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ABSTRACT Fever is one of the most common symptoms of illness in infants and represents a clinical
challenge due to the potential for serious bacterial infection. As delayed treatment for these infections has been
correlated with increased morbidity and mortality, broad-spectrum β-lactam antibiotics are often prescribed
while waiting for microbiological lab results (1–3 days). However, the spread of antibiotic resistance via
the β-lactamase enzyme, which can destroy β-lactam antibiotics, has confounded this paradigm; empiric
antibiotic regimens are increasingly unable to cover all potential bacterial pathogens, leaving some infants
effectively untreated until the pathogen is characterized. This can lead to lifelong sequela or death. Here, we
introduce a fluorescent, microfluidic assay that can characterize β-lactamase derived antibiotic susceptibility
in 20 min with a sensitivity suitable for direct human specimens. The protocol is extensible, and the antibiotic
spectrum investigated can be feasibly adapted for the pathogens of regional relevance. This new assay fills an
important need by providing the clinician with hitherto unavailable point of care information for treatment
guidance in an inexpensive and simple diagnostic format.

13 INDEX TERMS Antibiotic resistance, beta-lactamase, microfluidic, point of care.

I. INTRODUCTION
In the infant, fever (≥38◦C) is often the only symptom of a
serious bacterial infection (SBI) [1], for example, bacteremia,
meningitis, urinary tract infection (UTI), etc. These patients
are at serious risk of lifelong impairment or mortality if
undertreated, leading to a policy of presumed SBI for febrile
neonates less than 29 days old [2], [3], along with increased
hospitalization, diagnostic testing and empiric antibiotic
treatment. Roughly 2% of all infants less than 90 days old [4]
will be taken for a medical examination due to a febrile
condition. Of these patients, approximately 10% will have an
SBI [5], [6], with the number approaching 20% for neonates
less than 29 days old [2]. The risk of SBI decreases with
age, although infants up to 3 months of age are still at risk.
The majority of febrile patients have a self-limiting infection
and do not require SBI treatment, but distinguishing low-
risk from high-risk patients at the point of care (POC) has

been an active subject of debate for more than 20 years.
Of serious concern here are the severe repercussions of
missed or delayed diagnoses, as delays in treatment increase
the chance of serious sequela or death. Bacterial menin-
gitis can be particularly devastating, with an approximate
mortality of 10% and 20% of the survivors having a
serious impairment (e.g., intellectual disability, epilepsy);
another 35% will have mild to moderate disability [7].
In regards to UTI, 15% of children (0-18 years old) develop
renal scarring, putting them at risk of hypertension, decreased
renal function, proteinuria, and end-stage renal disease [8].

These risks notwithstanding, the general policy of pre-
sumed SBI has also led to unintended negative consequences
(i.e., iatrogenic harm) to the non-SBI patients due to the
additional testing, antibiotics and hospital stay as well as the
emotional and financial burden placed on the family [9]–[11].
A number of studies addressing this issue suggest that
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appropriate criteria can identify some low-risk patients early
enough to avoid unnecessary treatment [6], [12], however
many patients without SBI will still receive unnecessary care
and concomitant complications.

For those patients classified with a SBI, management
guidelines are unclear [3], in large part due to the lack of
diagnostic information available to the clinician at the point of
care. For infants less than 90 days old, 63% - 92% of SBI are
eventually diagnosed as UTI-related, with bacteremia/sepsis
(15% - 29%) and meningitis (2% - 4%) making up the bulk
of the remainder [5], [6], [13]. The standard treatment for
suspected infant SBI includes ampicillin (a type of penicillin)
with gentamicin or a cephalosporin. Both penicillins and
cephalosporins are classed β-lactam antibiotics due to their
β-lactam core structure (Fig. 1). Unfortunately, ampicillin
resistant isolates now account for 36% to 53% of SBI in
febrile infants [4], [13], [14] with 6% of Escherichia coli
strains (the dominant source of SBI [5], [13], [14]) also
resistant to gentamicin [4]. Despite this, a survey of 44 hos-
pitals found that 6.3% of hospitalized febrile infants less
than 29 days old still received ampicillin in combination with
gentamicin as an initial treatment [6].

