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Multiplexed paper-based assay
for personalized antimicrobial
susceptibility profiling

of Carbapenem-resistant
Enterobacterales performed

In a rechargeable coffee mug

Taylor Oeschger?, Lauren Kret! & David Erickson?3**

The increasing prevalence of antibiotic resistance threatens to make currently treatable bacterial
diseases deadly again. As drug resistance rises, antibiotic susceptibility testing needs to adapt to
allow for widespread, individualized testing. Paper-based diagnostics offer low-cost, disposable
alternatives to traditional time consuming and costly in-house methods. Here, we describe a paper-
based microfluidic device, called the Bac-PAC, capable of categorizing the antibiotic susceptibly of
individual strains of Carbapenem-resistant Enterobacterales. Each chip provides a colored readout
with actionable susceptibility classification of three antibiotics, thus maximizing the chances of
identifying a viable therapy. We verified the technology on thirty bacterial strains with two dyes using
six clinically relevant antibiotics. We demonstrated that the dried tests are stable for one month and
can be incubated in a rechargeable coffee mug that reduces the need for external infrastructure.

Antimicrobial resistance (AMR) is immediate pressing global threat. In 2016, AMR caused 700,000 deaths
worldwide, and models predict an increase of up to 10 million deaths per year by 2050, resulting in 100 trillion
USD lost in global production’. Carbapenem-resistant Enterobacterales (CRE) is a highly antibiotic resistant
group of organisms dubbed the “nightmare bacteria” because of their estimated annual deaths, prevalence in
hospitals, and rapid transfer of antibiotic resistance genes®. Many experts in AMR broadly recommended that
antimicrobial susceptibility testing (AST) be performed on an individual basis so that personalized treatments
can be prescribed**. This would prevent the misuse of last-line antibiotics and delaying the onset of full resistance.

The gold standard method of AST is broth serial dilution, where solutions of antibiotics diluted two-fold are
prepared, spiked with bacteria, and the minimum inhibitory concentration is obtained® and classified based
on breakpoints as determined by the Clinical and Laboratory Standards Institute (CLSI). While this produces
reliable, reproducible, quantitative results, this method is also limited by its tedious preparation, high cost, and
laboratory requirments’. It is currently impractical to preform broth serial dilutions for multiple antibiotics
for several patients without the aid of automated equipment. Other methods for AST may include automated
devices, premade 96-well plates, E-test gradient strip diffusion, or agar disk diffusion. While these technologies
are logistically simpler than broth dilution, they may be more expensive, bulkier, or require refrigerated agar
plates making them unamenable to low resource settings. When none of these methods are available, clinicians
may prescribe patients an antibiotic treatment based on infection source or current regional resistance trends”®.

The consensus Review on Antimicrobial Resistance concluded that “the solution to the problem (of AMR)
must work for the world and benefit as many people as possible, not one country or one group of countries,”
and thus “the solutions should be cost-effective, affordable and support economic development”’. This is espe-
cially important for low- and middle-income countries that lack the resources or infrastructure necessary to
perform drug susceptibility testing®'°. It is therefore necessary to develop a low-cost point-of-care diagnostic to
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Figure 1. Bac-PAC design. (a) Example test using PrestoBlue dye displaying ciprofloxacin susceptible,
meropenem susceptible, and gentamicin resistant results. (b) Example test using XT T dye displaying
ciprofloxacin resistant, meropenem susceptible, and gentamicin susceptible results. (c) Concentrations used on
paper chip (top, grey) compared to CLSI MIC liquid culture cut-offs (bottom, blue).

accurately predict effective antibiotics for treating a patient based on their individual infection resistance pro-
file. Point-of-care diagnostic devices should be affordable, portable, robust, designed to work in a wide variety
of settings, use small sample volumes, and have a quick turnaround time''~'*. Paper microfluidics specifically
offer several additional benefits: they are disposable, require no power supply, and are easy to scale for mass
manufacturing'>'*!3. Such a test could provide a global picture of emerging AMR, guide public health and policy,
and improve individual patient outcomes.

