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Abstract: A microbioreactor with a volume of microliters is
fabricated out of poly(dimethylsiloxane) (PDMS) and glass.
Aeration of microbial cultures is through a gas-permeable
PDMS membrane. Sensors are integrated for on-line mea-
surement of optical density (OD), dissolved oxygen (DO),
and pH. All three parameter measurements are based on
optical methods. Optical density is monitored via trans-
mittance measurements through the well of the microbio-
reactor while dissolved oxygen and pH are measured using
fluorescence lifetime-based sensors incorporated into the
body of themicrobioreactor. Bacterial fermentations carried
out in the microbioreactor under well-defined conditions
are compared to results obtained in a 500-mL bench-scale
bioreactor. It is shown that the behavior of the bacteria in
themicrobioreactor is similar to that in the larger bioreactor.
This similarity includes growth kinetics, dissolved oxygen
profilewithin the vessel over time, pH profile over time, final
number of cells, and cell morphology. Results from off-line
analysis of the medium to examine organic acid production
and substrate utilization are presented. By changing the
gaseous environmental conditions, it is demonstrated that
oxygen levels within the microbioreactor can be manipu-
lated. Furthermore, it is demonstrated that the sensitivity
and reproducibility of the microbioreactor system are such
that statistically significant differences in the time evolu-
tion of the OD, DO, and pH can be used to distinguish be-
tween different physiological states. Finally, modeling of
the transient oxygen transfer within the microbioreactor
based on observed and predicted growth kinetics is used to
quantitatively characterize oxygen depletion in the system.
B 2004 Wiley Periodicals, Inc.
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INTRODUCTION

The number and variety of products obtained through mi-

crobial fermentation today is large and growing quickly.

These products include, among others, primary metabolites,

secondary metabolites, enzymes, therapeutic proteins, vac-

cines, and gums (Schmid and Hammelehle, 2003). Each new

product is the result of a development process that begins

at the screening stage (Gram, 1997; Shanks and Stepha-

nopoulos, 2000). During this phase, many potential bacterial

strains are screened to identify those that have the most

favorable yield of the desired product. Criteria at this stage

may be a high yield on a specific substrate or high produc-

tion under certain growth conditions. The screening phase

may be combined with strain optimization using techniques

of metabolic engineering, in which case strain creation and

screening are carried out iteratively (Chartrain et al., 2000;

Parekh et al., 2000). Experiments at the screening phase are

typically carried out using a combination of Petri dishes,

microtiter plates, and shake flasks. Once a likely microbial

candidate has been identified, the strain is transferred to the

development phase. At this stage, the physiology of the

strain is characterized in more detail, and the growth con-

ditions of the strain are determined. These experiments

are generally carried out in bioreactors with volumes of

0.5–10 L. From here, development proceeds as the process

is gradually scaled up in bioreactor volume until produc-

tion scale is reached (100,000–300,000 L).

Significant limitations in data generation currently exist

at every stage of microbial and process development. During

the screening phase, only limited control of environmental

parameters is possible, and endpoint data are generally ob-

tained to gauge the performance of cells. Efforts have been

made to overcome this limitation. In microtiter plates, on-

line measurements of dissolved oxygen (Stitt et al., 2002;

John et al., 2003b) and pH (John et al., 2003a) during

fermentation have been demonstrated. On-line measure-

ments of dissolved oxygen (Anderlei and Buchs, 2001;

Tolosa et al., 2002; Gupta and Rao, 2003; Wittmann et al.,

2003) and pH (Weuster-Botz et al., 2001) in shake flasks

during fermentation have also been reported. However, these

screening approaches have the fundamental limitation that
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the effort involved largely continues to scale with the num-

ber of individual cultures involved, meaning that experi-

ments with more cultures become more demanding both

technically and mechanically. This is exacerbated by the

difficulty of integrating culture steps that precede and fol-

low the fermentation itself. During the process development

phase that follows, the prohibitive time, expense, and labor

involved in running experiments limit the number of strains

and conditions that can be tested. At each stage, therefore,

decisions are made with incomplete and insufficient data

sets. A need clearly exists for a bioprocessing platform that

would allow high-throughput, parallel, automated process-

ing of a variety of bacterial strains under a variety of con-

trolled conditions, with integrated sensors yielding real-time

data on process parameters.

