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ABSTRACT: The rising costs of bioprocess research and
development emphasize the need for high-throughput,
low-cost alternatives to bench-scale bioreactors for process
development. In particular, there is a need for platforms that
can go beyond simple batch growth of the organism of
interest to include more advanced monitoring, control, and
operation schemes such as fed-batch or continuous. We
have developed a 1-mL microbioreactor capable of moni-
toring and control of dissolved oxygen, pH, and tempera-
ture. Optical density can also be measured online for
continuous monitoring of cell growth. To test our micro-
bioreactor platform, we used production of a plasmid DNA
vaccine vector (pVAX1-GFP) in Escherichia coli via a fed-
batch temperature-inducible process as a model system. We
demonstrated that our platform can accurately predict
growth, glycerol and acetate concentrations, as well as
plasmid copy number and quality obtained in a bench-scale
bioreactor. The predictive abilities of the micro-scale system
were robust over a range of feed rates as long as key process
parameters, such as dissolved oxygen, were kept constant
across scales. We have highlighted plasmid DNA production
as a potential application for our microbioreactor, but the
device has broad utility for microbial process development
in other industries as well.
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Introduction

There is increasing pressure in the pharmaceutical industry
to accelerate the discovery-to-launch timelines for thera-
peutics and to reduce the cost of research and development.
It can be difficult to realize cost savings when dealing with
biological therapeutics, as their development often entails
extensive process design and scale-up studies using bench-
top bioreactors. Other cheaper, more high-throughput
process development tools exist (shake flasks andmicro-well
plates), but they often sacrifice process monitoring and
control capabilities for cost and throughput savings.

With these challenges in mind, many researchers have
sought to design mini- and microbioreactors that maintain
the control and monitoring capabilities of bench-scale units
while increasing throughput and decreasing capital and
labor costs. These developments typically occur in one
of several forms: miniaturized stirred-tank reactors with
working volumes on the order of milliliters, micro-well
plates that have been modified to allow online process
monitoring and/or nutrient feeding, or flat-form micro-
fluidic devices with microliter-scale working volumes. The
state-of-the-art in microbioreactor development has been
reviewed recently, with articles focusing on the breadth of
available reactor configurations (Betts and Baganz, 2006),
as well as advances in process monitoring and fabrication
techniques (Schapper et al., 2009). Another recent article
reviewed all of the available small-scale process development
tools and outlined the features that an ideal scale-down
system should contain to meet current biopharmaceutical
process development needs (Bareither and Pollard, 2011).

Since the first report of a micro-scale fermentation device
over a decade ago (Kostov et al., 2001), tremendous progress
has been made in the design of microbioreactors. However,
only recently have more complex process strategies, such as
fed-batch operation, been investigated at the microscale.
Fed-batch processes are common in industrial fermentation
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and cell culture as they facilitate a significant increase in
biomass under controlled-growth-rate conditions, often
leading to increased productivity. Reports of fed-batch
processes at the microscale vary in their complexity. Isett
et al. (2007) achieved feeding in the 24-well m-24 system
(Applikon Biotechnology Inc., Foster City, CA) by manually
removing the reactor cassette and adding substrate
aseptically in a biosafety cabinet. Other devices at both
the microliter and milliliter scale have used robotics to
intermittently add feed solution to the microreactor cultures
(Legmann et al., 2009; Vester et al., 2009). Siurkus et al.
(2010) sought to achieve more continuous feeding using the
Enbase controlled-release technology (Panula-Perala et al.,
2008) to mimic a fed-batch process in 96-well plates used for
high-throughput library screening. Implementing a fed-
batch process early on allowed the group to not only select a
high-producing cell line, but to ensure that the associated
conditions would maintain productivity upon scale-up.
Microfluidics have also been used for nutrient feeding as
demonstrated by Funke et al. (2010). These researchers
coupled microfluidic channels to the microtiter plates in the
BioLector system (m2p-labs GmbH, Baesweiler, Germany)
to achieve a fed-batch process.

In this work, we have adapted a microbioreactor system
originally designed for continuous culture (Lee et al., 2011)
for fed-batch cultivation of Escherichia coli bearing a plasmid
DNA vaccine vector. Plasmid-based DNA vaccines have
been gaining attention as promising therapies for many
human diseases (Kutzler and Weiner, 2008), and as a result
there has been significant work on the design of high-yield,
high-quality production processes for this class of biophar-
maceuticals. We chose to study a plasmid production
process in the microbioreactors because of its complexity—
plasmid amplification is induced by a temperature shift, and
plasmid DNA is an intracellular product that can only be
measured offline. Our microbioreactor is capable of real-
time monitoring and control of pH, dissolved oxygen, and
temperature, as well as online measurement of optical
density. Substrate feeding can also be accurately controlled
by the system. A working volume of 1,000mL allows periodic
sampling for offline analysis of metabolites and the plasmid
DNA product. This work characterizes the features of our
fed-batch microbioreactor and demonstrates its utility as
a process design tool in the context of plasmid DNA
production.

