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Drug development faces its nemesis in the form of drug resistance. The rate of bacterial resistance to antibiotics,
or tumor resistance to chemotherapy decisively depends on the surrounding heterogeneous tissue. However,

Keywords: in vitro drug testing is almost exclusively done in well stirred, homogeneous environments. Recent advance-
A“tﬁbi"ﬁcs ments in microfluidics and microfabrication introduce opportunities to develop in vitro culture models that
Resistance mimic the complex in vivo tissue environment. In this review, we will first discuss the design principles under-
mggg lying such models. Then we will demonstrate two types of microfluidic devices that combine stressor gradients,
Microfluidics cell motility, large population of competing/cooperative cells and time varying dosage of drugs. By incorporating
ideas from how natural selection and evolution move drug resistance forward, we show that drug resistance can
occur at much greater rates than in well-stirred environments. Finally, we will discuss the future direction of
in vitro microbial culture models and how to extend the lessons learned from microbial systems to eukaryotic
cells.
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1. Introduction

The emergence of antibiotic resistance in bacteria remains a persis-
tent problem worldwide [1]. Previous studies isolated and characterized
various resistant mutants, which provided valuable insights into the
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biological processes that are altered in mutant bacteria [2-4]. But the
rate of evolution of antibiotic resistance is still unclear, especially in an
environment that bacteria naturally live. Understanding the rate of
evolution is crucial for developing new antibiotics and planning effec-
tive treatments.

Microfluidics is the science and technology of systems that process
or manipulate small (10° to 0~ '® 1) amounts of fluids [5,6].
Microfluidics provides a reproducible and controllable way to recon-
struct various important factors of in vivo environments, which is chal-
lenging to achieve via conventional test tubes [5,7,8]. Two major types
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of control have been realized in microfluidic devices. One is controlling
the reaction inside the device via the laws of fluids at the small scale.
Our group pioneered this approach by demonstrating rapid mixing in
a hydrodynamic focusing device [9] and further added additional pas-
sive controls by creating regular structures on silicon wafers [10-13].
The other approach of the control is to make on-chip active components
— valves [14-16], mixers [17-19] and pumps [20,21]. Using active or
passive control, many methods to culture bacteria in microfluidic sys-
tems have been published [22-26,7], including recent microfluidic de-
vices to mimic bacterial growth in human tissue [27,28].

When members of a bacterial community are allowed to interact
with complex environments, dramatic changes in the pace of evolution
and selection have been seen in both experiments and simulations
[29-33]. Specifically, ecological conditions like drug gradients and the
presence of small population niches can induce rapid drug resistance
[34,35,10]. Thus, full understanding of the nature of drug resistance re-
quires controlling these ecological conditions along with cell culture.
Here, we will review two main types of microfluidic devices recently de-
veloped as in vitro microbial culture models combined with ecologies.
We will highlight the key results got from experiments performed by
combining these new devices with other technologies in genomics
such as next generation sequencing and DNA microarray. Finally, we
will provide an outlook on two aspects: one is the advancement of
in vitro microbial culture models in the future, particularly how
microfluidic devices can be integrated with various genomics analysis
tools as a unified platform to assess the development of drug resistance
in a high-throughput and systematical fashion; the other is how to
apply knowledge learned from microbial systems to eukaryotic systems,
where both opportunities and challenges will be discussed.

As an aside, applications of microfluidics to drug development have
been well reviewed [36,37], and in particular, there have been many
rapid developments in using droplet based approaches for economically
useful mutants [38]. We refer the reader interested in drug develop-
ment to those reviews and papers. In this review we shall only focus
on the coming together of cell culture and ecological niches to influence
drug resistance in microfluidic devices.

