

fluorometer system, a detection limit of 800 aM for Ebola RNA in blood is achieved within 

90 min total analysis time. This new method significantly simplifies the sample preparation 

and detection procedures for Ebola and other hemorrhagic fever viruses pointing the way to 

POC applications.

MATERIALS AND METHODS

Microfluidic Chip Fabrication

The sample preparation multiplexer (SPM) is designed to run 80 on-chip solid-phase 

extraction assays in parallel (Figure 1a). The chip consists of 16 identical units and each unit 

controls five assays (inset of Figure 1a). For the pneumatic layer (green), each inlet controls 

the opening and closing of 4 microvalves in the array driven by programmable solenoid 

valves. The dimensions of the pneumatic channels are 90 μm wide and 40 μm deep. For the 

fluidic layer (red), each unit consists of one fluidic inlet and one fluidic outlet. Reagents are 

transported automatically in the fluidic layer by controlling the opening and closing of the 

microvalves (a video is available in the Supporting Information). A photograph of the device 

is presented in Figure 1b. For the fluidic layer, two 100 μm wide, 25 μm deep channels are 

connected to each 3 mm diameter, 1.4 cm deep incubation reservoir. The normally closed 

lifting-gate microvalve-based microfluidic SPM fabricated and assembled from two 

polydimethylsiloxane (PDMS) layers31,32 is advantageous for our applications compared to 

normally open microvalve systems.33,34 To form the pneumatic layer, SU-8 micropatterns 

(thickness ∼ 40 μm) were created on a 15 cm diameter silicon wafer by using 

photolithography. PDMS was poured on the SU-8 micropatterns and cured to a final 

thickness of ∼7 mm. After peeling off the pneumatic layer from the SU-8 micropatterns, 

holes for the pneumatic control layer were punched. To form the fluidic layer, SU-8 
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micropatterns (thickness ∼ 25 μm) were created on a 12 cm diameter silicon wafer by using 

photolithography followed by spin coating a 300 μm PDMS membrane. Then, the oxygen 

plasma activated pneumatic layer and UV-Ozone activated fluidic layer were bonded. After 

bonding, the fused layers were peeled off the silicon wafer and transferred to a 12 cm 

diameter glass substrate. The diameter of the microvalves is ∼2 mm and the diameter of the 

incubation reservoirs is ∼3 mm (capacity of ∼50 μL). To increase the volume of the 

incubation reservoirs, another 7 mm thick PDMS layer was bonded on top of the pneumatic 

layer with ∼6 mm diameter reservoirs (capacity ∼ 200 μL).

Sample Preparation

Digital color-coded barcode fluorescence reporter (nCounter Elements TagSet-12) was 

purchased from NanoString Technologies, Inc. Synthetic nucleic acid probe A (84-mer) and 

capture probe modified with photocleavable spacer/biotin (58-mer) were obtained from 

Integrated DNA Technologies, Inc. (IDT). They were designed to complement part of the 

Zaire Ebola Virus (AY354458.1:12638) and the barcode fluorescence reporter (for 

sequences see Table S1). Purified Zaire Ebola Virus RNA (AY354458.1) was extracted in 

the Biosafety Level 4 Laboratory at Texas Biomedical Research Institute using Trizol LS 

reagents (Thermo Fisher Scientific) as reported previously.28,35,36 Purified Ebola RNA was 

spiked in mouse whole blood samples containing sodium heparin to avoid coagulation 

(Biochemed Services) for on-chip microfluidic experiments. MyOne streptavidin T1 beads 

(10 mg/mL) were purchased from Thermo Fisher Scientific and washed 4 times with RNase-

free water (Takara Bio Inc.) for on-chip experiments.

On-Chip Solid-Phase Extraction

Ebola spiked blood samples were pumped into the incubation reservoirs through the 

microvalve system. For 1× protocol, 15 μL blood was used and for 10× protocol, 150 μL 

blood was used with the same Ebola RNA concentration as the 1× protocol. Then, Probe A 

(5 nM, 1 μL), UV cleavable probe (15 nM, 1 μL), barcode fluorescence reporter (5 μL) and 

10 μL nCounter Sprint hybridization buffer (Nanostring Technologies, Inc.) were mixed off-

chip and pumped into the incubation reservoirs for the hybridization with Ebola RNA at 

