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27 ABSTRACT

30 Rapid detection of bacteria and their susceptibility to specific antibiotics plays a vital role in
32 microbial infection treatments. Antimicrobial susceptibility testing (AST) is a common measure to
34 select effective drugs. However, the conventional practices, such as broth dilution, E-test, and disk
36 diffusion, in clinical applications require a long turnaround time (~3 days), thereby compromising
38 treatments and increasing mortality. This study presents self-powered sensors for on-site
40 microorganism monitoring and rapid AST based on functionalized microbeads. The microbead
sensors are driven by Brownian motion, rendering external power unnecessary. Fluorescent
microbeads (d,=2 pm) were coated with vancomycin to capture bacteria. The growth and responses
47 of Gram-negative Escherichia coli and Gram-positive Staphylococcus aureus under antibiotic
49 treatment were evaluated. The method showed stable selective binding despite the presence of some
51 interferential substances, such as proteins and cells. Diffusivity change was strongly related to
53 bacterial concentration. Accordingly, the diffusivity values of microbeads bound with motile and

55 nonmotile bacteria exhibited specific paterns because of extra motility from microbes and increased

60 ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Sensors

particle diameter. Only a drop of microbead—bacteria suspension (~5 ulL) was needed in a microchip
for each measurement. The microchip provided a steady environment for measurement over a few
hours. By distinguishing the slope of the last four data points in the temporal diffusivity curve,
bacterial susceptibility or resistance to specific antibiotics could be determined within a timeframe of
2 h. The study provides insights into saving more lives by using a fast and robust AST technique in

future clinical practice.

Keywords: Antibiotic, Microbead, Brownian motion, Diffusometry, Biosensor, Bacteria

Microbial infection is a leading cause of death worldwide'. Millions of patients with chronic
diseases lost their lives because of these silent killers every year. To treat acute infections, clinical
doctors should administer correct and effective antibiotics to patients in a timely manner.
Antimicrobial susceptibility testing (AST) is a gold standard used nowadays to determine the
suitable drugs and their minimum inhibitory concentrations (MICs). However, conventional methods,
including broth dilution, E-test, and disk diffusion, usually require a long turnaround time (~3 days)
because a minimum concentration of bacteria (10" cfu/mL) is required for visual observation.” To
prevent life-threatening conditions and ease discomfort of patients, clinical doctors usually
immediately administer “possible antibiotics” at a high dose to patients according to their
experiences and clinical symptoms. Wrong guesses or overdose could lead to spread of superbugs or
even death. Increased evidence released by the World Health Organization indicated possible
depletion of our pharmaceutical arsenal if the use of antibiotics is mismanaged in the following
decades. To cope with this concern, the demand for rapid AST is rising. Some technologies have
been developed to tackle the lengthy process of microbial culture in AST. Multiplexed PCR** and an

ultrafast DNA amplification, named digital real-time loop-mediated isothermal amplification,’ are
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capable of identifying drug-resistant bacteria from their genetic maps with only a minimal sample.
Mass spectroscopy can even determine microbial species in a few minutes without tedious cell

culture.”” However, both methods are unable to determine the MICs for bacteria.

In recent years, numerous techniques to determine microbial susceptibility to antibiotics in a
short turnaround time have been proposed. For example, magnetic beads have been widely applied to

10-14 : 15 . .
Kinnunen et al.”” reported a novel sensing technique based on asynchronous

