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Abstract
The long turnaround time in antimicrobial susceptibility testing (AST) endangers patients and
encourages the administration of wide spectrum antibiotics, thus resulting in alarming increases of
multi-drug resistant pathogens. A method for faster detection of bacterial proliferation presents
one avenue towards addressing this global concern. We report on a label-free asynchronous
magnetic bead rotation (AMBR) based viscometry method that rapidly detects bacterial growth
and determines drug sensitivity by measuring changes in the suspension’s viscosity. With this
platform, we observed the growth of a uropathogenic Escherichia coli isolate, with an initial
concentration of 50 cells per drop, within 20 minutes; in addition, we determined the gentamicin
minimum inhibitory concentration (MIC) of the E. coli isolate within 100 minutes. We thus
demonstrated a label-free, micro-viscometer platform that can measure bacterial growth and drug
susceptibility more rapidly, with lower initial bacterial counts than existing commercial systems,
and potentially with any microbial strains.

1. Introduction
Early diagnosis of microbial infections helps patients and helps address the global problem
of the emergence and spread of antimicrobial resistance.1–3 The current ‘gold standard’ for
clinical antimicrobial susceptibility testing (AST) is a growth-based broth microdilution
technique used to determine the minimum inhibitory concentration (MIC). The broth
microdilution MIC is defined as the lowest antibiotic concentration that inhibits visible
microbial growth after overnight incubation. In contrast to the traditional methods that
require overnight incubation, modern and automated techniques can provide results in 6–24
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hours, after the initial incubation and enrichment process. These long testing times lead to
patients being prescribed empiric, wide spectrum therapies, which can result in poor patient
response and, moreover, contribute to increases in multi-drug resistant pathogens.4 As a
result, there is a need for an AST method that can provide results within hours rather than
days, enabling patients to be treated more rapidly and with more appropriate therapies,5

while minimizing increases in drug resistant populations.4,6–8 The ongoing goal of the
authors is to develop an ultra-rapid technology that expedites and refines the use of
antibiotics for patients with life-threatening bacterial infections, including outbreaks due to
newly emerged antibiotic resistant strains. Nucleic acid tests (NAT), which detect resistant
genes, are increasingly used as adjuncts for AST;9 however, NAT lacks the ability to
determine antibiotic MIC, differentiate mutant strains, or identify resistance of species,
where resistance is expressed through many mechanisms (e.g. gram-negative bacteria).7,8 As
a result, phenotypic growth-based assays remain the gold standard for AST.10,11

Commercial automated phenotypic AST systems commonly use the colorimetric turbidity-
based broth microdilution technique to measure bacterial proliferation. These AST systems
require an initial bacteria count of at least 105 bacteria per antibiotic sample, i.e. test well,
and take 6–24 hours to determine the MIC value; this still does not take into account the
initial bacterial enrichment and isolation stage, which typically takes over 24 hours. There
have been recent advancements towards reducing the detection time, by measuring bacterial
metabolism,12 by elongation and division of a single or small population of bacteria,13,14

and by increasing the effective bacterial concentrations through confinement into smaller
volumes.2,12,14,15 Although these techniques can detect proliferation and determine
susceptibility within hours, they often rely on microscopy (e.g. fluorescence microscopy) or
specific-antibody based techniques.

Measuring environmental (e.g. change in viscosity) changes due to bacterial proliferation
offers a versatile technique for measuring microbial growth without relying on antibodies or
complex detection systems.16–19 Bacteria in a planktonic state exhibit unique hydrodynamic
and rheological properties that depend on bacterial species, concentration, and health.20 For
instance, directional motility of planktonic bacteria affects solution viscosity; specifically,
contractile bacteria increase solution viscosity and extensile bacteria reduces solution
viscosity.17,19–22 The bacterial concentration and availability of oxygen and nutrients also
affect solution viscosity through their effect on bacterial motility and polysaccharides
secretion.23–25 For example, a high concentration of bacteria in a suspension, such as
biofilm-forming of quorum-sensing bacteria, secrete polysaccharides that are typically
higher in molecular weight and more viscous;26 these polysaccharides change the solution’s
rheology from Newtonian to viscoelastic and non-Newtonian.23 It has also been reported
that the viscosity of a broth solution decreases upon proliferation, as bacteria ingest the
large, viscous macromolecules within the broth.16,18,27 Despite the variety of mechanisms
that cause viscosity changes, our experiments, as described below, illustrate that bacterial
proliferation alters the hydrodynamic and rheological properties of a suspension.

