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Antibiotic resistance is a major global challenge. Although microfluidic antibiotic susceptibility tests (AST)
offer great potential for rapid and portable testing to inform correct antibiotic selection, the impact of
miniaturisation on broth microdilution (BMD) is not fully understood. We developed a 10-plex microcapil-
lary based broth microdilution using resazurin as a colorimetric indicator for bacterial growth. Each capil-
lary had a 1 microlitre capillary volume, 100 times smaller than microplate broth microdilution. The micro-
capillary BMD was compared to an in-house standard microplate AST and commercial Vitek 2 system.
When tested with 25 uropathogenic isolates (20 Escherichia coli and 5 Klebsiella pneumoniae) and 2
reference E. coli, these devices gave 96.1% (441/459 isolate/antibiotic combinations) categorical agree-
ment, across 17 therapeutically beneficial antibiotics, compared to in-house microplate BMD with resa-
zurin. A further 99 (50 E. coli and 49 K. pneumoniae) clinical isolates were tested against 10 antibiotics
and showed 92.3% categorical agreement (914/990 isolate/antibiotic combinations) compared to the
Vitek 2 measurements. These microcapillary tests showed excellent analytical agreement with existing
AST methods. Furthermore, the small size and simple colour change can be recorded using a smartphone
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camera or it is feasible to follow growth kinetics using very simple, low-cost readers. The test strips used
here are produced in large batches, allowing hundreds of multiplex tests to be made and tested rapidly.
Demonstrating performance of miniaturised broth microdilution with clinical isolates paves the way for
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1 Introduction

Improved diagnostic technology such as microfluidics is
widely acknowledged to be essential to combat antimicrobial
resistance (AMR)." Standard culture based antibiotic suscepti-
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bility tests take around 2-3 days until result, meaning current
primary care and hospital treatment protocols must rely on
empirical antibiotic administration at first presentation.>?
Resistance to some antibiotics for the treatment of common
infections, such as urinary tract infections, can be as high as
>80% outside organisation for economic co-operation and
development (OECD) countries* which limits the use of many
common antibiotics, and reduces effectiveness of empirical
prescribing. During pregnancy, the need for safe and effective
drugs is increased, while nitrofurantoin remains first choice,
amoxicillin is only recommended if the susceptibility is known
due to resistance rates above 50% in some demographics.’

For antibiotics with resistance rates >20% empiric treat-
ment is unsuitable.®> This leads to consequences for the
patient (infection may not be controlled if pathogen is resist-
ant), the clinician (limited treatment choices) and the public
(emergence and spread of AMR and subsequent drug-resistant
infections).

Several emerging strain-characterisation technologies to
determine AST have been developed to the point of large scale

This journal is © The Royal Society of Chemistry 2022
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uptake into central microbiology laboratories.® Many labs are
now using mass spectroscopy for identification of clinically
important microbes by peptide mass fingerprinting to replace
traditional analytical microbiology techniques.””® Nucleic acid
tests (NAT) such as PCR can detect specific AMR genes, allow-
ing rapid identification of known resistance markers, but do
not always reliably predict phenotypic antibiotic susceptibility
and can only detect target sequences — as these targets change,
tests will need regular updating informed by phenotypic-geno-
typic surveillance programs.’

Phenotypic AST, including the current gold standard
methods'®™" of broth microdilution (BMD) performed in a
microtitre plate (MTP) and disc diffusion assays performed on
agar plates, demonstrate antibiotic suitability by direct pheno-
typic identification of which antibiotics achieve bactericidal or
bacteriostatic effects (i.e. susceptible), vs. which isolates grow
in the presence of antibiotic (i.e. resistant).

Microfluidic  technologies offer several advantages,
especially in point-of-care applications, including portability
and rapid result times. Recently many examples of microflui-
dic analytical microbiology devices illustrate the potential for
AST miniaturisation.”*™® A “millifluidic” system made from
simple fluorinated ethylene-propylene (FEP) tubing illustrated
that analysis of AST can be miniaturised using microdroplets
allowing parallel analysis of large populations of individual
cells." Whilst this microdroplet system offers improved resolu-
tion in quantitative AST* pure cultures from overnight plating
and complex instrumentation are still required. Multi-chamber
devices can distribute bacterial samples into chambers loaded
with antibiotics,">*®?*"2® or cells can be observed in microflui-
dic systems that generate antibiotic gradients.**** Microfluidic
culture can be combined with digital microscopy and image
analysis to allow direct observation of the effects of antibiotics
on cell behaviour or growth.***¢728

With the introduction of microtitre plates, broth dilution
was adapted from macro - micro, with volumes scaled down
from 10 mL to 0.1 mL, 100x smaller volume, it was found MIC
for broth microdilution method were often higher.>® The
impact of miniaturisation on classical antibiotic susceptibility
testing (AST) methods must therefore be fully understood and
extensive equivalency testing is required before microfluidics
can be widely adopted. Incubation time and inoculum size are
critical parameters in AST and deviation from standardised
methods can lead to errors in categorical agreement compared
to the gold standard.**? It is therefore important to under-
stand how both of these may affect any new AST devices or
methods, however there are limited data in the literature
exploring how these parameters affect microfluidic analytical
microbiology.