Materials and Methods

Plasmid and Strain

This study used E. coli DH5a [F� w80lacZDM15 D(lacZYA-
argF)U169 deoR recA1 endA1 hsdR17(r�k , m

þ
k ) phoA supE44

thi-1 gyrA96 relA1 l�] as a host for the plasmid pVAX1-
GFP. pVAX1-GFP is a 3,642-bp, kanamycin-resistant
plasmid constructed by cloning the superfolding green
fluorescent protein gene (Pedelacq et al., 2006) into the

multi-cloning site of pVAX1 (Invitrogen, Carlsbad, CA), a
pUC-based DNA vaccine vector backbone. DH5a[pVAX1-
GFP] frozen seed banks were prepared from mid-exponential-
phase shake flask cultures grown at 308C and stored at
�808C in 15% glycerol.

Culture Medium

A semi-defined culture medium was adapted from Listner et
al. (2006). The basal cultivation medium contained 3 g/L
(NH4)2SO4, 3.5 g/L K2HPO4, 3.5 g/L KH2PO4, 10 g/L yeast
extract, and 10 g/L Bacto peptone. 5 g/L glycerol, 8.3mL/L
seed supplement solution, 1mL/L trace elements solution,
and 25mg/mL kanamycin were added as supplements to the
basal medium. The seed supplement solution contained
60 g/L MgSO4�7H2O and 24 g/L thiamine hydrochloride.
The trace elements solution contained 16.2 g/L FeCl3, 2 g/L
ZnCl2, 2 g/L CoCl2�6H2O, 2 g/L Na2MoO4�2H2O, 1 g/L
CaCl2�2H2O, 1.27 g/L CuCl2�2H2O, and 0.5 g/L H3BO3

dissolved in 1.2N hydrochloric acid. The pH of the basal
medium was adjusted to 7.1 using NaOH. The feed solution
for all fed-batch cultures contained 321.4 g/L glycerol and
79.3 g/L yeast extract.

Plasmid DNA Production Process

pVAX1-GFP was produced in a process adapted from
Carnes et al. (2006) that consisted of three phases: (1) batch
growth on 5 g/L glycerol at 308C, (2) feeding of a con-
centrated glycerol/yeast extract solution at 308C, and (3)
plasmid amplification at 428C with continued feeding.

Microbioreactor Device Design

The fed-batch microbioreactor device used in this study
(Fig. 1) was a modified version of the continuous culture
device designed by Lee et al. (2011). In contrast to
the continuous device, the fed-batch microreactor has three
15-mL fluid reservoirs connected to the growth chamber via
peristaltic pumps, each with an injection volume of 240 nL.
The pumps share the three valves required for operation
(Lee et al., 2011), while the input to the pumps is selected by
independent upstream valves (Fig. 1B: V2–V4). In another
key adaptation from the continuous culture device, each
reservoir was given a direct connection to the growth
chamber by removing the pass-through channel and
combiner before the peristaltic pump. This reduced the
time delay between performing an injection and the injected
plug of liquid reaching the growth chamber. As in the
continuous device, the growth chamber consists of three
interconnected sections, each with a 500-mL liquid capacity.
Using a working volume of 1,000mL ensured that at most
only two of the sections were full at a given time to facilitate
mixing. Oxygenation of the growth chamber was provided
by gas diffusion through the PDMS membrane and was
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enhanced by mixing (Lee et al., 2006b). Samples for offline
analysis were collected via one of two output ports
connected to the growth chamber (Fig. 1).

Heating was performed at the base of the device using a
resistive heater and a digital temperature sensor calibrated
against the temperature of water inside the reactor.
Dissolved oxygen and pH sensing were performed as
described by Lee et al. (2011). Optical density was measured
through a 100-mm path length at a wavelength of 590 nm
by positioning an LED and photodetector in-line in a
connecting microchannel between two of the growth
chamber sections. A smaller path length enabled linear
optical density measurements up to at least OD600¼ 50 as
measured offline by a DU800 Spectrophotometer (Beckman
Coulter, Indianapolis, IN). All optical sensors were
measured using fiber optic probes and data was analyzed
in MATLAB to extract measured values. Oxygen and
temperature control algorithms were implemented using
PID control (Lee et al., 2011) while pH control was
implemented using a threshold and estimation algorithm
(Lee et al., 2004).