Here we report on an asynchronous magnetic bead rotation (AMBR) droplet microfluidic
micro-viscometer that detects bacterial proliferation by measuring changes in the
suspension’s rheological properties. The AMBR sensor is a recently reported device that is
based on monitoring the time-dependent asynchronous rotation of a magnetic bead that is
within an external rotating magnetic field.13,14,28–34 This sensor monitors the magnetic and
physical properties of the magnetic bead and the environmental viscosity in which the bead
resides.13,14,29–35 Notably, only in the asynchronous regime can such parameters, including
viscosity, be measured continuously by the magnetorotation frequency.13,14,28–34 We apply
this sensitive AMBR micro-viscometer towards rapid AST applications. The approach
reported herein is a significant advancement over our previously reported antibody-based
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AST system as the AMBR micro-viscometry is a novel, label-free approach for measuring
microbial growth and AST.14 As a result, the AMBR micro-viscometer is a versatile
platform that can be used with any bacterial strain. Other methods to measure viscosity at
small volumes include viscosity sensitive dyes, microacoustic sensors, cantilevers and
depolarization fluorescence spectroscopy.36–38 However, in contrast to the reported AMBR
micro-viscometer here, these systems typically require larger volumes, chemical or physical
labeling, and/or expensive or complex equipment. The individual AMBR viscometers are
encapsulated in microfluidic water-in-oil (w/o) nanoliter droplets,14 AST may be performed
with an initial bacterial count of 50, or fewer, cells per droplet. With AMBR micro-
viscometry, we successfully determined the gentamicin MIC of a uropathogenic Escherichia
coli isolate within 100 minutes. Therefore, we have demonstrated a label-free, AMBR
micro-viscometer platform that can be used to perform rapid AST applications on any
microbial strain. Furthermore, to perform AST, this platform requires 1000-fold fewer
bacteria than commercial systems; this may further reduce the overall AST time, i.e. reduce
the sample prep and enrichment time. This new system, as a tool that significantly reduces
AST time, has the potential to help patients get prompt and focused drug treatment, as well
as to combat the global threat of antimicrobial resistance.

2. Experimental Section
2.1 Reagents

PCR grade mineral oil and bovine serum albumin (BSA) were purchased from Sigma-
Aldrich Corp. ABIL® EM 90 was graciously donated by Evonik Goldschmidt GmbH.
Mueller Hinton II (MH Broth) was purchased from Teknova. Dispensing and inlet/outlet
adaptors were purchased from Nordson, EFD and Small Parts Inc., respectively. Pluronic
F-68 was purchased from MP Biochemicals. 16 ± 2 μm carboxyl superparamagnetic
particles and the 8.8 ± 0.8 μm carboxyl-, amino-, and streptavidin-functionalized magnetic
particles were purchased from Spherotech, Inc. 10 μm NIST traceable size standards were
purchased from Polysciences, Inc. Glycerol was purchased from Fisher Sci. The continuous
phase consisted of mineral oil with 3 % ABIL® EM 90 (w/w). The aqueous phase consisted
of MH broth with 1% Pluronic F-68 and 0.1 % BSA, which will be referred to as MH-PB.