50 °C on a hot plate (Figure S1a). A glass slide was used to cover the incubation reservoirs 

during probe hybridization to avoid evaporation. After probe hybridization (2–40 min), 3 μL 

of magnetic beads were manually added to each incubation reservoir and metered air 

bubbles (0.7 μL/s) were introduced to each incubation reservoir for 30 s to improve mixing 

(Figure S1b). After incubation for 15–120 min, a magnet was placed under each incubation 

reservoir to isolate the beads so that the supernatant could be automatically evacuated. Then, 

the magnet was removed and RNase-free water was pumped into each incubation reservoir 

followed by 30 s of air bubble mixing to suspend the beads. The automated washing cycle 

was repeated three times followed by pumping 15 μL of RNase-free water into each 

incubation reservoir. After that, the SPM was placed under a 311 nm ultraviolet (UV) lamp 

(Kernel-4003B) to release captured nucleic acid targets from the beads (Figure S1c). Finally, 

the beads were isolated by a magnet and the supernatant was removed manually from each 

incubation reservoir for the fluorescence measurements (Figure S1d).
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Fluorescence Quantitation

The supernatant was excited by a continuous wave laser at 488 nm (Sapphire 488 LP, 

Coherent Inc.), and the power was reduced to ∼10 mW by a variable neutral-density filter 

(Thorlabs, Inc.) to avoid photo damage. The laser was focused onto the sample to a ∼1 mm 

diameter spot size and the illumination volume was ∼1.5 μL. Fluorescence was collected by 

an off-axis parabolic (OAP) mirror with a centered hole for passing the excitation beam (2″ 
diameter, 50 mm focal length, 3 mm center hole diameter, Thorlabs, Inc.). Unwanted 

scattered light was eliminated by a 488 nm notch filter (NF488-15, ∼6 optical density, fwhm 

15 nm, Thorlabs, Inc.). The fluorescence was focused into an optical fiber (M93L01, 

Thorlabs, Inc.) on a XYZ translation stage (Newport Corporation), connected to a mini USB 

spectrometer (USB 2000+, Ocean Optics, Inc.). Data measurement and analysis were carried 

out by using Spectra Suite (Ocean Optics, Inc.) and Origin Pro (OriginLab Corporation) 

software. To characterize the limit of detection (LOD) of the fluorometer, fluorescence 

reporters were serially diluted with RNase-free water and measured by the fluorometer. The 

emission curve of the reporter (centered at ∼520 nm) versus various concentrations (200 

aM–8 pM) is presented in Figure 2b. The fluorescence signals were integrated from 510 to 

540 nm and presented in Figure 2c. The integrated counts show a linear dependence on 

concentration for the reporters and the measured LOD is ∼200 aM.

RESULTS

The protocol for on-chip sample preparation is outlined in Figure 1c. (i) First Ebola RNA 

spiked blood samples are pumped into the incubation reservoirs and mixed with 

fluorescence reporters, Probe A oligonucleotides, Ebola RNA targets, and photocleavable 

probes. (ii) After hybridization is complete, streptavidin beads are added into the incubation 

reservoirs to capture the biotin modified photocleavable probes. Through the process, 

fluorescence reporters, Probe A oligonucleotides, Ebola RNA targets, and photocleavable 

capture probes are hybridized and linked with magnetic beads. (iii) Magnet beads are 

isolated and washed to remove unbound targets, excess reagents, and contamination. (iv) 

Captured RNA targets are released from the magnetic beads for analysis by dissociating the 

photocleavable spacer in the capture probe.

To characterize the release efficiency of the photocleavable capture probes from the 

magnetic beads, an experiment was carried out mixing 0.85 picomoles photocleavable 

probes with 1 μL magnetic beads. After 2 h, the excess probes were removed and UV 

exposure was used to release the probes from the beads. Then, the supernatant was removed 

and diluted with 280 μL of RNase-free water. SYBR Gold dye (1×) was added to the 

supernatant for fluorescence detection. As shown in Figure 3a, distances of the UV lamp 

from the samples ranging from 0 to 10 cm and release times ranging from 0 to 20 min were 

examined. The release efficiency is very sensitive to the release time. The release efficiency 

increases dramatically from 5 to 10 min but plateaued after that. A NanoDrop Micro volume 

Fluorometer (Thermo Fisher Scientific) was also used to confirm that all the linked capture 

probes were released into the supernatant with the 20 min UV exposure.