FIGURE 1. β-lactam antibiotic structure.

Thus while the need for early, effective diagnosis of SBI
in the febrile infant is clear, the information required to do
so is not. At present, rapid diagnostic information available
to the clinician is limited. A major obstacle is the limited
time available during a clinical examination. Tests requiring
more than 20minutes will not fit into a typical workflow [15].
Typical tests on the urine and cerebrospinal fluid (CSF)
include glucose, protein and unspun gram stain. While these
tests have been proven to help identify low risk SBI patients,
they lack sensitivity and provide little information on ini-
tial antibiotic treatment guidance. Other available modalities
include matrix-assisted laser desorption/ionization time of
flight spectrometry and pathogen nucleic acid-based tech-
niques. Both are powerful but can only identify pathogens
that have been previously characterized [16], [17]. Cost
can also be an issue for these rapid diagnostics. Definitive
testing is possible with growth based assays, but requires
1-3 days of incubation time—which obviates its use for rapid
testing.

Given the dearth of rapid diagnostic information, using
a broad-spectrum cephalosporin antibiotic is a rational and
increasingly common choice. However this is not without
its own risk, as prior use of a cephalosporin has been cor-
related with increased risk of infection with cephalosporin-
resistant pathogens [18]. While currently uncommon in
the US, these pathogens are endemic in Asia [19], and
pediatric infections are being increasingly reported in the
West [20]–[25]. Pathogens of this sort have limited treatment
options; rapid detection is essential both for effective treat-
ment and containment of outbreaks [26], [27].

While target mutation and cell wall permeability can
both cause antibiotic resistance, the root of this growing
β-lactam resistance stems from the spread of β-lactamase,
a plasmid-borne resistance enzyme that cleaves β-lactam
antibiotics into two fragments (Fig. 2). Hundreds of dif-
ferent β-lactamases have been characterized, each with its
own spectrum of activity against different antibiotics. Thus,
the antibiotic susceptibility of a pathogen to any particular
β-lactam antibiotic will depend on its resistance via the
β-lactamase it harbors. Identifying this rapidly is possible in
principle with PCR techniques; however the genotypic detec-
tion of a resistance mechanism does not ensure its phenotypic
expression. This variability can generate unwanted false pos-
itive detections. Furthermore, new types of β-lactamase are
constantly being discovered, and, without prior knowledge of
the genetic information, PCR techniques cannot be used to
detect these pathogens (i.e., biased diagnostic testing). Thus,
as it stands, there is no generally applicable rapid test for char-
acterizing antibiotic susceptibility to β-lactam antibiotics.

To address this unmet need, our team has been developing
an innovative fluorescent assay (β-lactamase enzyme acti-
vated fluorophore or β-LEAF) designed to phenotypically
detect β-lactamase derived antibiotic susceptibility in less
than 20 minutes [28]–[32]. To achieve this, β-LEAF takes
advantage of the static quenching phenomenon that occurs
when two fluorophores are in close proximity. To create this
scenario, a cephalosporin β-lactam core is modified such
that two fluorophore molecules are anchored to opposite
ends (Fig. 2a). Consequently, the fluorophores are unable to
emit fluorescence due to ground state interactions between
each other. However, after β-lactamase cleaves the probe,
the fluorophores diffuse away from each other and regain
their fluorescent properties. This results in a time-increasing
fluorescent signal, the slope of which is the readout for this
assay (Fig. 3). If the assay is repeated in the presence of
a cleavable antibiotic that competes with the β-LEAF for
β-lactamase cleavage, the rate of β-LEAF cleavage will
decrease, resulting in no fluorescence change. For exam-
ple, in Fig. 3, we see cefazolin (a cephalosporin antibi-
otic) inhibiting the cleavage of β-LEAF, indicating cefazolin
cleavage by β-lactamase. Thus cefazolin would be a poor
treatment choice for this pathogen. We have validated this
approach with multiple pathogens [29], [30] demonstrating
both detection of β-lactamase as well as detection of several
classes of β-lactamases, including the extended spectrum
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FIGURE 2. β-LEAF assay principle. a) The β-LEAF probe comprises a β-lactam core structure (green) including the cleavable lactam ring,
flanked by two fluorophores (encircled), which undergo static quenching when the probe is intact. Following cleavage by β-lactamase, the
fluorophores move apart and show fluorescence. b) Assay profile for β-lactamase producing bacteria. c) Assay profile for lactamase
non-producing bacteria.