2. Wright's evolution principle

The design principles of the new generation of in vitro microbial
culture models came from Wright's seminal contributions concerning
the importance of the number of cells n; in a particular microhabitat i
[39,40]. The number n; of individuals within a particular microenviron-
ment niche strongly influences the outcome of natural selection on the
fixation probabilities P(n;,s;) and fixation times 7(n;s;) within that par-
ticular microhabitat. Suppose that in a population of n; cells, a mutation
appears in an individual with a relative fitness advantage s; over the
other n; — 1 competitors. The probability due to genetic drift for the
eventual fixation of that mutation in all the n; individuals scales as:

 1—exp™

P(ny,s;) = 1T—exp2m

(1)
while the mean time to fixation scales as:

(5 ~ . In(n). @)

1

Egs. (1) and (2) have some interesting implications. First, note the
explicit dependence on the number of competing individuals n;, so
that the probability of fixation is dependent on the product of the fitness
s; and the number of competitors n; — 1. In a large population, which
means that s;n; > 1, the most fit clone always wins and fixes the muta-
tion. However, if sin; < 1, it is entirely possible for less fit clones to fix,
even clones with negative fitness! Fig. 1 shows the dependence of the
probability of fixation on population number n; and relative fitness s;.

This is an important point: what really matters in fixation probabilities
is the product of fitness times population number. Of course, this formu-
lais just for genetic drift in a population and does not describe true evo-
lution which involves both the generation of mutations and the process
of natural selection, but it should give some idea of the role that popula-
tion size plays in the role of gene fixation. Similarly, the time to fixation
also depends on the number of competitors: the larger n; is, the longer it
takes to fix.

Within a complex ecology such as a biofilm we can expect that there
is spatial and temporal heterogeneities in the fitness s; and number n; as
long as there is an initial mutagenic aspect to the cell reproduction. Also,
because of the complexity of a biofilm or bacteria within the tissue,
there will be very strong gradients in drug delivery, with a correspond-
ing distribution in the probabilities of fixation and time to fix for
mutants which show the phenotype of resistance.

Little is known about the influence of the steepness of fitness gradi-
ents on the rates of evolutionary adaptation to stress, but we can guess a
few things. First, recall from Eq. (1) that the smaller the number of cells
at a given fitness advantage, the more likely fixation is to occur. On the
other hand, there is also the phenomenon of Muller's Ratchet [41],
which is that the smaller the population, the more likely it is for lower
fitness mutants to fix, if there is no exchange from other populations.
Thus, it is difficult at present to truly predict what is the optimum
drug dose without detailed knowledge of the drug gradients, meta-
population sizes and motility between local populations. However, if
these can be measured then a true theory of evolution of drug resistance
evolution rates is within reach.

3. Microfluidic devices implementing spatial drug gradients
3.1. Rapid evolution in microfluidic devices

Our fundamental point concerning the inevitable emergence of
resistance to a mutagenic stressor under the appropriate ecological
and metapopulation parameters can be shown by designing using
microfabrication techniques designed to quantitatively test these
ideas. We have done a fundamental experiment which shows the
power of these ideas [ 10]. The design and characterization of the devices
are shown in Fig. 2.

We used Escherichia coli bacteria and the highly mutagenic bacteria-
static antibiotic ciprofloxacin. Ciprofloxacin is a member of the quino-
lone family of antibiotics and functions by binding to DNA gyrase [42].
Ciprofloxacin traps the gyrase-DNA complex at the state when the
DNA is cut, thereby inhibiting DNA replication and cell division, in
essence preventing the cell from dividing but not killing the cell (i.e., it
is cytostatic, not cytotoxic). The generation of single-stranded DNA
by stalled ciprofloxacin-bound gyrase is known to trigger, via the self-
cleavage of the repressor LexA, removal of LexA from transcription
factor sites. Removal of LexA activates the transcription error-prone
DNA polymerases [43]. The effective mutagenic rate u™ due to the SOS
response is 10~ > mutants/viable cell/day, 10,000 times greater than
the base rate u [44].

Fig. 3 shows the emergence of resistance from wild-type E. coli over
20 h. When bacteria are inoculated into the center of the device, chemo-
taxis due to consumption of nutrients at low flow rates quickly drives
them to the perimeter of the device. At the Goldilocks point (gold
arrow, Fig. 3(A)) there is a combination of high population gradient
and high mutation rates. In this experiment the concentration of cipro-
floxacin flowing along the bottom side of the device is 10 pg/mL,
approximately 200 times the minimum inhibitory concentration of
ciprofloxacin. Yet, as Fig. 3 shows there is ignition of resistance at the
Goldilocks point and subsequent rapid movement of resistant bacteria
around the periphery of the device and invasion back to the center in
20 h.

