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Real-time amplification and quantification of specific nucleic acid sequences plays a major role in medical
and biotechnological applications. In the case of infectious diseases, such as HIV, quantification of the
pathogen-load in patient specimens is critical to assess disease progression and effectiveness of drug therapy.
Typically, nucleic acid quantification requires expensive instruments, such as real-time PCR machines,
which are not appropriate for on-site use and for low-resource settings. This paper describes a simple,
low-cost, reaction-diffusion based method for end-point quantification of target nucleic acids undergoing
enzymatic amplification. The number of target molecules is inferred from the position of the
reaction-diffusion front, analogous to reading temperature in a mercury thermometer. The method was
tested for HIV viral load monitoring and performed on par with conventional benchtop methods. The
proposed method is suitable for nucleic acid quantification at point of care, compatible with multiplexing
and high-throughput processing, and can function instrument-free.

research, medical diagnostics, and environmental monitoring'~. In the case of infectious diseases, quan-

tification of the pathogen-load in patient specimens is critical to assess disease progression, effectiveness of
drug therapy, and emergence of drug-resistance. HIV-1 is an important example*®. Currently, nucleic acid
quantification requires sophisticated and expensive instruments®”, such as real-time PCR machines, for continu-
ous monitoring of fluorescence emission from intercalating dye. Instrument-free, endpoint quantitative methods
are highly desirable for nucleic acids-based, molecular diagnostics at the point of care, at home, and in resource-
poor settings. Although enzymatic amplification products can be detected without an instrument with lateral flow
strips®', this method suffers from low accuracy and low sensitivity.

Over the past decade, microfluidic technology has enabled significant progress towards developing low-cost,
point-of-care (POC) devices for molecular diagnostics''~'*. However, current microfluidic-based, nucleic acid
quantification still depends on conventional, continuous real-time monitoring of fluorescence emission intensity
with benchtop optical instruments'>™"”. This requirement is a significant obstacle to enabling simple, affordable,
on-site diagnostics based on nucleic acid amplification test (NAAT).

Herein, we propose a new paradigm for quantifying the number of target nucleic acid molecules in a sample.
We develop a simple, low-cost, reaction-diffusion device, dubbed the “nuclemeter”, affording endpoint, quant-
itative detection of target nucleic acids based on the position of a reaction front. The nuclemeter is comprised of a
sample chamber and a reaction-diffusion conduit, containing all the reagents needed for enzymatic amplification,
as well as intercalating dye reporter (Fig. 1la-c). A sample laden with target nucleic acids is introduced into the
sample chamber and the amplification reaction is triggered thermally. As time progresses, amplicons diffuse into
the reaction-diffusion conduit, where they continue to react and amplify. After a certain time threshold, the
conduit consists of two distinct regions (Fig. 1b): the bright, left segment (0 < x < Xp), where the amplification
reaction has already generated a sufficient number of amplicons to emit detectable fluorescence emission and the
dark, right section (x > Xr) into which amplicons have not yet diffused. As time proceeds, the reaction front (Xg),
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Figure 1| The nuclemeter. (a) A schematic depiction of the cross-section of the nuclemeter, consisting of a sample chamber and a reaction-diffusion
conduit. (b) An illustration of the nuclemeter’s operation. Initially, only the sample chamber contains the nucleic acid template (top). The template
amplifies and diffuses into the conduit, where it continues to amplify at the appropriate amplification temperature (middle). Xrindicates the position of
the reaction front that propagates with a constant velocity (v,) (bottom). (c) A photograph of a plastic chip housing four nuclemeters.

separating between the bright and dark regions, propagates to the
right with a constant velocity (v,). We hypothesize that the position
of the reaction front indicates target analyte concentration. Many
nuclemeters can be housed on a single chip and imaged simulta-
neously for concurrent monitoring of multiple amplification pro-
cesses, calibration standards, and controls. Fig. 1c features a plastic
chip with four nuclemeters, many more can be housed on a single
substrate. Additionally, many reaction-diffusion conduits (not
shown) can branch from a single sample chamber.

