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ABSTRACT: Nucleic acid amplifications, such as polymerase
chain reaction (PCR), are very beneficial for diagnostic
applications, especially in the context of bacterial or viral
outbreaks due to their high specificity and sensitivity.
However, the need for bulky instrumentation and complicated
protocols makes these methods expensive and slow,
particularly for low numbers of RNA or DNA templates. In
addition, implementing conventional nucleic acid amplifica-
tion in a high-throughput manner is both reagent- and time-
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consuming. We bring droplet-based microfluidics and loop-mediated isothermal amplification (LAMP) together in an
optimized operational condition to provide a sensitive biosensor for amplifying extracted RNA templates for the detection of
Salmonella typhimurium (targeting the invA gene). By simultaneously performing ~10° LAMP-assisted amplification reactions in
picoliter-sized droplets and applying a new mathematical model for the number of droplets necessary to screen for the first
positive droplet, we study the detection limit of our platform with pure culture and real samples (bacterial contaminated milk
samples). Our LAMP-assisted droplet-based microfluidic technique was simple in operation, sensitive, specific, and rapid for the
detection of pathogenic bacteria Salmonella typhimurium in comparison with well-established conventional methods. More
importantly, the high-throughput nature of this technique makes it suitable for many applications in biological assays.
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P athogens lead to serious infectious diseases worldwide and
cause enormous economic losses, making the detection of
pathogenic bacteria essential to public health.'™ Particularly,
Salmonella serotypes are involved in a wide variety of human
and animal diseases, and their pathogenicity is mainly due to
genetic characteristics mediating virulence, invasive capacity,
immune invasion, and antibiotic resistance.’”’ The global
human health impact of Salmonella typhimurium (S.
typhimurium) is high, estimated to cause 93.8 million human
infections (80.3 million of which are foodborne) and 155,000
deaths annually worldwide."*

Polymerase chain reaction (PCR) is the current gold
standard of nucleic acid amplification (NAA), especially in
diagnostics and point-of-care platforms.”'® However, there are
two big concerns: (i) it requires bulky and expensive
instruments for temperature cycling, which can be a significant
challenge in resource-limited countries."' Moreover, the
turnaround time for a low number of extracted nucleic acid
templates is often too long for critical applications, including
dangerous bacterial or viral outbreaks. (i) It can be expensive
to prepare the PCR reaction mixture to run parallel
experiments in a high-throughput mode using conventional
approaches."'
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To address the first shortcoming, several isothermal NAA
methods such as strand displacement amplification,'* helicase-
dependent amplification, ® nicking enzyme amplification
reaction,'* and loop-mediated isothermal amplification
(LAMP)'>' have recently been developed for resource-
limited conditions. LAMP functions by autocycling strand
displacement DNA synthesis at a constant temperature.' "'’ ~>°
The LAMP reaction relies upon production of stem-loop DNA
molecules with multiple inverted target repeats. Since LAMP
uses a set of four or six different primers targeting different loci
of a target gene, allowing the recognition of independent
sequences, its specificity in gene amplification is therefore
superior to PCR. Additionally, the rapid turnaround and
isothermal nature of LAMP make it suitable for point-of-care
healthcare settings.

To address the low-throughput nature of conventional NAA
methods, microfluidic platforms, especially droplet-based
microfluidics,"”*' ™" can be a promising solution to miniatur-
ize the NAA processing. Droplet-based microfluidics can
compartmentalize NAA reaction cocktails into ~10*—10°
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Figure 1. Schematic representations of sample encapsulation, incubation, and screening. (a) The schematic of the microfluidic flow-focusing device
for encapsulation of the LAMP reaction cocktail into water-in-oil droplets. (b) Schematic view of the flow-focusing cross-junction. The water-in-oil
droplets are collected into a PCR tube. (c) Incubation of collected droplets in a thermocycler at 68 °C for 30 min. (d) Fluorescent imaging and

“Yes/No” quantification of the incubated positive droplets.

(depending on droplets’ size) water-in-oil microdroplets™*~>°

with each functioning as an independent microreactor, making
it possible to perform high-throughput NAA in a simple and
straightforward manner with short turnaround time, which is
particularly important for analyzing biological matrices with a
low population density of bacteria.”'

