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Introduction

The emergence of antimicrobial resistance in bacterial and

A 3D-printed microfluidic gradient generator with
integrated photonic silicon sensors for rapid
antimicrobial susceptibility testingt

Christopher Heuer, © 2 John-Alexander Preuss, @ 12 Marc Buttkewitz,?
Thomas Scheper,® Ester Segal@*C and Janina Bahnemann @ *2®

With antimicrobial resistance becoming a major threat to healthcare settings around the world, there is a
paramount need for rapid point-of-care antimicrobial susceptibility testing (AST) diagnostics. Unfortunately,
most currently available clinical AST tools are lengthy, laborious, or are simply inappropriate for point-of-
care testing. Herein, we design a 3D-printed microfluidic gradient generator that automatically produces
two-fold dilution series of clinically relevant antimicrobials. We first establish the compatibility of these
generators for classical AST (i.e., broth microdilution) and then extend their application to include a
complete on-chip label-free and phenotypic AST. This is accomplished by the integration of photonic
silicon chips, which provide a preferential surface for microbial colonization and allow optical tracking of
bacterial behavior and growth at a solid-liquid interface in real-time by phase shift reflectometric
interference spectroscopic measurements (PRISM). Using Escherichia coli and ciprofloxacin as a model
pathogen-drug combination, we successfully determine the minimum inhibitory concentration within less
than 90 minutes. This gradient generator-based PRISM assay provides an integrated AST device that is
viable for convenient point-of-care testing and offers a promising and most importantly, rapid alternative
to current clinical practices, which extend to 8-24 h.

encouraging physicians to prescribe suitable antimicrobials
only when needed).>® An essential part of effective
antimicrobial =~ stewardship is  clinical antimicrobial

fungal pathogens caused by the extensive use and misuse of
antimicrobials has led to the emergence of ‘superbugs’ and a
global health crisis."”* According to a recent study by the
antimicrobial resistance collaborators, ~1.3 million deaths
were directly attributed to antimicrobial resistance in 2019°
and by 2050, antimicrobial-resistant infections could even
come to surpass cancer as the leading cause of mortality.*
This concerning situation is only further exacerbated by the
lack of a robust pipeline for developing new antimicrobials -
which underscores the pressing need for proper antimicrobial
stewardship (especially efforts to curb the excessive use of
antimicrobials and the spread of drug resistance by
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susceptibility testing (AST). In these assays, pathogens are
exposed to a panel of antimicrobials at varying concentrations
so that the minimum inhibitory concentration (MIC) can be
determined. This value is typically defined as the lowest drug
concentration that inhibits the pathogens' growth and helps
physicians to differentiate between resistant and susceptible
isolates and choose the adequate antimicrobial for
treatment.”*™® Yet gold-standard reference AST techniques,
such as broth microdilution (BMD) and agar-based methods
in which growth can be determined by absorbance
measurements'® or  visually,"””"*®* are labor-intensive
procedures with long (=16 h) wait times and are not well-
suited for point-of-care (PoC) purposes.'®™*’

To overcome these limitations, extensive research is
directed towards the development of microfluidic devices for

miniaturized and rapid AST assays®**" using various sensing
approaches (e.g, chromogenic agar,”? oxygen
consumption,®?*  membrane integrity,>>  single-cell

imaging,*® or metabolic activity/metabolite analysis®’">°).

However, in most studies, the total assay time (including
sample preparation and time readout) is still in the range of
several hours, and sample preparation should be further

This journal is © The Royal Society of Chemistry 2022
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simplified.>® To answer these challenges and make AST
procedures more appropriate for deployment at PoC, the
integration of microfluidic gradient generators (GG) in AST
systems is suggested.” "**°7*> These GG devices are designed
to establish a desired antimicrobial dilution series -
combining advantages of automation, and minimized sample
and reagents consumption. The automatically generated
concentrations are then collected and used for BMD testing,
or the AST procedure is performed within the microfluidic
system. Yet, existing microfluidic GG AST systems still suffer
from different shortcomings; for example, in diffusion-based
assays, the diffusion behavior of each antimicrobial agent
must be well known to accurately predict the specific
concentration in the area of interest.’*" By contrast,
convective gradient generators allow a high control of the
respective concentration without a precise determination of
the antimicrobials’ diffusive behavior. Yet, tree-like gradient
generators (based on a cascade of divisions and reunions
with an additional branch at every level) that represent the
standard system of such convective gradient generators are
often constrained by a maximal flow rate (as thorough mixing
is required between each reunion and division).** Moreover,
reported convective GG AST systems only apply non-clinically
relevant linear concentration gradients,”®'®  require
inconvenient off-chip testing after antimicrobial solution
collection,®'’ need to be coupled with sophisticated
microscopy analysis,”'® or provide AST results within >8 h®°
which in a clinical setting often corresponds to next-day
results only.”® See Table 1 for a summary of previously
reported relevant convective GG devices for AST.