The probe hybridization conditions for Ebola RNA, probe A oligonucleotide, fluorescence 

reporter, and photocleavable probe were optimized by adjusting the incubation time as well 
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as an on-chip concentration procedure. For all the experiments, 1 h bead incubation and 15 

min UV release were employed after the probe hybridization at 50 °C. As presented in 

Figure 3b, incubation times of probes ranging from 2 to 40 min were explored (yellow box: 

2 min; purple box: 10 min; green box: 20 min; red box: 40 min). The target capture 

efficiency improves somewhat by increasing the incubation time from 2 to 40 min. Magnetic 

bead adsorption on the PDMS walls and the glass substrate was observed in the 10× blood 

experiment, which likely explains the decrease of capture efficiency for 40 min incubation.28 

A roughly 2-fold increase of the fluorescence signal was detected with the 1× buffer process 

(15 μL Ebola sample in RNase-free water input, 15 μL release) over the 1× blood process 

(15 μL of Ebola-spiked blood sample input, 15 μL release), regardless of the incubation time 

(blue and black label). The 10× blood protocol (red label) capture efficiency is ∼4× higher 

than the 1× blood protocol (black label) and ∼2× higher than the 1× buffer protocol (blue 

label); this represents capture of ∼20–25% of the total input Ebola RNA molecules.

After optimization of the probe hybridization, the capture efficiency was further examined 

by tuning the incubation time of hybridized probes with streptavidin beads at room 

temperature. Ebola RNA spiked blood, probe A oligonucleotide, fluorescence reporter, and 

photocleavable probe were mixed in the incubation reservoir at 50 °C for 20 min and then 

cooled down to room temperature. A total of 3 μL of streptavidin beads were added to the 

incubation reservoir and air bubbles were applied every 10 min. After incubation, the 

incubation reservoir was washed 3 times to eliminate all the impurities from blood followed 

by 15 min target release with UV exposure. As shown in Figure 3c, the bead-biotin capture 

efficiency is very sensitive to the incubation time. A 3-fold increase of the fluorescence 

signal was detected by increasing the incubation time from 15 to 30 min. After 30 min, the 

capture efficiency does not change significantly with incubation time which indicates that 

the biotin–streptavidin reaction is complete.

With the optimized solid-phase extraction conditions in hand, we determined the LOD and 

linearity for the 10× blood protocol. Ebola RNA spiked blood (150 μL), probe A 

oligonucleotide (1 μL), fluorescence reporter (5 μL), and photocleavable probe (1 μL) were 

mixed on-chip for 20 min at 50 °C followed by the bead incubation for 30 min at room 

temperature. During the incubation, 30 s air bubble mixing was applied every 10 min. The 

captured targets were UV released into 15 μL of RNase-free water. The measurements are 

presented in Figure 4. Due to the high specificity of the fluorescence reporter and 

photocleavable probe, no fluorescence peak counts were higher than RNase-free water 

background for the negative control sample (red). On the other hand, fluorescence peak 

counts show a linear dependence on concentration for positive Ebola samples over 3 orders 

of magnitude (black). We achieved a LOD of ∼800 aM combining the 10× on-chip 

concentration protocol and optical-fiber based fluorometer. The total processing and 

detection time was less than 90 min (20 min probe hybridization, 30 min bead incubation, 15 

min automated washes, 15 min target release, and 5 min fluorescence detection).

DISCUSSION

The SPM and analysis protocol presented here are designed to efficiently extract and 

sensitively detect viral RNA from blood all of which are necessary steps toward POC 
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applications. Compared to our previous studies, the current approach has a number of 

advantages including higher throughput sample processing, higher specificity capture with 

two sequence specific probes binding to the RNA target, simpler target release, and faster 

solution phase hybridization.

In our previous work, a proprietary unsymmetrical cyanine dye was used to stain the Ebola 

RNA target for fluorescence detection.28,35,37 Although this dye shows a high fluorescence 

sensitivity, it binds nonspecifically to target RNA and to off-target RNA and DNA. When 

working with blood samples, a high concentration of contaminating RNA and DNA is often 

present. Also capture probes can bleed off from the magnetic beads in the thermal 

processing steps. Any irrelevant sequence in the assay leads to elevated background and 

degrades the LOD. In this paper, a sequence specific barcode fluorescence reporter is used to 

provide target sequence specific fluorescence labeling to enhance specificity and reduce 

background.