Herein, we bring LAMP and droplet-based microfluidics
together in an optimized, operational condition to detect S.
typhimurium in pure culture and a contaminated milk matrix.
The method relies on confining the mixture of the LAMP
reaction cocktail and the extracted RNA from targeted bacteria
within small water-in-oil microdroplets. As a result, a higher
throughput of RNA amplification is expected. We propose a
new theoretical model to predict the average number of
droplets necessary to screen for the first positive droplet
(confirming the sample infection). Then, we use our proposed
model to find the detection limits of S. typhimurium in pure
culture and contaminated milk samples. Extracted RNA
templates, instead of DNA, are used to perform LAMP
reactions due to a larger number of RNA copies extracted from
bacteria lysate than genomic DNA. We also investigate the
effect of droplet size (one of the most important process
parameters) on detection limits. To examine the LAMP
specificity in droplet-based microfluidics, we test the ability to
differentiate S. typhimurium from two other prevalent bacterial
contamination agents in milk: Gram-negative Shigella flexneri
(S. flexneri) and Gram-positive bacteria Staphylococcus aureus
(S. aureus).

B EXPERIMENTAL SECTION

Bacteria Culture. All bacterial strains (S. typhimurium, S. flexneri,
and S. aureus) were streaked on nutrient agar plates, and a colony of
bacteria was incubated in 3 mL of lysogeny broth (LB) medium, as
needed, at 37 °C overnight.

RNA Extraction. A 1 mL aliquot (5 X 10® bacteria cells) of the
overnight grown culture (~12 h) was centrifuged at 5000g for 10 min.
The bacterial pellets were collected by removing the supernatant.
Then, bacterial cell lysis and RNA extraction and purification were
performed according to the protocol provided by the QIAamp
RNeasy Mini Kit (50) (QIAGEN, Valencia, CA). The RNA template
concentration was measured using a Nanodrop (Nanodrop 1000,
Thermo Scientific, MA).

To extract RNA from contaminated milk samples, the milk samples
were purposefully contaminated by inoculation of S. typhimurium, S.
flexneri, and S. aureus cultures separately into three identical milk
samples at a ratio of 1:1 (milk:bacteria culture) for 2 h. After
inoculation, the milk was centrifuged to separate the bacterial pellets
and prepared for RNA extraction. Because the bacteria culture was
diluted by 50% during inoculation in milk, to extract RNA from the
bacteria, the volume of bacterial suspension used for extraction was
twice that compared to the pure culture sample to compensate for the
dilution effect.

Primer Design. On the basis of the invA gene (GenBank,
accession no. NC_003197) of S. typhimurium, the ipaH gene
(M32063) of S. flexneri, and the nuc gene (V01281.1) of S. aureus,
three sets of LAMP primers (Table S1) were designed using
PrimerExplorer4 software. The sequences of primers were purchased
from Integrated DNA Technologies (IDT) Co., (Coralville, IA).

LAMP Reaction and Gel Electrophoresis. The LAMP assay was
conducted as previously described by Notomi et al.>* The LAMP kit
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was provided by Lucigen (Madison, WI, USA). Briefly, 25 uL of the
reaction cocktail for each experiment contained 2.5 pL of 10X
OmniAmp Buffer, 0.8 uL of dNTPs mixture (25 mM each), 0.5 uL of
MgSO, (100 mM), 0.5 uL of betaine (5 M), 1.25 uL of 20X CYBR
green dye, 2.5 uL of 10X target-specific primer mix, 0.5 uL of
OmniAmp RNA/DNA polymerase, and 1 yL of target RNA. The rest
of the reaction cocktail (15.95 uL) contained nuclease-free water.
Conventional gel electrophoresis (Sub-Cell GT, Bio-Rad, CA) was
used to analyze LAMP amplicons by casting 1.5 wt % agarose in
ethylenediaminetetraacetic acid (EDTA) solution. LAMP products
were subjected through gel electrophoresis by applying 130 V voltage
for 40 min.

Fabrication of the Microfluidic Device, Droplet Generation,
and Merging. A standard soft photolithography technique was used
to fabricate the flow-focusing microfluidic device for droplet
generation.‘ﬂ’s’36 The details of fabrication along with a schematic
description are provided in Figure S1 of the Supporting Information.
After fluorescent imaging of each sample, we used 20%
1H,1H,2H,2H-perfluoro-1-octanol (PFO) (Alfa Aesar, MA, USA)
solution in HFE-7500 to merge the droplets and extract the LAMP
products for gel electrophoresis. A 1:1 (v/v) ratio of PFO solution/
droplet carrier solution was used.