In this work, we build a 3D-printed GG system for creating
clinically relevant two-fold dilution series of antimicrobials
and integrate it with an on-chip phenotypic AST, allowing for
an automatic rapid susceptibility determination (within <90
min). The microfluidic GG principle relies on adjusting the
channel length ratios of parallel channels®® and flow rate
ratios to generate defined concentrations in one step. The
device is fabricated from a biocompatible and heat-resistant®*
polyacrylate material by high-resolution 3D printing - a
technique that enables the manufacturing of microfluidic
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devices and has accordingly assumed increasing importance
in many biotechnology-related fields, ranging from
diagnostics to cell culture.**° Compared to standard
fabrication processes such as polydimethylsiloxane-based
soft-lithography,'®'>*° 3D printing offers rapid prototyping
of complex structures in a single step,*®*! the use of various
and versatile materials,>**>**> and does not require
sophisticated microfabrication facilities.">* The
functionality of the GG is first established off-chip, see
Fig. 1A, for various clinically relevant microorganisms
(bacterial and fungal) using the gold standard BMD assay. In
these tests, two-fold serial dilutions of antimicrobials are
prepared in a liquid growth medium and inoculated with a
predefined and standardized cell number. Next, we interface
the gradient generator with an array of photonic silicon chips
(Fig. 1B-i), consisting of microwell diffraction gratings, which
provide a preferential surface for microbial colonization and
act as an optical transducer element and previously enabled
real-time and rapid AST of Escherichia coli (E. coli) in 2-3 h
and Aspergillus niger (A. niger) in 10-12 h.*>** In this label-
free PRISM (phase shift reflectometric interference
spectroscopic measurement) method, continuous reflectivity
measurements (Fig. 1B-ii) track bacterial growth in the
presence of different antibiotic concentrations within the
microwell structure of photonic silicon chips. After applying
frequency analysis, single peaks are obtained (Fig. 1B-v and -vi)
where the peak position corresponds to 2nL (n is the refractive
index of the medium within the grating and L represents the
height of the microstructures). At antibiotic concentrations >
MIC (Fig. 1B-iii), bacterial growth is inhibited and the 2nL value
remains largely unchanged (Fig. 1B-v), whereas uninhibited
bacterial growth (Fig. 1B-iv) results in an increase of the 2nL
due to refractive index changes (Fig. 1B-vi). Susceptibility and
corresponding MIC values are determined by the extent of
antimicrobial-hindered bacterial growth within the grating
by monitoring the 2nL value over time (Fig. 1B-vii). The
resulting integrated platform, combining the microfluidic
GG device and PRISM sensors, allows for rapid (90 min)
phenotypic AST in a label-free format, which is highly
applicable in PoC settings.

Table 1 Relevant convective microfluidic GG systems for AST assays previously reported in the literature. The gradient generator devices are ordered
according to their reported assay time, from the lengthiest to the most expeditious

Flow rate Assay
Principle Gradient (uL min™") AST method Label time (h) Ref.
Tree-like Linear 0.167 Fluorescence imaging of stained biofilm Yes  >24 7
One-step inlet position Linear 2280 Off-chip turbidity No  Overnight 8
Vacuum driven Exponential No data Fluorescence detection Yes 8 9
(two-fold dilution) (resazurin-based redox indicator)
Acoustic waves Linear 3.3 Time-lapse microscopy (covered area) No 5.5 10
3D tree-like Symmetric gradient of 3 fluids 1000 Off-chip fluorescence detection Yes 5 11
(resazurin-based redox indicator)
Tree-like Exponential 1.5 Microscopy (cell counting) No 3 12
(two-fold dilution)
One-step parallel channels Exponential 1000 PRISM No <1.5 This study

(two-fold dilution)

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (A) First, the functionality of the GG device is established by the gold-standard BMD method. The GG is used to generate two-fold dilutions

of antimicrobials that are tested in a 96 well plate against three different microorganisms (E. coli, S. marcescens, and C. auris). The MIC is
determined after incubation by absorbance measurements or visually. (B-i) Second, the integration of photonic silicon chips consisting of
microwell diffraction gratings for rapid optical AST (PRISM) is demonstrated. (B-ii) lllumination of the photonic silicon chips by a white light source
results in characteristic reflectivity spectra exhibiting interference fringes as light is partially reflected from the top and bottom surfaces of the
silicon microwell diffraction grating. These reflectivity spectra are recorded and analysed in real time, enabling label-free monitoring of bacterial
growth in the presence of varying antibiotic concentrations generated by the GG device. (B-iii) Bacterial growth is inhibited at antibiotic
concentrations > MIC, while at (B-iv) subinhibitory concentrations, the bacteria grow and proliferate within the microwells. To monitor this
bacterial behaviour, the reflectivity spectrum (at each time point) is analysed by frequency analysis (FFT), yielding a single peak where the peak
position corresponds to the 2nL value (n = refractive index within the microwells; L = height of the microstructure). When bacterial growth is
inhibited, (B-v) this 2nL value remains unchanged, while (B-vi) it increases when bacteria grow inside the microwells and induce changes in the
average refractive index values. (B-vii) The 2nL is monitored in real-time and used to track bacterial growth at varying antimicrobial concentrations

to determine the MIC value within less than 90 min.