Shorter incubation times of 6-8 h have been explored for
disc diffusion assays.>**® While categorical agreement
differed depending on antibiotic/bacteria tested, overall agree-
ment was generally >80% and it was concluded this approach
was useful as a preliminary result to base urgent clinical
decisions on.** Disc diffusion assays of 11123
Enterobacterales/antibiotic combinations incubated for 6 h
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found sharper, more defined areas of inhibition with categori-
cal agreement of 89.8% and major errors and very major errors
below 4%; after 8 h the categorical agreement rose to 98.5%.
The most common errors came from strains categorised as
intermediate;*® for such strains where the inhibitory concen-
tration for antimicrobial is close to the breakpoint for scoring
resistance vs. susceptibility, there is always greater uncertainty
in AST, even with gold standard methods.

The inoculum cell density is likewise an important factor
when measuring MIC, and an increased starting inoculum can
increase the observed MIC for a number of reasons. This well-
known phenomenon is termed the inoculum effect (IE), and
varying the starting bacterial cell density can influence inhi-
bition of growth by many antimicrobials; hence guidelines for
broth microdilution define acceptable ranges for inoculum
density. Estimating and adjusting cell density therefore
remains an essential but laborious step for many functional
microbiology methods.

For commercial uptake of novel AST devices these must
demonstrate accuracy, affordability and the ability to integrate
into current workflows.*’ In this study, miniaturised broth
microdilution was performed in parallel in microfluidic
devices and microplates, reducing the sample volume from
100 pL to 1 pL using Gram-negative clinical isolates. We evalu-
ate here for the first time a miniaturised system for analytical
microbiology that uses a fluoropolymer microcapillary film
(MCF) that contains a parallel array of ten microcapillaries.
The MCF is manufactured in long reels by melt-extrusion and
cut to size to make large batches of the multiplex test
strips,®”~*? allowing us to make and test hundreds of very low-
cost test devices. These devices incorporate a hydrophilic
polymer coating to modify the internal walls of the capillaries
allowing sample uptake by capillary action. Using readily avail-
able equipment, samples can be loaded easily by dipping the
test strips into the well of a 96-well plate with the sample
drawn up into the 10 capillaries by capillary action allowing a
single well to be expanded into a 10-plex AST and output the
same result format as conventional AST. Here we present the
first full demonstration of MIC measurement and antibiotic
susceptibility testing for a range of antibiotics in clinically rele-
vant isolates. We explore in detail the impact of inoculum cell
density on microfluidic broth microdilution and assess the
kinetics of antibiotic susceptibility testing in a convenient
miniaturised format, to understand the accuracy of minia-
turised AST and how to use microfluidics to speed up analyti-
cal microbiology.

2 Material and methods
2.1 Bacterial isolates

Reference strain E. coli 25922 was purchased from ATCC and
was used as a quality control. E. coli 13352 was purchased
from NCTC.

The 20 uropathogenic E. coli (UPEC) and 5 K. pneumoniae
strains tested at the University of Reading, UK, were collected
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at a tertiary care hospital of Pakistan from community
acquired UTI patients*"*> under a study that was approved by
the Ethical Review Board (ERB) of the Pakistan Institute of
Medical Sciences. UPEC were identified using standard micro-
biological and biochemical tests as described before.*?

The bacterial collection tested in Bangkok, Thailand, con-
sisted of 50 ESBL-positive E. coli and 49 K. pneumoniae isolated
between 2014 and 2015. Clinical isolates were from positive
samples processed by the diagnostic microbiology laboratory
at Bhuddhasothorn hospital, Chachoengsao province, eastern
Thailand between December 2014 and April 2015. Only one
isolate per patient was included and the source of the isolate
is shown in S1 Dataset.T Bacterial isolates were initially identi-
fied and susceptibility testing performed using Standard
Operating Procedures supplied by the Department of Medical
Science, Ministry of Public Heath, Thailand and Clinical and
Laboratory Standards Institute (CLSI) guidelines (M100-S24
and M100-S25), respectively. Species was subsequently con-
firmed using matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF MS; Biotyper version
3.1, Bruker Daltonics, Coventry, UK). Antimicrobial suscepti-
bility testing was repeated using the N206 card on the Vitek 2
instrument (bioMérieux, Marcy I'Etoile, France) calibrated
against EUCAST breakpoints as described in.**