Fluorescence Imaging. For fluorescence imaging, a monolayer of
droplets was imaged using a ZOE Fluorescent Cell Imager (Bio-Rad,
California, USA).

B RESULTS AND DISCUSSION

Description of the Microfluidic Platform. Figure la
depicts a three-dimensional schematic of the microfluidic
device, known as a flow-focusing design29’30 (see Figure S1 for
the fabrication process) for water-in-oil droplet generation. A
fluorosurfactant (2% w/w) soluble in a fluorinated oil (HFE-
7500) and RNA-added LAMP reaction cocktail (see Materials
and Methods) served as the continuous and dispersed phases,
respectively, and were injected into the microfluidic device
using exterior and interior inlets (shown as “oil + surfactant
inlet” and “LAMP cocktail inlet,” respectively). Due to the high
interfacial tension between the water and oil phases, the water
phase divides into microdroplets at the intersection (cross-
junction) of the channels, as can be seen in Figure 1b. It has
been shown that the influence of the surfactant on the LAMP
reagents’ " is negligible because the contact between the
biological sample and the fluorosurfactant is minimal. The
droplets are collected into a PCR tube, and the mineral oil is
added into the tube. The mineral oil covers the droplets due to
the lower density, 0.8 g/ cm?®, and avoids the water evaporation
from droplets during droplet thermal incubation in a
thermocycler for 30 min at 68 °C (Figure 1c). The
optimization of incubation time, temperature, and reagent
concentrations is discussed in the Supporting Information and
in Figure S2. In the next step, the droplets are examined using
a hemocytometer to determine the end-point “Yes/No
(positive/negative)” fluorescence quantification (Figure 1d).
Screening for the first positive droplet (in which the LAMP
amplification has been successfully performed) is the indicator
to determine whether the examined sample is contaminated
with any target bacteria.

Mathematical Yes/No Binary Model. Finding the first
positive droplet (confirming bacterial contamination of the
sample) completes the screening process in a pool of millions
of droplets, thereby resulting in a faster biosensor to be used in
diagnostics applications. At high RNA concentrations, a high
portion of the screened droplets will feature positive, and
accordingly, the detection time of the screening process—as an
indicator of whether the sample is contaminated or not—is

short. In contrast, at low initial RNA concentration, the
screening process becomes prolonged as a large number of
droplets must be screened to detect the very first positive one
(Nposiﬁve). To estimate the average number of droplets required
for screening ((Nposiﬁve>), we developed a simple theoretical
and statistical model.

Intuitively, (Npogve) is inversely correlated with the RNA
concentration in the prepared reaction cocktail. In a highly
RNA concentrated reaction cocktail, a small (Nygve) i
expected, whereas for a low concentrated reaction cocktail,
(Npositive) Will be large. To calculate the mathematical
expectation of N ogive—1i-€., (Nyositive) —We used eq 1

N

<Npositive> = z lg
i=1 (1

where N is the overall number of generated droplets; i is the
index of the first droplet identified as positive; and p; is the
likelihood of the i droplet to be the first positive droplet. For
the i droplet to be the first positive one, all droplets screened
before must be negative. Accordingly, a recurrence relation
between p; and p;,; is obtained

N—-k—-i+1
N—i ()

where k is the overall number of positive droplets. The
derivation of this recurrence relation is discussed in the
Supporting Information. Given the recurrence relation
between p;,; and p; described by eq 2, we computed the
average number of droplets required to be screened for a large
N, shown in Figure 2 as a function of concentration.