2.2 Device Fabrication
The fabrication process on a glass wafer is detailed elsewhere.14,39 Briefly, 50 nm Cr and
250 nm Au were evaporated onto the wafer. After patterning, the microfluidic channels were
etched with hydrofluoric acid to a depth of 40 – 45 μm, as measured with a surface
profilometer. The metal layers were removed, devices diced, and inlets/outlet
electrochemically drilled. The devices were cleaned in Piranha solution and subsequently
coated with a 2 μm parylene layer. The devices were UV-glued to a standard cover glass
slide, thickness No. 2 (Electron Microscopy Sciences), and the inlet and outlet ports (Small
Parts, Inc.) were UV-glued to the device. The schematic and assembled microfluidic droplet
device is shown in Figure 1(a). All used devices were recovered and re-used. Device
recovery entails separating the glass device from the cover glass and inlet/outlet ports with
methanol and heating devices to 410 °C for 2 hours. Used devices were cleaned in Piranha
solution and the process above was repeated.

2.3 Magnetic Janus particle fabrication
The fabrication procedure for Janus particles is detailed elsewhere.40,41 Briefly, 500 μL of
16 μm carboxyl magnetic particles (1% w/v) (Spherotech) were spin-coated onto a 4″ glass
wafer. A 50 nm layer of Al was evaporated onto the surface. The particles were recovered
and suspended in PBS. The resultant Janus particles, which will be referred to as magnetic
Janus particles, enabled better visualization of the particle’s rotation (following the
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“MagMOON” principle)28,41, 42 at lowered magnification, enabling multiple AMBR sensors
to be monitored concurrently. Non-specific binding was not observed, and the Al coating
was not observed to affect bacterial cell growth.

Magnetically uniform Janus particles were fabricated using the process detailed above, with
modifications. Rather, 300 nm of Ni was evaporated onto the 10 μm NIST polystyrene
particles (Polysciences), the wafer was magnetized in a 60 mT permanent magnetic field for
3 days and the particles were recovered. The resultant Janus particles will be referred to as
magnetically uniform Janus particles.

2.4 Particle Characterizations on non-specific binding
10 μL of each of the 8.8 μm carboxyl-, amino-, and streptavidin-functionalized magnetic
particles (Spherotech) were added to 1 mL of a 1 × 107 CFU/mL solution. The particles and
bacteria were incubated at 37 °C on a shaking platform for 2 hours. After incubation, 10 μL
of the solution was visualized with light microscopy to determine the degree of non-specific
binding.

2.5 Experimental Procedure
The microfluidic device was flushed with Rain-X® Original Glass Treatment (SOPUS
Products) for 5 minutes to increase surface hydrophobicity.14 The continuous phase and 15
μL of aqueous phase were introduced to their respective inlet reservoir. 1 nL w/o droplets
were formed by adjusting the vacuum strength and hydrostatic pressure of the outlet and oil
phase, respectively.

For characterization experiments, the aqueous phase consisted of MH-PB and the
magnetically uniform Janus particles. For growth experiments, an MH-PB solution was
inoculated with a clinical uropathogenic E. coli isolate to a 0.5 McFarland standard (~ 1.5 ×
108 CFU/mL), and subsequently diluted to achieve approximately 50 bacteria per droplet.
Bacterial growth and AST were performed on a microfluidic device platform (Fig. 1a,b), in
which individual AMBR biosensors were encapsulated into nanoliter volume droplets (Fig.
1c). As bacteria in their planktonic state grow and divide in the surrounding solution (Fig.
1d), the viscosity of the AMBR complex changes, which is detected by a measurable shift in
the bead’s rotational frequency (Fig. 1e). Antibiotic response experiments were conducted
serially for the present system; the bacteria inoculated into a gentamicin solution, with final
gentamicin concentrations of 0, 0.25, 0.5, 1, and 2 μg/mL. Experiments started within 30
minutes of antibiotic exposure.