Here we introduce the Bac-PAC: Bacterial Paper Antibiotic Susceptibly Testing Chip. The Bac-PAC is a paper
microfluidic chip capable of giving colored readouts visible to the naked eye corresponding to the susceptibly of a
patient-specific bacterial strain. This work improves on our previous publication by Wang and Erickson'® through
(1) multiplexing to include three antibiotics while maintaining semi-quantitative readouts, (2) exploration of
additional colorimetric dyes that demonstrated better performance with some antibiotics, (3) proof of concept
validation with 30 bacterial strains from 12 different species contained in the “Enterobacterales Carbapenem
Breakpoint" panel'’ (Supp. Figs. 1, 2), (4) implementation of packaging to store the device at different tempera-
tures for extended periods of time, and (5) the incorporation of a low-cost rechargeable SmartMug in place of
a commercial incubator. Altogether, the Bac-PAC assay described herein demonstrates the first multiplexed,
colored AMR assay on paper that is optimized for clinically actionable information in low resource settings.

Results

Development of the Bac-PAC. The Bac-PAC is a wax printed paper-microfluidic, based on the original
design described by Wang and Erickson'®, where bacteria are placed in the center and diffuse radially into ten
wells containing three antibiotics of interest at three concentrations each, plus one positive control with no anti-
biotics. Antibiotic concentrations increase in a counterclockwise direction. After incubation, the wells change
color to indicate bacterial replication and a failure of the antibiotic to inhibit the infection. Zero or one wells
changing indicates a susceptible sample, while two wells and three wells changing implies an intermediate and
resistant sample, respectively. Simply put, less color change indicates more susceptible bacteria.

Prior to incubation, water is added to each of the four corners and the entire chip is sealed in a transparent
film. This increases humidity, encourages bacterial growth, prevents contamination, and contains all biohazards.
The multiplexed design includes three antibiotics on a single chip, thus producing more clinically actionable
information from a single test compared to the previous system!®. We compared resazurin-based PrestoBlue dye
(Fig. 1a) with the tetrazolium dye XTT (Fig. 1b). PrestoBlue is a redox dye that starts as blue colored resazurin
and is reduced to resorufin, a pink product, or further reduced to dihydroresorufin, a colorless product'®". In
contrast, XTT in solution starts colorless and is reduced to a vibrant orange, especially in the presence of addi-
tional electron acceptors such as phenazine methosulfate.

Antibiotics were selected using the CLSI M100 Performance Standards for Antimicrobial Susceptibility
testing®. All four Group A antibiotic agents considered to be appropriate for inclusion in routine, primary test-
ing panel were used. These included ampicillin, cefazolin, gentamicin, and tobramycin. Additionally, we chose
two Group B antibiotics which are recommended to be included in testing if failure to agents in Group A is
observed. The Group B agents selected were meropenem and ciprofloxacin due to their unique antibiotic classes
compared to those in Group A.

We found that the concentration of antibiotics used on the Bac-PAC needed to be much higher than that
used in traditional liquid MIC testing. Therefore, the concentration of each antibiotic on paper corresponding
to susceptible, intermediate, and resistant cutoffs had to be identified experimentally. For each antibiotic, at least
one strain from the panel was selected that contained susceptible, intermediate, and resistant gold standards and
the antibiotic concentration were adjusted, or “tuned”, on paper until the categorization aligned. Overall, the
intermediate cut-off level varied between 50 and 250 pug/mL, an average of 75-fold higher than the CLSI MIC
breakpoints of 0.5 to 16 ug/mL* (Fig. 1c). Gentamicin and cefazolin had an intermediate cut-off of 250 ug/mL,
tobramycin 225 pg/mL, ciprofloxacin 150 pg/mL, and ampicillin and meropenem 50 pg/mL.
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Figure 2. Bac-PAC compared to other technologies (a) Comparison of time and equipment of broth dilution
(top), previous work (middle) and this work (bottom) (b) Bac-PAC four-fold dilutions results. Fractions
represent number of correct samples over number of total samples.

This magnitude difference in antibiotic concentrations warrants further investigation. Agar disk used for
disk diffusion antibiotic susceptibility testing are loaded with high concentrations of antibiotics because the
antibiotics must diffuse into the agar before contacting the bacteria. However, here the antibiotics should not be
diffusing, and contact occurs at the site where antibiotics were dried. We suspect that higher concentrations of
antibiotics are needed because of the higher bacterial inoculums needed to obtain growth and colored readouts
on the paper format. Additionally, some antibiotics may be leaking to the center of the chip. The effectiveness of
the antibiotics could also be decreased by the drying process or interaction with the chromatography paper itself.
Despite possible antibiotic diffusion across the chip, antibiotics are not contaminating adjacent wells as can be
seen from positive controls which are located directly besides the highest concentration of one of the antibiotics.