FIGURE 3. β-LEAF Assay on 96 well plate. Increasing fluorescence
indicates a β-lactamase positive organism (green). The addition of
cefazolin to the lactamase-positive assay conditions leads to negligible
fluorescence change (blue) due to competitive inhibition and indicates
the destruction of cefazolin by β-lactamase. 1e8 CFU per well was used.

β-lactamases (defined by their ability to neutralize
3rd generation cephalosporin antibiotics). Thus, this test can
determine which antibiotics are resistant to β-lactamase
destruction.

This existing β-LEAF assay has been validated [28]–[32]
from cultured clinical isolates and is suitable as a labora-
tory tool, but rapidly assessing direct patient samples has
been a challenging obstacle due to the lower pathogen con-
centration in the specimens of interest i.e., urine and cere-
brospinal fluid (CSF). To achieve this aim, we have developed
a matched diagnostic platform using disposable microflu-
idic cartridges to trap bacteria directly from unprocessed
patient samples while simultaneously allowing antibiotic

susceptibility characterization with the β-LEAF assay. Here
we compare the limits of detection of the newly established
microfluidic assay with the previous well-plate assay and
establish its utility as a point of care diagnostic.

II. METHODS
A. REAGENTS FOR β-LEAF SYNTHESIS, BACTERIAL
STRAINS AND CULTURE CONDITIONS
ACLE hydrochloride was a generous gift fromOtsuka Chem-
ical Co., Ltd., Tokyo, Japan. Other chemicals and solvents
for the β-LEAF synthesis, bacterial growth/characterization
and antibiotic treatment were purchased from Sigma-Aldrich
(St. Louis, Missouri) and used without further purification.
Staphylococcus aureus quality control strains (used as micro-
biology laboratory standards) known to express β-lactamase
(ATCC 29213) and not express β-lactamase (ATCC 25923)
were purchased fromATCC (Manassas, Virginia). Brain heart
infusion (BHI) broth and BHI agar were obtained from BD
Difco (BD: Becton, Dickinson and Company, Franklin Lakes,
New Jersey). Penicillin disks (10 U) were purchased from
BD BBL. All strains were routinely cultured in BHI agar or
broth at 37◦C. The isolates were grown in the presence of
penicillin disks to induce and enhance β-lactamase produc-
tion as required.

B. SYNTHESIS OF β-LEAF
β-LEAF was synthesized as previously described [32].
Briefly, the chloro- group on 7-amino-3-chloromethyl-
3-cephem-4-carboxylic acid p-methoxybenzyl ester was
substituted with 4-aminothiophenol with the help of
4-methylmorpholine. A mixture of carboxylic acid-
modified Bodipy-FL and O-(7-azabenzotriazole-1-yl)-N,N,
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FIGURE 4. Microfluidic Assembly. a) Schematic of single chamber. Polycarbonate filter (pink) is compressed between two sheets of clear
polymethyl methacrylate (grey). A 50 micron deep channel is defined in a layer of double sided adhesive (yellow). Another layer of double
sided adhesive (not shown) is placed above the filter to seal it against the outlet. b) Array of chambers is designed into a standard well-plate
format. c) Photograph of microfluidic plate. d) Vacuum fitting used to drive fluids through the microfluidic.

N,N′-tetramethyluroniumhexafluorophosphate in dry N,N-
dimethylformamide was stirred for 30 min. Diisopropylethy-
lamine was added to the stirring solution. The resulting
reaction mixture was protected from light and stirred
overnight. The solvent was removed under vacuum, and the
residue was reconstituted in dichloromethane (DCM). The
organic layer was washed with brine. After removing the sol-
vent under vacuum, the crude product was purified by HPLC.
This was dissolved in a solvent mixture of trifluoroacetic
acid:anisole: DCM and stirred at 0◦C for 1 h. The solvent
was removed under vacuum, and the residue was purified by
HPLC. Concentrated stocks were prepared in 100% DMSO
and stored at −20◦C.