The basic reason for this invasion of resistance is the fitness advan-
tage for mutant resistant E. coli in a micro-environment where the
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Fig. 1. Fixation probability of a single mutation with relative fitness advantage s as a function of competitor number n and relative fitness advantage s.

food reservoir is nearby and no other sensitive competitors can live.
Since the device is composed of small micro-habitat patches, the resis-
tant E. coli can rapidly fix in these small populations. Fig. 3(D) to (F)
shows growth of resistant mutant bacteria upon re-inoculation in a
new chip with the same culture conditions as in Fig. 3(A) to (C).

The genetic analysis of the evolution of antibiotic resistance in these
complex ecologies was astounding. Four apparently functional SNPs
were identified at the end of the experiment. A detailed understanding
of the order in which the SNPs occur is essential. It is unlikely that the
four SNPs emerged simultaneously; in all likelihood they are sequential.
The new question then is, are there any fundamental mechanisms that
drive the sequential emergence of mutations?

LB+
10ug/ml Cipro

3.2. The logic of gene placement

We determined using Comparative Genomic Hybridization (CGH)
[45] that the most rapid genomic change occurring, within 1 h after expo-
sure to ciprofloxacin, is copy number changes (gains/losses) in the DNA
content, changes which are correlated with the position of genes on the
E. coli chromosome. E. coli cells were grown in LB broth. While in the ex-
ponential growth phase, the appropriate antibiotic (ciprofloxacin, chlor-
amphenicol or kanamycin) was added for a specified period of time,
followed by genomic DNA extraction.

The DNA was purified and labeled with Cy3 (wild type) or Cy5
(antibiotic exposed). The labeled DNA from the wild type and antibiotic

Fig. 2. (A) An overview of the entire micro-ecology, showing the flow of the nutrient streams and the nutrient 4 drug containing streams. The nutrient stream is x 1 LB broth, while the
nutrient + ciprofloxacin stream is x 1 LB broth + 10 ug/mL ciprofloxacin. (B) Image of the expected drug concentration. (C) Scanning electron microscope (SEM) image of the area of the
array in (A) outlined by the box. (D) SEM image of the nanoslits at the micro-ecology periphery. The nanoslits are etched down 100 nm and are 6 um wide and 10 um long.


image of Fig.�2

220 S. Vyawahare et al. / Advanced Drug Delivery Reviews 69-70 (2014) 217-224

Fig. 3. (A to C) Initial inoculations of 10° wild-type bacteria with ciprofloxacin (10 mg/mL) in the bottom channel. (A) Emergence of resistance to ciprofloxacin 5 h after inoculation. The
Goldilocks microenvironment is shown by the orange arrow. (B) Spread of resistant bacteria around the periphery of the microenvironments at 10 h after inoculation. (C) Continued
growth of ciprofloxacin resistant bacteria after 15 h. (D to F) Growth of resistant mutant bacteria upon re-inoculation in a new chip with the same culture conditions as in (A) to (C).
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Fig. 4. DNA copy number changes are plotted by Circos [48]. Track 1 represents wild-type E. coli treated by 5 pig/mL kanamycin for 30 min, Track 2 represents wild-type E. coli treated
by 10 pg/mL chloramphenicol for 30 min, Track 3 represents ciprofloxacin resistant E. coli treated by 100 ng/mL ciprofloxacin for 30 min, Track 4 represents wild-type E. coli treated by
20 ng/mL ciprofloxacin for 30 min, Track 5 represents wild-type E. coli treated by 100 ng/mL ciprofloxacin for 30 min.
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exposed E. coli was hybridized on a custom E. coli array (Agilent, CA).
The array contains 8 lanes of 15,744 spots. Each spot is printed with
60 base probes. Beside all the control spots, there are two major groups
of probes: one is 10,014 tilling probes which tile the entire 4.6 million
base-pair E. coli genome, the other group includes probes complemen-
tary to the 4287 known E. coli genes.