Results

The nuclemeter and its portable processor. To prove the concept,
we fabricated a 46 mm long X 36 mm wide Polymethyl metha-
crylate (PMMA) chip housing four nuclemeters (Fig. 1c). Each
nuclemeter consists of a 2 mm diameter X 2.80 mm deep sample
chamber (~9 pL) connected to a 330 pm wide X 330 um deep X
12 mm long reaction-diffusion conduit (Fig. 1a and Supplementary
Fig. 1). When desired, each nuclemeter can be customized to process
a different target or to serve as a control. A detailed description of the
nuclemeter chip’s fabrication process is provided in the Methods
section.

We used a custom-made, portable, processor (Fig. 2a) for nucleic
acids isothermal amplification and detection. Our processor can be
powered either with four AA batteries or grid power. A flexible,
polyimide-based, thin film heater (inset of Fig. 2a) maintained the
nuclemeter at the temperature needed for enzymatic amplification of
nucleic acids, typically 62.5-65°C for the RT-LAMP process that we
used in our experiments. A portable, USB-based, fluorescence micro-
scope monitored the fluorescence emission from the various reac-
tion-diffusion conduits and a Matlab™ program determined the
emission intensity as a function of position along the reaction-dif-
fusion conduit.

To evaluate temperature uniformity of the nuclemeters, a ther-
mograph of the nuclemeter chip’s surface was taken with an infrared
camera. The four nuclemeters located within the dashed square
showed excellent temperature uniformity, within £0.5% (Fig. 2b).
To block any background emission, a mask was made with black 3M
Scotch electrical tape. The mask is equipped with a ruler to assist in
reading the position of the reaction front (Xr) by eye (Fig. 2c).

HIV viral load test. To demonstrate the performance of the nucle-
meter, we used reverse transcription, loop-mediated isothermal

amplification (RT-LAMP)*' to quantify HIV viral load. Samples
containing 0, 10%, 10° and 10* HIV-1 RNA molecules were inserted
into the four sample chambers (Fig. 1b) and incubated at 62.5°C
using our custom-made, portable, processor (Fig. 2a). 0.04% (w/v)
hydroxypropyl-methyl-cellulose (HPMC) was added to the RT-
LAMP reaction mixture to slow amplicons’ diffusion and obtain a
well-defined reaction front (Supplementary Note 1). Upstream of the
front, the amplification process had reached its conclusion due to
depletion of reaction components, and the fluorescence emission
intensity was nearly independent of target type and concentration.
The emission from the reaction-diffusion conduits was monitored
with the USB fluorescent microscope (Fig. 3 and Video 1). At any
given time, the greater the number of target molecules, the larger Xr.
Thus, with appropriate calibration, the number of initial target
molecules can be inferred from Xp. Although X increases as time
increases at any target concentration, the differences between X va-
lues associated with different concentrations are time-independent.
In Fig. 3, we monitored fluoresce emission for nearly an hour.
However, the information needed for viral load determination is
available within less than 30 minutes.

The reproducibility of the nuclemeter was evaluated by intro-
ducing identical target concentrations (10* copies of HIV-1 RNA)
into all four sample chambers (Fig. 4a). All four conduits exhibited
nearly identical length emission columns X (=4.5%) at any given
time.

Furthermore, we tested the limit of detection of the nuclemeter by
reducing the number of target molecules. We consistently detected as
few as 50 RNA copies and were unable to detect 5 RNA copies
(Fig. 4b). This is comparable to the performance of the benchtop,
“tubed-based”, RT-LAMP method (Supplementary Fig. 4). Thus,
our limit of detection is smaller than 50 copies per sample.

Experimental data analysis. Fig. 5 analyzes the experimental data
and compares it with the predictions of a simple theoretical model (to
be described later). We take the emission intensity to be proportional
to the amplicons’ concentration ¢(x,t), assumed uniform in each
cross-section of the conduit. Fig. 5a depicts ¢ =c/cmax as a function
of position x at various times t. The lines and symbols correspond,
respectively, to predictions and experimental data. We define the
location of the reaction front Xg(t) as the position at which
&(Xp,t)=0.5. When x < Xp, ¢ ~ 1 and the amplification reaction
is nearly complete (the bright regions with fluorescent emission in
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USB microscope! !
Figure 2 | The custom-made, portable, processor for nucleic acid isothermal amplification and detection. (a) A photograph of the processor. Inset: a
flexible, polyimide-based, thin film heater. (b) A thermograph of the nuclemeter chip’s surface taken with an infrared camera T360. The four reaction-

diffusion reactors are located within the dashed square. (c) A mask made with black 3M Scotch electrical tape to block background emission. A ruler was
fixed on the mask to assist in determining the position of the reaction front (Xg).