Experimental

Materials, media, and microbial strains

VisiJet® M2S-HT90 3D printing material and wax support
material VisiJet® M2 SUP were purchased from 3D Systems
Inc. (SC, USA). Cation-adjusted Muller Hinton broth
(CAMHB), Roswell Park Memorial Institute medium (RPMI
1640), 3-(N-morpholino)propanesulfonic acid (MOPS),
glutaraldehyde, p-glucose, voriconazole, and ciprofloxacin
were supplied by Sigma-Aldrich, Israel. All buffer salts were
obtained from Merck, Germany. Potato dextrose agar (PDA),
bacto agar, and Luria-Bertani (LB) broth were supplied by
Becton Dickinson (Difco, USA). Absolute ethanol was
purchased from Gadot, Israel. Detergent fairy ultra plus was
purchased from Procter and Gamble (Cincinnati, USA),
gentamicin sulfate from AppliChem GmbH (Darmstadt,
Germany), Pelikan ink 156372 (designated blue dye) with an
estimated diffusion coefficient’ of ~107'° m? s from
Pelikan Group GmbH (Falkensee, Germany), and paraffin oil
of low viscosity from Carl Roth GmbH + Co. K.G. (Karlsruhe,
Germany). All aqueous solutions and media were prepared in
deionized water (18.2 MQ cm). Phosphate buffered saline

4952 | Lab Chip, 2022, 22, 4950-4961

(PBS) was constituted of 137 mM NacCl, 2.7 mM KCl, 1.8 mM
KH,PO,, and 10 mM Na,HPO,. RPMI 1640 2% G medium
(RPMI 1640 medium supplemented with 2% p-glucose) was
composed of 10.4 g L' RPMI 1640, 34.5 g L™" MOPS, and 18
g L™ p-glucose. LB agar was made from 25 g L' LB broth
and 15 g L™" bacto agar. PDA plates and CAMHB medium
were prepared according to the manufacturer's instructions.
All media and buffer were heat-steam sterilized or sterile-
filtered before use. E. coli K12 and Serratia marcescens
(S. marcescens) were generously provided by Prof. Sima Yaron
(Department of Biotechnology and Food Engineering,
Technion - Israel Institute of Technology). Candida auris
(C. auris) DSM 21092 was obtained from the German
Collection of Microorganisms and Cell Cultures.

Preparation of microbial cultures

Microbial cultures were stored as cryo cultures at -70 °C.
Prior to AST experiments, the cells were sub-cultured onto LB
agar (bacteria) or PDA (yeast) and incubated at 37 °C for 16—
24 h. Colonies from these agar plates were directly used to
obtain the cell suspensions used in AST experiments.

This journal is © The Royal Society of Chemistry 2022
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3D printing and post-processing

The computer-aided design (CAD) model was created using
SolidWorks 2020 (Dassault Systemes SolidWorks Corp,
Waltham, MA, USA). The model was saved as an .STL file for
printing purposes, and as an .SAT file for simulations. All
files are provided in the ESIf Models were printed using a
high-resolution 3D printer (ProJet® MJP 2500 Plus, 3D
Systems, SC, USA) with a xyz resolution of 32, 28 and 32 pm,
respectively. The GG was printed with its inlets facing up, as
shown in Fig. S1.f Further information on the accuracy of the
printing process is given in Fig. S2 and Table S1.f The
printed device was removed from the printing platform after
incubation at -18 °C for 10 min. Afterward, all pieces were
placed in EasyClean units from 3D systems (water vapor bath
and hot paraffin oil bath at 65 °C) to remove the wax support
material. The interior structures were flushed at least three
times with hot paraffin oil using a syringe. To remove oil
residues, the parts were then submerged in an ultrasonic
bath (Elma Elmasonic S30, Elma, Schmidbauer GmbH,
Singen, Germany) with water and detergent at 50 °C for at
least three times. Subsequently, the device was cleaned with
deionized water and dried at 70 °C for 1 hour.

Computational fluid dynamics (CFD) simulations

The functionality of the design was tested viea running a
computational fluid dynamics (CFD) simulation using
COMSOL® Multiphysics 5.5 (COMSOL Inc., Stockholm,
Sweden). General simulation settings were chosen according
to Enders et al.*' As physical properties, a density of 1 g cm™
and a dynamic viscosity of 10 kg m™" s™* were chosen for
water. For inlet A, the concentration of a fictive substance
with a diffusion constant of 107 m* s was set to 1 mol m™>
while the concentration of inlet B was defined as 0 mol m™.
To simulate the performance of the designed GG, the inflows
at inlet A and inlet B were defined as 323 uL min " and 677.3
uL min ", respectively.

Experimental gradient generating accuracy studies

The source fluids - blue dye (ink; 1:30 diluted), glucose (6 g
L™), and ciprofloxacin (1 mg L) - were introduced into the
device by a syringe pump into inlet A at a flow rate of 323 pL
min', while the sink fluid water was introduced by a second
syringe pump into inlet B at a flow rate of 677.3 pL min .
After 5 min, the first fractions were collected from the six
outlets, the pumps were stopped, and the solutions were
transferred into a 96 well plate or reaction tubes. Next, the
pumps were started again, and after 30 s a second batch was
collected. This procedure was repeated again, for the
collection of a third batch from every outlet. The dye was
quantified at 600 nm (NanoDrop™ 2000 spectrophotometer,
Thermo Fisher Scientific GmbH, Dreieich, Germany), the
glucose concentration was measured using a Cedex
BioAnalyzer (Roche Diagnostics Deutschland GmbH,
Mannheim, Germany), and ciprofloxacin was quantified via a
fluorescence assay (lex 272 nm, Jem 421 nm; Varioskan

This journal is © The Royal Society of Chemistry 2022
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Flash, Thermo Scientific, USA). For every source fluid, a
different GG device was used. The photograph of the dye-
water gradient was obtained using a VHX-6000 digital
microscope (Keyence Deutschland GmbH, Neu-Isenburg,
Germany).