The average number of droplets required to be screened to
find the first positive one, for different concentrations—i.e., the
number of RNA templates over the number of generated
droplets—is depicted in Figure 2a. In addition, Figure 2b
shows the likelihood of finding zero, one, or multiple RNA
templates in a single droplet for different concentrations which
feature a Poisson distribution.”””*” Basically, once the
number of RNA templates is by order(s) of magnitude smaller
than the number of droplets, the number of droplets found to
contain no RNA template dominates, and virtually all the
positive droplets include only one copy of RNA, equal to the
number of positive droplets (Figure 2b-I and 2b-II). The
probability of finding several templates in a single droplet is
negligible. As the concentration increases, the number of
droplets with several RNA templates becomes significant, and
thus, the number of RNA is not equivalent to the number of
positive droplets. In fact, as expected, for the large N (in
comparison to the number of RNA templates) at low
concentrations, (Njsve) asymptotes to N/k (Figure 2a, 2b-I,
and 2b-1I). Subsequently, at a given concentration (C), the
average index of the first positive droplet is ~1/C (for large N
compared to the number of RNA). As can be seen in Figure
2a, 2b-1I1, and 2b-1V, once the total number of RNA templates
increases and becomes comparable to the number of droplets,
the approximation to 1/C fails. Since the time required for
screening is crucial solely for the case of a low RNA to droplet
ratio, one can find this by simply assuming that (Npogve) ~ 1/
C, and at high concentrations, (Npogve) ~ 1, which can be
evaluated in a very short period of time.

Detection Limit of S. typhimurium in Pure Culture. To
measure the detection limit for S. typhimurium in pure cultures,
RNA was extracted from a sample containing 5 X 10% colony
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Figure 2. Statistical model and Poisson distribution for finding the
first positive droplet and absolute quantification of RNA templates,
respectively. (a) Statistical model for prediction of the number of
droplets (Njqsve) necessary to be screened for finding the first
positive droplet at different initial concentrations of RNA loaded in N
number of droplets. As the number of RNA templates is substantially
ositive

less than the number of droplets, (NP ) %, whereas the number

of droplets is identical to number of RNA templates, (Npogigive) = OF =
1. (b) The Poisson distribution shows the probability that an
individual droplet will have zero, one, or more than one RNA
template. As the number of RNA templates increases relative to the
number of droplets, the probability of having multiple RNA copies in
an individual droplet increases accordingly and approaches a normal
distribution. The blue dashed plots show the Poisson distribution.

forming units (CFUs) eluted in S0 uL of nuclease-free water.
With the known starting amount of bacteria, we used 1 yL of
the 50 yL in a 25 pL reaction mixture, and this was considered
the original concentration (10° X). Eight LAMP reaction
cocktails were made—one negative control and seven positive
samples with different RNA concentrations (dilution factor =
10° X, 10' X, 10* X, 10° X, 10* X, 10° X, and 10° X). After
encapsulation and incubation of the samples, the droplets were
screened, and the fields of view of the 20 um droplets
generated from each of the corresponding reaction cocktails
are shown in Figure 3a. The results (Figure 3a) show that the
likelihood of finding positive (bright) droplets is lower as the
RNA concentration decreases in the prepared reaction
cocktails. To test the samples with different concentrations,
we screened adequate numbers of droplets according to our
proposed model (Figure 2a) to satisfy (Npoge). Approx-
imately 4% of droplets are positive in samples prepared using
original extracted RNA (10° X sample) (Figure 3c). According
to Poisson distribution discussed in Figure 2b, it can fulfill the
“107' N RNA in N number of droplets” state—there are either
none or one RNA template in each droplet (Figure 2b-II).
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Figure 3. Assessing the detection limits for S. typhimurium in pure
bacterial culture. (a) Fluorescence images of negative sample and
positive samples prepared using the consecutive 10-fold serial
dilutions of extracted S. typhimurium RNA. The inset figures are
bright-field images of the corresponding fluorescent images. (b)
Agarose gel electrophoresis results of the extracted amplicons. Lane 1:
2 log DNA ladder, lane 2: negative control (no added RNA in the
reaction cocktail), and lanes 3—9: positive samples with consecutive
10-fold serial dilutions (dilution factor 10° X, 10* X, 10* X, 10° X, 10*
X, 10° X, and 10° X). On the gel image, there are three arrows, shown
in red, blue, and green colors, representing 0.5, 1, and 3 Kbp bands,
respectively. (c) Probability of finding positive droplets in samples
prepared with consecutive 10-fold serial dilutions which drop to
essentially zero when the dilution factor is greater than 10° X.