Microbioreactor Cultures

Prior to use, the microbioreactors were placed in heat-
sealable PVC bags and sterilized by gamma-irradiation at
18 kGy. To prepare inoculum for themicrobioreactors, 3mL
of semi-defined medium was inoculated with 0.4% seed

bank and grown overnight at 308C. The next day, 3mL semi-
defined medium was inoculated to an initial OD600 of 0.3
using the overnight culture; 1,000mL of the resultant culture
was used to fill the microbioreactor. Dissolved oxygen was
controlled by varying the ratio of oxygen and helium in the
inlet gas. Helium was used as the inert gas instead of
nitrogen because its low solubility in water helped to control
foaming. pH was controlled at 7.1 using 4M NaOH. To
better mimic the conditions in the bench-scale reactor, the
temperature was slowly increased from 30 to 428C over a
period of 30min during the temperature induction phase of
the plasmid production process. An evaporation control
scheme was used to compensate for volume lost to
evaporation and sampling. Before the start of feeding, the
chip entered evaporation refill mode (Lee et al., 2011) every
30min. After a sample was taken, the reactor was manually
set to evaporation refill mode to add sterile distilled,
de-ionized water until the culture reservoir was full.
Evaporation refill was turned off after the start of feeding
(approximately 8 h after inoculation) to help maintain the
reactor volume at or below 1mL. Working volumes above
1mL could result in reduced mixing efficiency. During the
308C feeding phase, the feed addition helped compensate for
volume lost due to evaporation; however, evaporation
control was turned back on after the temperature shift (at
approximately 20 h) to compensate for the higher evapora-
tion rate at the elevated temperature. While this scheme
may have resulted in some transient changes in nutrient
concentration, it helped alleviate the large volume losses
observed in runs without any compensation for evapora-
tion. At the end of the process, the chip could be discarded
or gamma-irradiated and re-used.

Bioreactor Cultures

Bench-scale bioreactor cultures were performed using a
Labfors 3 bioreactor (Infors, Bottmingen, Switzerland) with
a maximum working volume of 2.3 L. The bioreactor was
equipped with a D140 OxyProbe dissolved oxygen sensor
(Broadley-James, Irvine, CA) and an F-695 FermProbe pH
electrode (Broadley-James). To prepare the bioreactor
inoculum, 3mL of semi-defined medium was inoculated
with 0.4% seed bank and grown overnight at 308C. The next
day, 100mL of semi-defined medium was inoculated with
100mL of overnight culture in a 500-mL baffled shake flask
and incubated overnight at 308C.

To set up the bioreactor, 1.3–1.8 L of basal cultivation
medium was autoclaved in the reactor. On the day of
inoculation, medium supplements and 0.2mL Antifoam 204
(Sigma–Aldrich, St. Louis, MO) were added, and the reactor
was inoculated to an initial OD600 of 0.3 using overnight
seed culture. The dissolved oxygen setpoint was controlled
at 35% using a cascade to agitation (250–800 rpm), and air
was provided at an initial flow rate of 1 vvm. For oxygen
supplementation studies, pure oxygen was automatically
added to the air flow at 0.4–0.6 LPM as needed to maintain

Figure 1. A: Photograph of the fed-batch microbioreactor device with key

features indicated. B: Schematic of the microbioreactor highlighting details of the

liquid flow path and valve design. The dotted boxes indicate that the valves are shared

and act as a single unit. Valves are numbered V1–V9. V1 controls flow from the solution

input bottles (water, feed, and base); V2–V4 allow selection of output from pressurized

reservoirs; V5–V7 comprise the peristaltic pumps; V8 and V9 control output from

device. The reservoirs also have a shared valve for pressurization (not shown).
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the DO setpoint. In all runs, the air flow was increased to
1.2 vvm when the temperature was increased to 428C. pH
was controlled at 7.10� 0.05 using 4M NaOH and
2.25MH3PO4. Online data was logged using IRIS fermenter
log and control software (Infors). Antifoam was manually
added in 0.2-mL increments as needed. Samples were
taken periodically to measure OD600 offline using a DU800
Spectrophotometer (Beckman Coulter). Samples for glyc-
erol, acetate, and plasmid DNA concentration measure-
ments were stored at �308C until analysis.