Broth microdilution

Gold standard BMD was performed using the protocols that
are recommended by EUCAST, namely ISO 20776-1:2020
standard for bacteria'® and the EUCAST AFST protocol for
yeast."® Two-fold dilutions of the antimicrobials in growth
medium (CAMHB for bacteria and RPMI 2% G medium for
yeast) were prepared in 96 well plates and tested against a
standardized cell density of 5 x 10° cells mL™" (bacteria) or
10% cells mL™" (yeast) unless otherwise stated. For bacterial
species, the MIC was determined visually after 18 h
incubation at 37 °C supported by absorbance measurements
at 600 nm (Varioskan Flash, Thermo Scientific, USA). The
MIC of C. auris (yeast) was determined by absorbance
measurements at 530 nm after incubation for 24 h at 37 °C.
Every gold standard BMD test was repeated at least three
times with n > 3 for every concentration tested. Before
obtaining the antimicrobial dilutions for the GG-based BMD,
the GG device was heat-steam sterilized and employed as
described in the previous section. Accordingly, the source
fluids ciprofloxacin (1 mg L™"), gentamicin (1 mg L"), and
voriconazole (0.25 mg L") in growth medium were diluted by
the sink fluid (CAMHB or RPMI 2% G medium) to obtain the
desired two-fold dilutions.

Photonic silicon Chip integration

Silicon chips with microwells (width of approx. 4 um and
depth of approx. 4 um) were fabricated by laser writing and
reactive ion etching technologies at the micro- and nano-
fabrication and printing unit (Technion - Israel Institute of
Technology.** A stepwise protocol for the fabrication
procedure of the chips is given in the ESI} (section S2). The
chips (diced into 5 x 5 mm) were individually placed into the
square-shaped cavities (5.1 x 5.1 mm) of the GG. UV-curable
glue (Norland Optical Adhesive 72, Norland Products Inc., NJ,
USA) was carefully applied to the chip backside of the
photonic silicon sensor and allowed to cure for 30 min under
UV-light at 365 nm with 1.5 mW cm > (VL-6.LC UV lamp 365/
254 nm 6 W, Vilber Lourmat, Collégien, France) to seal the
system leakage-free. To improve the optical properties, UV-
curable lacquer (luxaprint® shellac, DETAX GmbH, Ettlingen,
Germany) was applied into rectangular depressions on top of
the 3D-printed surfaces above the integrated photonic silicon
chips and cured for 5 min under UV-light using the same
conditions as for the Norland Optical Adhesive.

Gradient generator-based PRISM assay

The GG device with integrated photonic silicon chips was
placed onto a heat-controlled aluminium sub-structure (37
°C) and connected via a 3D-printed adapter to a motorized

Lab Chip, 2022, 22, 4950-4961 | 4953
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linear stage (Thorlabs, Inc., USA) for movement control. 70%
ethanol was used to disinfect the system before growth
medium (CAMHB) was introduced - allowing devices,
temperature, and medium to equilibrate. Subsequently,
suspensions of E. coli (McFarland 0.5) and 1 mg L'
ciprofloxacin (source fluid) and E. coli (McFarland 0.5)
without antibiotic (sink fluid) were introduced for 5 min. The
outlets were then closed (using silicone tubing and Luer
adapters), and the bacteria were given 10 min to settle within
the microstructure before the optical assay (PRISM) was
initiated. Data acquisition and analysis were performed
according to our previous work:**** a bifurcated fibre optic
(Ocean Optics, USA) equipped with a collimating lens was
arranged normal to the photonic silicon chips. Through the
bifurcated fibre, the chips were illuminated via a HL-2000
white light source (Ocean Optics, USA), and the reflected light
was transmitted to a USB4000 CCD spectrometer (Ocean
Optics, USA). Fast Fourier transform (FFT) frequency analysis

@ Inlets
A Source Sink
v v

Rinsing
iy |

Gradient @
Generating Unit

61,35

Reservoir A

Relative
concentrations
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was performed on the acquired spectra in the range of 450-
900 nm. In the resulting peak, the peak position corresponds
to the 2nL, where n represents the refractive index of the
medium filling the microstructure and L the height of the
microwells. The 2nL values were plotted versus time to
monitor bacterial growth. The percent changes of 2nL (A2nL)
were calculated as follows:

2nL—2nL

A2nL (%) = ol
nLo

x 100%;

where 2nL is the 2nL value at a given time, and 2nL,

corresponds to the 2nL when the PRISM assay was started.

Photonic silicon Chip characterization

The photonic silicon microstructure was studied by high-
resolution scanning electron microscopy (HR-SEM) using a

Syringe pump B ‘ 677.3 puL min™!