Efforts in this area have been made. Kim and Lee (1998)

developed a silicon microfermenter chip that makes use of

electrodes to measure cell density, dissolved oxygen, pH,

and glucose. However, cell growth was not reported. Kostov

et al. (2001) described a 2-mL microbioreactor that consists

of a cuvette equipped with optical sensors for the contin-

uous measurement of optical density, dissolved oxygen, and

pH, in which aeration is accomplished by sparging the

medium with air. Maharbiz et al. (2003, 2004) developed

a bioreactor using microtiter plate wells, integrated with

an aeration system in which oxygen is generated beneath a

silicone membrane using hydrolysis. Biomass is measured

optically, and pH is monitored using a solid-state pH sensor

chip. Oxygen input rates are also monitored. The volume of

this bioreactor is approximately 250 AL. Lamping et al.

(2003) reported on a miniature bioreactor machined from

Plexiglas with a working volume of 6 mL. Oxygenation in

this bioreactor is achieved by sparging, and mixing is

achieved by means of an impeller. Measurements of cell

density, dissolved oxygen, and pH are performed optically.

We have developed a membrane-aerated microbioreac-

tor with a volume as low as 5 AL. The size and design of

the microbioreactor are compatible with microfabrication

techniques, which enable fast and inexpensive scale-out

through multiplication of devices. A microfabricated bio-

processing platform also allows integration of sensors as

well as automation of liquid handling and process control.

In this work, we describe the design and fabrication of the

microbioreactor. We compare results from microbioreactor

fermentations with Escherichia coli in which OD, DO,

and pH are monitored continuously and compare these

with results obtained in 500 mL bench-scale bioreactors.

We present the results of off-line analysis of the medium

to determine organic acid production and substrate utili-

zation. We also present data on two different operating

conditions within the microbioreactor to demonstrate the

feasibility of obtaining statistically significant growth data

from our system. Finally, we use modeling to understand

the oxygen transfer characteristics of our microbioreactor

and demonstrate that we can predict times for oxygen

depletion and oxygen recovery based on growth character-

istics of our model organism.

MATERIALS AND METHODS

Microbioreactor Fabrication

The microbioreactor (Fig. 1a) was fabricated out of poly-

(dimethylsiloxane) (PDMS) and glass. PDMS was used for

the body of the fermenter, the bottom layer into which the

sensors were sunk, and the aerationmembrane. This polymer

was selected for its biocompatibility, optical transparency in

the visible range, and high permeability to gases (including

oxygen and carbon dioxide) (Merkel et al., 2000). The base

support of the bioreactor was made of glass, which provided

the necessary rigidity as well as optical access. The typical

volume of the microbioreactor was 5–50 AL, depending on

the diameter used. The surface area-to-volume ratio was

kept constant to ensure adequate oxygenation. The depth

of the well was 300 Am, and the thickness of the aeration

membrane was 100 Am. Of the experiments discussed be-

low, those using complex medium were carried out in a

volume of 5 AL, while those using defined medium were

carried out in a volume of 50 AL to allow for off-line anal-

ysis of the medium.

The three PDMS layers were obtained by spincoating

PDMS (Sylgard 184 Silicone Elastomer Kit, Dow Corning,

Midland, MI) onto silanized silicon wafers to the required

Figure 1. Microbioreactor built of three layers of PDMS on top of a layer

of glass. (a) Solid model drawn to scale; (b) photograph of microbioreactor

at the end of a run.
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thickness. The PDMS was then cured for 2 h at 70jC, and

the appropriate shapes were cut out of each layer. The bot-

tom layer was 280 Am thick and contained two round holes

into which two sensor foils were inserted, one for dissolved

oxygen and one for pH, as described in the following section.

Each sensor was 2 mm in diameter and 150–220 Am in

height. The sensors were held in place with silicone vacuum

grease. Recessing the foils in this way allowed the tops to

be flush with the bottom of the microbioreactor, which is

especially critical for the dissolved oxygen foil as a result of

the oxygen gradient that develops in the medium during

fermentations (see Results and Discussion). The 300-Am

middle layer, which made up the body of the microbio-

reactor, consisted of a round opening of the desired diameter

and channels for inoculation. The top layer was the 100-Am

polymer aeration membrane. These layers were attached to

each other and to the glass using an aquarium-grade silicone

adhesive (ASI 502, American Sealants, Inc., Fort Wayne,

IN) and allowed to cure overnight. Figure 1b shows a filled

microbioreactor at the end of a fermentation run.