C. β-LEAF—ANTIBIOTIC BACTERIA WELL PLATE
FLUORESCENCE ASSAYS
Bacterial strains were cultured overnight on BHI agar plates
in the presence of a penicillin disk (10 U). For each bacterial
isolate, colonies closest to the penicillin disk were transferred
to PBS to make a homogenous suspension [∼109 colony
forming units (CFU)/ml]. Bacterial OD was measured at
600 nm. Serial dilutions were also prepared with tenfold
lower bacterial concentrations in PBS. A 20 µM β-LEAF
Bodipy-FL probe solution (2× stock) was prepared in 40%
DMSO in PBS, and a 100 mM cefazolin solution (4× stock)

was prepared by dissolving the antibiotic powder in PBS. The
assays were performed in 96-well white clear-bottom plates
in a total volume of 100 µl, respectively, to include bacteria
and the 10 µM β-LEAF probe, with or without 25 mM
cefazolin. Each reaction was set up as follows: 25µl bacterial
suspension, 25 µl antibiotic 4× stock solution or PBS only,
and 50 µl probe 2× stock solution, with the resultant buffer
concentration as 20% DMSO in PBS in each 100 µl reaction.
For each isolate, reactions were performed in triplicate in
the absence and presence of the test antibiotic, respectively.
Time course assays were carried out, monitoring β-LEAF
cleavage by measuring fluorescence for 60 min, at 1 min
intervals (Spectramax M5 Plate Reader, Molecular Devices).
Instrument settings were kept as excitation at 450 nm and
emission at 510 nm. The temperature was maintained at 37◦C
throughout. Fluorescence was measured in a machine spe-
cific standard unit (AU). The β-LEAF cleavage rate in each
case was determined as the slope, i.e., fluorescence change
as a function of time (obtained from instrument software—
SoftMax Pro5), normalized by bacterial OD. Antibiotic
susceptibility was confirmed using standard procedures rec-
ommended by the Clinical & Laboratory Standards Institute,
e.g., minimum inhibitory concentration (MIC) (E-test strip)
and disk diffusion. Bovine CSF was obtained commercially
from BioreclamationIVT (New York, USA).
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D. MICROFLUIDIC CONSTRUCTION AND TESTING
50 micron thick double sided film adhesive 3M 8212
(3M; St. Paul, MN) and 1/16′′ clear polymethyl methacrylate
([PMMA] McMaster-Carr, Robbinsville NJ) are laser cut
(Danger!Awesome, Cambridge MA) and assembled by hand
with 600 nm pore size nuclear track etched polycarbonate
filters (Sterlitech; Kent, WA). The viewing chambers are
sized to be similar to 384 well plate dimensions. Liquid was
driven through the device with a vacuum. The vacuum seal
was made using a 1′′ × 1′′ × 1/16′′ piece of plastic attached
to a soft rubber gasket. A small hole was drilled through
both and a small gauge needle passed through the orifice and
sealed with epoxy. Typical flow rates were 1 ml/min.

E. β-LEAF—ANTIBIOTIC BACTERIA MICROFLUIDIC
FLUORESCENCE ASSAYS
Bacteria were grown and characterized as previously
described. A 20 µM β-LEAF probe solution was prepared
in 40% DMSO in PBS, and 100-mM solutions of cefazoline,
cefepime, and cefoxitin (4× stock) was prepared by dissolv-
ing the antibiotic powder in PBS. A final working solution
of 10 µM β-LEAF probe solution with 25 mM antibiotic
(if added) was then prepared with 20% DMSO in PBS.
To perform the assay, the bacterial solution was first flushed
through the device. This was immediately followed by 100µl
of the aforementioned probe solution. The plate was then
immediately placed in the plate reader and the measurement
taken as described for the well-plate assay.