Ratios

Reservoir B

Fig. 2 Design and principle of the 3D-printed GG for two-fold dilutions dosing. (A) The technical drawing depicts the different modules of the
device: (1) inlets to introduce source and sink fluids and rinsing with ethanol, (2) gradient generating unit where the dosing of the required
concentrations is achieved, (3) mixing unit with integrated micromixers facilitates homogenous mixing and (4) outlets from where the solutions are
collected. Dimensions are shown in millimeters (mm). If not further specified, the microfluidic channels were printed with dimensions of 0.5 mm x
0.5 mm (width x height). The internal volume of the whole device is 455 pL. (B) Schematic presenting the principles of the gradient generating unit.
The source fluid is introduced into reservoir A, whereas the sink fluid is pumped into reservoir B. White numbers within the black circle represent
the relative concentrations of the source fluid in reservoir A and reservoir B. By adjusting the flow rate ratio according to the channel length ratios
(black annotations) of the conjoining horizontal channels, a two-fold dilution series is obtained (white lettering). (C) Photograph of the final 3D-
printed GG device after post-processing procedure.

4954 | Lab Chip, 2022, 22, 4950-4961 This journal is © The Royal Society of Chemistry 2022
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Zeiss Ultra Plus high-resolution scanning microscope (Carl
Zeiss, Germany).

Results and discussion

Gradient generator principle and design

The design of the 3D-printed GG consists of different
functional units (modular design), as illustrated in Fig. 2A.
Both source (e.g., antimicrobial solution) and sink (e.g,
buffer or medium) fluids are introduced from the outer inlets
into the device. The inner inlets serve as a port through
which ethanol can be introduced to remove air bubbles and
disinfect the device. The gradient generating unit is the core
module of the device - this is where the dosing of the
required concentrations (i.e., two-fold dilutions) is achieved.
In Fig. 2B, the gradient generating principle is schematically
illustrated: the source fluid is introduced via a syringe pump
(at a constant flow rate) into the reservoir A/inlet A, while a
second syringe pump likewise introduces the sink fluid into
the reservoir B/inlet B. Both these reservoirs are connected by
a series of parallel microfluidic channels where the source
and sink fluid combine and mix with each other. The
concentration dosing is achieved by adjusting the length
ratios of these connected channels, based on the simple
principle of fluid mechanics, which holds that the longer the
channel, the higher the hydrodynamic resistance - resulting
in reduced flow rates in comparison to shorter channels.**"*®
For example, when the length of both channels is equivalent
(see the first horizontal channel in the center), the sink and
source fluids merge at the same flow rate, and dosing of 50%
(relative concentration of the source fluid) is achieved.
However, when the channel from the sink fluid reservoir is
shorter than the channel that transfers the source fluid (see
the fourth horizontal channel in the center), the latter is
diluted to much lower concentrations (here 6.25%) since it
perfuses at a much lower flow rate. Please note that a higher
volume of the sink fluid, compared to the source fluid, is
required to achieve a two-fold dilution series, and,
accordingly, the sink fluid is introduced at a higher flow rate
(677.3 puL min™") than the source fluid (323 pL min™). For a
detailed step-by-step explanation of the gradient generating
principle and how the parallel channel length rations are
adjusted, the reader is referred to the ESIt (see section S3 for
equations and description). Also, this section (Fig. S37)
provides additional detailed technical drawings of the GG
unit and the micromixers.

From the GG unit, the merged fluids are then transferred
to the mixing unit, where the integration of passive HC-
micromixers®® enables homogenous mixing of these
solutions emphasized by computational fluid dynamic (CFD)
simulations as depicted in Fig. S4.f Homogenous mixing is
critical when surface-based sensing elements such as the
PRISM silicon chips are integrated into the device for
bioanalytical analysis. Our group®” and others®®*® have
demonstrated that providing uniform analyte concentration
to the silicon sensor surface is crucial in minimizing the

This journal is © The Royal Society of Chemistry 2022
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analyte depletion and hindered mass transfer. After leaving
the mixing unit, the fluids flow towards the outlets, where
they are collected for quantification or subsequent AST.
According to the GG design, the calculated flow rate at every
outlet is ~166.7 puL min', and indeed Fig. S5% shows
equivalent flow rates at the various outlets with an overall
outlet flow rate (940 uL min™') that is consistent with the
total inlet flow rate (~1000 uL min™).

Gradient generator characterization

The dosing accuracy of the GG was studied by conducting
CFD simulations and experimental analyses of various model
solutions (i.e., dye, glucose, and ciprofloxacin) with distinct
properties. For example, dyes are often used to investigate the
(mixing) performance in microfluidic systems;'"*"*! in this
work, the dye (blue ink) concentration was quantified by
absorbance measurements at 600 nm. Glucose served as a
hydrophilic model compound to reflect the behavior of
aminoglycoside antibiotics, such as gentamicin, and its
concentration was determined using a photometric enzymatic
(hexokinase) assay.” As a relevant model antibiotic, which is
also used in the subsequent AST assays, ciprofloxacin is
employed, harnessing its intrinsic fluorescence.”® Fig. 3A
presents a CFD simulation of the device at the designated
flow rates and the corresponding photograph of the generated
gradient using an aqueous dye solution. Fig. 3B compares the
simulated concentration values to those collected
experimentally for all three model solutions.

The measured concentrations of the generated solutions
depict an accurate two-fold dilution series with high values of
the coefficient of determination (R* simulation = 0.9995; R>
dye = 0.9974, R*> glucose = 0.998, and R’ ciprofloxacin =
0.9929) which are comparable to accuracies presented in
previously published GG systems.®' The results also suggest
that possible adsorption effects of the solutions to the 3D-
printing material are negligible. The small differences in the
determined concentrations for the different source fluids are
ascribed to slight deviations in the channel dimensions that
may influence the network of finely balanced channel lengths
(ratios) and effectively also the concentrations at the outlets.
Please refer to Table S1f for further information on the
printing accuracy.