detect microbes.
magnetic bead rotation (AMBR) to monitor the growth and drug susceptibility of individual bacteria.
Single Escherichia coli cells were attached to magnetic beads via immunoreaction. The rotation
period of a magnetic bead was found related to the growth of E. coli attached to it. The AST result
could be determined within approximately 2 h. The size sensitivity of the AMBR sensor is as small
as 80 nm. With a multiplexed microfluidic platform, Mohan et al.'® achieved rapid AST within 2—4 h
by detecting fluorescent intensity from stained E. coli mixed with antibiotics under an inverted
microscope. Only 6 uL. of sample was needed in the measurement, and nearly single cell sensitivity
was reached. Thereafter, Choi et al.'” developed an agarose microfluidic channel system to track
single bacterial cells. E. coli, Staphylococcus aureus, and Pseudomonas aeruginosa were selected for
the evaluation. All bacteria were immobilized on agarose with different antibiotic culture conditions.
Their growth images were also recorded under a microscope. Eventually, the MIC values were
obtained within 3—4 h. Recently, Sabhachandani et al.'"® have employed a similar concept of
miniaturizing microbial testing with microfluidics. They developed a bead-based biosensor on an
integrated microfluidic platform to carry out rapid AST. In their system, dilute . coli concentration
of 5x10* cfu/mL in a urine sample was successfully conducted for AST in an hour. Despite the

significant reduction in turnaround time, most of the abovementioned rapid AST techniques rely on

bacterial straining or observation of single functional particles.

For easy access to rapid AST without laborious preprocessing or heavy dependence on

external instruments, we hereby propose label-free bead-based sensors to monitor microbial activities
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and their responses to antibiotics (Fig. 1). In principle, microbeads bound with several bacteria
express compromised Brownian motion and vice versa. This tendency is in good agreement with the
number of bacteria in the medium. The activities and changes of functionalized beads are complex
consequences of interactions among beads, bacteria, and random thermal movement. In our past

studies, %

the temporal diffusivity change reflects the growth condition of specific bacteria in the
medium through immunoassays. Unfortunately, the immunoassay cannot proceed without bacterial
species being identified in a clinical practice. For more practical applications, microbeads were
coated with vancomycin instead of bacterial antibody in this study. Bacteria then bind to the
microbeads via the hydrogen bonds between the vancomycin and D-Ala-D-Ala ligases on the

bacterial cell walls®!??

. However, the D-Ala-D-Ala ligases are covered with an extra layer of outer
membrane in Gram-negative bacteria. The outer membrane protects Gram-negative bacteria from
being targeted by some antibiotics like vancomycin. Nevertheless, prior study has found that the
binding sites are likely to expose to the outside environment because of defects.'” Accordingly, the
binding between Gram-negative bacteria and vancomycin remains possible but lower in efficiency.
Given that the binding is specific to bacteria only, the diffusivity changes in strong association with
the bacterial concentration. A microchip was designed to enable the long-term imaging recording.
With constant flipping, sedimentation was mitigated. Gram-negative E. coli and Gram-positive S.
aureus were used in the study. The diffusivity of microbeads declined as the concentrations of both
bacteria were increased. When a bacterial medium was mixed with gentamicin in accordance with
the MIC values from the Clinical and Laboratory Standards Institute (CLSI) protocol, both showed
good coincidence. The assessment suggests that the AST result could be determined within 2 h by
using the proposed method. At last, an empirical criterion based on the slope of data was developed

to enable future automation. The study provides insights into saving more lives by using a fast and

robust AST technique in future clinical practice.
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Fig. 1. Schematic of the self-powered microbead sensors for monitoring of live microorganisms
(left). Theoretical concept of diffusivity changes between functionalized microbeads with and
without bacteria attached (right). In general, micrbeads bound with bacteria express weaker

Brownian motion.

B MATERIALS AND METHODS
Experimental Setup and Microchip Fabrication

The bead-based sensors are self-powered by Brownian motion. Therefore, only a fluorescent
microscope is needed to capture the consecutive images for analysis (Fig. 2A). In the study, an
inverted epifluorescent microscope (OLYMPUS, 1X71) equipped with a green-fluorescent-protein
filter cube (OLYMPUS, U-MWIB3) and a 10x objective was used. A digital camera
(FL3-U3-1382C-C8, Point Gray Research Inc.) was used to record images of each data for 20 s at a
frame rate of 10 Hz. The overall lab temperature was maintained at 20 °C. The uncertainty was