III. RESULTS
The lower pathogen concentrations within human specimens
is a problem for the β-LEAF and many other conventional
assays. To circumvent this obstacle, we designed a microflu-
idic chamber with a porous wall to trap pathogens from
a liquid specimen matrix (Fig. 4a). To run multiple condi-
tions simultaneously, 24 chambers were created in a standard
microplate reader form factor (Fig. 4b, c). With this config-
uration, immobilized pathogens could be easily interrogated
with the β-LEAF assay and the fluorescent output monitored
using a commercial plate reader (Fig. 5). A vacuum aspirator
was used to drive the sample through the microfluidic system
in less than 90 seconds.

After charging the microfluidic device (as described in
Fig. 5), measurements were taken on a fluorescence plate
reader (representative data in Fig. 6); these displayed the
expected increase in fluorescence due to the cleaving and
consequent de-quenching of the β-LEAF probe. These curves
are practically identical with the data acquired from the well-
plate assay (Fig. 3) indicating compatibility between the two
formats.

To compare the limit of detection (LOD) between the
systems, different bacterial concentrations and volumes were
studied (Fig. 7). A volume of 50 µl with a concentration of
5e8 CFU/ml results is just below the practical LOD for the
96 well plate protocol. Using these same conditions with the

FIGURE 5. Microfluidic principle of operation. a) sample insertion.
b) β-LEAF probe insertion, c) fluorescent detection.

FIGURE 6. Representative fluorescence time course on microfluidic
device. 500 µl of 5e8 CFU/ml S. aureus was inserted into the device
followed by the β-LEAF probe. Fluorescence was measured with a
commercial plate reader.

microfluidic system gives 4× higher fluorescence emission
(mostly due to the improved effective numerical aperture
from confining the fluorescent signal at the bottom of the
plate). Additionally, the ability to process larger quantities of
sample with the microfluidic (in this case 15×more) enables
capturing larger numbers of bacteria, which gives a greater
than 10× increase in the concentration LOD vs. the well plate
assay (Fig. 7). This is consistent with the fact that it is the total
number of pathogens in the assay which determines the flu-
orescence generated—and hence the ultimate LOD. We note
the true concentration LOD for the microfluidic is actually
better than 5e7 CFU/ml, as the fluorescence changemeasured
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FIGURE 7. Comparison of 96 well plate assay and new microfluidic
design. Average and std. dev. from 2 separate experiments. Two different
concentrations of β-lactamase positive S. aureus were studied, and the
change in fluorescent emission was determined after a 20 minute
incubation. Two different bacterial volume conditions were investigated
with the microfluidic assay to probe its enhanced sensitivity as a function
of volume. Results were normalized for instrument drift using a β-LEAF
probe only condition.

FIGURE 8. Microfluidic β-LEAF antibiotic susceptibility assay. 1e8 CFU
S. aureus in PBS was injected into the device. Cleavage rate was
measured over a 45 minute incubation. Average and std. error from
5 independent experiments on β-lactamase positive and negative strains
of S. aureus. ∗ indicates p < 0.05 (ANOVA with 2-tailed t-test).

is roughly 3× larger than the fluorescence change measured
with 50 µl at 5e8 CFU/ml (which was easily resolved).
To validate the ability of the microfluidic to characterize

β-lactamase derived antibiotic susceptibility, pathogen-
spiked PBS samples were tested against a range of
representative 1st, 2nd and 4th generation cephalosporin
antibiotics (cefazolin, cefoxitin and cefepime respectively;
Fig. 8). The rate of β-LEAF cleavage was found to decrease
dramatically with the addition of a cephalosporin, indicating

FIGURE 9. Validation of microfluidic β-LEAF assay with
pathogen-spiked CSF. 1e8 CFU S. aureus in either CSF or PBS were
injected into the microfluidic device. PBS data was taken with 5
independent experiments; CSF data was taken with 3 experiments.
Cleavage rate was measured over 20 minutes. Error bars are standard
error. ∗ indicates p ≤ 0.05 (Mann-Whitney).

the β-lactamase was preferentially cleaving the antibiotics
over the β-LEAF probe. However, the rate of cleavage was
not as pronounced with cefepime, indicating this antibiotic
as being more robust against cleavage for this particular
β-lactamase (as compared to the other cephalosporins). Gold
standard assays of antibiotic susceptibility have confirmed
cefepime to be themost effective antibiotic out of the 3 for this
pathogen strain [30], supporting the use of the microfluidic
as a rapid platform for the β-LEAF antibiotic susceptibility
assay.