For analysis of results, discrepancies were separated into minor (a false resistant or susceptible result for an
intermediate isolate or a false intermediate result), major (false resistant), and very major (false susceptible)
in accordance with CLSI® and the FDA? guidelines. False resistant major discrepancies could cause a viable
treatment option to be missed; however, this is preferable to a very major false susceptible in which the wrong
treatment might be prescribed. The overall aim was to reduce all discrepancies, with an emphasis on very major
discrepancies.

Four-fold dilution is more ideal than two- or six- fold. In designing the Bac-PAC, we sought to maxi-
mize categorical agreement and to minimize major and very major discrepancies while also spanning the widest
range of antibiotic concentrations possible. Gold standard broth microdilution testing involves adding bacteria
to broth containing antibiotics that are diluted two-fold until growth of the bacteria ceases (Fig. 2a). These tests
utilize eight to ten different antibiotic concentrations in a single test; however, for the Bac-PAC this was limited
to three concentrations to minimize the device footprint. By exploring four-fold and six-fold dilutions, we could
span a wider range of concentrations on a single chip. For example, a two-fold dilution chip could span 75 to
300 pg/mL while a six-fold dilution chip could span 25 to 900 ug/mL (Supp. Fig. 3).

Prior to testing, dyes and antibitoics were mixed and immobilized on the chip by drying. No color change was
seen in the center of the chip implying that the dye stayed well confined in the wells. As mentioned previously,
the antibiotics may flow back into the center of the chip, but they do not impact adjacent wells. If antibiotics were
influencing adjacent wells, the positive control would disappear, especially in the case of high susceptible samples,
and the test would be invalidated. Therefore, since no mixing of antibiotics was observed, the antibiotic configu-
rations can easily be changed based on clinical needs, such as local resistance trends or antibiotic availability.

Ciprofloxacin, meropenem, and gentamicin two-fold and four-fold dilutions had an average categorical agree-
ment of 79% compared to 77% for six-step dilutions (Fig. 2b, Supp. Fig. 4). Cefazolin, tobramycin, and ampicillin
had average accuracies of 68%, 78%, and 67% for two-fold, four-fold, and six-fold dilutions respectively (Fig. 2b).
Therefore, we used four-fold dilutions in all future testing. Out of all the antibiotics, ciprofloxacin performed the
best with over 92% accuracy in every dilution and dye tested. For context, the World Health Organization (WHO)
is aiming for 90% accuracy with less than 5% major discrepancies for an ideal antibacterial susceptibility test?'.

XTT displays higher overall accuracy but with higher proportions of very major errors com-
pared to PrestoBlue. We compared XTT and PrestoBlue side by side to identify any major differences in
accuracies between the two dyes for each antibiotic. Meropenem performed significantly better when paired
with XTT compared to PrestoBlue: Meropenem-Presto displayed only a 50% accuracy with 23% major dis-
crepancies compared to 83% accuracy with no major discrepancies for Meropenem-XTT. We suspect this is
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Figure 3. Shelf-life testing for 1 week and 1 month. (a) PrestoBlue with ciprofloxacin, meropenem, and
gentamicin after 1 month at room temperature but before any bacterial loading. (b) XTT with cefazolin,
tobramycin, and ampicillin after 1 month at room temperature but before any bacterial loading. (c)
Ciprofloxacin, meropenem, gentamicin, cefazolin, tobramycin, and ampicillin results after 1 month of storage at
4 °C Fractions represent number of correct samples over number of total samples.

due to a chemical interaction between meropenem and the resazurin component of PrestoBlue dye. Cefazolin,
tobramycin, and ampicillin displayed significantly higher very major discrepancies rates using XTT dye. In all
dilution cases, gentamicin displayed similar accuracies between PrestoBlue and XTT but had fewer very major
discrepancies using PrestoBlue. Overall, XTT had better accuracy in general but at the expense of higher very
major errors rates, which could lead to misprescribing of antibiotic therapies.

Bac-PACs are shelf-life stable for 1 week at room temperature and 1 month under refrigera-
tion. For clinical use, diagnostic assays are manufactured, transported, and stored for some amount of time
prior to use. Therefore, the Bac-PAC was evaluated for storage temperature and shelf-life. The paper chips were
prepared as in all previous experiments, dried at ambient air for approximately 10 mins, and placed in heat seal
packaging with a single desiccator packet. Half of the chips were stored at room temperature (approximately
20 °C) while the other half were stored in the fridge (approximately 4 °C).