After hybridization and wash steps, the microarray is scanned using
a GenePix 4200A microarray scanner. Fig. 4 summarizes the results of
CGH experiments where E. coli were challenged with three different
antibiotics: (1) ciprofloxacin (2) kanamycin, an antibiotic which
interacts with the 30S subunit of prokaryotic ribosomes and so induces
mistranslation but does not affect DNA replication [46], and (3) chlor-
amphenicol, an inhibitor of protein chain elongation and thus also not
a blocker of DNA replication [47].

Since the data set is normalized both with respect to the amount of
DNA as well as relative to that of wild type E. coli, it should be noted
that only changes that differ from the wild-type will appear in the
signal. So for instance, if the entire chromosome was amplified with re-
spect to the wild type E. coli, this will not result in a signal, but a differ-
ence in one region compared to another (relative to that in the wild
type) will show up as a signal. Each small radial line in Fig. 4 represents
a probe which has been filtered to remove any artifacts of micro-array
printing.

There is a clear increase in gene copy number observed around the
oriC when wild-type E. coli are challenged by ciprofloxacin. Such ampli-
fication of the gene copy number near oriC depends on the concentra-
tion of ciprofloxacin, and becomes more tightly constrained around
the oriC as the concentration of ciprofloxacin increases, as seen in
track 4 and track 5 of Fig. 4. This is probably because more replication
forks are stalled at higher concentrations of ciprofloxacin. In contrast,
there are no obvious gene copy number changes in ciprofloxacin resis-
tant E. coli after the same exposure to ciprofloxacin, because it has
already evolved resistance to the stress. Note that multiple copy gener-
ation is not seen for non-genotoxic antibiotics such as chloramphenicol
and kanamycin (tracks 1 and 2 in Fig. 4) which do not initiate the SOS
response.

Since replication is stalled by the interaction of gyrase A with cipro-
floxacin, even at the presumably lower ciprofloxacin concentrations
within the bacterium the progression of DNA polymerases around the
chromosome from the oriC is presumably spatially exponentially
damped by the replication forks. We would then expect that the critical
efflux pump genes would be clustered around the oriC of E. coli so that
as the first line of defense they would be the ones most likely to be
expressed.

Indeed we see that the transporter associated genes are clustered
around the oriC as shown in Fig. 4. The gene copy number variation pos-
sibly serves as a critical driving force of the rapid evolution, because first,
changes in copy number could change the transcription levels of genes
included in the regions of variable copy number [49]; second, redundant
copies of genes also allow some copies to evolve new or modified func-
tions while other copies maintain the original function [50]. In contrast
to several active mechanisms that have been proposed as causes of copy
number variation [49], gene placement with respect to the oriC provides
a passive and natural way to preferentially increase the copy number of
certain efflux pump genes, which helps the bacteria to pass the initial
hurdle under stress.

3.3. Time dependence of drug recovery

The time dynamics of the increase in copy number during exposure
to ciprofloxacin and the decay of the copy numbers after removal of the
antibiotic reveal the dramatic ways that the bacterial genome is dynam-
ically sculpted under stress and the fascinating dynamics of removal of
the copy numbers when the stress is removed. To measure the time de-
pendence of the increases in gene copy number with time, the concen-
tration of ciprofloxacin was fixed at 20 ng/mL and bacteria were

sampled at 15, 30, and 60 min using CGH against wild-type cell without
any drug exposure.

While the copy number induced by cipro stress shows a basic inde-
pendence to the duration of the cipro exposure, this is not true for the
dynamics of the removal of the copy numbers when the stress is
removed. E. coli cells grown in LB broth were exposed to antibiotic
cipro at a concentration of 20 ng/mL. After cipro exposure for a
predetermined time, cells were centrifuged and resuspended in plain
LB broth without any antibiotic. Samples were removed every 15 min
from this mixture.