2.2 Preparation of antibiotic loaded microcapillary test strips

MCF of 1 to 5 m lengths were given an internal hydrophilic
coating by incubation with a 5 mg mL ™" solution of polyvinyl
alcohol (PVOH) in water (MW 146 000-186 000, >99% hydro-
lysed, Sigma-Aldrich, UK) at room temperature for 2 h.*>*°
Coated strips were washed with 5 ml of PBS with 0.5% Tween
20 (Sigma-Aldrich, UK) to remove residual PVOH, and dried on
a vacuum manifold for 20 minutes per metre using a SLS Lab
Basics Mini Vacuum Pump with PTFE Coated Diaphragm
(Scientific Laboratory Supplies, UK).

Ciprofloxacin, cefoxitin, trimethoprim, meropenem, ertape-
nem, ceftazidime, clavulanic acid, ofloxacin, sulfamethoxazole,
gentamicin, amikacin, fosfomycin and amoxicillin were pur-
chased from Sigma Aldrich. Nitrofurantoin and Cephalexin
were from purchased from Fischer Scientific. For Amoxicillin-
clavulanic acid testing, clavulanic acid was fixed at 2 mg L™
For co-trimoxazole, a ratio of 1:19 trimethoprim:
sulfamethoxazole and MIC displayed as the trimethoprim con-
centration. For fosfomycin, glucose-6-phosphate was added to
the antibiotic solution at 25 mg L™". Serial dilutions of anti-
biotics diluted in sterilised milliQ water were injected using a
30-gauge needle into individual capillaries in up to 1.5 m long
strips of MCF. The MCF strip was cut to 17 mm individual test
strips and frozen overnight at —80 °C. Test strips were freeze-
dried for >4 h on an Edwards Modulyo freeze drier. Test strips
were vacuum packed and stored at —20 °C until use.

2.3 Microplate broth microdilution

Isolates were cultured on LB agar and 3-5 individual colonies
were inoculated into Cation adjusted Mueller-Hinton broth
(MHB) and grown for 4-6 h until visibly turbid. The suspen-

3560 | Analyst, 2022, 147, 3558-3569

View Article Online

Analyst

sion was diluted to 0.5 McFarland equivalent corresponding to
approximately 1-2 x 10® CFU per mL. The culture was diluted
1:150 in MHB to give 10° CFU per mL suspension and finally
50 uL was added to 50 pL of antibiotic solutions in a micro-
plate to give a 1:2 dilution to give a final suspension of bac-
teria around 5 x 10° CFU per mL in two-fold dilutions of anti-
biotic. For BMD including resazurin, dye was added to a final
concentration of 0.25 mg mL . Plates were incubated at 37 °C
overnight. MIC measurements were measured in duplicate
(Fig. S1t). The MIC was recorded as the lowest concentration
of antibiotic that did not show resazurin conversion or turbid-
ity. For tests that varied within duplicate measurements, the
highest MIC was recorded. A growth control (no antibiotic)
and a sterile control (MHB only) was included for all isolates.

2.4 Microcapillary broth microdilution

Individual 17 mm test strips were clipped into 3D printed
holders, able to hold up to 12 test strips. For MIC tests in MCF
strips, bacterial inocula were prepared either by direct colony
suspension or by growth method. Samples compared to the
Vitek2 system were prepared by direct colony suspension.
Isolates were cultured overnight on Columbia media and colo-
nies suspended directly in saline and visually adjusted to 0.5
McFarland standard. Samples were diluted 1:150 in MHB and
100 pL was added to 100 pL of 0.5 mg mL™" resazurin in a
microplate. For isolates compared to the in-house microplate
method, bacteria inoculum was prepared as before for stan-
dard growth preparation at a final concentration of 5 x 10°
CFU per mL and mixed in a 96 well plate with a final concen-
tration of 0.25 mg mL " resazurin in a total volume of 200 pL.
The test strips were dipped into each well. Once all capillaries
were filled (approximately 3 seconds) end covers filled with sili-
cone grease were placed on each end to stop sample evapor-
ation (Fig. 1a). Samples were incubated overnight (20 + 4 h) at
37 °C and color change monitored using an in-house auto-
mated raspberry pi camera imaging system.?”” MIC measure-
ments were taken in duplicate with two wells used for each
measurement (Fig. S11). The MIC was recorded as the lowest
concentration of antibiotic that did not show resazurin conver-
sion or turbidity. For tests that varied in duplicate measure-
ments, the highest MIC was recorded. A growth control (no
antibiotic) capillary was included for all test strips. A number
of tests were used for inoculum check by culturing dilutions
overnight on non-specific media including LB agar and
Columbia agar.