The description of the experimental set-up is detailed elsewhere.14 Briefly, the temperature
was maintained at 37 ± 0.2 °C using a temperature-controlled ITO slide. This system was
placed inside custom-built electromagnet coils, and the rotating magnetic field was
generated with a custom LabView program. The magnetic field strength at the region of
interest, e.g. droplet chamber, was measured to be 0.71 ± 0.03 mT, and the driving
frequency was set at 200 Hz for experiments using magnetically uniform Janus particles. For
growth experiments, the magnetic field strength at the region of interest was set at 2.4 ± 0.4
mT, with a driving frequency of 10 Hz.

For the growth experiments, continuous videos at 10 frames per second (fps) were taken
over at least 3 hours. Videos of the rotating magnetic bead were analyzed with ImageJ and
MATLAB. Briefly, the light intensity at a region of interest on the magnetic bead is
monitored for at least 10 bead rotation cycles using ImageJ, generating a quasi-sinusoidal
signal that corresponds with each rotation. The Fourier transform of the raw quasi-sinusoidal
signal is a custom MATLAB program and the bead’s rotational frequency is calculated
[Supplementary Fig. 1]. Each experimental run was conducted in triplicates; i.e. at least
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three droplets, each droplet enclosed an individual magnetic bead, were monitored per
experimental condition. The illustrated experimental error in the rotational period is the full
width half max (FWHM) of the Fourier transform of the raw rotational signal, or equal to
the standard deviation of measurement, where appropriate, of the representative runs.28

3. Results and Discussion
3.1 Concept of the Asynchronous Magnetic Bead Rotation (AMBR) Viscometer

The theory behind the AMBR biosensor is detailed elsewhere.13,31 In general, AMBR is
meant to describe a rotating magnetic bead system that rotates in an asynchronous fashion
and can be used to monitor analytes. For the ferromagnetic system described here, the
underlying behavior is as follows. When a magnetic particle is placed within an external
rotating magnetic field, the average rotational frequency of the particle, 〈θ̇〉, is dependent on
the driving field frequency, Ω. For magnetic particles with a permanent magnetic dipole, the
external-field dependent rotational response of the bead is

[1]

Here Ωc is the rotational critical frequency, m is the particle’s magnetic moment, B is the
magnetic field amplitude, η is the solution viscosity, and Veff is the effective volume of the
rotating body (which depends on both its volume and shape; for a spherical shape, it is 6
times the volume).31 In order for the AMBR sensor to behave as a viscometer, the magnetic
bead must be torqued at driving frequencies that are higher than the critical frequency; also,
m, B, and Veff must be held constant, such that the particle’s rotational rate is solely
dependent on the viscosity of the solution.30,31 We also note that while the particle’s
rotation in this asynchronous regime is not in a steady-state, its average rotation frequency is
well defined by equation [1]. The authors note that in principle, the described method will
work with other types of magnetic beads, such as paramagnetic beads. For paramagnetic
AMBR systems, the rotational period depends inversely on viscosity, namely 〈θ̇〉 ∝ 1/η.

3.2. AMBR viscometer characterization
The AMBR viscometer accurately measures temperature-dependent changes in the
viscosity. To demonstrate this with the current system, a solution of PBS was heated from
34 – 46 °C, at 2 °C increments; increasing the solution temperature decreases suspension
viscosity, which consequently decrease the bead’s rotational period – see Equation [1] (Fig.
2a).

To validate these measurements, we calculated the viscosity of the PBS solutions at different
temperature conditions using Eq. 1, given that the m ~ 5.6 × 10−16 Am2, B = 0.7 mT, Veff =
3.14 × 10−15 m3 and from the bead’s rotational rate. The viscosity of the solution can be
determined from η (T) = vw(T)/ρ(T), where

40 [2]

where vw(T) is the temperature-dependent viscosity and η(T) is the temperature-dependent
density of PBS. As shown in Figure 2(b), the viscosity measurements from AMBR agree
with expected values that were calculated with Eq. 2. In addition, the AMBR sensor
accurately measured the viscosity of various aqueous PBS-Glycerin solutions, at different
glycerin concentrations, at a constant temperature (Fig. 2c). This agrees with what was
reported in Ref 24. As a result, the AMBR viscometer was demonstrated to function
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accurately as a viscometer within the viscosity range between 0.58 – 1.5 cP, which is
sufficient to measure microbial growth within the experimental ranges described in this
paper.