GG-enabled AST

The successful miniaturization, integration, and automation
of the various steps required in AST methods (e.g., generation
of two-fold antimicrobial dilution series, cell inoculum,
sensing, and MIC determination) are considered essential
prerequisites for providing rapid and easy-to-use AST assays
for point-of-care applications."**> We thus envisioned a
microfluidic system that automatically generates the desired
antimicrobial concentrations and also integrates the sensing
elements for convenient and time-saving real-time optical
AST directly within the microfluidic channels of the GG-
system. Before integrating photonic silicon chips as sensing

Lab Chip, 2022, 22, 4950-4961 | 4955
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Fig. 3 Characterization of the gradient generator using simulation and experimental gradient generating accuracy studies. (A-i) CFD simulation
using COMSOL Multiphysics® at a total flow rate of 1000 pL min™. (A-ii) Photograph at the outlets of the 3D-printed gradient generator depicting
a two-fold dilution gradient using dye (source) and water (sink). (B) Relative concentrations for the six channels determined by CFD simulation and
experimental studies using a dye (blue ink), glucose, and ciprofloxacin as source solutions. Error bars indicate the standard deviation of three
consecutive experiments. Dashed lines indicate desired concentrations for each outlet.

elements for on-chip AST into our device, we first test the
compatibility of the 3D-printed GG with the gold-standard
BMD assay (schematically illustrated in Fig. 1A). We used
three clinically-relevant model pathogen-drug combinations -
namely, S. marcescens vs. ciprofloxacin, E. coli vs. gentamicin,
and C. auris vs. voriconazole. S. marcescens and E. coli are
both Gram-negative bacteria that can cause, among other
serious ailments, urinary tract infections (UTIs), diarrheal
diseases, pneumonia, and sepsis;>** their susceptibility was
tested against antibiotics with different modes of action.
While ciprofloxacin (fluoroquinolone) inhibits the gyrase
enzyme, which plays an essential role in DNA replication,>
gentamicin (aminoglycoside) binds to the 30S subunit of the
ribosomes and thus inhibits the protein biosynthesis.’® As a
fungal pathogen, C. auris (an opportunistic yeast) causes
severe invasive infections and shows alarming rates of
acquired antifungal resistance;>”*® it was studied against the
antifungal drug voriconazole, which inhibits the ergosterol
synthesis (crucial cell wall component) and is applied for
invasive candidiasis and aspergillosis treatment.>® From the
gradient generator, five consecutively obtained fractions (F1-
F5) were collected for every tested concentration (GG-enabled
BMD), and the attained relative growth values for all
pathogen-drug combinations are presented in Fig. 4 and
compared to reference BMD results (see grey panels).
Although at least at subinhibitory antimicrobial
concentrations, the growth behaviour can deviate between
fractions, the MIC values that were calculated for the GG-

4956 | Lab Chip, 2022, 22, 4950-4961

enabled BMD - defined as the lowest drug concentration
which completely inhibits the growth (bacteria) or induces
50% growth inhibition (yeast) - were accurately determined.
Moreover, they agree with the reference BMD and MIC values
published by the European Commission for Antimicrobial
Susceptibility Testing (EUCAST); see Table S37 for a detailed
summary and comparison. Accordingly, we determined that
this GG allows for MIC determination of antimicrobials in a
concentration range of 0.016 mg L™ to 0.125 mg L™, which
is suitable for the vast majority of drug-pathogen
combinations according to EUCAST.®® To allow for a
complete on-chip AST, we modified the 3D-printed GG to
include “growth chambers”, which house the PRISM
photonic silicon chips, as shown in Fig. 5A-i and S6A.f These
PRISM chips are diffraction gratings consisting of periodic
arrays of square-shaped microwells, with dimensions of ~4 x
4 pm, as depicted by the scanning electron micrograph in
Fig. 5A-ii.

We demonstrate that the integration of these optical
sensing elements does not impair the dosing performance of
the 3D-printed GG (see Fig. S6Bf), where the obtained
coefficients of determination (R®) are >0.994, similar to the
results obtained for the GG itself (Fig. 3B). Next, we
conducted a proof-of-concept on-chip AST study, where we
chose E. coli as our model pathogen, in light of the major
role it plays in causing UTIs (85-95% of reported cases) and
severe sepsis (17% of reported cases)®' and the emergence of
drug-resistant E. coli variants.®>®® The principle of the on-