Measurement of Glycerol and Acetate Concentrations

Glycerol and acetate concentrations in culture supernatants
were determined using an Agilent 1200 Series HPLC
(Agilent Technologies, Santa Clara, CA) equipped with an
Aminex HPX-87H column (Bio-Rad, Hercules, CA). A
5mM sulfuric acid mobile phase was run at 0.6mL/min for
25min at 508C. Glycerol and acetate peaks were detected by
refractive index at approximate retention times of 13.4 and
15.2min, respectively.

Measurement of Plasmid Copy Number

Plasmid copy number was measured using a quantitative
PCR (qPCR) assay adapted from the relative quantitation
method described by Lee et al. (2006a). Total DNA
(genomic and plasmid) was isolated from 25 to 50mL of
culture using the DNeasy Blood & Tissue kit (Qiagen,
Valencia, CA). qPCR was performed using a 7300 Real-Time
PCR system (Applied Biosystems, Carlsbad, CA) with
primers targeting the plasmid-based kanamycin resistance
gene (forward primer: 50-TCGACCACCAAGCGAAACA-30,
reverse primer: 50-CGACAAGACCGGCTTCCAT-30) and
dxs, a single-copy gene on the E. coli chromosome encoding
1-deoxyxylulose-5-phosphate synthase (forward primer:
50-CGAGAAACTGGCGATCCTTA-30, reverse primer: 50-
CTTCATCAAGCGGTTTCACA-30). Each 25-mL qPCR
reaction contained 1X Brilliant II SYBR Green High ROX
Master Mix reagent (Agilent Technologies), 200 nM each of
the forward and reverse primers, and the total DNA sample
diluted 10- to 100-fold in order to be within the linear range
of the assay. The thermal profile consisted of a 10-min hold
at 958C followed by 40 cycles of 958C for 30 s and 608C for
one minute. Plasmid copy number was calculated using
the DDCT method (Livak and Schmittgen, 2001), which
included normalization to a calibrator plasmid, pVAX1-dxs,
containing single copies of both the kanamycin resistance
gene and dxs.

Measurement of Plasmid DNA Specific Yield

Plasmid DNA was quantified from crude lysates prepared
from OD600¼ 10 cell pellets using the method described by
Listner et al. (2006). Typically, volumes ranging from 0.2 to
2.5mL were required to form a pellet of the appropriate

density. The lysis method was modified slightly: cell pellets
were harvested by centrifugation at 5,000� g for 15min, the
378C incubation took place with 250 rpm shaking, and 5mL
of 10mg/mL RNase A solution was used per mL of lysate.
The pDNA content of the lysates was measured using
a Gen-Pak FAX anion-exchange column (Waters
Corporation, Milford, MA) on an Agilent 1100 Series
HPLC system (Agilent Technologies). Three buffers were
used: Buffer A (25mM Tris–HCl, 1mM EDTA, pH 8.0),
Buffer B (25mM Tris–HCl, 1mM EDTA, 1M NaCl,
pH 8.0), and Buffer C (0.04M H3PO4). The LC method was
run at a constant flow rate of 0.75mL/min and consisted of
the following steps: (1) linear ramp from 70%:30% A:B to
34%:66% A:B over 10min, (2) 100% B for 5min, (3) 100%
C for 4.5min, and (4) 70%:30% A:B for 10min. Plasmid
DNA eluted at a retention time of approximately 11.5min
as detected by absorbance at 260 nm. A standard curve of
pVAX1-GFP (2–50mg/mL) was prepared using pDNA
purified using the Hi-Speed QIAfilter Plasmid Maxi Kit
(Qiagen) and quantified using a NanoPhotometer (Implen,
Westlake Village, CA). A standard curve was used to
calculate the mg of pDNA per mL of lysate prepared from
each pellet. Specific yield was calculated using the
correlation that 1 OD600 unit¼ 0.4 gDCW/L culture.

pDNA Quality Analysis

Plasmid DNA purified using the Zyppy Plasmid Miniprep
Kit (Zymo Research Corporation, Irvine, CA) was run on a
0.7% agarose gel and stained with ethidium bromide to
visualize the relative quantities of linear, nicked, and
supercoiled species. Linear and nicked pDNA standards
were made by digesting pVAX1-GFP with the restriction
enzyme XhoI or the nicking endonuclease Nt.BstNB1,
respectively.

Results and Discussion

Plasmid Production in Bench-Scale Bioreactors as a
Model System

A key property of microbioreactors is the ability to predict
the behavior of larger scale fermentations. To evaluate the
performance of our fed-batch microbioreactor we used
production of a pUC-based DNA vaccine vector via
temperature-induction as a model system. Specifically, we
compared E. coli growth, glycerol consumption, acetate
production, and plasmid copy number across scales.