For use with bacteria, the AMBR particles must be passivated to eliminate the potential for
bacterial binding to the particle. Particles functionalized with either carboxyl, amino, or
streptavidin groups were incubated with the uropathogenic E. coli to determine the extent of
non-specific binding. The magnetic particles that were functionalized with carboxyl-groups
appeared to have little to no non-specific binding. In contrast, the amino- and streptavidin-
functionalized magnetic particles had a large degree of non-specific binding to the particle
surface (Supplementary Fig. 2). Nevertheless, non-specific binding may in fact improve
platform sensitivity, as bacterial proliferation may result in both a viscosity and effective
volume change of the particle, and thereby enhance the effect of bacterial growth on the
particle’s rotation.13,14 However, to validate the AMBR as a bacterial viscometer, the
carboxyl-functionalized magnetic particles were used.

3.3 Bacterial Growth
Individual AMBR viscometers that were suspended in an MH-PB bacteria solution were
confined in nanoliter w/o (water/oil) droplets and the sensors were monitored with light
microscopy. Within 20 minutes, there was a 20% increase in the AMBR sensor’s rotational
period for proliferating bacteria, i.e. growth and division, as compared to the non-
proliferating bacteria (Fig. 3a,b). Bacterial growth resulted in an increase in the measured
rotational period, which contrasted the steady rotational period value for bacteria treated
with a lethal dose of sodium azide (NaN3) (Fig. 3b). As the driving magnetic field and
particle properties (magnetic moment, volume and shape) remained constant, we were able
to isolate changes in rotational period to changes in the solution viscosity as bacteria
proliferated [Eq. 1].

While planktonic growth was the primary mechanism acting to affect the rotational rate,
other mechanisms may also affect the viscosity, including changes in the interfacial friction,
increases in the absolute bacterial cell number, and protein secretion and accumulation
during bacterial proliferation. Towards understanding and optimizing the AMBR
viscometer, it was important to isolate the predominant factor affecting the bead’s rotation.
As the AMBR biosensor rests at the bottom of the droplet, near the aqueous/oil/glass
interface, the magnetic particle experiences a frictional as well as a viscous resistive torque.

The viscous torque of a sphere, Ts, is expressed by , where β is a coefficient
that is on the order of unity, R is the radius of the sphere, and Ωs is the sphere’s angular

velocity.41 The frictional torque, Tf, is expressed by , where μ is the
friction coefficient, Δρ is the difference between the densities of the sphere and the sample
liquid, g is the gravity acceleration, and αR is the contact area between the sphere and the
bottom of the cell.41 Therefore, the total resistive torque on the AMBR system is,

[2]

Considering that R is sufficiently small in our system, R ~ 4 × 10−6 to 9 × 10−6 m, the
viscous force dominates the frictional torque, Ts > Tf. Furthermore, the viscous torque near
the particle’s equator dominates, as shown by

[3]
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where T(θ)is the viscous torque at given regions of the particle, and θ = 0 and θ = π at the
bottom and top of the particle surface, respectively.42 We thus demonstrate that both the
frictional torque and the viscous torque near the outer regions of the hemispheres are
negligible [Eq. 2 and 3] and that edge effects are not a major contributing factor to the
changes in the bead’s rotation. We examined this experimentally by repeating the
experiment under different interfacial conditions, including using a different growth media,
eliminating the oil phase, and removing the surfactant from the aqueous phase. Identical
particle behavior was observed under all of these conditions [S.2]. We can, therefore,
conclude that the change in the rotational response is caused by a change in the viscosity
within the droplet.