Analytical Methods

Optical sensing methods were selected to monitor biomass,

dissolved oxygen, and pH. The major advantage of optical

sensors is that the bulk of the cost and complexity of the

sensing infrastructure can be kept outside of the microbio-

reactor, keeping the microbioreactor simple to fabricate,

inexpensive, and thus disposable.

Optical density, calculated from a transmission measure-

ment at 600 nm, was used to monitor biomass. Light from an

orange LED (Epitex L600-10V, 600 nm, Kyoto, Japan) was

passed through the microbioreactor, collected by a collimat-

ing lens (F230SMA-A, Thorlabs, Newton, NJ), and sent to

a photodetector (PDA55, Thorlabs). The optical density

was calculated using Eq. (1).

OD ¼ 33:33log10

�

Io

Isignal

�

� ð1Þ

In this equation, Isignal is the intensity of the signal and Io
is the intensity of the first measurement for a given

experiment. Intensity readings were corrected for intensity

fluctuations of the light source using a reference signal. The

multiplication factor of 33.33 in Eq. (1) is a normalization

for the path length of 300 Am in the microbioreactor

which enables direct comparisons with results from conven-

tional cuvettes with path lengths of 1 cm. This adjustment

is only strictly valid if the absorption and light scattering by

the cell culture are in the linear region. Calibration data from

the microbioreactor using known concentrations of E. coli

show that the measurements are within the linear region, i.e.,

before saturation is reached. It is important to note that

this measurement is very sensitive to both the path length

and to any curvature of the PDMS aeration membrane.

Fluorescence from oxygen- and pH-sensitive dyes was

selected for the measurement of dissolved oxygen (Bacon

and Demas, 1987; Klimant and Wolfbeis, 1995; Demas

et al., 1999) and pH (Kosch et al., 1998; Lin, 2000), respec-

tively, because of the high sensitivity and specificity of this

measurement (Demas and DeGraff, 1991). The fluorescence

of these dyes could be monitored using either fluorescence

intensity or fluorescence lifetime measurements (Lakowicz,

1999). There are several major advantages to using lifetime

measurements. They are insensitive to background light,

fluctuations of the excitation source and photodetector,

changes in distance from the excitation source, bending of

optical fibers, changes in medium turbidity, leaching of the

indicator, and displacement of the sensing layer relative to

the measurement setup.

Both dissolved oxygen and pH were monitored by phase-

modulation lifetime fluorimetry using commercially avail-

able sensor foils from PreSens Precision Sensing GmbH

(Regensburg, Germany). Dissolved oxygen was measured

using a PSt3 sensor foil, while pH was measured using an

HP2A sensor foil.

Figure 2 shows the experimental setup. Bifurcated optical

fibers (custom-made, RoMack Fiberoptics, Williamsburg,

VA) connected to LEDs and photodetectors led into the

chamber from both the top and bottom. As described above,

a transmission measurement was used to calculate the op-

tical density. The DO and pH sensors were excited with

a square-wave modulated blue-green LED (NSPE590S,

505 nm, Nichia America Corporation, Mountville, PA) and

a blue LED (NSPB500S, 465 nm, Nichia), respectively.

Exciter bandpass filters (XF1016 and XF1014, Omega

Figure 2. Schematic of the experimental setup. The chamber is kept at

100% humidity and 37jC. The microbioreactor is placed inside and the

chamber is sealed. Three optical fibers carry three different wavelengths of

light to the bottom of the microbioreactor for the three measurements: OD,

DO, and pH. Photodetectors collect the transmitted or emitted light and send

it to a lock-in amplifier where the signal is detected and analyzed.
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Optical, Brattleboro, VT) and emission longpass filters

(XF3016 and XF3018, Omega Optical) separated the re-

spective excitation and emission signals and minimized

cross-excitation. Data switches (8037, Electro Standards

Laboratories, Cranston, RI) multiplexed the output signal

and the input signal of the function generator (33120A,

Agilent Technologies, Palo Alto, CA) and the lock-in am-

plifier (SR830, Stanford Research Systems, Sunnyvale,

CA), respectively. The lock-in amplifier measured and out-

put the phase shift, which is directly related to the fluores-

cence lifetime, between the excitation and emission signals

for the DO and pH measurement. All instruments were PC-

controlled under a LabVIEW software routine (National

Instruments, Austin, TX), which allowed for automated and

on-line measurement of the three parameters OD, DO, and

pH. Readings of these parameters were taken every 10 min.