Then, given ~10° generated droplets prepared with an initial
25 pL reaction mixture and the percentage of positive droplets,
we performed the absolute quantification of invA-RNA
templates added to the reaction mixture which would be ~4
X 10*. Therefore, using the known initial number of S.
typhimurium used for RNA extraction (5 X 10° CFU/mL),
eluted in 50 L of nuclease-free water, we utilized 1 uL of 50
uL RNA solution to prepare a 25 yL LAMP reaction cocktail
at the original concentration (dilution factor = 10° X) and to
identify ~4 X 10* copies of the RNA template. We infer the
sensitivity to be 1 positive droplet per 250 CFU of S.
typhimurium. Therefore, the total extracted RNA would be ~2
X 10° Moreover, the results (Figure 1a) show that no positive
droplets can be seen after five 10-fold serial dilutions of the
original extracted RNA. Then, the detection limit of pure S.
typhimurium should be 5000 CFU/mL in the sample or 25
RNA template/25 uL. LAMP reaction cocktail.

After absolute quantification of extracted RNA and
determining the detection limit, the amplicons from each
reaction were extracted by merging the droplets using PFO
and subjected to the agarose gel electrophoresis (Figure 3b).
No band, as expected, was obtained for the negative control
(i.e., the reaction cocktail without the target RNA template,
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lane 2 in Figure 3b). In contrast, multiple visible bands are
displayed for the positive samples (lanes 3—9 in Figure 3b,
corresponding to the different concentrations prepared by 10-
fold serial dilutions of the extracted RNA templates). In
agreement with Figure 3a, the visible bands obtained from gel
electrophoresis become smeared by consecutive 10-fold serial
dilutions of the target RNA. We also counted the positive
droplets and showed the probability of finding positive
droplets for each prepared sample. The probability (Figure
3c) approaches zero by the sample with dilution factor of 10° X
of the original extracted RNA target (10° X), as was
qualitatively demonstrated in Figure 3a.

Droplet size may also influence the detection limit of our
proposed technique. We used two flow-focusing microfluidic
devices, which had 20 and 40 pm sized cross-junctions to
produce droplets with the targeted sizes (20 or 40 um).
Distribution of the droplet sizes for the 20 and 40 um droplet
samples is presented in Figure 4a, confirming the majority of
the droplets featured the expected sizes (20 and 40 ym). To
examine the impact of droplet size on the detection limit, one
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Figure 4. Droplet size effect on detection limit for pure bacterial
culture. (a) Droplet size distribution of the generated 20 and 40 ym.
(b) Fluorescent images of the 40 ym droplets for the detection of S.
typhimurium in negative control and positive samples: 10° X, 107 X,
and 10° X. The inset figures are bright-field images of the
corresponding fluorescent ones. The scale bars are 100 pm. (c)
Plot of gray value intensity of droplet fluorescent intensity using
Image] for positive and negative droplet definition. Gray values of
three screened droplets versus 60% of the normalized screening
distance of the droplet diameter.

negative control and five positive reaction cocktails with
different concentrations of the RNA were prepared as before in
10-fold serial dilutions and then encapsulated in 40 pm
droplets. As the estimated detection limit of the S. typhimurium
sample using the 20 ym droplet system was shown to be at an
approximate dilution factor = 10° X, as shown in Figure 3, we
tested the 40 ym droplet system for the ability to detect S.
typhimurium at a dilution factor of >10° X, as well as a negative
control (without adding RNA template) and the undiluted
(10° X) concentration. No positive droplet was observed in the
negative control sample (“negative” in Figure 4b). Moreover,
Figure 4b represents different fields of view of the 40 ym
droplets incorporating reaction cocktails with different
amounts of RNA, confirming the detection of the bacteria
within the sample up to a dilution factor of 107 X. This
demonstrates the improvement of the detection limit using 40
um droplet systems by 2 orders of magnitude better than that
of the 20 um droplets. The main reason for the detection limit
improvement is that the initial reaction cocktail features the
same number of RNA templates but is encapsulated in a
smaller number of droplets. Consequently, the probability of
finding positive droplets in the same concentration of added
RNA template in the reaction cocktail is greater for 40 ym
droplets compared to the 20 pm ones. However, the weak
contrast between positive and negative signals in the droplets
after 30 min incubation makes the positive droplets harder to
detect. Therefore, either longer incubation time is required for
the 40 pm droplets to obtain an acceptable light intensity
comparable to that obtained for the 20 ym droplets or the
decision making between positive/negative droplets needs to
be improved based on their current fluorescent intensities. To
address the issue, we developed a mathematical model to
facilitate positive/negative decision making. We quantitatively
adjust the positive or negative statues of the droplet using a
light-intensity-based criterion, in which the emitted fluorescent
light from the droplets was converted to gray values using
Image]. The average gray values within a 0.6 normalized
middle distance of the droplets’ diameter were measured. The
droplets displaying average light intensities greater than twice
the negative control were considered positive. For instance, the
gray value obtained along the diameters for three selected
droplets, as shown in Figure 4b (10° X), are measured and
plotted in Figure 4c. The average gray value within the normal
diameter of the negative droplet was ~25, while the two others
were measured as ~59 and ~86, respectively. Therefore, these
two droplets are identified as positive. Moreover, a comparison
between the detection limits and detection time of our data
and several other platforms which have been used for
pathogenic bacteria detection is provided in Table S2. The
functionality and efficiency of a biosensor can be evaluated as
both detection limit and detection time.