From these samples, genomic DNA was extracted and real time PCR
was performed on two genes: gyrA and rbsA. gyrA and rbsA were cho-
sen for this experiment based on our previously published work that
showed point mutations in these two genes leading to cipro resistance
[10], and also because the two genes are located at the opposite ends
of the circular E. coli genomic DNA.

The concentration of DNA extracted from the samples was measured
using a spectrometer to ensure that each well in the plate had approxi-
mately 8 ng of genomic DNA. From the PCR curves Ct valves were
extracted and the difference in Ct number for the two genes was
compared. The real time PCR was repeated four times (2 biological rep-
licates, done twice) and error bars calculated from the standard devia-
tion. Two primers were designed for the RT-PCR: a control for gyrA,
the target of ciprofloxacin and the other for rbsA, the p-ribose transport-
er near the oriC. The gyrA was included as a negative control baseline
since the CGR did not show any significant changes in the copy numbers
of gyrA during the cipro exposure. Bacteria which had been exposed to
20 ng/mL of cipro for varying durations were resuspended in LB broth
and then assayed using RT-PCR for copy numbers of rbsA. Three periods
of exposure to cipro were studied: 60 min, 120 min and 240 min.

Fig. 5 shows the surprising results of the RT-PCR: the rate at which
multiple copies of the rbsA gene are removed is a function of the dura-
tion of the exposure, that is return back to the wild-type genome is a
non-linear function of the duration of exposure to stress. Bacteria
exposed to 60 min of cipro lost the extra copies with a time constant
71,2 of approximately 50 min, however bacteria exposed to cipro for
120 min had a 74, of approximately 130 min, and bacteria exposed to
130 min, and bacteria exposed for 240 min had an extrapolated 74, of
approximately 500 min.

The placement of the genes on the E. coli genome from the oriCis not
random but instead is critical; first for the creation of a mesoscopic eco-
logical niche, and then the emergence of resistance from this niche. Re-
moval of the stress reverses the evolution of the response, but in a way
that indicates that the bacteria adjust devolution rates as a function of
the duration of the prior stress. Knowledge of the duration-dependent
rates is critical for developing time-dependent schemes for decreasing
the evolution of drug resistance in antibiotic and chemotherapy
treatments.

4. Microfluidic devices implementing temporal drug variations

To study time dependent dosage, we have designed another type of
microfluidic device. In this device, cells are free to move but only inside
a certain amount of space so that we can trace individual cell for a long
time. These devices are variants of the mother-machine design [51].
Fig. 6 illustrates the microfluidic culture device. These devices were
made using standard soft lithography techniques using PDMS as the
elastomer. Briefly, we use SU8 and SPR 220-7 photoresists to form
side and main channels respectively on a silicon wafer. This is followed
by soft-lithography with PDMS elastomer.

The width and depth of the central channels and side channels can
be varied to suit the bacteria and experiments performed. For channels
with a large width to height ratio the channels may collapse — in this
case we use an off ratio (1:5 instead of 1:10) PDMS curing agent:poly-
mer mix to have more stiff walls that don't collapse. In the latest ver-
sions of these devices on multi-layer soft-lithography can be used to
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Fig. 5. Removal of stress-induced multiple gene copies as a function of the duration of the exposure to cipro.

make elastomeric valves to direct media and drugs. The PDMS chip is
cured, and cut, and inlet and outlet ports are cored and finally bonded
to a #1.5 cover glass via plasma bonding.

Cells are introduced through the main channel. They explore the
space, and using a combination of pressure and backfilling they can be
introduced to the side-channels where some of them get stuck. The
height of the channels ensures that only a single layer of bacteria can
comfortably fit. The media and drugs are then flown in through the cen-
tral channels using syringe pumps. This flushes away any bacteria not in
the side channels. Diffusion ensures that the side channels are well

mixed in a matter of minutes (side channels must be free of debris),
and imaging experiments can be performed over a period of several
hours or more.