For microcapillary BMD experiments using a higher inocu-
lum density, CFU per mL was calculated using a spot plating
protocol. Briefly, 10 pL of serially diluted culture were taken
from the microtitre wells and plated on both LB agar and the
Gram-negative selective media, MacConkey agar to determine
cell count and ensure no contamination with other organisms.
Plates were incubated overnight at 37 °C.

2.5 Data recording and analysis

Two recordings of the test strips were made. A single endpoint
was recorded by colorimetric measurement after overnight

This journal is © The Royal Society of Chemistry 2022
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(a) Microcapillary BMD workflow (b) Colour based analysis
Colorimetric growth
Nitrofurantoin detection: Dye + antibiotic:

concentration COTNCRSBR
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Growth  Growth
inhibition
Incubatlon at
37°C
(c) Comparison between microplate and microcapillary BMD
Variables tested against Microplate BMD Microcapillary BMD
standard method
Test volume 100 puL 1pul
Inoculum density 10° CFU/mL 102-107 CFU/mL
Incubation time 16-18 h 6-18h
Growth kinetics N.A. 0-16h
Number of isolates sampled in a 4-6 isolates 96 isolates
96 well plate
Fig. 1 (a) Schematic of the microcapillary BMD workflow. Bacteria is diluted and mixed with resazurin and seeded in a 96 well plate. A holder con-

taining 12 individual test strips is dipped into the samples. (b) Resazurin based colour scoring, growth is scored based on a colour change from blue
to pink. The MIC is measured based on the lowest concentration in which growth is inhibited (c) Comparison between standard BMD and microca-
pillary BMD. The Figure was partly generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0

unported license.

incubation at 37 °C using a smartphone camera (iPhone 6s) or
digital camera (Canon Powershot S120). A wide range of
different quality digital cameras have been shown to be
equally effective for recording microcapillary bioassay
results.*®*The strips were placed on an even white light illu-
mination screen. Isolates were scored susceptible or resistant
based on EUCAST v11.0 breakpoint values in Table S1.

For time-lapse imaging, resazurin conversion was recorded
every 15 minutes using the POLIR robot,"” with 3280 x 2464
resolution images taken with a Raspberry Pi v2 camera.
MatLab scripts were used to analyse time-lapse image series of
bacterial growth in MCF, and the code can be accessed here:
https://gitlab.com/sneeds/code-repository. Briefly, color images
were split into red, blue and green (RGB) channels and the red
channel analysed for absorbance as described elsewhere.*”>°
Time to resazurin conversion was calculated at which half the
starting absorbance in the red channel was reached.

3 Results and discussion

3.1 Broth microdilution in microcapillary test strips
accurately determines MIC for uropathogenic E. coli

The microcapillary BMD method conducts AST in dip-and-test
microcapillary film (MCF) strips, with each test strip contain-

This journal is © The Royal Society of Chemistry 2022

ing 10 different conditions (9 antibiotic concentrations plus
no antibiotic control) in 1 pL samples, reducing the test
volume by 100-fold from microplates (Fig. 1). To understand if
miniaturisation affects BMD performance, we validated this
microcapillary BMD AST, by comparing to a standard micro-
plate BMD with resazurin. Growth was scored based on the
colour change of resazurin from blue to pink. Although full
growth kinetics were recorded, we initially focussed on an over-
night endpoint readout. Microplate BMD and microcapillary
BMD were performed in parallel, testing a panel of 17 anti-
biotics against an E. coli quality control (QC) strain, an E. coli
reference strain, 20 UPEC isolates and 5 K. pneumoniae
isolates.

Isolates were cultured using the growth method and diluted
to a standard inoculum cell density of 5 x 10> CFU per mL in
MHB, as per EUCAST guidelines, with a final resazurin concen-
tration of 0.25 mg mL™" in both microplates and MCF test
strips. Overnight colorimetric endpoint images were taken to
score growth/no growth and determine MIC (Fig. 2 and S1
Datasett).