Chips stored at room temperature for one month displayed some color change even without bacteria. Presto-
Blue appeared to be converted by the highest concentrations of meropenem and gentamicin (Fig. 3a) while XTT
was readily converted by high levels of tobramycin and ampicillin (Fig. 3b). When bacterial samples were added,
this effect increased the discrepancy rate (Supp. Figs. 5 and 6). This effect is unsurprising given that XTT and
ampicillin are typically stored at — 20 °C while PrestoBlue, meropenem, gentamicin, cefazolin, and tobramycin
are stored at 4 °C.

Chips stored in the fridge at 4 °C fared much better and retained higher accuracies after one month when
compared to those at room temperature. In all cases except for meropenem, the choice of dye made little differ-
ence in the overall accuracy of the test. With meropenem, however, use of PrestoBlue lead to a very high minor
and major discrepancy rate compared to XTT after one month of storage in the fridge (Fig. 3¢). This is likely
caused by high levels of meropenem converting PrestoBlue over time, resulting in false positives. This theory is
further supported by the lack of very major discrepancies. The best antibiotic dye pairing results after one month
of storage at 4 °C were Ciprofloxacin-XTT, Meropenem-XTT, and Gentamicin-Presto displaying 88%, 88%, and
72% accuracy, respectively, and Cefazolin-Presto, Tobramycin-XTT, and Ampicillin-Presto displaying 83%, 84%,
and 86% accuracy, respectively. In the case of Meropenem-XT'T, Ciprofloxacin-Presto, and Ciprofloxacin-XTT,
storage at room temperature instead of refrigerated made little difference in the performance of the test (Supp.
Fig. 6). Therefore, most antibiotic-dye combinations on Bac-PAC are stable for at least one month when stored at
4 °C, and some pairings could be stored at room temperature for shorter time periods, such as in resource-poor
areas without reliable access to electricity.

Rechargeable SmartMug can be used for low-cost incubation. While our results thus far are prom-
ising, they still rely on a large, water jacketed, energy intensive standing incubator which is not conducive to the
point-of-care. Therefore, we substituted the 400 Ib incubator for a 2.5 oz Smart Mug Warmer (Fig. 4a). The mug
could maintain a constant 35 °C temperature and holding more than 30 Bac-PAC assays at a time. A significant
change in assay accuracy was not seen when using the mug compared to the jacketed incubator as the heat
source. Additionally, when fully charged, the mug could maintain a 34-35 °C temperature for 10-12 h, which
was approximately the same time required for the PrestoBlue assays to reach their peak accuracies (Fig. 4b).

Scientific Reports |

(2022) 12:11990 | https://doi.org/10.1038/s41598-022-16275-3 nature portfolio



www.nature.com/scientificreports/

40
a ' Sealing Lid b Growth Stablizes
Battery Dies A - 30 g
L
k-]
- Insulated Mug \\ :
Bac-PAC il - g
°
o
L 10 g
&
Power Cord
. Ll T T T 0
0 5 10 15 20 25

Time (hours)

Presto Blue Assay — Internal Mug Temp
Charging Plate

Figure 4. SmartMug incubator. (a) Picture of the Smart Mug rechargeable incubator system. (b) Accuracy of
Bac-PACs in Smart Mug and temperature over 24 h when on battery power. Error bars show standard error of
the mean.

Conclusions

The need for individualized AMR testing worldwide is expected to increase over the next decade. Traditional
phenotypic culture methods for AMR, such as broth dilution and Kirby-Bauer disk diffusion, are costly, time
consuming, and require trained personnel, making them inaccessible in low- and middle-income countries
that will be hardest hit by drug resistant epidemics. Instead, the improved Bac-PAC system brings us closer to
clinically actionable information at the point-of-care by being low-cost, disposable, easy to use, and portable.