The ability of the β-LEAF assay to be used on direct
patient samples was tested on simulated meningitis samples.
S. aureus was spiked into bovine CSF and tested with the
microfluidic protocol as before. These results were compared
with pathogen spiked PBS samples to investigate whether the
use of a human specimen could influence the results of the
assay. As shown in Fig. 9, no significant difference between
the two samples was found, indicating this protocol is suitable
for point of care use with suspected meningitis cases.

IV. DISCUSSION
Treatment guidance for the febrile infant lacking any other
distinguishing symptoms remains a difficult situation. Due
to the serious consequences of a missed diagnosis, treatment
tends to be very conservative. However, this push is tem-
pered by the need of the medical community to conserve
the use of its broad-spectrum antibiotics, which are gradually
being rendered ineffective by growing antibiotic resistance.
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FIGURE 10. Clinical interpretation flowchart. (a) A simple assay setup is depicted. Multiple reaction can be setup simultaneously allowing several
antibiotics to be tested concurrently. A representative small footprint fluorimeter from Promega France (GloMax Discover) is shown as an example,
though smaller handheld fluorimeters could also be used in principle. (b) Assay provides simple yes/no outputs as to whether β-lactamase is produced
and whether an antibiotic would be stable against cleavage. These outputs can be programmed into commercially available portable fluorimeters.

Thus the most widely effective antibiotics cannot be used as
an empiric treatment, as doing so will jeopardize our ability
to treat resistant organisms in the future. Indeed, a number of
pathogens with no effective treatment have been documented
in medical facilities around the world [33] due to the grow-
ing use of our remaining, broadly-effective antibiotics. The
problem is most SBI can be treated with common antibiotics
(e.g., ampicillin, cefazolin); however a small fraction will
be resistant. Because of this, neonates with suspected SBI
are often kept at the hospital for 24 hours after empiric
treatment to ensure their condition has stabilized. This policy,
while necessary, has been shown to induce psychological
trauma and has been correlated with long-term behavioral
disturbance [10]. These factors put increasing pressure on
the clinicians to use a broad-spectrum antibiotic more widely,
hastening the development of resistance.

Adding to the confusion is the poor tracking of antibiotic
resistance generally. β-lactamase is often not tested for in
microbiological workups, as the information comes too late
(2-3 days or longer) to be of practical use (though this con-
clusion is not unanimous [34]). This general lack of testing

has contributed to the problem—it is difficult to allocate
resources to a problemwhen the scope of the problem itself is
poorly understood. This is an even greater quandary for low-
resource areas, where standard microbiological laboratories
are not available.
β-LEAF was developed to help address these issues. Key

factors necessary for its translation in these areas include
sensitivity, cost and simplicity (i.e., ease of clinical adop-
tion). Starting with sensitivity, prior studies of meningitis
have found a large range of pathogen concentrations in
the CSF of patients taken at the first clinical examination.
However, the cases at most risk of treatment failure have
CSF pathogen concentrations [35] greater than 1e7 CFU/ml,
with the risk increasing with pathogen concentration [36].
Another study [37] has found 21% of CSF culture positive
samples to have concentrations >5e7 CFU/ml. For posi-
tive urine cultures, the pathogen concentrations are even
higher [38], with ∼50% of specimens having a mean colony
count of greater than 5e7 CFU/ml. Thus this newly developed
β-LEAF microfluidic assay, with its LOD of 5e7 CFU/ml, is
well positioned to rapidly detect urinary tract infections and
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FIGURE 11. Application of microfluidic β-LEAF assay. One scenario for use is presented, comparing the current practice with potential future
application.

meningitis for those patients most in need in of rapid diag-
nosis. We note the actual LOD of the microfluidic is better
than 5e7 CFU/ml, and the sensitivity can be brought down to
below 1e7 CFU/ml by extending the incubation time beyond
20 minutes. The practical resolution of this assay will ulti-
mately depend on the background drift of the measurement,
particularly in the context of the many different β-lactamase
enzymes, which may have different catalytic rates against the
β-LEAF probe. Beyond the LOD, the ability of this protocol
to assess resistance at high bacterial concentrations may be of
use in mitigating the ‘‘inoculum effect’’ which can confound
conventional tests of antibiotic susceptibility [30].