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Comparison of GG-enabled BMD and manual reference BMD
for AST of (A) S. marcescens and ciprofloxacin, (B) E. coli K12 and
gentamicin and (C) C. auris and voriconazole. For bacterial species, the
MIC is defined as the lowest drug concentration that inhibits bacterial
growth determined visually and supported by absorbance
measurements at 600 nm. For C. auris, the MIC is defined as the
lowest drug concentration that induces a 50% growth inhibition
obtained from absorbance measurements at 530 nm, as emphasized
by the threshold line. For the GG-enabled BMD, five separately and
consecutively collected fractions (F1-F5) were tested against the
respective pathogens. For all reference BMD tests (ref.), every
concentration was tested with n > 3; error bars depict the standard
deviation of these measurements. Growth in the absence of drug was
defined as 100% growth.
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chip PRISM assay was as follows: In the GG-based PRISM
AST, E. coli and the highest tested antibiotic concentration
(here ciprofloxacin at 1 mg L") were both introduced into
inlet A (Fig. 5A-i), while only E. coli was introduced into inlet
B. Both suspensions were introduced into the heat-controlled
device at the designated flow rates for 5 min; the dosing was
achieved in the GG unit, and in the mixing unit, the
suspensions were homogeneously mixed before being
transferred onto the “growth chambers” that house the
photonic silicon chips. Please refer to the ESI{ (Fig. S7)
demonstrating that such an experimental procedure in which
E. coli is exposed to the highest tested ciprofloxacin
concentration for 5 min before being diluted to the
designated antibiotic concentrations does not result in
flawed MIC values. The assay was operated at a cell density
value of McFarland 0.5 (a turbidity standard corresponding
to ~10% cells mL ™), which is of high clinical relevance and
used to standardize the cell density in most clinical AST
assays'®°*®* and is either directly used for inoculation (agar-
based E-test)®® or further diluted (BMD and state-of-the-art
automated Vitek 2),"®°° as detailed in the ESL;} Table S4. By
avoiding the additional dilution step and directly using a cell
suspension at McFarland 0.5, the assay is simplified and
tailored for current clinical procedures and involves minimal
handling, which improves reproducibility and allows for high
throughput. Also, higher cell densities potentially allow a
faster time to growth detection and may better reflect
clinically relevant scenarios as microbial infections in the
human body are often caused by bacterial biofilms (large
number of interacting cells).®”

The PRISM assay enables real-time monitoring of bacterial
growth by analyzing changes in the reflectance spectra of the
photonic chip over time.***® Fig. 5A-iii shows a characteristic
reflectance spectrum at a single time point, which is analyzed
to track bacterial growth by monitoring the 2nL value (where
n is the refractive index of the medium within the periodic
microwells, and L represents the depth of the wells) as
detailed in Fig. 1B. The resulting PRISM curves, depicting a
continuous change in 2nL vs. time, allow sensitive and
quantitative detection of changes in bacterial growth upon
exposure to antibiotics (see Fig. 5B-i). The MIC value is
defined as the lowest drug concentration at which no
increase in the 2nL occurs. Fig. 5B-i displays characteristic
PRISM curves of E. coli upon exposure to varying
ciprofloxacin concentrations generated on-chip (at a range of
0-1 mg L"), where the percent changes in 2nL (A2nL) are
plotted over time. For both no and low antibiotic
concentrations (0-0.125 mg L"), a continuous increase in
A2nL is observed (slope: ~0.05 A2nL h™), while at elevated
drug concentrations (0.25-0.5 mg L"), the slope values
decrease (~0.03 A2nL h™"), indicative of hindered bacteria
growth. At a concentration of 1 mg L' ciprofloxacin, the
slope remains largely unchanged, and as such, the PRISM
MIC value is determined to be 1 mg L. Fig. 5B-i
summarizes the attained A2nL values after 90 min from three
independent PRISM experiments, and statistical analysis

Lab Chip, 2022, 22, 4950-4961 | 4957
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Fig. 5 3D-printed gradient generator for PRISM experiments. (A-i) A photograph of the 3D-printed gradient generator device depicts the different
modules of the device, including a square-shaped (5.01 x 5.01 mm) unit for photonic silicon chip integration. The black dashed rectangle emphasizes
the integrated photonic silicon chips that (A-ii) feature a silicon diffraction grating of microwells with a width of ~4 um and a depth of ~4 um and (A-iii)
allows obtaining reflectivity spectra with characteristic interference fringes. (B-i) Characteristic PRISM growth curves (A2nL over time) from the six
growth chambers of the gradient generator for a two-fold dilution series (0-1 mg L™) of ciprofloxacin (CIP) against E. coli. (B-ii) A2nL (%) endpoints from
three experiments (error bars = standard deviation) demonstrate that the MIC value can be determined within 90 min.

Table 2 MIC value for E. coli and ciprofloxacin obtained from the GG-based PRISM assay compared to other (reference) AST methods

Method Inoculum MIC Time
PRISM (gradient generator) McF. 0.5 (~10° cells mL™) 1mgL™" 90 min®
Non-gradient PRISM (aluminum flow cell) 107 cells mL™ 0.05 mg L™ 2-3 h*?
Vitek 2 ~107 cells mL™* <0.25 mg L' 8 h?
BMD 5 x 10° cells mL™" (used in reference BMD) 0.016 mg L™ 18 h
BMD MCF. 0.5 (~10° cells mL™) 0.25-0.5 mg L™ 18 h

“ The reduced assay time of 90 min compared to 2-3 h is ascribed to the higher cell concentration (shift from 107 cells mL™ to ~10°% cells
mL ™), which facilitates a more rapid signal detection. ” Value retrieved from our previous work.*?

(t-test) reveals significant differences between the MIC and  size, where larger initial inoculum is shown to result in higher

70-72

subinhibitory concentrations within 90 min.