The increase in the suspension viscosity upon bacterial proliferation may be a result from
the accumulation of bacterial polysaccharides in the matrix, not from the absolute cell
number (Fig. 3c). Bacteria are known to secrete bacterial polysaccharides, resulting in the
broth developing viscoelastic, non-Newtonian characteristics,24 which would lend itself to a
slower rotational rate, as compared to Newtonian fluids.46 The amount and type of bacterial
polysaccharides secreted varies depending on the bacterial concentration and environmental
conditions. As a result, the accumulation of polysaccharides and the transition to a
viscoelastic suspension naturally increase the viscosity,24 which subsequently translate to
the increase in the particle’s rotational period. While the accumulation of polysaccharides
when cells proliferate may be one factor affecting the solution viscosity, the aim of this
manuscript was to demonstrate the ability of the AMBR micro-viscometer to measure the
viscosity of a bacterial system and to run AST and determine the MIC. As a result,
confirmation of the presence of polysaccharides and viscosity independent environmental
effects, such as pH changes or nutrient depletion, which arose from bacterial growth, was
not studied in this manuscript, but will be studied in the future.

Even though bacterial growth resulted in viscosity increases, it was observed that at a unique
time point, the AMBR viscometer’s rotational period decreased, which would suggest an
apparent decrease in the solution viscosity (Fig. 3b). The sudden drop in the rotational
period may be explained by either biology or fluid dynamics. Possible explanations are that
when bacteria grow to a significantly large population, bacteria motility changes, bacteria
may excrete enzymes that break down the surrounding polysaccharide matrix, or the bacteria
may incorporate polysaccharides from its surroundings.17,24 Another possibility is that the
rotating sensor may have generated a sufficient stress on the fluid, at which the viscoelastic
behavior ‘breaks down’. Nevertheless, this decrease in rotational period is consistent across
various experimental conditions [Supplementary Fig. 3]. Experimental investigations to
trend the rotational period with bacterial growth are ongoing.

3.4 Bacterial Response to Gentamicin
The AMBR viscometer was applied towards determining the gentamicin MIC of a
uropathogenic strain of E. coli. The bacteria were cultured in 0, 0.25, 0.5, 1, and 2 μg/mL
gentamicin concentrations and the rotational response and the corresponding viscosity
changes of the suspension were monitored. The effects of gentamicin on bacterial
proliferation could be discerned within 100 min, Figure 4. The rotational period for bacteria
cultured in 0, 0.25, and 0.5 μg/mL gentamicin increased as the suspension’s viscosity
increased, thereby indicating bacterial growth. There was no observed change in the
rotational period for bacteria cultured in solutions of 1 and 2 μg/mL gentamicin, which
suggests that these are sufficiently high antibiotic concentrations for inhibition of bacterial
growth. As demonstrated here, the AMBR viscometer, in its current state, is a tool that can
measure the presence or lack of bacterial proliferation. Towards this end, we were unable to
use the slope of the growth curve to indicate any quantitative information about the
environmental condition or bacterial health. We presume that the different slopes of the
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growth curves may result from slightly varying initial environmental and bacterial
conditions that may affect the growth rate (Fig. 4 and Supplementary Fig. 3); however,
further sensor and platform optimization and characterization need to be conducted to test
this assumption. From the AMBR results shown in Figure 4, the gentamicin MIC was 1 μg/
mL, which corresponds very well with the 1 μg/mL gentamicin MIC value of this strain,
determined with the standard VITEK2 system.14 When comparing MIC values of two
methods, typically a two-fold dilution difference is acceptable.10 A significant difference
between the rotational responses of bacteria treated with the antibiotic above MIC
conditions, versus below it, could be observed clearly, within 100 minutes. The authors
suggest that this could be further reduced by measuring AMBR in a real-time manner and by
applying more sophisticated algorithms, such as inflection point analysis.