Detection Limit of S. typhimurium-Contaminated
Milk Samples. We also tested the functionality of this
technique for milk samples inoculated with S. typhimurium The
concentration of RNA extracted from the S. typhimurium pure
and milk-contaminated cultures (measured using a nanodrop
instrument) is shown in Figure Sa. As shown in this figure, the
concentration of extracted RNA from the milk sample is
significantly lower than the pure culture. The fluorescent
images of droplets generated for S. typhimurium-contaminated
milk samples are shown in Figure Sb, demonstrating the
technique was able to positively identify bacteria up to the
sample with dilution factor of 10° X. Our results show that the
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Figure S. Functionality of the sensor for bacteria-contaminated milk
sample. (a) The amount of RNA extracted from inoculated S.
typhimurium in both pure and contaminated milk samples. (b)
Fluorescence images of 20 um droplets, testing the LAMP reaction
containing RNA extracted from the S. typhimurium-contaminated milk
sample with different consecutive 10-fold serial dilutions: dilution
factor 10° X, 10* X, and 10* X. The inset figures are bright-field images
of the corresponding fluorescent ones. (c) A(260/230) and A(260/
280) ratios of RNA extracted from S. typhimurium in both pure
culture and contaminated milk samples. (d) The probability of finding
positive droplets in samples prepared by extracting RNA from S.
typhimurium-contaminated milk in consecutive 10-fold serial dilutions.

overall detection limit for S. typhimurium bacteria in
contaminated milk is 2 orders of magnitude lower than pure
culture (pure culture detection limit was a dilution factor of
10° X S. typhimurium shown in Figure 3a). Given the initial
concentration of bacteria inoculated in the milk sample (S X
10® CFU/mL), the detection limit is measured around 5 X 10°
CFU/mL of bacteria in the milk sample. Moreover, similar to a
pure culture, we perform the absolute quantification of RNA
templates extracted from bacteria inoculated in the milk
sample.

To find the reason for the poorer detection limit for the
contaminated milk compared to the pure bacterial culture
samples, we used a Nanodrop machine to measure the
ultraviolet (UV) absorbance at wavelengths 230, 260, and 280
nm. Nucleic acids (DNA and RNA) and proteins have
maximum absorbance at 260 and 280 nm, respectively, while a
strong absorbance at 230 nm may indicate the peptides of the
cell wall and membrane or the presence of impurities such as
organic compounds and chaotropic salts, which can disrupt
hydrogen bonding between molecules.*” The A(260/230) and
A(260/280) ratios obtained from both pure and milk-
contaminated culture samples are demonstrated in Figure Sc,

which showed that A(260/280) is close to or larger than 2,
meaning the purification of RNA from genomic DNA was well
carried out in both the pure culture and contaminated milk
samples. However, the A(260/230) ratio is lower in the
contaminated milk samples compared to the pure cultures
indicating poorer clearance of impurities in the milk samples.
Therefore, NAA inhibitors and impurities, such as proteins,
enzymes, minerals, and fats from milk, can potentially interfere
with the LAMP reaction and may be a reason for the poorer
detection limit in contaminated milk than the pure culture
samples.”’ Moreover, we examined the probability of finding
positive droplets of S. typhimurium in milk-contaminated
sample (Figure Sd). Our results show that the probability of
finding positive droplets overall was lower for contaminated
milk samples than the pure cultures, as shown in Figure 3d.
Specificity of LAMP-Assisted Droplet-Based Micro-
fluidics Sensor. Primer specificity has profound impacts on
detection performance and efficacy. To demonstrate the
specificity of the designed primers targeting the invA gene of
S. typhimurium, we chose two other bacterial sources of milk
contamination: S. flexneri (Gram-negative) and S. aureus
(Gram-positive). We prepared three different reaction cock-
tails, separately adding primers targeting the invA gene of S.
typhimurium to RNA extracted from S. typhimurium (positive
sample), S. flexneri (negative control), and S. aureus (negative
control). The reaction cocktails were encapsulated in 20 ym
droplets and incubated at 68 °C for 30 min. As shown in
Figure 6a-1, we observed positive droplets in the “invA targeted
primers of S. typhimurium/S. typhimurium RNA” sample, while
there were no positive droplets seen in “S. typhimurium
primers/S. flexneri RNA” and “S. typhimurium primers/S.
aureus RNA” (Figure 6a-1I and 6a-I11, respectively). Thus, the