While many studies have compared PrestoBlue and XTT in liquid culture®, relatively little is known about
their applicability to paper diagnostics. While the XTT cell viability assay is commonly used in microbiology, it
is typically suspended in liquid and read by spectrophotometry. PrestoBlue has been more commonly utilized
for paper microfluidics®’; however, our side-by-side comparison demonstrates that XTT may give more accu-
rate antibiotic categorization under certain conditions. The use of six different antibiotics, all with accuracies of
at least 75% with proper dye pairing, demonstrates the flexibility of this platform to be expanded to countless
other antibiotics. This is on par with the E-test and agar dilution methods which display 90% and 79% agreeance
respectively with broth microdilution®. It is also approaching the 90% accuracy level sought by WHO?'. While
many novel technologies are tested with only a handful species or strains, the utilization here of 30 bacterial
strains representing 12 different bacterial species demonstrates the potential for this technology to be expanded
to other urgent antibiotic resistant threats such as Neisseria gonorrhoeae and Candida auris®.

Other paper-based devices have been developed to diagnose bacterial infections?-?%, detect viral infections®,
and concentrate infectious DNA, but only a few paper platforms perform some kind of susceptibility testing.
Deiss et al.* portable paper chip replicates the Kirby-Bauer disk diffusion method using PrestoBlue, but the
readout requires measuring the zone of inhibition around each disk and comparing the results to published CLSI
standards. Each chip also only provides the resistance profile for two antibiotics. Meanwhile, Michael et al.*?
designed a fidget spinner like device capable of concentrating urinary pathogens and estimating their resistance
using another visible dye, WST-8. While their AST readout takes approximately 2 h, it requires off-chip antibiotic
exposure, multiple loading steps, separate devices for each antibiotic of interest, and has only been tested on E.
coli. Meanwhile, the Bac-PAC is simpler to use with only one loading step and provides information on three
antibiotics per device.

The Bac-PAC meets many of the priorities and goals for the development of accessible technologies for AMR
outlined by the WHO?!. For example, we calculated the disposable cost per chip as being $0.77 for XTT chips
and $0.85 for the Presto Blue chips, well below the WHO recommended cost of $10-15 per assay*' (Supp. Fig. 8).
Additionally, this assay can be used by an untrained user with a few hours of training, again below the WHO
recommended user of a trained laboratory personal with 2 days of training. Not only is this test low-cost and
easy to use, but also stable over one month when stored protected from light at 4 °C and for at least one week at
20 °C. Literature suggests that storage under nitrogen vacuum may extend this shelf life even further®. Finally,
we drastically reduced capital costs by replacing the typical water jacketed incubator with a rechargeable, low
power coffee mug that maintains the required 35 °C for at least 10 h on battery or indefinitely using a typical
outlet. This approach meets the recommended < 25 kg weight, > 8-h battery life backup, and instrument costs of
less than $10,000 also listed by WHO?!. In the future, it may be feasible to replace the SmartMug incubator with
a low-cost resistive microheater, further reducing cost and weight™*.

Although this work is a promising proof of concept for a cheap, reliable, and accessible antibiotic susceptibil-
ity test, some limitations of the study should be noted. First, the panel of bacteria utilized in testing contained
a higher portion of resistant samples than may be found in the general population. Additionally, pure bacte-
rial samples were tested in spiked media. Further validation is need with multi-organism human samples. To
eliminate these limitations, further studies should focus on clinical trials of real samples from a diverse patient
population. Additionally, Providencia stuartii reads as susceptible to aminoglycosides in antibiotic susceptibility
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testing but is intrinsically resistant, and Shigella sonnei and Salmonella Typhimurium are not effectively treated
with cephalosporins, such as cefazolin. Therefore, this test may need to be paired with a rapid bacterial identifica-
tion strategy to eliminate these specific treatment options that are species dependent. In the future, we hope to
incorporate direct from patient inoculation and rapid species identification to fully meet the WHO AMR criteria.

Methods

Paper microfluidic printing. A circular based paper microfluidic was designed in Adobe Illustrator 25.3.1
and printed on Whatman Grade 1 paper using a Xerox ColorQube 8570 wax printer. Wax was melted through
the paper on a hot plate at 100 °C for ~ 30 s until the wax visibly melted through the paper. The back side of the
chips was sealed with clear packing tape. Chips were stored in petri dishes at room temperature until use. The
overall size of the device is 52 x 52 mm with 1 x 8 mm channels, 5x 7 mm wells, and a 15 mm diameter central
loading zone.