The use of a UV photocleavable capture probe enables a simpler and more efficient capture 

procedure. In our previous work, 4-formyl benzamine functionalized (4FB) beads were used 

for target capture and release.28 Although the covalent bond between 4FB and Hynic linker 

is more stable at the temperature (70 °C) used for target release, several prewashes are still 

required to reduce the capture probe loss. There were two problems with this previous 

method: The captured RNA targets were released from the magnetic beads by denaturing the 

RNA–DNA hybrid strands at 80 °C. Thus, a microheater and a micro temperature controller 

had to be added to monitor the temperature in the incubation reservoir for on-chip 

experiments. Furthermore, the 80 °C release still resulted in some capture probe loss and 

elevated background because the fluorescence labeling is not sequence specific. Our new 

protocol adds a photocleavable linker between the biotinylated linker and the capture probe 

that can be dissociated with a simple UV exposure. The results show that 15 min UV 

exposure is sufficient to cleave all the capture probe-Ebola RNA-fluorescence reporter 

hybridized strands from the magnetic beads. Thus, the new protocol requires less processing 

time and complexity. Because the barcode fluorescence reporter is on a separate hybridized 

probe, the presence of the other irrelevant probe sequences in the assay released by UV 

exposure does not increase the fluorescence background. In addition, the fluorescence 

reporter and the photocleavable capture probe each bind to a unique sequence in the 100-mer 

of the Ebola RNA target, thus our sample preparation protocol is more stringent, should 

work with degraded or short nucleic acid targets and does not require an ultra clean working 

environment. All these advantages will be helpful when working in low resource settings.

A second advantage of the new protocol is the performance of an initial solution phase 

hybridization. In our previous work, the hybridization of complementary strands was 

performed in solid phase with the capture probes immobilized on magnetic bead. The 

reaction rate was significantly decreased by the slow diffusion of targets to the beads. 

Additional devices such as an acoustic mixer,38 motor controlled rotational magnets,39 on-

chip centrifuge,40 and metered air bubbles28 are utilized to improve the transport properties 

when dealing with beads. On the other hand, solution phase reactions are much faster.41 In 

this work, the hybridization of probes and Ebola RNA targets is in the liquid phase reducing 

diffusion barriers and the annealing process is rapid and specific even when the target 
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concentration is very low. This solution phase hybridization step significantly improves the 

sample preparation efficiency.42

The SPM can analyze 80 unique samples in parallel with a pneumatic multiplexing 

architecture. This architecture enables independent control of 128 microvalves and 80 

incubation reservoirs with only 16 solenoid valves. Nanoliter to microliter scale reagents are 

automatically transferred and mixed in the SPM by controlling the opening and close of the 

microvalves without using syringe pumps or pipettes. Furthermore, we demonstrated that 

metered air bubbles can be injected into the incubation reservoirs from the microvalves to 

enhance convective mixing without adding complicated instruments.28 This automated, 

programmable, and versatile system is ideal for POC analysis.

We also developed a sensitive fluorometer based on an off-axis parabolic (OAP) mirror and 

a mini USB spectrometer. The OAP mirror (numerical aperture ∼ 0.5, see Supporting 

Information) provides high fluorescence collection efficiency with a simple optical system. 

Combined with the high sensitivity of the barcode fluorescence reporter, a detection limit of 

∼200 aM is achieved. The detection time is less than ∼3 min from 25 μL of 200 aM samples. 

The OAP-based fluorometer system is simple and robust and should be readily miniatured 

and integrated for POC applications.43

The barcode fluorescence reporter is designed to anneal fluorescent dyes with different 

colors on one M13 single-strand DNA and thus it can be excited with different wavelengths 

for multiplexing detection.44 The highest signal-to-noise (S/N) ratio was achieved by using 

488 nm excitation but it is comparable with 590 and 633 nm excitations. Thus, the 

developed protocol can be further extended for quantitatively multiplexing measurements of 

various viruses and microorganisms in blood samples by digital color-coding.45,46