At the bench-scale, initial specific feed rates of 2.6, 3.2, 3.5,
and 6.1 g glycerol/L/h were investigated. Growth curves
show that fed-batch cultures of DH5a[pVAX1-GFP]
typically reached OD600 values between 40 and 60 under
the conditions tested (Fig. 2A). As the feed rate increased,
the final OD600 decreased, likely due to the increased
duration of oxygen limitation at higher feed rates. With air
as the only oxygen source, the dissolved oxygen setpoint

Bower et al.: Fed-Batch Microbioreactors for pDNA Production 1979

Biotechnology and Bioengineering



could not be maintained for the duration of the run. Higher
feed rates led to increased oxygen demand due to increased
substrate availability, and as a result, cultures with higher
feed rates became oxygen-limited earlier in the run.

In all bench-scale experiments, the 5 g/L of batched
glycerol was consumed before the start of feeding (Fig. 2B).
At all but the highest feed rate tested, there was no glycerol
accumulation in the medium after the start of feeding.
Acetate was produced to varying degrees during the feeding
phase, with the amount of acetate produced increasing with
increasing feed rate (Fig. 2C).

Production of pVAX1-GFP was quantified by measuring
the number of plasmid copies per chromosome (Fig. 2D). As
expected, temperature-induced amplification of pVAX1-
GFP occurred in the bench-scale bioreactor. For the
moderate feed rates (3.2 and 3.5 g glycerol/L/h), the plasmid
copy number remained below 50 copies/chromosome until

the temperature shift from 30 to 428C, after which the copy
number steadily increased until the end of the fermentation,
reaching maximum values of 351 and 434 copies/chromo-
some, respectively. At the highest feed rate, the copy number
was about twofold higher when the temperature was shifted,
but clear temperature-induced amplification still occurred.
At the lowest feed rate, the plasmid copy number only
increased from 39 to 62 copies/chromosome over the course
of the temperature-induction phase of the culture. Possible
explanations for this phenomenon will be discussed below.

At the bench scale, we were also able to measure specific
pDNA yield from crude lysates. The final specific yields were
2.9, 4.5, 1.3, and 0.4mg pDNA/g DCW at initial specific feed
rates of 2.6, 3.2, 3.5, and 6.1 g glycerol/L/h, respectively.
There are several possible explanations for the apparent
discrepancies between the copy number and specific yield
trends. First, conversion between copy number and specific

Figure 2. (A) Optical density, (B) glycerol, (C) acetate, and (D) average plasmid copy number profiles for bench-scale fed-batch cultures with initial specific feed rates

of 2.6 g glycerol/L/h (&), 3.2 g glycerol/L/h (*), 3.5 g glycerol/L/h (~), and 6.1 g glycerol/L/h (^). In each plot, from left to right, the arrows indicate the start of feeding

and the 30 to 428C temperature shift, respectively. The plasmid copy number error bars represent the 95% confidence interval calculated from three replicate wells of the same

sample.
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yield involves several assumptions, including the cellular
chromosomal content and the number of intact cells
contributing to optical density measurements. The average
E. coli cell is typically cited to contain 2.1 chromosomes,
however, this value was measured for E. coli B/r during
balanced growth at 378C, and is not likely to be valid under
other growth conditions or for different strains (Neidhardt
and Umbarger, 1996). Chromosomal content changes with
growth rate (Bipatnath et al., 1998) and growth phase
(Akerlund et al., 1995) and a twofold change in the number
of chromosomes/cell will result in a twofold change in the
expected specific yield calculated from a given copy number.
Due to the complex nature of cell physiology during
non-balanced growth, we cannot calculate the number of
chromosomes per cell expected during our fed-batch
process. It is also possible that at higher feed rates,
cell debris or partially intact cells containing no pDNA
contributed to optical density measurements, resulting in an
artificial lowering of the specific yield. This is supported
by the fact that discrepancies were more prevalent under
high-stress culture conditions (oxygen limitation and high
acetate concentration) under which cell morphology likely
undergoes the most dramatic change. Along these lines, it
is also possible that stress-induced physiological and
morphological changes reduced the effectiveness of the
lysis protocol. Conversely, it is also possible that these
physiological changes resulted in partial occlusion of
the genomic DNA such that the qPCR primers could not
efficiently bind, resulting in reduced detection of the
chromosomal target. However, gel electrophoresis analysis
of samples from the highest feed rate run showed evidence
of increased pDNA concentration with time (data not
shown), lending credence to the idea that the specific yield
measurements may not be accurately capturing pDNA
concentrations.