Bacterial strains. Test strains were obtained from the Centers for Disease Control (CDC) and Food and
Drug Administration (FDA) Antibiotic Resistance Isolate Bank®®. We utilized 30 strains from the “Enterobac-
terales Carbapenem Breakpoint” panel containing 12 different species of Enterobacterales with varying levels
of resistance to ciprofloxacin, meropenem, gentamicin, cefazolin, tobramycin, and ampicillin (Supp. Figs. 1-2,
9-11). Species included: Escherichia coli, Enterobacter cloacae, Klebsiella pneumoniae, Klebsiella aerogenes, Citro-
bacter freundii, Citrobacter koseri, Providencia stuartii, Serratia marcescens, Klebsiella oxytoca, Proteus mirabilis,
Shigella sonnei, and Salmonella Typhimurium. Gold standard minimum inhibitory concentrations were obtained
by the CDC/FDA Antibiotic Resistance Isolate Bank through broth microdilution®. Bacteria from freezer stocks
were grown for 20-24 h on Mueller Hinton II agar and re-plated onto fresh BBL Mueller Hinton II agar and
grown 20-24 h prior to testing. Bacterial strains were adjusting to a cell density of ~1x 10® using the optical
density at 625 nm and diluted 1 to 10 in BBL Mueller Hinton II media prior to testing.

Antibiotics. Gold standard antibiotic susceptible categories were assigned by the CDC/FDA Antibiotic
Resistance Isolate Bank*® based on Clinical Laboratory Standard Institute’s M100 Performance Standards for
Antimicrobial Susceptibility Testing®. Certified Pharmaceutical reference or secondary standards were used for
all six antibiotics tested.

Microfluidic device loading.  Antibiotic stock solutions were diluted in 2 mg/mL XTT with 5 pg/mL phen-
azine methosulfate or pure PrestoBlue Cell Viability dye. The highest working concentration of antibiotic dye
solution was diluted twice either 1 to 2, 1 to 4, or 1 to 6 depending on the trial requirements. 3uL of dye-only
solution or antibiotic dilution were loaded on to the pre-printed and melted microfluidic chip starting at the 3
oclock position and continuing from lowest to highest antibiotic concentration moving counterclockwise (Supp.
Fig. 3). Dye and antibiotic solutions immobilized in the wells by drying at room temperature prior to testing.
Multiplexed chips contained either ciprofloxacin, meropenem, and gentamicin or cefazolin, tobramycin, and
ampicillin. 90 pL of diluted bacteria solution was placed in the center well of the chip and allowed to diffuse
outward, filling all 10 outer wells. All experiments contained at least 2 replicates for each strain. 30 uL of sterile
deionized water was placed in each corner of the chip to increase humidity. The chip was sealed between two half
pieces of sterile ELISA sealing film by applying pressure with a finger around all the edges, labelled with sample
name and antibiotics, and incubated overnight for at least 10 h at 37 °C (Supp. Video 1).

Microfluidic device storage. For one-week and one-month storage trials, chips were prepared with the
dye and antibiotic solutions as above. After fully drying at room temperature, chips were enclosed in an opaque
heat-seal packaging with a single desiccator packet. Chips were then stored at either 4 °C or room temperature
for the appropriate duration before use.

Smart mug incubator. A VSITOO brand $3 Pro Smart Mug Warmer with Double Vacuum Insulation was
purchased online. The mug was loaded with approximately 1 inch of water before adding Bac-PACs to prevent
the mug automatic shutoff feature. Bac-PACs were prepared as usual and loaded vertically into the mug and the
lid was sealed. Bac-PACs were removed at regular time intervals to check for growth and accuracy.

Data analysis. Data was analyzed using GraphPad Prism 9 and Microsoft Excel 2016. For each antibiotic,
the number of wells that did undergo a color change were recorded, where zero or one wells corresponded to
a susceptible sample, two wells corresponded to an intermediate sample, and three wells corresponded to a
resistant sample. Chips that did not undergo a color change in the dye-only positive control well were marked
as incomplete. Percent accuracy was calculated as the number of correct susceptibility categorizations out of
the total number of categorizations, once incomplete tests were removed. Percent “minor” discrepancies were
calculated as the number of categorizations that were one category off (i.e., susceptible sample reading as inter-
mediate) divided by the total number of categorizations, once incomplete tests were removed. Percent “major”
discrepancies were calculated as the number of false-resistant results (i.e., susceptible sample reading as resist-
ant) divided by the total number of categorizations, once incomplete tests were removed. Percent “very major”
discrepancies were calculated as the number of false-susceptible results (i.e., resistant sample reading as suscep-
tible) divided by the total number of categorizations, once incomplete tests were removed.
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All data supporting the findings in this study are available within the Article and its Supplementary Information.