Combining all these advantages, our system can process multiple assays in parallel with 

improved sample process ease and sensitivity. Although polymerase chain reaction (PCR) 

shows similar throughput, it often requires an off-chip plasma separation47 and an RNA 

isolation step48 before target amplification. In addition, PCR requires precise temperature 

control and expensive and sensitive enzymes.49,50 Our technique only requires microliters of 

raw blood and does not need additional sample amplification steps. Using the 10× on-chip 

concentration protocol, our technique shows a detection limit of 800 aM for Ebola RNA 

targets, which is comparable with PCR analysis.51 This high sensitivity can provide crucial 

information for early detection by confirming or clearing suspected cases.52 Thus, our 

technique is compatible with the fingerprick test and is easy to carry out in resource-limited 

settings.53 With the optimized sample preparation conditions, the sample preparation and 

detection time is less than 1.5 h which is comparable with typical PCR testing.5 We also 

demonstrate a wide dynamic range from attomolar to picomolar scale which can be used to 

precisely monitor the seriousness of the infection. Exploiting these advances, we achieved 

the same detection limit as our previous work but with a faster detection time (30 min less) 

and the current approach can directly deal with raw blood samples. Although isothermal 

amplification techniques show higher sensitivity and is a useful diagnostic method for POC,
7,8,54 we can further extend our detection limit to match isothermal amplification by 

exploiting 80× on-chip concentration as we have done previously.28 In addition, our 
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amplification-free protocol can be extended for multiplexing detection which is challenging 

when performing isothermal amplification due to the interactions of the large number of 

primers in the assay.10

In the future, it should be possible to reengineer and integrate the current system to provide 

rapid and sensitive detection at POC without using expensive instruments. Since the SPM, 

fluorometer, and UV lamp are small in size and low cost, they can be integrated in a small 

instrument enabling real-time detection of viruses in blood. Because the sample processing 

and detection processes presented here are simple, once the reengineering is complete it 

should be facile to diagnostic suspected patients in a POC environment.55

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Design of the sample preparation multiplexer (SPM) for on-chip solid-phase extraction 

with 80 incubation reservoirs. Each inlet/outlet line controls five incubation reservoirs (black 

dashed box). (b) Photograph of the SPM. (c) Schematic of the on-chip solid phase extraction 

experiment: (i) Reporter tag and UV cleavable capture probe mixed with Ebola RNA spiked 

blood samples. (ii) Hybridization of reporter tag, probe A, Ebola RNA, UV cleavable 

capture probe, and the streptavidin bead. (iii) Incubation reservoirs washed with buffer 

solution to remove unbound materials, excess reagents, and contamination. (iv) UV 
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cleavable linker dissociated with UV light from the streptavidin bead to release the labeled 

target.
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Figure 2. 
(a) Schematic of the optical-fiber-based fluorometer. Fluorescence signal is collected by the 

parabolic mirror and detected by a USB 2000 spectrometer. Apparatus: ND, Neutral-density 

filter; L1 and L2, lenses; OAP, off-axis parabolic mirror; S, sample; F, optical fiber; and NF, 

notch filter. (b) Uncorrected emission curve of barcode reporter vs various concentrations. 

The peak is centered at ∼520 nm. (c) Fluorescence intensity vs barcode reporter 

concentrations shows linear dependence at the attomolar level. The limit of detection of 

using pure fluorescence probe for the system is ∼200 aM. Error bars indicate standard error 

of the mean.
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Figure 3. 
Optimization of solid-phase extraction process and assay. (a) Release efficiency of UV-

cleavable probes vs release time with UV power ranging from ∼0.8 mW/cm2 (10 cm) to 

∼1.6 mW/cm2 (0 cm). Error bars are standard error of the mean. (b) Capture efficiency 

results for 30 fM Ebola RNA (1× in buffer) as a function of incubation time (yellow box: 2 

min; purple box: 10 min; green box: 20 min; red box: 40 min) compared with (1× in blood) 

and (10× in blood) target concentration procedure (1×: input 15 μL, release 15 μL; 10×: 

input 150 μL, release 15 μL). Error bars are confidence intervals. (c) Magnetic bead capture 
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efficiency results as a function of incubation time for Ebola RNA-probe A-reporter tag-UV 

cleavable probe in blood. Error bars are standard error of the mean.
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Figure 4. 
Detection of Ebola virus with optical-fiber based fluorometer. Calibration curve showing the 

relationship between the target concentrations and fluorescence intensity on a logarithmic 

scale. RNase-free water background signal was subtracted from both of the positive and 

negative signals. The limit of detection of the Ebola virus in blood with the 10× on-chip 

concentration protocol is ∼800 aM determined with a positive-to-negative signal ratio of 

∼3:1. Error bars are standard error of the mean.
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