estimated below 0.6% when the temperature variation was within £1 °C.
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Microbial sample droplets were confined in a poly(methyl methacrylate) (PMMA) microchip
for measurement (Fig. 2B). The microchip was fabricated by a computer numerical control machine
(EGX-400, Roland). A depressed pedestal provides a space to position the samples. An O-ring and a
cover glass were then used to seal the droplet to prevent evaporation. As shown in Fig. 2C, the major
dimensions of the microchip are H=700 pm, #=460 pm, @=6.3 mm, and @,=78 mm. A 2% bovine
serum albumin solution was coated on the top cover glass and the bottom PMMA pedestal to prevent

particles from surface adhesion. The microchip was also flipped every 2 min during measurement.

Camera

(A) (B) A-A’ Cross-Section

. ®

S

. I
Microscope |
I
I
I
4 1
I
|
|
|
|
|
|

Cover glass Sampte
droplet

SN h
_______ " s 7 < li
Objective N l_——I(D (\) —$ /"r-l
Microchip i @, }

| __theeeeel o substrate” AA

[ -

Fig. 2. (A) Schematic of the experimental setup. The measurement system is composed of a
fluorescent microscope, a digital color camera connected to a computer, and a microchip. (B) The
microchip contains a drop of sample sandwiched between a glass slide and the PMMA substrate. The

dimensions of the microchip are clearly annotated in the A-A’ cross section.

Bacterial Culture

E. coli (ATCC 25922), a Gram-negative motile bacterial strain (0.5-1x1.5-3 pum), and S.
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aureus (ATCC 23360), a Gram-positive nonmotile bacterial strain (@=1-2 um), were provided by
Dr. H.C. Chang’s laboratory in the Department of Biomedical Engineering at Nation Cheng Kung
University, Taiwan. We took the frozen bacteria from a —80 °C freezer and mixed it with 30
mg/mL tryptic soy broth (211825-500g, BD). Both bacteria were incubated in a shaker at 37 °C
for 12-16 h before use. The bacterial growth was examined under a microscope before each
measurement. When conducting AST, the initial number of bacteria was adjusted with lysogeny
broth (L2542, Sigma Aldrich) to approximately 10° cfu/mL. Gentamicin (G1264-1G, Sigma Aldrich)
was mixed with a drop of bacterial solution to achieve the final concentration of 0—4 npg/mL.
Gentamicin, an antibiotic widely known for inhibiting the synthesis of bacterial cell walls, was used

to suppress the growth of E. coli and S. aureus in this study.
Preparation of Functionalized Microbeads

Vancomycin solution (B1507-1G, BioVision) was mixed with 10 mg/mL
1-ETHYL-3-(3-DIMETHYLAMINOPROPYL)-CARBODIIMIDE (EDC) and 10 mg/mL
N-HYDROXYSUCCINIMIDE (NHS) for 15 min to activate the carboxylate groups. Then,
amine-modified polystyrene fluorescent microbeads (d,=2 pm; L4530, L9529, or L3030;
Sigma-Aldrich) were first washed with phosphate-buffered saline with Tween-20 (PBST) to prevent
aggregation, followed by incubation with 5 pL of the activated vancomycin solution at 4 °C and 800
rpm for 4 h. The final volumetric concentration was 0.568% v/v. The colloidal suspension was
washed with PBST by centrifugation five times to remove freely suspending vancomycin. Notably,
vancomycin is an antibiotic used in treating infections. By taking advantage of its strong affinity to
the D-Ala-D-Ala binding sites of bacterial cell walls, the functional coating selectively attached to
the bacteria but ignored proteins and normal cells. The selectivity allows vancomycin-functionalized
microbeads to respond to only the bacteria. The microbeads were used as biosensors to detect the
bacterial concentration in a sample suspension. For reference microbeads, amine-modified

polystyrene fluorescent microbeads (d,=2 um; L4530, L9529, or L3030; Sigma-Aldrich) were
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activated by 10 mg/mL EDC and 10 mg/mL NHS in the shaker at 800 rpm and 25 °C for 15 min.
Subsequently, anti-tumor necrosis factor (TNF)-o was mixed with the suspension at 4 °C and 800
rpm for 4 h. Both functionalized microbeads were then incubated with the bacteria in a shaker at

37 °C for 1 h before measurement.