Fig. 3). When x > Xp, ¢~0 and no amplification has yet occurred
(the dark regions in Fig. 3).

Fig. 5b depicts ¢ as a function of time at various positions x. An
observer located at a position x will not see a signal until after a
certain time delay. The greater the magnitude of x, the larger the
delay is. Fig. 5c depicts the experimentally-determined rate of the

I

reaction (— as a function of position (x) at various times. The

oc
a)exp
rate of the reaction resembles a propagating peak that travels at a
fixed velocity vo. The peak’s width at midheight (A) did not vary with
time (Fig. 5d), ie., the reaction front is non-dispersive. In other
words, the precision with which we can determine the reaction
front’s position does not deteriorate with time.

Next, to analyze the propagation speed of the reaction front, we
depict the position of the reaction front Xx(¢) as a function of time
when the number of target molecules is 10%, 10% and 10* (Fig. 5e,n =
3). For sufficiently large times, t > t; > t,, the experimental data
correlates well with straight lines (R* = 0.998).

Xe(t)=vo(t—top), (1)

1 2 3 4 1 2 3 4

Figure 4 | The reproducibility and sensitivity of the nuclemeter. (a) Four

Figure 3 | Fluorescence emission imaging from the nuclemeters used for
HIV viral load testing. The images are at 8, 24, 32, 40, 48 and 56 min after
the start of incubation. The sample chambers connected to reaction-
diffusion conduits 1, 2, 3 and 4 contained 10%, 10°, 10% and 0 (negative
control) HIV-1 RNA templates.

nuclemeters each containing identical target concentrations (10> copies
HIV-1 RNA) to illustrate reproducibility. (b) Evaluation of the limits of
detection of the nuclemeter. Sample chambers connected to reaction-
diffusion conduits 1, 2, 3 and 4 contain, respectively, 50, 50, 5 and 5 copies
of HIV RNA target.
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Figure 5 | Experimental data and theoretical predictions of nuclemeter’s performance. (a) Normalized emission intensity ¢=c/cyqx as a function of
position along the reaction-diffusion conduit at various times. The solid lines and symbols correspond, respectively, to predictions and experimental data.
The number of target molecules is 10° copies. (b) Normalized emission intensity ¢ as a function of time at positions x = 1.2, 1.8, and 2.4 mm along the
length of the conduit. The solid lines and symbols correspond, respectively, to the predictions and experimental data. The number of target molecules is

. . . oc . .. . . . .
10° copies. (c) The experimental rate of the reaction (— 5 )exp as a function of position (x) at various times. (d) The measured width of the reaction-rate

peak at midheight Ay, as a function of time. (e) The measured position of the reaction front X, ., as a function of time for various template
concentrations (error bars = s.d.; n = 3; R* = 0.998). (f) The intercept (fy, xp) of the line in Fig. 5e and the threshold time C, of real time, benchtop RT-
LAMP curves as functions of the number of templates (error bars = s.d.; n = 3; R> = 0.99). (g) Xg, exp—XF,exp(” as a function of the template number at
various times ¢ (error bars = s.d.; R> = 0.99, n = 15). (h) The predicted position of the reaction front (Xg, ,,) as a function of time for various numbers of
templates. (i) The predicted intercept (#,, ) of the asymptotes in Fig. 5h as a function of template number.

where ¢ (s) is the observation time, ¢, (s) is the intercept with the
horizontal axis and t; (s) is the delay time until a visible signal is
observed anywhere in the conduit. All the lines in Fig. 5e have nearly
the same slope, indicating that the front propagates at a nearly con-
stant speed of vo* =1.7340.15 um/s (n = 9) independent of target
concentration. In contrast, f, decreases as the target concentration
increases (Fig. 5f), playing a similar role to the threshold time (C,) ina
standard real-time, quantitative amplification. For comparison, C; is
also shown in Fig. 5f (and in Supplementary Fig. 5). We find

to=A—Blog(c), (2)

where A and B are constants and ¢, is the number of target molecules
in the sample (R*> = 0.996).

Although the position of the front X is time-dependent, the dis-
tances between the positions of any two fronts associated with dif-
ferent numbers of target molecules are not (Supplementary Fig. 6).