The material cost of the microfluidic assay was considered
from the earliest stages of design. The polymethyl methacry-
late was chosen due to its widespread availability, permissive
fabrication characteristics and price (∼$0.02/test). For the

pathogen trapping, different materials were investigated, and
nuclear track etched polycarbonate filters were found to have
the best combination of autofluorescence, consistent perfor-
mance, flow rates and cost ($0.04/test). The price of these
filters would drop if purchased in bulk and could be reduced
even further by shrinking the size of the pathogen capture
chamber, which is the subject of ongoing investigation. The
adhesive used to assemble the system was a trivial cost in
terms of the overall system (less than $0.01/test). Though
disposable use seems the most practical implementation for
most environments, for extremely low-resource settings, it is
possible to clean and reuse the microfluidic device, thereby
further reducing the expense. In this spirit, fluorescence mea-
surements itself can be made with low cost components
(LED, optical filters, silicon photosensor) for less than sev-
eral dollars, while the vacuum necessary for fluid flow can

2800410 VOLUME 4, 2016
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be generated using a simple syringe. A secondary factor is
the cost-savings which could be incurred by the use of this
diagnostic for cephalosporin-resistant pathogens in hospital
care facilities. The increasing prevalence of these pathogens
has led to an increase in the use of carbapenem antibiotics
(e.g., imipenem) as a precautionary measure, but this practice
has led to outbreaks of multidrug resistant disease [39], with
enormous cost to patient health as well as financial cost.
Hospital infection control committees have been increasingly
strict with prescription practices in an attempt to avoid this
scenario, but the physicians are caught in themiddle, forced to
choose between providing best care to the current patient ver-
sus trying to prevent a resistant infection in the future without
diagnostic guidance [40]. The microfluidic β-LEAF assay
is in a position to provide more clarity to this situation by
providing individualized treatment information at the point
of care.

The adoption of a new diagnostic depends critically on
the simplicity and robustness of its operation. An important
aspect of the assay is its simple workflow, which pro-
vides several binary outputs for facile clinical interpreta-
tion (Fig. 10). These outputs can be programmed into the
fluorimeter, reducing clinician workload and the potential
for human error. Furthermore, the assay can be adapted for
portable handheld readers, allowing use in smaller clinics
and low-income settings. The β-LEAF probe itself is excep-
tionally stable, with only bacterial β-lactamase enzymes able
to degrade the probe with any significant efficiency. This
ensures the assay is free from biological interference. In addi-
tion, the room temperature shelf life of the β-LEAF probe
is more than 1 year. One potential application for this assay
is depicted in schematic form in Fig. 11, though numerous
other adult applications exist as well (e.g., suspected sepsis,
meningitis, UTI, infected pleural cavity).

V. CONCLUSION
Before the advent of β-lactam antibiotics, the prognosis
for SBI was particularly dismal, as the window for effec-
tive treatment was brief. With the success of penicillins
and cephalosporins as first-line empiric treatments, more
sophisticated analyses of antibiotic susceptibility could be
performed during the critical initial disease stages, allowing
more effective narrow-spectrum antibiotics to be identified
and prescribed. The growth of β-lactamase resistance has
threatened this paradigm, requiring the advent of new tech-
nologies. Characterization of pathogens at the point of care
has the potential to both contain the growth of antibiotic resis-
tance and improve patient outcomes by providing immediate
treatment guidance. The assay described here is unique in that
it provides phenotypic information and treatment guidance
for an enzymatic resistance mechanism in the time frame
of a clinical examination. Furthermore, the low cost and
facile interpretation of this assay overcome two of the main
obstacles for clinical adoption. By optimizing the fluores-
cent detection with a custom built optical train (instead of a
commercial plate reader), even greater improvements in the

LOD, cost-effectiveness and overall footprint are possible. In
the future, the microfluidic technology can be easily adapted
to other fluorescent pathogen assays (e.g., gram status). This
ability to provide personalized treatment guidance is promis-
ing and deserves further development as well as validation
with direct clinical specimens.
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