Our study indicated that the optimal particle diameter should be close to the size of the
bacteria. A large bead size reduces sensitivity. By contrast, a small bead size results in a narrow
measurement range. Considering the normal sizes of most bacteria range from submicrons to

microns,23'25

we determined the particle diameter to be 2 pm. In addition to the functionalized
microbeads, reference microbeads were also needed in a complex medium to provide background

fluctuations.

Determination of Diffusivity from Serial Images

2627 the bacterial

Instead of monitoring bacteria by labeling them with fluorescent dyes,
activity was monitored using the functionalized bead sensors. As a result, the pathogenic samples
need less preprocessing steps and could be measured in a timely manner. Given that the particulate
motion in static liquid is dominated by Brownian motion, diffusivity can provide quantitative
information in relation to the change in bead size. In an unlimited 3D space, the diffusivity of a
sphere can be well interpreted by the Stokes—Einstein relation.” In theory, the diffusivity is inversely
proportional to the particle diameter when temperature and liquid viscosity are maintained constant.
By contrast, the diffusivity is compromised when microbeads are in a confined space, a.k.a. hindered
diffusion.”’ To control the hindered diffusion below 2%, our calculation showed that microbeads

should maintain a distance of at least 28 pum away from the boundary.’® Therefore, the particle

images were only acquired from the middle plane of the microchip.

Notably, the Stokes—Einstein relation is suitable only for spherical particles. Single particles

with irregular shapes induce bias in diffusion. Although the original microbeads are spherical, they
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become irregular after attaching to bacteria. In other words, conventional particle tracking may not
be able to show the true condition of particle motion in the medium. Alternatively, a statistical
algorithm, termed spatial cross-correlation, was adopted herein to display a representative analysis.

. - 19:20,31
Our previous studies ™~

showed that the experimental data agree with the theoretical predictions.
In general, few aggregates do not affect the overall correctness. Moreover, special care is needed in
dealing with the measurement of motile bacteria. The bacterial motility counteracts the Stokes—
Einstein relation because of extra energy. However, the diffusivity rise reverses at a critical time
point as numerous bacteria are reproduced in the medium. To avoid misinterpretations, reference
microbeads were required in the medium to provide background fluctuations. To this end, the
diffusivity value of functionalized microbeads was divided by that of reference microbeads to yield

relative diffusivity. Notably, this processing also improved the uncertainty due to thermal effect (see

Supporting Information).

B RESULTS AND DISCUSSION

Assessments of Microchip

For monitoring the activity of bacteria and their responses to antibiotics, bacteria should be
incubated in an aqueous environment for hours. To this end, an additional O-ring dipped with
mineral oil was installed in the microchip to reduce evaporation. Compared with the control (without
O-ring) that dries out in 2 h, the sealed well in the microchip can retain a sample volume at 98% in 2
h and nearly 80% for 2 weeks under room temperature (Fig. 3A). Given that each AST test needs

only 2 h for measurement, the reconfigured microchip was proven eligible for long-term monitoring.

Although the specific weight of the microbeads was close to the sample medium in the study,
microbeads still slowly deposited to the bottom of the droplet. Regularly flipping the microchip
improved the sedimentation (Fig. 3B). However, particle adhesion can be further reduced with the

antifouling coating, bovine serum albumin (BSA), on the wall surfaces (Fig. 3B). Although
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frequently flipping the microchip produced the best outcome, a compromised frequency of 2 min '

was chosen due to the great amount of processing time needed.