Thus, time-dependence can be eliminated by subtracting the position
of the reaction front of a calibration lane (Xz*) containing a known
target concentration from that of the test lane. To demonstrate this,
we denote variables associated with conduits 1, 2, and 3 (Fig. 3) with
superscripts 1, 2, and 3. Fig. 5g depicts X”-X as a function of the
number of target molecules ¢,”. Witness that all the data collapses to
a single straight line (n = 15, R> = 0.99), eliminating any explicit
dependence on the time at which Xz was measured.

AXP =X (1)~ X0 (1)) =vo (17— ). 3)

In the above, the nuclemeter 3 serves as the calibration nuclemeter
and we replaced superscript (3) with c. In other words, in the pres-
ence of one or more calibration nuclemeters, one can rely on the
differences among reaction front positions to determine target con-
centration, independent of measurement time. Although not essen-
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tial, it is expected that a practical device would include at least one
calibration nuclemeter. The calibration nuclemeters can, of course,
double up as positive controls.

With the aid of equation (2), we can rewrite equation (3) to express
explicitly the dependence of AXy on target analyte concentration.

(@)

AX}D =v,B log % . (4)
0

Theoretical model. To gain further insights into the operation of the
nuclemeter, we propose a simple reaction-diffusion mathematical
model to simulate our experiment. We approximate the amplicon
production during enzymatic amplification with the production rate
kcmax€(1—¢), where the reaction rate constant k ~ 0.008 s™' was
determined empirically by fitting theoretical predictions based on
the above production rate with real time RT-LAMP amplification
curves (Supplementary Note 2). We estimated cp,, ~ 1.1 X
107" mol/m’. We model the reaction diffusion process in the
nuclemeter with the dimensionless equation*

o ot ., . N
E:@—}—c(l—c) (7d<x<w). (5)

In the above, we scaled distance with v/ D/k and time with k~'. The
diffusion coefficient D ~ 107" m*/s was estimated by monitoring
the diffusion of labeled primers in the conduit in the absence of
amplification reaction (Supplementary Note 3). The boundary and
oe(—a)

A~

ox

interfacial conditions are:
oe(0~,t)  de(0* )

Ox 0x
conduit); and ¢(co,t) = 0. The initial conditions are ¢(x,0) = ¢, when
—d<x<0 (sample chamber) and ¢(x,00)=0 when 0<X<oo
(reaction-diffusion conduit).

The predictions of equation (5) (solid lines in Figs. 5a and b)
closely resemble the experimental data. Fig. 5h depicts the position
of the predicted reaction front as a function of time for different
initial concentrations ¢y. Although at short times, the front velocity
varies as a function of ¢y, soon enough all the curves asymptote to
straight lines with a slope independent of time and the initial
target concentration. The dimensionless predicted reaction front

velocity is 2. The dimensional predicted reaction front velocity

vf)hem =2VkD~1.8um/s is very close to the experimentally mea-

sured one. Moreover, consistent with experiments, the theory pre-
dicts a constant reaction front velocity independent of target
concentration. When £ > #, > #,, the front location can be estimated
with equation (1), where %o depends on the initial concentration
through equation (2). Fig. 5i depicts the predicted f, as a function
of the number of target molecules using an estimated value of ¢,y
Fig. 5iis in qualitative agreement with the experimental data (blue) of
Fig. 5f.

=0; ¢(07.,)—¢(0",h)=

=0 (at the interface between the well and the

Discussion

We have described a new paradigm for simple, endpoint quantifica-
tion of target nucleic acids undergoing enzymatic amplification. Our
method is based on inferring the number of target nucleic acid mole-
cules from the position of the amplification reaction front. The posi-
tion of the front can be read at a prescribed time or preferably, in the
presence of a calibration column, at any time. Since the reaction front
is non-dispersive, the quality of the data is insensitive to the time
when it is read. In contrast to traditional quantitative enzymatic
amplification methods that require continuous monitoring of fluor-
escent emission intensity as a function of time, the nuclemeter
requires one to observe the signal only at a single instant in time.
Here we carried our experiments using the RT-LAMP process, but

the nuclemeter can operate with any other amplification scheme. We
demonstrated the utility of our method to quantify HIV RNA,
achieving performance on par with benchtop equipment.