Figure 6. Specificity of the LAMP-assisted droplet-based microfluidics
sensor for detecting the targeted bacteria. (a) Fluorescence images of
droplets containing: (I) S. typhimurium primers/S. typhimurium RNA
(positive), (II) S. typhimurium primers/S. flexneri RNA (negative),
and (III) S. typhimurium primers/S. aureus RNA (negative). (b)
Fluorescence images of droplets containing: (I) S. flexneri primers/no
RNA template (negative), (II) S. flexneri primers/S. typhimurium
RNA (negative), and (III) S. flexneri primers/S. flexneri RNA
(positive). (c) Fluorescence images of droplets containing: (I) S.
aureus primers/no RNA template (negative), (II) S. aureus primers/S.
typhimurium RNA (negative), and (III) S. aureus primers/S. aureus
RNA (positive). The scale bars are 100 pm.
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results demonstrate the remarkable specificity of the designed
LAMP primers for the invA gene of S. typhimurium which do
not cross-react with the RNA of the closely related S. flexneri.

Conversely, using two other sets of primers (listed in Table
S1), targeting the ipaH and nuc genes of S. flexneri and S.
aureus, respectively, two other sets of reaction cocktails were
prepared to study the specificity of the LAMP reaction in our
droplet-based microfluidic system. Each reaction cocktail
includes a positive and two negative controls. Either the
ipaH- or nuc-designed primers were separately added to i: no
RNA (negative controls—Figure 6b-I1 and 6c-I, respectively),
ii: extracted S. typhimurium RNA (negative controls—Figure
6b-11 and 6¢-11, respectively), and iii: extracted S. flexneri or S.
aureus RNAs, respectively (positive samples—Figure 6b-I1I
and 6b-III, respectively). The trends were similar for both
ipaH- and nuc-reaction sets, in which there were some positive
droplets observed in the positive samples (Figure 6b-III and
6c-11I) and no positive droplets observed in the negative
controls (Figure 6b-I, 6b-1I, 6¢-1, and 6¢-1I). Therefore, the
results (Figure 6) demonstrate that the LAMP-assisted
droplet-based microfluidic technique is specific for the bacteria
detection and generally NAA.

B CONCLUSIONS

In conclusion, we showed that loop-mediated isothermal
amplification and droplet-based microfluidics together can
introduce a rapid and high-throughput method for nucleic acid
amplification, specifically focusing on detection of pathogenic
bacteria in this study. Millions of water-in-oil droplets
incorporating the cocktail of LAMP reagents were rapidly
generated via a flow-focusing microfluidic device and incubated
at an isothermal condition (68 °C) for 30 min. Initially, we
proposed a mathematical Yes/No binary model to determine
the average number of droplets required for screening to find
the first positive droplet, which can speed-up the turnaround
time. Using our mathematical model, we showed that the 20
um droplets worked up to 10° X and 10* X dilutions (detection
limits) of the original extracted RNA sample from the pure S.
typhimurium culture and contaminated milk samples. We also
found that the detection limit of this platform is improved with
increasing droplet size, although longer incubation time or
proposing a robust mathematical light-intensity-based criterion
model was needed to obtain proper fluorescent contrast
between negative and positive droplets. We also showed how
specific this platform is working for detecting a target bacteria
with no false positives. Bringing these features together could
open an avenue to overcome the limitation of some other NAA
methods by eliminating the need for temperature cycling,
being high-throughput, and being very applicable for detection
of pathogenic bacteria/viruses in food, agricultural, and clinical
healthcare settings.
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