Growth of E. coli and S. aureus was also observed in the microchip for 2 h to evaluate their
growth states in a confined space (Figs. 3C and 3D). Each bacterial strain was measured under three
conditions, namely, control (no antibiotic), growth with ineffective antibiotic (<2 pg/mL), and
growth with effective antibiotic (>4 pg/mL). The bacteria under the control condition grew faster
than those under the other conditions. The numbers of bacteria were double in S. aureus and nearly
septuple in E. coli. According to the CLSI protocol, the MICs for E. coli and S. aureus were 4 and 2
ug/mL, respectively. Therefore, a drug concentration less than 2 pg/mL was insufficient to inhibit the
growth of both bacteria. However, compared with the growth with an effective drug concentration,
the high slopes imply that the bacteria in the microchip were not completely eliminated by the
antibiotics. As a result, the bacteria showed slow growth because they were partially inhibited by the
ineffective drug. The results eventually suggest that the microchip is feasible for the detection of live

bacteria.
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28 Fig. 3. (A) Measurement of sample volume ratio in the microchip due to evaporation over two weeks.
The microchip was maintained at room temperature (n=3). (B) Effect of microbead adhesion on the
channel walls in flipping microchips. (C) Growth of E. coli in a microchip over 2 h. (D) Growth of S.

aureus in a microchip over 2 h.
Interactions between Microbeads and Bacteria

Unlike the specific binding in immunoreactions, the binding forces between vancomycin and
bacterial cell walls are more universal and rely on hydrogen bonds (Fig. 4A). Vancomycin is a
45 B-lactam antibiotic that possesses a similar structure to DD-transpeptidase, an enzyme that catalyzes
47 the synthesis of bacterial cell walls. Almost all bacteria have cell walls with D-Ala-D-Ala residues.
49 Although Gram-negative bacteria are covered with an extra layer of outer membrane, the
51 D-Ala-D-Ala ligases still can expose to the outside environment through some defects.'” Therefore,
53 the vancomycin coating can selectively capture most bacteria instead of normal cells or proteins.

55 Notably, vancomycin only affected those bacteria attached to microbeads by inhibiting their wall
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synthesis. For free swimmers, however, no significant influence was ever found. Actually, the
antibiotic inhibition benefited the evaluation of diffusivity because inhibited bacteria behaved more

like dead cells, leaving their Brownian motion similar to our predicted model.

Successfully functionalizing microbeads with vancomycin was the first step to achieve the
monitoring of bacteria in the medium. Fourier transform infrared (FTIR) spectroscopy (FTIR-4600,
JASCO) was performed to verify the coating on the microbeads (Fig. 4B). After washing the
colloidal suspension thrice to remove the unstable adsorption of vancomycin on the microbead
surfaces, we observed the characteristic peaks of vancomycin at 1634 cm ' due to amide I band and a
broad absorption band centered at 3334 cm ™' due to amide A band superposition originating from N—
H stretching vibrations with bands from O—H stretches and overtones from C=0 stretching vibrations
(Fig. 4B). The peaks in the FTIR spectrum provide a direct evidence of successful coating of
vancomycin on the microbeads. The functionalized microbeads were then used to check their binding
effects with bacteria, cells, and BSA proteins. A series of bright field images over a timeframe of 2 h
showed increased clusters of bacteria progressively attached to the tracked microbeads (Fig. 4C). In
the presence of BSA proteins, the binding efficacy was not significantly compromised. A thorough
statistical investigation of the binding efficacies with different sources is listed in Table 1.
Vancomycin showed universal affinity with all three bacteria among other functional coatings.
Surprisingly, pure polystyrene microbeads, amine-modified, and carboxylate-modified microbeads
were all also capable of attaching to the bacteria despite the low efficacies. Only the antibody coating
was free from binding with any bacteria. Notably, the presence of BSA and cells in the medium did
not interfere with the binding efficacy between the bacteria and the microbeads. Therefore, the
evaluation suggests that vancomycin is an ideal functional coating in selectively binding with
bacteria. By contrast, anti-TNF-a was coated on reference microbeads to prevent the bead surfaces

from bacteria, cells, and proteins.
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Fig. 4. (A) Illustration of binding mechanism between bacterial cell wall and vancomycin coating. (B)

FTIR spectrums of the PS microbead, vancomycin, and PS microbead coated with vancomycin. (C)

Growth evolutions of E. coli (EC) and S. aureus (SA) over 2 h. The growth is not disturbed in the

presence of BSA. The scale bars denote 5 um.