The apparent discrepancy between the trends in copy
number and specific yield observed at the higher feed rates
highlights one of the key challenges of microreactor
technologies—analytics. The small sample volumes avail-
able from the microreactors preclude the use of the specific
yield assay. However, the qPCR-based copy number assay
can be performed at both scales so we chose to make this our
standard for comparison of productivity in the sections that
follow.

Plasmid Production in Microbioreactors

Microbioreactor feed rates of 0.536, 0.664, and 0.868
injections per minute were investigated to determine the
ability of the microreactors to predict trends in growth,
metabolite concentration, and product yield at the bench
scale. The volume of each feed injection was approximately
240 nL, but this number varied by roughly 20% due to
small deviations in the device fabrication process. The
injection rates studied corresponded to specific feed rates of
approximately 2.5, 3.1, and 4.0 g glycerol/L/h.

The growth curves at each feed rate (Fig. 3A) demonstrate
that the microbioreactors can support cell densities of at
least OD600¼ 40–60. These cell densities are in the range of
those observed at the bench scale. Note that the trend in
optical density with respect to feed rate is inverted for the
microreactors when compared to the bench-scale bioreac-
tor. This is likely due to differences in oxygen availability.
The inlet gas stream to the microreactors was supplemented
with oxygen, allowing the dissolved oxygen level to be
maintained at approximately 30% for all feed rates
investigated. Therefore, at higher feed rates, more substrate
was available for biomass production and its utilization
was not restricted by the oxygen limitation observed at the
bench scale.

The glycerol profiles from the microreactor experiments
(Fig. 3B) show that, in contrast to the bench-scale runs,
there was some glycerol present at the time feeding began.
The highest feed rate resulted in glycerol accumulation,
suggesting that the cells were unable to utilize all of the
glycerol being fed. However, the glycerol concentration
decreased after the temperature shift, suggesting an increase
in glycerol uptake rate. This is in contrast to the bench-scale
reactor in which glycerol accumulated in the medium
monotonically.

The acetate accumulation profiles (Fig. 3C) highlight
a major difference observed between the micro and
bench scales. With the exception of the highest feed rate
tested, less than 1 g/L acetate was produced in the
microreactors. This is in stark contrast to the bench-
scale reactor in which acetate accumulated under all
conditions tested (Fig. 2C).

Temperature-induced amplification of pVAX1-GFP was
observed at feed rates of 0.536 and 0.664 injections/min in
the microreactors (Fig. 3D). The final copy number values
were about twofold lower than those observed at the bench
scale; however, a comparison by agarose gel electrophoresis
shows comparable pDNA content across the reactor scales
(Fig. 4: Lanes 4, 5, and 7). At a feed rate of 0.868 injections/
min there was a slight increase in copy number after the
temperature shift, but the increase was not nearly as
dramatic as that observed at the lower feed rates or at the
bench scale.

Additional experiments demonstrated that the residual
glycerol present at the time of feed initiation in the
microreactor did not impact plasmid copy number (data
not shown). Delaying feeding resulted in a slight increase in
the maximum acetate concentration (1.3 g/L compared to
0.5 g/L, both at 20 h), but the final acetate concentrations
with both feeding schemes were nearly identical.

Another factor that could be contributing to the
differences observed between scales is that in the micro-
reactors the volume was kept approximately constant at
1,000mL throughout the run, and as a result the specific feed
rate remained the same. This is in contrast to the bench-scale
reactor in which the specific feed rate decreased over
the course of the fermentation due to the increasing culture
volume.
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Plasmid Quality Assessment

Plasmid DNA quality was evaluated using gel electrophore-
sis to demonstrate that the microreactor could produce both
comparable quantity and quality (i.e., degree of super-
coiling) of the product. The plasmid produced at both scales
was predominantly in the supercoiled form with traces of
the nicked (open-circular) form (Fig. 4). We can conclude
that the microbioreactor cultivation does not negatively
impact plasmid quality, and that the device can be used to
evaluate product quality, in addition to product yield, under
a variety of culture conditions.