All MIC measured by microplate BMD and microcapillary
BMD were within the acceptable MIC range according to
EUCAST QC Table v 11.0 for the QC strain, E. coli 25922.
Essential agreement (EA) defined by variation of only +1 log,
dilution of antibiotic compared to the reference and were

Analyst, 2022, 147, 3558-3569 | 3561
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scored for isolates with an MIC within the tested range
(Table 1). Cefoxitin, ciprofloxacin, nitrofurantoin, amikacin,
gentamicin, and ertapenem showed 100% essential agreement
(grey shaded area). Whereas, fosfomycin and amoxicillin-clavu-
lanic acid showed greater variation, this may be due to uneven
distribution and dissolution of two components into the capil-

Table 1 Essential agreement (EA) of microcapillary BMD compared to
microplate BMD. Grey shaded area indicates essential agreement

Number of MIC
determined by
microcapillary BMD
that differ from
microplate BMD by

dilution
Number of EA
Antibiotic evaluable strains -3 -2 -1 0 +1 (%)
Cefoxitin 25 8 11 6 100
Ciprofloxacin 10 7 3 100
Nitrofurantoin 23 1 15 7 100
Amikacin 21 11 10 100
Gentamicin 15 4 10 1 100
Fosfomycin 25 1 7 12 5 68
Amox-clav 23 2 4 16 1 91
Ertapenem 15 1 14 100

3562 | Analyst, 2022, 147, 3558-3569
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Fig. 2 Agreement between microwell broth microdilution and microcapillary film MIC. Representative images showing MIC determination of two
reference strains, E. coli 25922 and E. coli 13352 and urinary pathogen E. coli isolate 2165. MIC in 96 well plate and microcapillary film test.

laries, fosfomycin is measured with glucose-6-phosphate and
amoxicillin is measured with clavulanic acid.

Categorical agreement was achieved when isolates were
scored as susceptible or resistant at the EUCAST breakpoint
values shown in Table S1} by both methods. There was a 96%
(441/459 isolate/antibiotic combinations) categorical agree-
ment across all antibiotics tested and 100% categorical agree-
ment for all isolates tested against trimethoprim, cephalexin,
amoxicillin, fosfomycin, amoxicillin-clavulanic acid, ofloxacin,
cefotaxime and ceftazidime (Table 2). Minor errors were classi-
fied if one method scored intermediate while the other test
scored resistant or susceptible. Major errors were categorised
based on false resistance in which the isolate was tested sus-
ceptible based on the gold standard microplate BMD but
resistant using microcapillary BMD. Very major errors were
categorised based on false susceptibility in which the isolate
was tested resistant based on microplate BMD but susceptible
using microcapillary BMD. False susceptibility is a very major
error as it can relate to patient harm, ie. treating a patient
with an ineffective antibiotic. The microcapillary BMD had 2%
(9/459) major errors (false resistance) compared to microplate
BMD and 2% (9/459) very major errors (false susceptibility)
compared to microplate BMD.

However, all major errors and very major errors that
occurred, the MIC determined by microcapillary BMD was

This journal is © The Royal Society of Chemistry 2022
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Table 2 AST agreement between overnight microplate BMD and overnight microcapillary BMD for E. coli and K. pneumoniae isolates from urine

Antibiotic Prevalence of resistance (%) Categorical agreement (%) Minor error (%) Major error (%) Very major error (%)
Trimethoprim 85% (23/27) 100% (27/27) 0 0 0
Cephalexin 86% (19/27) 100% (27/27) 0 0 0
Amoxicillin 95% (26/27) 100% (27/27) 0 0 0
Nitrofurantoin 4% (1/27) 96% (26/27) 0 0 4% (1/27)
Ciprofloxacin 81% (22/27) 96% (26/27) 0 4% (1/27) 0
Amikacin 30% (8/27) 89% (24/27) 0 11% (3/27) 0
Cefoxitin 66% (18/27) 85% (23/27) 0 4% (1/27) 11% (3/27)
Gentamicin 74% (20/27) 78% (24/27) 0 0 11% (3/27)
Fosfomycin 4% (1/27) 100% (27/27) 0 0 0
Cefuroxime 89% (24/27) 96% (26/27) 0 0 4% (1/27)
Amox-clav 78% (21/27) 100% (27/27) 0 0 0
Ofloxacin 89% (24/27) 100% (27/27) 0 0 0
Cefotaxime 88% (21/27) 100% (27/27) 0 0 0
Ceftazidime 88% (21/27) 100% (27/27) 0 0 0
Co-trimoxazole 84% (21/27) 96% (26/27) 4% (1/27) 0 0
Meropenem 7% (2/27) 96% (26/27) 4% (1/27) 0 0
Ertapenem 11% (3/27) 89% (24/27) 0 11% (3/27) 0

Minor errors indicate either test returning an intermediate result and the other test returning S/R category. Major errors indicate microplate
BMD, S; microcapillary BMD, R. Very major errors indicate microplate BMD, R; microcapillary BMD, S.

within +1log, fold change of the breakpoint and the MIC
determined by microplate BMD (Dataset S17), indicating the
breakpoint value is close to the threshold for inhibition. In
this situation the variability in resistance/susceptibility scoring
is known to increase significantly, leading to higher uncer-
tainty in AST results even with gold standard methods.’" For
example, amikacin, cefoxitin and gentamicin with the lowest
categorical agreement, 89, 85 and 78% respectively, but main-
tain 100% essential agreement (EA) defined by variation of
only +1log, dilution of antibiotic compared to the reference
(Table 1).