Table 1. Binding efficacy between functionalized microbeads and different bacteria strains in a

complex medium.

Bacteria attached to microbeads (%)

V: i Vancomycin ~ Vancomycin Wencomyeis
i 6 » ancomycin
Amine None  Carboxylate  Anti-TNF-a (5x105cjml) +BSA ol +BSA
+Cells
S. aureus 12.6%  85.2% 77.4% 0 70% 68.8% 65.5% 73.2%
E. coli 13%  26.6% 9.2% 0 40.3% 41.2% 43.1% 41.3%

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Sensors

Stability of Microbead Sensors

Stability of the microbead sensors was investigated. Pure microbead suspension without
functional coatings or bacteria attached was measured every 20 min over a timeframe of 2 h (Fig.
5A). With the lab temperature maintained constant, the standard deviation of temporal variation was
less than 2.8%. In addition, five microchips with the same pure microbead suspension were
measured (Fig. 5B). The standard deviation of reproducibility between microchips was less than

1.9%. Both results suggest great stability of the technique in time and between items.
Effect of Diffusivity and Number of Bacteria

A range of bacterial concentrations, 10°~10° cfu/mL, was investigated for the relationship
between diffusivity and the number of bacteria. To avoid undesirable disturbances resulting from the
motile bacteria, all bacteria were sterilized by UV light for 24 h in advance. To ensure the binding
between microbeads and that the bacteria were complete and stable, we conducted the measurement

after the incubation of functionalized microbeads and bacteria.

For each data point, 200 consecutive images were recorded to alleviate uncertainty. The
relative diffusivity was derived by dividing the experimental group by the reference group to obtain
only the influence of bacteria attached to the microbeads. Four experimental groups were measured
to study how their concentrations alter the diffusivity values according to different bacterial
compositions. The four groups include two pure bacterial strains (E. coli and S. aureus) and two
mixed bacterial strains (30% E. coli+70% S. aureus and 70% E. coli+30% S. aureus). A fairly linear
relationship was observed between the relative diffusivity and the bacterial concentration (Fig. 5C).
In addition, the diffusivity values of the measured samples were not seriously altered by the bacterial
compositions. Notably, the diffusivity change turned ambiguous when the bacterial concentration
was less than 10* cfu/mL."” The change became distinguishable after the bacterial concentration

exceeded the threshold. The blank determination method was used here for the limit of detection
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(LOD) determination. Specifically, LOD was determined at the intersection point between the trend

line of the bacterial concentration and the control value plus three standard deviations (1.05+0.11).

oNOYTULT D WN =

Accordingly, the LOD of this technique was estimated to be nearly 10° cfu/mL.
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49 compositions were evaluated. The error bars represent standard errors (n>5).
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Evaluations of Rapid Antimicrobial Susceptibility Testing