The difference between these devices and the silicon ones previously
described is that in this case PDMS/glass being a transparent substrate
allows the use of high numerical aperture objectives that can be placed
closed to the cover glass, along with illumination from the other side,
allowing for example phase contrast imaging. Thus single cells can be
followed over a long period of time. Another difference is that PDMS is
gas permeable unlike silicon. Depending on the type of experiment

A

Cipro + LB media

only LB media

>
<

6 hours

A
Y

0 hours 12 hours

Fig. 6. (A) Microfluidic device for single cell time lapse imaging under antibiotic stress shown in schematic diagram (not to scale) consists of a wide central channel and narrower side
channels where bacteria are trapped; (B) E. coli with GFP and RFP fluorescence markers form dense biofilms after one day of cipro exposure; (C), (D), and (E) Examples of a time-depen-
dent dosage experiment where cells were exposed to drug for 6 h followed by plain LB media. Cell filaments on antibiotic exposure and then recover.
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being performed this feature can be an advantage or a hindrance. For
instance channels that have a dead end can still be easily filled, but it
is possible for cells to communicate between nearby chambers via gas-
eous factors like hydrogen peroxide which can complicate analysis of
experiments.

As shown in Fig. 6, it is easy to change the media in the central
channel and do time dependent experiments. Understanding the effect
of time varying drug dosage as we showed earlier is of great importance.
Newer type of therapies — where drugs are given in smaller concentra-
tions but often — metronomic therapy - can be explored in such
devices.

5. Outlook

Our central premise is that to understand drug resistance it is not
sufficient to perform experiments in well stirred, homogeneous envi-
ronments. As we have showed, these types of experiments are likely
to miss important details. Further it is important to be able to continu-
ously observe cells while they interact with drugs. Newer microfluidic
devices will allow us to study both cells in spatially and temporally
heterogeneous environments, imaging them at the single cell level
while drug dosage is varied.

However, the phase space to explore is large — and single experi-
ments will not do. Several questions still need to be answered: for
instance what should be the drug concentrations on the boundaries of
the gradient, what should be the initial population densities? We al-
ready know from our previous work that initial population densities
do matter: the emergence rate of resistance and that the spatial patterns
of this emergence change, but that is for the same fixed initial drug
concentration of x200 the cipro MIC. What if we change that? In
which direction should we change it? We are afraid that the only way
we see to do this is simply to carry out many simultaneous experiments
with many different initial drug concentrations at the boundaries and
map out the evolution dynamics. Technical innovations are needed to
increase our ability to do many experiments in parallel.

One recent technical innovation we have made now is the fabrica-
tion of a 100 mm silicon wafer that holds 4 independent experiments si-
multaneously. To achieve an even greater parallelization we would
need to use robotic systems. An example is a large-scale multiple incu-
bator system developed by Professor Ted Cox at Princeton University,
originally for looking at clonal population variations in Dictyostelium
[52]. Fig. 7 shows the “small” version of device that we will use for the
initial version of this massively parallel experiment. It can do 100 evolu-
tion experiments simultaneously. The “large” version of this device,
which does exist, has an area x 10 that of the smaller one, it could do
x 1000 drug experiments simultaneously!

Besides bacteria it is possible to do similar experiments in eukaryotic
cells — robust, fast growing cells like yeast present no problems, but
mammalian cells are more difficult due to the longer doubling times
(days rather than hours) and the need for control of gas concentrations

[ '-

and humidity. The ecologies must also be larger in size to accommodate
the larger cells — the volume of an average bacterial cell is three orders
of magnitude smaller than that of a mammalian cell. Gas exchange es-
pecially poses challenges in experiments with silicon devices. Silicon
based microfluidic ecologies are sealed with glass slides which are im-
permeable to air, and the structures are etched out of silicon, which is
equally impermeable. Nevertheless, with any material choice, many
ways to culture eukaryotic cells are available [53,54] and some prelim-
inary experiments in this direction with cancer cell lines have been
attempted by us with encouraging results [55]. Combining bacterial
and eukaryotic cell cultures in one chip also represents a promising
area of work [56].

The devices and data we have described here offer a template for
exploring the rates at which antibiotic resistance arises in the complex
fitness landscapes that prevail in vivo. Furthermore, we believe the
bacterial work provides a framework for exploring rapid evolution in
complex contexts such as cancer [57].
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