Overall, we conclude that microcapillary BMD performs
well and that the miniaturisation of broth microdilution from
microplate wells (100 pL) down to microcapillaries (1 pL) with
the addition of resazurin has little if any impact on MIC deter-
mination and scoring for antibiotic resistance.

3.2 Time-resolved growth analysis in microcapillary test
strips allows earlier endpoint MIC giving accurate antibiotic
susceptibility within 6 h

Previously we established that even at low cell densities, E. coli
growth can be detected within 7 h and at the inoculum rec-
ommended for AST within approximately 3-5 h*® (Fig. S27).
MIC were measured and susceptibility/resistance scored for
microcapillary BMD after 6 h incubation, and results com-
pared to overnight microplate BMD results (Table S37).

Overall categorical agreement remained high at 90% (412/
459 isolate/antibiotic combinations). For antibiotics in which
the MIC was near the breakpoint, very major errors increased
to 9% (41/459) of cases. However, all of the errors identified
had an MIC within +1 log, dilution of the reference overnight
microplate BMD measurement.

Kinetics of growth was clearly influenced more by some but
not other antibiotics, depending on susceptibility/resistant
status and antibiotic mode of action. Many antibiotics tested,

This journal is © The Royal Society of Chemistry 2022

including cefoxitin and ciprofloxacin (Fig. 3a-c) showed very
similar MIC results at 6 and 16 h varying by only one doubling
dilution of antibiotic (Dataset S17). Isolates categorised as
resistant for the majority of cases showed indistinguishable
growth kinetics in the presence of antibiotics (Fig. 3d and
Fig. S31). This is less clear for nitrofurantoin, in which all iso-
lates were categorised as susceptible by microcapillary BMD
and showed a distinct delay in growth kinetics in the presence
of antibiotic below the MIC (Fig. 3e and Fig. S47). Shorter incu-
bation times may be less suitable for high resolution quanti-
tation of MIC, and may be more accurate for some antibiotics
than others, however overall accuracy of microcapillary BMD
for scoring resistance vs. susceptibility remained high even
with a 6 h endpoint readout.

In six cases (1% of cases), all for E. coli 13352, AST was not
determinable due to no growth detected at 6 h in the no anti-
biotic control (Dataset S11) and were classified as no agreement
(Table S37) although AST was valid after overnight incubation.
Since this error only occurred for a single bacteria and experi-
ments were performed on different days, it is likely this is due
to individual differences of the specific isolate and that some
species and isolates will need monitoring longer (Fig. S21).

3.3 Microcapillary BMD gives accurate results compared to
commercial Vitek 2 automated BMD

The microcapillary tests were further evaluated against a com-
mercial automated AST system, the Vitek 2. The microcapillary
tests were adapted for qualitative AST, measuring just 1-4
dilutions of antibiotic around the breakpoint to categorise iso-
lates as susceptible or resistant (S/R). This allowed a single
microcapillary test strip to determine S/R for multiple anti-
biotics. The Vitek 2 AST measures susceptibility based on tur-
bidimetry which is monitored over regular time intervals. A
total of 99 Gram-negative isolates (50 E. coli and 49
K. pnuemoniae) from patient samples with resistance profiles

Analyst, 2022, 147, 3558-3569 | 3563
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Fig. 3 Microcapillary BMD with a fixed inoculum density growth kinetics in the presence of antibiotics. (a) Representative images of MIC at 0, 6 and
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Table 3 Agreement between microcapillary BMD measured at 6 and 20 h and Vitek AST for 10 antibiotics for 99 Enterbacterale clinical isolates

Prevalence of Categorical

Organism/incubation time  Antibiotic resistance” (%)  agreement (%) Minor error (%)  Major error (%)  Very major error (%)

50 E. coli and 49 Cefotaxime 95% (94/99) 97% (96/99) 1% (1/99) 2% (2/99) 0

K. pneumoniae/20 + 4 h Ceftazidime 74% (73/99) 93% (92/99) 5% (5/99) 2% (2/99) 0
Meropenem 5% (5/99) 88% (87/99) 9% (9/99) 1% (1/99) 2% (2/99)
Amikacin 7% (7/99) 94% (93/99) 2% (2/99) 3% (3/99) 1% (1/99)
Amox-clav 66% (65/99) 88% (87/99) 0 9% (9/99) 3% (3/99)
Cefuroxime 96% (95/99) 99% (98/99) 0 1% (1/99) 0
Cefoxitin 14% (14/99) 87% (86/99) 12% (12/99) 1% (1/99) 0
Ciprofloxacin  68% (67/99) 93% (92/99) 5% (5/99) 2% (2/99) 0
Gentamicin 64% (63/99) 91% (90/99) 6% (6/99) 0 3% (3/99)
Trimethoprim  75% (74/99) 94% (93/99) 1% (1/99) 4% (4/99) 1% (1/99)