Impact of Oxygen Availability

One of the most marked differences between the micro-
reactor and bench-scale bioreactor studies was acetate

production. In the microreactors, acetate production was
only observed when glycerol accumulated in the medium,
which points to metabolic overflow as the primary cause.
In contrast, acetate was produced in all of the bioreactor
runs despite an absence of glycerol accumulation at all but
the highest feed rate. Two common causes of acetate
production are metabolic overflow (i.e., carbon flux that
exceeds the capacity of the TCA cycle) and oxygen limitation
(Wolfe, 2005). Elevated temperature has also been shown to
induce increased acetate production (Luders et al., 2009).
The degree of metabolic overflow is related to feed rate
rather than scale, and the cultures were exposed to the same
temperature extremes at both scales. Therefore, the most
plausible explanation for the differences in acetate produc-
tion likely involves the oxygen transport properties of each
system. The oxygen mass transfer rate (kLa) in microbior-
eactors with the same growth chamber geometry as those

Figure 3. (A) Growth curves for the microbioreactor cultures at feed injection rates of 0.536 (light gray), 0.664 (dark gray), and 0.868 (black) injections per minute. (B) Glycerol,

(C) acetate, and (D) average plasmid copy number profiles for microbioreactor fed-batch cultures with feed injection rates of 0.536 (&), 0.664 (*), and 0.868 (~) injections per

minute. In each plot, from left to right, the arrows indicate the start of feeding and the 30 to 428C temperature shift, respectively. The plasmid copy number error bars represent the

95% confidence interval calculated from three replicate wells of the same sample.
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used in this work has been measured previously to be
approximately 58 h�1 (Lee et al., 2011), which is an
order of magnitude lower than values typically achieved
in stirred-tank vessels (Bareither and Pollard, 2011; Islam
et al., 2008). To compensate for the lower kLa, the
microreactors were always supplemented with up to
100% oxygen, resulting in different dissolved oxygen
profiles at each scale (Fig. 5).

In the microreactors, the cultures were never oxygen
limited for an extended period of time. Because of the
intermittent nature of the feed injections, the dissolved
oxygen dropped sharply immediately after the injection of
substrate, but recovered before the next injection, resulting
in an average dissolved oxygen concentration that was
greater than zero (Fig. 5A). The same was not true for the
bioreactor cultures. At the bench-scale, the setpoint was
maintained until the agitation reached its maximum, at
which point the oxygen demand outstripped supply and the
dissolved oxygen dropped to zero (Fig. 5B). The differences
in dissolved oxygen profiles across scales suggest that
acetate accumulation at the bench scale could be due to the
culture no longer being fully aerobic. Alexeeva et al. (2002)
have shown that the acetate production rate of a culture
increases dramatically during the transition from aerobic to
anaerobic growth. Our hypothesis is also supported by
the detection of fermentation products (formate, lactate,

succinate, and ethanol) in the medium at the highest feed
rate (i.e., conditions in which the duration of zero dissolved
oxygen was the longest).

Bench-scale Bioreactors With Oxygen
Supplementation

To test the impact of oxygen availability on acetate
accumulation and plasmid yield, we supplemented the inlet
air to the bench-scale bioreactor with oxygen in order to
maintain the dissolved oxygen setpoint for the entire run
(Fig. 5B). Two conditions were tested: a moderate feed rate,
which did not result in glycerol accumulation (3.2 g glycerol/
L/h initial specific feed rate) and a high feed rate that
resulted in significant glycerol accumulation (6.1 g glycerol/
L/h initial specific feed rate). The glycerol profile at the
moderate feed rate with oxygen supplementation (Fig. 6B)
was the same as the profile with air only (Fig. 2B). At the
high feed rate, the glycerol profile (Fig. 6B) resembles that
observed in the microreactors at the highest feed rate tested
(Fig. 3B)—glycerol accumulated after the start of the feed,
but the concentration decreased after the 30 to 428C
temperature shift.

Interestingly, at the moderate feed rate with oxygen
supplementation no acetate was produced after the start of
feeding (Fig. 6C), in contrast to the air-only run at the same
feed rate that resulted in production of approximately 7 g/L
acetate (Fig. 2C). This suggests that oxygen limitation was
the cause of the discrepancies in acetate production between
scales. At the high feed rate with oxygen supplementation,
acetate still accumulated in the medium (Fig. 6C), likely
due to metabolic overflow. This is consistent with the acetate
profile seen in the microreactor at the highest feed rate
(Fig. 3C).

Oxygen supplementation of the bench-scale reactor led to
significantly lower plasmid copy numbers (Fig. 6D)
when compared to the runs with air only in the inlet gas
(Fig. 2D). Some temperature-induced amplification was
observed at both the moderate and high feed rates. The
trends are consistent with those observed in the micro-
reactor, in which the highest feed rate gave the lowest
final copy number (Fig. 3D). The phenomenon of lower
plasmid copy number under non-limiting oxygen condi-
tions is also consistent with the low copy number observed
at the lowest feed rate in the air-only bench-scale run
(Fig. 2D). In this run, the dissolved oxygen setpoint could
not be maintained at 30%, but remained above zero for the
duration of the run.