A complete AST evaluation of this technique requires monitoring the activity of bacteria for a
period of time (~2 h). Bacteria and the functionalized microbeads were incubated in the microchip
simultaneously (Movies S1 and S2). The MICs of gentamicin for the E. coli and S. aureus strains
were respectively 4 and 2 pg/mL in accordance with the CLSI protocol. Considering that bacteria
usually reproduce every 20 min, we measured data points from the beginning to 2 h every 20 min.
Temporal diffusivity changes were sketched to display the growth activities of bacteria under the
applied conditions (Figs. 6A and 6B). For convenient determination, the drug susceptibility was
simply expressed in terms of the slope of the last four data points in the study (see Supporting
Information). In general, a positive value or a level slope could represent effective drugs. However, a
negative value might link to failure. According to the regression lines that fit the last four data points,
all the control groups show negative slopes (-0.0044/min for E. coli and -0.0033/min for S. aureus)
while E. coli and S. aureus with effective antibiotics show positive slopes of 0.0055/min and
0.0005/min, respectively. The results imply that both E. coli and S. aureus continuously reproduced
and accumulated around the vancomycin-functionalized microbeads within 2 h in the absence of
gentamicin. The microbeads bound with either E. coli or S. aureus exhibited declining diffusivity
trends during the entire measurement. Our previous study indicated that two major factors, bacterial
motility and equivalent particle diameter, directly contribute to the Brownian motion of microbeads.
In the presence of motile bacteria, bacterial motility dominates the diffusivity, resulting in a rise in
the very beginning (roughly 20—40 min) . Subsequently, several bacterial clusters attached to
microbeads progressively drag down the diffusivity. Nonetheless, no evident rise was observed in the
figure because the E. coli here was low in concentration and expressed compromised motility. In the
presence of nonmotile bacteria, however, the diffusivity declined monotonically in 2 h only with the
increased equivalent particle diameter. By contrast, when effective antibiotics were added into the

bacterial suspensions, the declining trends in both motile and nonmotile bacteria were all ceased at
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certain time points. Although the mean diffusivity values formed meaningful trends, some of their
standard errors were large. The variation could be attributed to the inhomogeneous distribution of
microbeads resulting from sedimentation. A short time gap between measurements and an increased

number of measurement will be considered for future improvement.

Reference microbeads were measured simultaneously to rule out the background noise. Thus,
only interactions between the microbeads and bacteria were considered (Fig. 6C). When an effective
concentration of gentamicin was mixed with the bacterial suspension, the growth of both bacteria
was inhibited at a certain time point. Accordingly, the temporal diffusivity curve was altered after
that particular point. The diffusivity also stopped declining and then maintained its level because the
bacterial activity was ceased. Meanwhile, the temporal diffusivity curve was in accordance with the
previous condition without antibiotic in the presence of an ineffective concentration of gentamicin.
The results suggest that the effectiveness of antibiotics can be determined by the tendency of the
diffusivity data after the turning point. A declining diffusivity, i.e., a negative slope, indicates failure
of antibiotics and vice versa (Fig. 6D). The turning point may imply the moment that the drug started

to take effect.

Notably, microbead aggregation occasionally occurred when microbeads collided to each
other frequently because of inhomogeneous dispersion. Statistically, the degree of microbead
aggregation escalated with the bacterial concentration. Although serious aggregation was
unfavorable in the study, minor aggregation contributed to lowering the diffusivity. In fact, the
cross-correlation algorithm is inherently a measure of statistical analysis and is thus capable of
mitigating the bias resulting from the aggregation. As a result, our overall measurement was able to

resist interferences from slight microbead aggregation.
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Fig. 6. (A) Temporal diffusivity change over a timeframe of 2 h (n=5). The blue circles and red
diamonds represent E. coli with and without effective gentamicin (4 pm/mL), respectively. The error
bars represent standard errors. The insets are bright-field images recorded at different time points.
The scale bar is 20 um. (B) Temporal diffusivity change over a timeframe of 2 h (n=6). The blue
circles and red diamonds represent S. aureus with and without effective gentamicin (2 um/mL),
respectively. The error bars represent standard errors. The insets are bright-field images recorded at
different time points. The scale bar is 20 um. (C) Raw images taken in the fluorescent mode. Orange
microbeads represent the sensing probes and green microbeads represent references associated with
the background fluctuations. The scale bar is 20 um. (D) Effect of the rapid AST test, where a
positive slope stands for an effective antibiotic on the inhibition of bacteria and vice versa. Both

bacteria are sensitive to the drug concentrations used.
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B  CONCLUSION