TOTAL (20 h) 92.3% (914/990)  4.1% (41/990) 2.8% (28/990) 0.7% (7/990)

50 E. coli and 49 Cefotaxime 95% (94/99) 96% (95/99) 2% (2/99) 2% (2/99) 0

K. pneumoniae/6 h Ceftazidime 74% (73/99) 92% (91/99) 5% (5/99) 2% (2/99) 1% (1/99)
Meropenem 5% (5/99) 93% (92/99) 3% (3/99) 0 4% (4/99)
Amikacin 7% (7/99) 94% (93/99) 2% (2/99) 0 4% (4/99)
Amox-clav 66% (65/99) 79% (78/99) 0 2% (2/99) 19% (19/99)
Cefuroxime 96% (95/99) 97% (96/99) 0 1% (1/99) 2% (2/99)
Cefoxitin 14% (14/99) 80% (79/99) 19% (19/99) 0 1% (1/99)
Ciprofloxacin 68% (67/99) 84% (83/99) 11% (11/99) 0 5% (5/99)
Gentamicin 64% (63/99) 93% (92/99) 3% (3/99) 0 4% (4/99)
Trimethoprim  75% (74/99) 97% (96/99) 0 1% (1/99) 2% (2/99)

TOTAL (6 h)

90.4% (895/990)

4.5% (45/990)

0.8% (8/990)

3.8% (38/990)

“Determined by Vitek 2. Minor errors indicate either test returning an intermediate result and the other test returning S/R category. Major errors
indicate microplate BMD, S; microcapillary BMD, R. Very major errors indicate microplate BMD, R; microcapillary BMD, S.

from the Vitek 2 were screened using the microcapillary BMD
and endpoint measurements taken after 6 h and overnight
incubation (Table 3). The microcapillary BMD method still

3564 | Analyst, 2022,147, 3558-3569

showed high level of categorical agreement compared to the
Vitek 2 system with 92.3% (914/990 isolate/antibiotic combi-
nations) and 90.4% (895/990 isolate/antibiotic combinations)

This journal is © The Royal Society of Chemistry 2022
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categorical agreement at 6 and 20 h incubation respectively.
Earlier time points increased the number of very major errors,
false susceptibility, for nearly every antibiotic tested.

Previously, microcapillary BMD was compared with
matched microplate BMD, so inoculum, media and antibiotic
stocks were the same, and thereby we expected much higher
agreement under these conditions than compared to a com-
mercial system.
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3.4 Effect of inoculum density on microfluidic MIC
determination

Broth microdilution is known to be significantly affected by
the initial inoculum density, and in the development of new
methodologies it is vital to identify how sensitive results are to
variables such as inoculum cell density. Studies of inoculum
density is vital for new testing strategies including direct
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testing from clinical and environmental sources where the
exact number of bacteria may be unknown.*’

Here, we focussed on understanding how starting cell density
affects microcapillary BMD performance, and if IE reduces accu-
racy for both MIC quantitation and AST scoring, as it does for
conventional microplate methods. Microcapillary BMD test
strips were dipped into serial 10-fold dilutions of each bacterial
isolate, starting with 10’ CFU per mL (Fig. 4). Inoculum den-
sities 100x above the EUCAST recommended resulted in growth
at antibiotic concentrations significantly above the MIC, giving
false resistance scores for E. coli 25922 and UPEC 2165 for cipro-
floxacin and cefalexin and in UPEC 2165 for nitrofurantoin
(Fig. 4b). Inoculum densities below the EUCAST recommended
density gave MIC measurements within the +1 log, fold accepta-
ble range. The ability to detect growth of very low viable cell
numbers - ideally down to a single colony forming unit -~ may
be critical for some analytical and clinical applications. We pre-
viously identified the limit of detection of a 1 pL. microcapillary
test strip to be in the order of 5 x 10> CFU per mlL; at this con-
centration 99% of capillaries are predicted to contain at least 1
bacteria every test, allowing MIC measurement.’® The initial
inoculum density correlates to the speed of detecting resazurin
conversion, as early growth at low density does not convert
enough dye to influence the capillary color, thus lower densities
take longer before growth can be detected.*®

Time-lapse imaging has been used for other phenotypic
AST microdevices to determine delayed growth in the presence
of antibiotics compared to a growth control for rapid determi-
nation of susceptibility.">'”°>*>* The use of miniaturised col-
orimetric BMD tests combined with kinetic data collection
offers further opportunity to gain detailed insight into bac-
terial response to antimicrobial agents, for example through
detection of differential growth kinetics indicating suscepti-
bility, providing an earlier time to result, which can be accu-
rate as seen with earlier time reads at 6 h.