The data from the oxygen-supplemented bioreactors
clearly demonstrate that our fed-batch microbioreactor
platform can replicate a complex bench-scale fed-batch
process as long as key process parameters (i.e., oxygen
availability) are held constant across scales. We have shown
that the dissolved oxygen profiles under standard operating
conditions can be quite different at the bench and micro-
scale, and that results were only consistent across scales
when these differences were accounted for. Thus, the

Figure 4. Agarose gel electrophoresis of plasmid DNA produced by the micro-

reactors and bench-scale bioreactors. Lane 1: DNA ladder with DNA size in kilobases

(kb) indicated to the left of the image, Lane 2: Linearized pVAX1-GFP, Lane 3: Nicked

pVAX1-GFP, Lane 4: pVAX1-GFP from bench-scale reactor (3.5 g glycerol/L/h),

Lane 5: pVAX1-GFP from bench-scale reactor (2.6 g glycerol/L/h), Lane 6: pVAX1-

GFP from microbioreactor (0.868 injections/min), and Lane 7: pVAX1-GFP from

microbioreactor (0.536 injections/min). Only a representative set of pDNA samples

is shown. pDNA from all feed rates had quality similar to or better than that shown.

All samples were from the final timepoint of each culture (approximately 30 h

after inoculation). Note also that the pDNA in Lanes 4, 5, and 7 was purified

from OD600¼ 2 pellets, whereas the number of cells used for the pDNA preparation

in Lane 6 was not determined.
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microreactor system enabled the identification of oxygen
availability as a key parameter affecting pDNA production.

Conclusions

In this work, we demonstrated the design and implementa-
tion of a 1-mLmicrobioreactor for scale-down of a complex,
fed-batch process. Our microreactor provided monitoring
and control of dissolved oxygen, pH, and temperature, as
well as continuous monitoring of optical density. Using the
model system of temperature-induced production of a
plasmid DNA vaccine vector in E. coli we showed that the
microbioreactor can accurately reproduce the growth,
metabolite profiles, and plasmid amplification observed at
the bench-scale under comparable conditions. We varied the
feed rate to demonstrate that the results were reproducible
across scales under conditions in which the primary
substrate (glycerol) was limiting or in excess. We also
observed that plasmid copy number appeared to be higher
under ‘‘non-optimal’’ conditions (low dissolved oxygen,
acetate accumulation). These key parameters would not
have been identified without the use of the scale-down
system; we plan to investigate this phenomenon further as
part of future work defining the optimal culture conditions
for plasmid production. By extending our process

monitoring beyond growth and including metabolites
and product yields as indicators of scale-down accuracy,
we were able to gain a better understanding of the process
as a whole.

Over the course of our investigation, we identified several
differences between scales, such as volume changes with
feeding (or lack thereof). However, the qualitative agree-
ment between the bench- andmicro-scale data indicates that
these differences are not critical for the utility of the
microreactor system. In addition, oxygen availability
emerged as a key parameter to achieve consistency during
scale-down. The increased ease and safety of using oxygen
supplementation at the microscale led us to uncover this key
process requirement. Various input gas mixtures could be
explored in the microreactors to further investigate the
impact of oxygen availability on culture productivity.

Overall, we have demonstrated the successful scale down
of a temperature-inducible, fed-batch process for plasmid
DNA production in E. coli from 2 L to 1mL. Our
microbioreactor device includes many of the key features
required to meet the current needs of microbial process
development in the biopharmaceutical, biomaterials, and
biofuels industries. These features include advanced process
monitoring and control capabilities, well-controlled feeding,
sufficient oxygen transfer to achieve high cell densities, and
rapid set-up and clean-up. Current and future work seeks to

Figure 5. Dissolved oxygen profiles from representative microbioreactor and bench-scale bioreactor cultures. (A) Dissolved oxygen profile from microreactor culture with

0.664 injections/min feed rate (black line). A moving average over a 20-point window is also shown for clarity (light gray line). The inset shows a zoomed-in version of the dissolved

oxygen versus time plot overlaid with the feed injection profile. For each point in the feed injection profile, a value of 0 indicates that no feed injection took place at that time, while a

value of 1 indicates that a feed injection took place. (B) Dissolved oxygen profiles from bench-scale bioreactor cultures at an initial specific feed rate of 3.2 g glycerol/L/h with air

only in the inlet gas (black line) and with oxygen supplementation (light gray line).
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parallelize the devices to allow a single researcher to run
multiple experiments simultaneously.

This work was supported by funds from the MIT-Portugal Program

(graduate research assistance to DMB), Pfizer, Inc. (graduate research

assistance to DMB), and the National Science Foundation (KSL).
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