Although in our experiments we used a custom made, portable
processor to control the amplification reaction temperature and to
monitor fluorescent emission, the nuclemeter can operate without
any instrumentation. The heating to maintain the amplification
temperature can be provided by an exothermic reaction and the
temperature controlled with a phase change material, as we have
previously described', eliminating the need for electrical power,
which may not be reliably available in resource poor settings and
in the field, and a potentially costly thermal control. The excita-
tion for the fluorescence can be provided with light emitting
diodes (LED) and the position of the reaction front can be read
by eye without any optical reader. Alternatively, one can use a
filtered flash light of a cell phone and a cell phone camera'®* to
record, analyze, and transmit the test results. Thus, the nuclemeter
enables one to quantify the number of target molecules, nearly as
simply as one would infer the temperature from the length of a
mercury column in a “mercury in glass” thermometer.

We described here the basic operating principle of the nucle-
meter module. The nuclemeter can be readily combined with a
module for nucleic acid isolation, concentration, and purification®,
and with a self-heating module'® to facilitate inexpensive non-
instrumented, quantitative molecular detection technology for
low resource settings, on-site, and home applications. Many other
extensions of the nuclemeter concept are possible. Numerous
nuclemeters, containing different sets of primers, can be housed
on a single substrate to concurrently detect and quantify different
targets. Alternatively, mixtures or primers can be placed in a single
nuclemeter to amplify multiple targets. The intercalating dye that
we used in our work can be replaced with molecular beacons, each
type of beacon specific to a different target and emitting in a
distinct region of the spectrum, enabling concurrent monitoring
of multiple targets propagating in a single conduit. Multiple reac-
tion-diffusion conduits with different functionalizations can be
connected to a single sample chamber. Additionally, one can apply
a linear temperature gradient along the reaction-diffusion conduits
to determine the melting temperature**. And these are just a few
examples of numerous possibilities.

Methods

Nuclemeter chip fabrication. The 46 mm long X 36 mm wide X 3.0 mm thick,
Poly(methyl methacrylate) (PMMA, Acrylic glass) body of the chip was milled with a
precision, computer-controlled (CNC, HAAS Automation Inc., Oxnard, CA) milling
machine (Fig. 1c). An inlet port and an exit port were connected to the sample
chamber and a third port was connected to the distal end of the microconduit

(Fig. 1a). After milling, the chip body was sonicated in 100% ethanol for 15 minutes,
rinsed with water, and air-dried at room temperature. Then, to eliminate any RNase
and DNase that could degrade nucleic acids or interfere with enzymatic reactions, the
chip body was dipped in Decon™ ELIMINase™ decontaminant (Thermo Fisher
Scientific Inc., Walthman, MA) for 2 minutes, rinsed twice with sterile molecular
biology-grade water (Thermo Fisher Scientific Inc.), and air-dried at room
temperature.

The chip body was, respectively, ceiled and floored with PMMA film (top) and PCR
Sealers™ tape (bottom) (Supplementary Fig. 2). Both were cut with a CO, laser
(Universal Laser Systems). The top PMMA film was solvent-bonded to the chip body
with acetonitrile (Sigma-Aldrich) at room temperature. The bonded chip was heated
overnight (Isotemp Vacuum Oven Model 2804, Fisher Scientific Inc., Pittsburgh,
PA) at 55°C to remove any residual solvent. Finally, the PCR Sealers™ tape was used
to seal the bottom of the chip.

HIV RNA purification from plasma samples. Viral RNA was extracted from HIV-1
standards (AcroMetrix® HIV-1 High Control, Benicia, CA) with QIAamp Viral RNA
Mini Kit (Qiagen, Valencia, CA) according to the manufacturer’s protocol. Briefly,
140 pL of virus suspension was lysed with 560 pL virus lysis buffer containing carrier
RNA. A 560 pL ethanol was added to the lysate and the mixture was centrifuged in a
spin column (630 pL aliquots) at 10,000 rpm for 2 minutes. Prior to eluting the HIV
viral RNA, wash buffers were loaded into the spin column and centrifuged at
14,000 rpm for 5 minutes. The RNA was eluted with 60 uL of elution buffer. Negative
controls were prepared from a de-identified HIV-negative plasma sample (provided
by the Penn Center for AIDS Research CFAR with the Institutional Review Board
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approval (protocol: 814752)) using the same extraction procedures as described
above.