4. Conclusion
We have demonstrated a label-free AMBR micro-viscometer that can measure the growth
and drug susceptibility of a bacterial isolate more rapidly and using 1000-fold fewer initial
bacteria counts than commercial phenotypic systems. We present proof-of-concept studies
of the AMBR micro-viscometer towards measuring the gentamicin MIC of E. coli by
measuring changes in the rheological properties of the bacterial suspension, comprised of an
initial count of 50 bacteria. As bacteria proliferate, the viscosity of the solution increases,
which translates to an increase in the magnetic bead’s rotational period. This contrasts the
constant rotational period that results from bacteria that are not proliferating, and hence do
not change the solution viscosity. This label-free AST technique is extremely versatile, and
therefore, can be easily extended for use on any planktonic bacteria strain without the need
to develop specific antibodies.

Further developments of the system includes (1) increasing the throughput by monitoring a
larger array of AMBR micro-viscometers consecutively and in real time, (2) using droplet
sorting techniques to isolate droplets that contain AMBR micro-viscometers, and (3)
integrating the system with an off-microscope sensor.28,32 We anticipate that through
parallelizing the platform and incorporating real-time data capture and analysis, the time to
results for AST can be further reduced. In addition to microbial AST applications, we
anticipate that the AMBR viscometer may be beneficial for measuring growth of any cell
population, including prokaryotic and eukaryotic suspension cells, and for applications that
require viscosity measurements of small samples, such as for biopolymer
characterizations.47

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
AMBR micro-viscometer platform for cell proliferation studies. (a) Schematic and (b)
assembled microfluidic droplet device. The chambers are filled with droplets dyed with blue
food coloring. Scale bar: 5 mm (c) Light microscopy image of individual AMBR
viscometers compartmentalized in nanoliter w/o microfluidic droplets. Scale bar: 50 μm. (d–
e) Schematic of AMBR viscometer. (d) Bacterial growth in the surrounding solution
changes the solution viscosity, which (e) shifts the particle’s rotational frequency.
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Figure 2.
AMBR micro-viscometer characterization. (a) Viscosity-dependent rotational response
characterization of the AMBR viscometer sensor in the PBS buffer solution at different
temperature values (34 to 46 °C). (b) The corresponding experimental and theoretical
temperature-dependent viscosity values, as calculated with Eq. 2, at temperature values
ranging from 34 to 46 °C in PBS solution. (c) Rotational response of the AMBR viscometer
in glycerin solutions at different viscosities at 37 °C. Magnetically uniform Janus particles
were used for all characterization experiments. The illustrated experimental error in the
rotational period is the full width half max (FWHM) of the Fourier transform of the raw
rotational signal.
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Figure 3.
Measuring growth-dependent viscosity changes using the AMBR micro-viscometer. (a)
Light microscopy image of the AMBR viscometer system during bacterial growth in MH-
PB growth medium. Scale-bar is 20 um. Inset: bacteria are highlighted in red to aid
visualization. (b) Corresponding AMBR response curve for bacteria grown in MH-PB vs. a
lethal dose of 0.5% Sodium Azide (NaN3) in MH-PB. Bacterial growth is observed as an
increase in the rotational period. There is no observed bacterial growth upon treatment with
NaN3, as indicated by “no change” in the rotational period. (c) Rotational response of the
AMBR viscometer at different bacterial concentrations upon initial conditions (i.e. at time: 0
minutes). The steady rotational response suggests that the absolute number of bacteria in a
given suspension does not affect the bead’s rotation, within the shown concentration range.
The illustrated experimental error is equal to the standard deviation of measurement of the
representative runs.
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Figure 4.
Performing AST with the AMBR micro-viscometer. AMBR viscometer response to the
proliferation of E. coli exposed to 0, 0.25, 0.5, 1, and 2 μg/mL gentamicin. An increase in
the rotational period suggests bacterial growth/proliferation whereas a constant rotational
period suggests growth inhibition. The data indicates an MIC of 1 μg/mL for gentamicin.
The curve fits are provided to guide the eye. The illustrated experimental error is equal to
the standard deviation of measurement of the representative runs.
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