Received: 18 January 2022; Accepted: 7 July 2022
Published online: 14 July 2022

References

1.
2.

3.

19.

20.

21.
22.

23.
24.
25.
26.
27.
28.
29.
30.

31.

32.
33.

34.

35.

O'Neill, J. Tackling drug-resistant infections globally: Final report and recommendations. Rev. Antimicrob. Resist. 1, 1-10 (2016).
U.S. Department of Health and Human Services & U.S. Centers for Disease Control. Antibiotic Resistance Threats in the United
States, 2019, 1-113 (2019).

Sheu, C.-C., Chang, Y.-T., Lin, S.-Y., Chen, Y.-H. & Hsueh, P.-R. Infections caused by Carbapenem-resistant Enterobacteriaceae:
An update on therapeutic options. Front. Microbiol. 10, 80 (2019).

. Ventola, C. L. The antibiotic resistance crisis: Part 1: Causes and threats. Pharm. Ther. 40, 277 (2015).
. Jorgensen, J. H. & Ferraro, M. ]. Antimicrobial susceptibility testing: A review of general principles and contemporary practices.

Clin. Infect. Dis. 49, 1749-1755 (2009).

. Clinical and Laboratory Standards Institution. M100 Performance Standards for Antimicrobial Susceptibility Testing (Clinical and

Laboratory Standards Institute, 2020).

. Morrill, H. J., Pogue, J. M., Kaye, K. S. & LaPlante, K. L. Treatment options for Carbapenem-resistant Enterobacteriaceae infections.

Open Forum Infect. Dis. 2, 50 (2015).

. Clancy, C. J., Potoski, B. A., Buehrle, D. & Nguyen, M. H. Estimating the treatment of Carbapenem-resistant Enterobacteriaceae

infections in the United States using antibiotic prescription data. Open Forum Infect. Dis. 6, 8 (2019).

. Xu, Y. et al. Epidemiology of carbapenem resistant Enterobacteriaceae (CRE) during 2000-2012 in Asia. J. Thorac. Dis. 7, 376-385

(2015).

. Chokshi, A,, Sifri, Z., Cennimo, D. & Horng, H. Global contributors to antibiotic resistance. J. Glob. Infect. Dis. 11, 36-42 (2019).
. Pandey, C. M. et al. Microfluidics based point-of-care diagnostics. Biotechnol. J. 13, 1700047 (2018).

. Yager, P, Domingo, G. J. & Gerdes, J. Point-of-care diagnostics for global health. Annu. Rev. Biomed. Eng. 10, 107-144 (2008).

. Yager, P. et al. Microfluidic diagnostic technologies for global public health. Nature 442, 412-418 (2006).

. Gale, B. K. et al. A review of current methods in microfluidic device fabrication and future commercialization prospects. Inventions

3,60 (2018).

. Noviana, E. et al. Microfluidic paper-based analytical devices: From design to applications. Chem. Rev. 121, 11835-11885 (2021).
. Wang, R. & Erickson, D. Paper-based semi-quantitative antimicrobial susceptibility testing. ACS Omega 6, 1410-1414 (2021).
. United States Centers for Disease Control. CDC ¢ FDA Antibiotic Resistance Isolate Bank. (2020). https://wwwn.cdc.gov/ariso

latebank/. Accessed 31 March 2020.

. Oeschger, T. M. & Erickson, D. C. Visible colorimetric growth indicators of Neisseria gonorrhoeae for low-cost diagnostic applica-

tions. PLoS ONE 16, €0252961 (2021).

Lall, N., Henley-Smith, C. J., De Canha, M. N., Oosthuizen, C. B. & Berrington, D. Viability reagent, prestoblue, in comparison
with other available reagents, utilized in cytotoxicity and antimicrobial assays. Int. J. Microbiol. 2013, 1-5 (2013).

Food and Drug Administration. Guidance for Industry and FDA Class 1I Special Controls Guidance Document: Antimicrobial
Susceptibility Test (AST) Systems.