We further explored the use of time-lapse imaging and
growth differential on AST performed with varying inoculum
density to determine if even earlier time to results could be
achieved accurately. An MIC was calculated based on differen-
tial growth kinetics, susceptibility was defined as 1 h delayed
growth compared to the growth control, for different inoculum
densities (Fig. 4b). While the EUCAST recommended inoculum
density and below results were consistent with overnight incu-
bation, delayed growth in the presence of antibiotics was seen
in higher cell densities, around 10° CFU per mL (Fig. 4b).
However, MIC results at the highest inoculum densities, over
10”7 CFU per mL were still unreliable and an MIC could not be
determined for cephalexin and ciprofloxacin.

Clearly, deviations from the recommended inoculum
density affect the accuracy of the AST result in microcapillary
BMD as would be expected even in standard broth microdilu-
tion. However, this preliminary work does have implications
for other microfluidic assays and novel assays for rapid/direct
AST for clinical applications. Higher inoculum densities
convert resazurin much faster than lower densities and
increases the MIC or shows false resistance. While false resis-

3566 | Analyst, 2022, 147, 3558-3569
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tance is undesirable, this causes less harm to the patient than
a false susceptible score. However, depending on the anti-
biotic, if at high inoculum densities, a delay in growth is
observed for an antibiotic this could confidently indicate sus-
ceptibility (Fig. 4c). The accuracy of this method varies depend-
ing on the antibiotic, and as with even gold standard methods,
if the MIC of isolates is close to breakpoint concentrations, cat-
egorical agreement of AST is less reliable.

4. Conclusion

Overall, by measuring growth with large panels of antibiotic
combined with a set of E. coli and K. pneumoniae strains with a
range of susceptibilities, we observed that microfluidic broth
microdilution performs very similarly to microplate broth micro-
dilution performed in house in the presence of resazurin and
commercial automated AST systems without resazurin. This
indicated resazurin present at the beginning of the assay did not
interfere with AST results (Table S21). While agreement between
the methods was very close (Tables 1 and 2), the conditions
where different results were obtained represented samples with
marginal MIC where variability in AST is known to be highest.

We observed the IE, that is well characterised for microplate
measurements, also affects microfluidic broth microdilution
(Fig. 4), with implications for direct testing methods where
bacterial inoculum density may be unknown or difficult to
control. As might be expected, faster results can be obtained
with earlier growth readouts, yet some trade-off is apparent
between speed and accuracy. Nevertheless, even with 6 h end-
point (Table 3), accuracy remained excellent for some anti-
biotics and overall was 90%.

In this study only E. coli and K. pneumoniae isolates were
tested. Further evaluation on a greater number of different
species is necessary to determine the tests use. For example,
urinary tract infections are mostly caused by Gram-negative
bacteria, and predominantly E. coli, in which this test has
been shown to be accurate. However, infections resulting from
more diverse causative agents including Gram-positive bacteria
will need further evaluation.

Whilst overnight plating to obtain individual colony isolates,
plus cell density adjustment prior to testing is still required, the
microcapillary BMD method is a simplified AST method, whilst
remaining compatible with conventional microtitre plate format
found in most laboratories for sample preparation. The size of
the test allows in-house time-lapse imaging systems to easily
capture multiple tests at low cost and increased test number for
the same incubator space compared to microplate BMD and
disc diffusion. Microcapillary BMD method increases the
number of isolates screened in a single 96 well plate; one stan-
dard microplate BMD can test around 6 isolates in duplicate
with 6 concentrations of a single antibiotic, the microcapillary
BMD can test 96 isolates, with a single isolate per well. Each
microcapillary BMD test strip provides 9 antibiotic conditions
plus a growth control, and each well can be dipped with mul-
tiple test strips for replicates or other antibiotic test strips.

This journal is © The Royal Society of Chemistry 2022
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The microcapillary BMD can provide categorical suscepti-
bility/resistance scoring at time points within 6 h based on
differential growth. While further investigation is needed for
validation with a greater variety of bacteria, in the samples
tested here, kinetic analysis can provide a faster prediction of
S/R categorisation at and above the recommended inoculum
density. However, isolates with an MIC within two-fold
dilution of the breakpoint may show decreased accuracy of
results.
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