This study showcased a label-free bead-based diffusometry technique for the rapid, simple,
and sensitive monitoring of microorganisms and AST. The vancomycin coating showed high
selectivity to bacteria. This condition enabled specific monitoring of only bacteria rather than cells
and proteins. In principle, Brownian motion is inversely proportional to the equivalent particle
diameter if target bacteria are dead or nonmotile. Conversely, motile bacteria boost the diffusivity by
imparting microbeads with additional energy. However, the increased particle diameter would lead to
subsequent declination in microbead diffusivity when the bacterial population in a culture broth
exceeded a sustainable threshold. In addition to the motility analysis, live and dead bacterial cells can
be determined by looking into their diffusivity patterns. A rise in the initial phase of the diffusivity

curve is strongly attributed to the extra energy from motile bacteria.

As a general criterion, the bacteria express drug susceptibility when the temporal diffusivity
curve of the microbead—bacterium complexes displays a turning point during its declining phase.
Otherwise, the bacteria were regarded resistant to the drug. Several concentrations of antibiotics
were investigated for their sterilization effects. Our result explicitly indicated that 2 and 4 pg/mL
gentamicin inhibited the growth of S. aureus and E. coli, respectively. Our findings are also in good

agreement with the CLSI protocol.

Overall, a complete AST cycle was accomplished on the system within 2 h. In addition, the
technique featured small sample volume (5 uL) and low LOD (~10° cfu/mL). The preliminary AST

assessment in the study assured the practical use of the technique in the future clinical diagnosis.
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Determination of AST in the study was dependent on the slope of the temporal diffusivity. In the 2-h
measurement, seven data points of diffusivity were acquired to show the bacterial activity.
Improvement of uncertainty due to thermal effect dealt with two steps to mitigate the thermal
fluctuation, including room temperature control and addition of reference microbeads in the same

medium.
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Schematic of the self-powered microbead sensors for monitoring of live microorganisms (left). Theoretical
concept of diffusivity changes between functionalized microbeads with and without bacteria attached (right).
In general, micrbeads bound with bacteria express weaker Brownian motion.
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(A) Schematic of the experimental setup. The measurement system is composed of a fluorescent

28 microscope, a digital color camera connected to a computer, and a microchip. (B) The microchip contains a
29 drop of sample sandwiched between a glass slide and the PMMA substrate. The dimensions of the microchip
30 are clearly annotated in the A-A’ cross section.
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(A) Measurement of sample volume ratio in the microchip due to evaporation over two weeks. The microchip
was maintained at a room temperature. (B) Effect of microbead adhesion on the channel walls in flipping
microchips. (C) Growth of E. coli in a microchip over 2 h. (D) Growth of S. aureus in a microchip over 2 h.
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(A) Illustration of binding mechanism between bacterial cell wall and vancomycin coating. (B) FTIR
spectrums of the PS microbead, vancomycin, and PS microbead coated with vancomycin. (C) Growth
evolutions of E. coli (EC) and S. aureus (SA) over 2 h. The growth is not disturbed in the presence of BSA.
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(A) Temporal diffusivity change over a timeframe of 2 h (n=5). The blue circles and red diamonds represent
E. coli with and without effective gentamicin (4 pum/mL), respectively. The error bars represent standard
errors. The insets are bright-field images recorded at different time points. The scale bar is 20 pm. (B)
Temporal diffusivity change over a timeframe of 2 h (n=6). The blue circles and red diamonds represent S.
aureus with and without effective gentamicin (2 pm/mL), respectively. The error bars represent standard
errors. The insets are bright-field images recorded at different time points. The scale bar is 20 um. (C) Raw
images taken in the fluorescent mode. Orange microbeads represent the sensing probes and green
microbeads represent references associated with the background fluctuations. The scale bar is 20 um. (D)
Effect of the rapid AST test, where a positive slope stands for an effective antibiotic on the inhibition of
bacteria and vice versa. Both bacteria are sensitive to the drug concentrations used.
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