RT-LAMP reagents. The RT-LAMP primers were designed by Curtis et al.*® at the
Center for Disease Control and Prevention (CDC) and were synthesized by Sigma-
Aldrich. The real time benchtop RT-LAMP experiments were carried out with 15 pL
reaction volumes. The reaction mixture consisted of 0.2 uM of F3 and B3, each;

0.8 uM Loop F and Loop B, each; and 1.6 pM of FIP and BIP, each, 1.25 U AMV
reverse transcriptase (Life Technologies, Carlsbad, CA); 0.53 X EvaGreen dye
(Biotium, Hayward, CA); 0.04% (w/v) hydroxypropyl-methyl-cellulose (HPMC);
and 9 pL Isothermal Master Mix (ISO-001nd, OptiGene, Horsham, UK).

The HPMC was dissolved in Isothermal Master Mix, centrifuged at 10,000 rpm for
2 minutes, and filtered through a Corning Costar® Spin-X® centrifuge tube equipped
with cellulose acetate membrane filters with a pore size of 0.45 pm to remove any
traces of insoluble HPMC.

A ten-fold dilution series of HIV viral RNA extracted from a HIV-1 standard panel
and a negative control without template prepared from a HIV-negative plasma
sample were tested in parallel. The real time, “tubed-based” RT-LAMP was carried
out in a Peltier Thermal Cycler PTC-200 (Bio-Rad DNA Engine, Hercules, CA).
Reactions were carried out at 62.5°C for 60 minutes with real-time fluorescence
monitoring. Real-time RT-LAMP results were analyzed and the threshold time C,
(the time needed for the emission intensity to exceed a predetermined value) was
obtained.

Device operation. 5 puL of RT-LAMP master mixture, comprised of all the reagents
necessary for the RT-LAMP and 0.04% HPMC (excluding the HIV RNA template),
was inserted into each reaction-diffusion microconduit through inlet port 1 (Fig. 1a).
Then, inlet ports 1 of all four nuclemeters were sealed with PCR Sealers™ tape. Next,
15 pl of RT-LAMP master mixture and HIV RNA template of various concentrations
were injected into the sample chambers through the inlet ports 2 (Fig. 1a).
Subsequently, both the inlet ports 2 and outlet ports were sealed with PCR Sealers™
tape to minimize evaporation during the amplification process. The nuclemeter chip
was placed on a custom, portable heater and incubated at 62.5°C for about 60 minutes
to enable isothermal amplification.

Portable processor for RT-LAMP. The custom made, portable processor (Fig. 2 and
Supplementary Fig. 3) for the nuclemeter consisted of a chip holder equipped with a
flexible, polyimide-based, thin film heater (Model HK5572R7.5L23A, Minco
Products, Inc., Minneapolis, MN) (inset in Fig. 2a), an electronic circuit board, and a
thermocouple positioned at the interface between the thin film heater and the
nuclemeter chip. When the nuclemeter chip, filled with LAMP master mixture, was
inserted into the processor, the reaction chambers and diffusion conduits were in
thermal contact with the thin film heater.

To calibrate the device, we constructed a calibration chip with a type-K ther-
mocouple (Omega Engr., each wire 75 mm in diameter, and a junction diameter of
170 um) in the reaction-diffusion conduit. The sample chambers and reaction-dif-
fusion conduits were filled with water. The thermocouple reading was monitored
with a HH506RA multilogger thermometer (Omega Engr., Stamford, CT, USA). In
addition, an infrared image of the microfluidic chip heated by our processor was taken
with an infrared thermography camera T360 (FLIR Systems, Wilsonville, USA) to
evaluate temperature uniformity (Fig. 2b).

Endpoint, fluorescence image for quantitative detection. The fluorescence
excitation and emission imaging were carried out with a handheld, USB-based,
fluorescence microscope (AM4113T-GFBW Dino-Lite Premier, AnMo Electronics,
Taipei, Taiwan) (Fig. 2 and Supplementary Fig. 3). The USB-based, fluorescence
microscope has built-in, filtered blue LEDs for excitation, a 510 nm emission filter,
and a CCD camera for fluorescence imaging. The microscope was interfaced with a
computer through a USB interface. Images were acquired with a DinoCapture 2.0
software program. The images were processed with MatLab to remove background
noise and uneven illumination effects. A normalized and averaged fluorescence
intensity signal for each lane was extracted from each processed image
(Supplementary Note 4). The locations of the reaction fronts of different samples
were directly read out by eye with the fluorescence ruler (Fig. 2c).
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