World Health Organization. Target Product Profiles for Antibacterial Resistance Diagnostics (World Health Organization, 2020).
Deiss, E, Funes-Huacca, M. E., Bal, ], Tjhung, K. F. & Derda, R. Antimicrobial susceptibility assays in paper-based portable culture
devices. Lab. Chip 14, 167-171 (2014).

Luber, P, Bartelt, E., Genschow, E., Wagner, J. & Hahn, H. Comparison of broth microdilution, E test, and agar dilution methods
for antibiotic susceptibility testing of Campylobacter jejuni and Campylobacter coli. J. Clin. Microbiol. 41, 1062-1068 (2003).
Noiphung, J. & Laiwattanapaisal, W. Multifunctional paper-based analytical device for in situ cultivation and screening of Escheri-
chia coli infections. Sci. Rep. 2019(9), 1-10 (2019).

Jokerst, J. C. et al. Development of a paper-based analytical device for colorimetric detection of select foodborne pathogens. Anal.
Chem. 84, 2900-2907 (2012).

Liang, L. et al. Aptamer-based fluorescent and visual biosensor for multiplexed monitoring of cancer cells in microfluidic paper-
based analytical devices. Sens. Actuators B Chem. 229, 347-354 (2016).

Funes-Huacca, M. et al. Portable self-contained cultures for phage and bacteria made of paper and tape. Lab. Chip 12, 4269-4278
(2012).

Horst, A. L. et al. A paperfluidic platform to detect Neisseria gonorrhoeae in clinical samples. Biomed. Microdevices 20, 1-7 (2018).
Huang, S. et al. Disposable autonomous device for swab-to-result diagnosis of influenza. Anal. Chem. 89, 5776-5783 (2017).
Byers, K. M., Bird, A. R., Cho, H. D. D. & Linnes, J. C. Fully dried two-dimensional paper network for enzymatically enhanced
detection of nucleic acid amplicons. ACS Omega 5, 4673-4681 (2020).

Deiss, E, Funes-Huacca, M. E., Bal, ], Tjhung, K. FE & Derda, R. Antimicrobial susceptibility assays in paper-based portable culture
devices. Lab. Chip 14, 167-171 (2013).

Michael, I. et al. A fidget spinner for the point-of-care diagnosis of urinary tract infection. Nat. Biomed. Eng. 4, 591-600 (2020).
Wentland, L., Polaski, R. & Fu, E. Dry storage of multiple reagent types within a paper microfluidic device for phenylalanine
monitoring. Anal. Methods 13, 660-671 (2021).

Byers, K. M., Lin, L. K., Moehling, T. J., Stanciu, L. & Linnes, J. C. Versatile printed microheaters to enable low-power thermal
control in paper diagnostics. Analyst 145, 184-196 (2020).

United States Centers for Disease Control. CDC ¢ FDA Antibiotic Resistance Isolate Bank. (2020).

Author contributions
T.O. and L.K. wrote the manuscript with review from D.E. T.O. and L.K. performed investigation, data curation,
and formal analysis. All authors were responsible for conceptualization.

Funding
The authors would like to acknowledge the support of the National Institute of Biomedical Imaging and Bioen-
gineering through Grant R0O1 EB021331.

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2022) 12:11990 | https://doi.org/10.1038/s41598-022-16275-3 nature portfolio


https://wwwn.cdc.gov/arisolatebank/
https://wwwn.cdc.gov/arisolatebank/

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-16275-3.

Correspondence and requests for materials should be addressed to D.E.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:11990 | https://doi.org/10.1038/s41598-022-16275-3 nature portfolio


https://doi.org/10.1038/s41598-022-16275-3
https://doi.org/10.1038/s41598-022-16275-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Multiplexed paper-based assay for personalized antimicrobial susceptibility profiling of Carbapenem-resistant Enterobacterales performed in a rechargeable coffee mug
	Results
	Development of the Bac-PAC. 
	Four-fold dilution is more ideal than two- or six- fold. 
	XTT displays higher overall accuracy but with higher proportions of very major errors compared to PrestoBlue. 
	Bac-PACs are shelf-life stable for 1 week at room temperature and 1 month under refrigeration. 
	Rechargeable SmartMug can be used for low-cost incubation. 

	Conclusions
	Methods
	Paper microfluidic printing. 
	Bacterial strains. 
	Antibiotics. 
	Microfluidic device loading. 
	Microfluidic device storage. 
	Smart mug incubator. 
	Data analysis. 

	References