Note also that the MIC determined by this on-chip PRISM
assay is higher compared to reference methods (see Table 2),
including both BMD and the automated Vitek 2 test. This
deviation is mainly attributed to differences in the inoculum

4958 | Lab Chip, 2022, 22, 4950-4961

MIC values for many antibiotics,*® including ciprofloxacin.
For example, Davey and Barza demonstrated that increasing
the inoculum from 10> to 10’ CFU mL™" results in a 4 to 32-
fold higher MIC value for E. coli and ciprofloxacin depending
on the tested strain.”' We demonstrate that this effect is also

This journal is © The Royal Society of Chemistry 2022
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apparent for the BMD (Table 2); when changing the cell density
from 5 x 10° cells mL™ to ~10® (McFarland 0.5), the MIC value
increases from 0.016 to 0.25-0.5 mg L.

Yet, the obtained MIC for the GG-enabled PRISM assay is
~two-fold higher (1 mg L™") in comparison to the latter values;
this is ascribed to the obvious differences in the growth
environment. While the BMD analyzes bacterial growth in a
liquid medium, the PRISM assay monitors bacteria behavior
on and within the silicon microtopologies — which, in fact, may
reflect more clinically-relevant scenarios since an estimated
~80% of chronic and recurrent microbial infections in the
human body are due to bacterial biofilms.®” Thus, the higher
MIC values did not impair the functionality of the assay, and
we suggest calibrating our system for important pathogen-drug
combinations with strains that are known to be susceptible or
resistant. Isolates with unknown behavior could be classified
in accordance with their MIC into “resistant” and “susceptible”
categories while still benefitting from the profoundly
accelerated (<90 min) MIC determination at higher cell
densities. It should be noted that such calibration is required
for all AST methods, including the gold-standard BMD,”® as
well as the automated systems, such as the Vitek 2.7*

In comparison to other recently developed microfluidic AST
systems, which often still require several hours for
completion,”'**>?*2% our GG-based PRISM assay enables rapid
analysis within 90 min with minimal sample handling. It is
equivalent or inferior in terms of assay time to some
microfluidic AST methods relying on sophisticated single-cell
analyses."*”>’® For example, single-cell imaging of bacteria
entrapped in microfluidic channels allowed to differentiate
between resistant and susceptible isolates by monitoring their
growth at breakpoint antibiotic concentrations within only 30
min.>® Indeed, working at the single cell level allows to detect
changes at high resolution (e.g, in the cell morphology) in
short timescales, in contrast to phenotypic tests based on
detecting bulk bacterial growth. Yet, it is it controversial
whether the behavior of single immobilized or confined (in a
microchannel) cells is representative of a bacterial
population,”® and as such how many cells should be
analyzed.”” In contrast to the latter methods, the PRISM signal
represents the averaged behavior of a large population of cells,
colonizing on the chip that are free to move, interact and form
a community. Moreover, the method is label-free and does not
require additional reagents as many microfluidic-assisted
phenotypic AST techniques e.g., resazurin for metabolic
analysis,*®*’>”® and it employs a simple and portable optical
setup, which can be further miniaturized.

Thus, while assay time is a critical parameter for AST,
there are many considerations that should be carefully
weighed when designing a clinically applicable AST
technique for point-of-care settings.

Conclusions

In this paper, we demonstrate a 3D-printed microfluidic
gradient generator that is suitable for rapid and label-free

This journal is © The Royal Society of Chemistry 2022
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phenotypic AST using integrated photonic silicon chips.
Both the performance and accuracy of this GG device were
comprehensively assessed and confirmed using several
different model fluids, and GG-enabled BMD testing was

conducted using three different pathogen-drug
combinations.

For rapid optical AST, the bacteria were colonized on
microstructured photonic silicon chips - which, when

integrated into the GG-system, also provided the optical
transducer elements. Bacterial growth at defined antibiotic
concentrations was monitored in real-time by observing
changes in the reflectivity spectra collected from the
photonic silicon chips. Using the GG-based PRISM assay
and E. coli and ciprofloxacin as a model pathogen-drug
combination, we  demonstrated that MIC value
determination is feasible within 90 min. Therefore, this
assay is significantly faster than the current gold standard
BMD and classical agar-based methods (=16 h), and we
believe that it paves a clear path toward more convenient
and expeditious point-of-care AST procedures.

To the best of our knowledge, this is the first
demonstration of a microfluidic GG-device that automatically
creates desired and clinically relevant two-fold antimicrobial
dilutions integrated with an optical sensing element for
label-free phenotypic monitoring of bacterial behavior. While
this assay was demonstrated for E. coli and ciprofloxacin, we
envision that it could potentially be extended to a number of
other species and antimicrobials as well - since we have
shown that AST of different pathogen-drug combinations on
these photonic silicon chips is feasible.****

We acknowledge that the MIC value obtained from the
GG-based PRISM assay is higher than that obtained using
reference methods, and also that calibration of our system
will be required to guide clinical treatment decisions.
Accordingly, future research on calibrating our platform with
pathogens of known resistant or susceptible behavior will be
required. In the future, however, we envision that GG design
will be flexibly adjusted (i.e., via rapid prototyping achieved
through 3D printing) for other gradients (e.g., linear) as well
as through the integration of different sensing elements. This
would facilitate rapid characterization of various (bio)sensors
- in terms of both binding affinities and performance -
under varying conditions, including different buffer
compositions and target concentrations.
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