To determine the dissolved oxygen, the measured phase

shift of the oxygen signal was related to the oxygen concen-

tration using a modified Stern–Volmer equation (Carraway

et al., 1991; Demas et al., 1995). An 11-point calibration

between 0% and 100% oxygenwas carried out to confirm the

validity of the equation and to calculate a Stern–Volmer

constant. It was found that a better fit was obtained for low

oxygen concentrations when the calibration range included

in the model fit was limited to 0–21% oxygen. Therefore,

data from experiments with air as the contacting gas were

processed using that range, while data from experiments

using pure oxygen were processed using the full range

of calibration.

The measured phase shift of the pH sensor fluorescence

was related to the pH by fitting to the sigmoidal Boltzmann

curve (Liebsch et al., 2001). A six-point calibration was

carried out between pH 4 and 9 using colorless buffers

(VWR International, West Chester, PA).

Microbioreactor Experimental Setup

Experiments were carried out in an airtight, aluminum cham-

ber (Fig. 2). The chamber provided a means for controlling

the humidity and the composition of the gas above the

microbioreactor membrane. It also provided a large thermal

mass for holding the temperature at the desired set point.

The interior of the chamber had a volume that was large

compared to the volume of the microbioreactor to ensure that

gaseous oxygen was in large excess compared to the oxygen

consumed by the cells during a fermentation. As a result, the

chamber could be sealed for the duration of a run once it had

been flushed with the desired gas. Temperature was con-

trolled with a water bath that flowed water at the desired

setpoint through the chamber base. Temperature was moni-

tored using a thermocouple.

In addition to controlling environmental parameters, the

chamber provided optical isolation and optical access for the

desired measurements. Optical access was from the top and

bottom of the chamber, directly above and below the micro-

bioreactor, respectively, as shown in Fig. 2.

Biological Methodology

Organism and Medium

E. coli FB21591 (thiC::Tn5 -pKD46, KanR) was used in

all experiments and obtained from the University of

Wisconsin. Stock cultures were maintained at �80jC in

20% (vol/vol) glycerol. Prior to fermentation experiments,

single colonies were prepared by streaking out the frozen

cell suspension onto LB plates containing 2% (wt/vol) agar

and 100 Ag/mL of kanamycin. These plates were incubated

overnight at 37jC to obtain single colonies, and subse-

quently stored in the refrigerator at 4jC for up to a week or

used immediately to inoculate precultures.

Luria-Bertani medium was composed of 10 g/L tryp-

tone (Difco Laboratories), 5 g/L yeast extract (Difco Labo-

ratories, Detroit, MI), and 5 g/L NaCl. The solution was

autoclaved for 40 min at 120jC and 150 kPa. The LB

medium was supplemented with 10 g/L glucose (Mallinck-

rodt, Hazelwood,MO), 100mMMES buffer at pH 6.9 (2-(N-

morpholino)ethanesulfonic acid)) (Sigma), and 100 Ag/mL

of kanamycin (Sigma). The glucose stock solution was au-

toclaved for 20 min at 120jC and 150 kPa, and the MES and

kanamycin stock solutions were filtered through 0.2-Am

filters (Millipore, Billerica, MA).

The defined medium had the following composition:

K2HPO4 [60mM], NaH2PO4 [35mM], (NH4)2SO4 [15mM],

NH4Cl [70 mM], MgSO4�7H2O [0.8 mM], Ca(NO3)2j4H2O

[0.06mM],FeCl3 [20mM],MES[100mM],glucose [10g/L],

thiamine [100AM],kanamycin [100Ag/mL], (NH4)6Mo7O24�
4H2O[0.003AM],H3BO3 [0.4AM],CuSO4�5H2O[0.01AM],

MnCl2j4H2O [0.08 AM], ZnSO4�7H2O [0.01 AM]. Glucose,

MES, kanamycin, and thiamine were added to the medium

as stock solutions.

Precultures

For experiments using LB medium, 5 mL of sterile medium

were transferred into test tubes, and each was inoculated

with a single colony of E. coli FB21591 from a LB–

kanamycin agar plate. These cultures were incubated on a

roller at 60 rpm and 37jC. Samples were removed periodi-

cally and measured for optical density (600 nm). When the

optical density of the cultures reached OD = 1 F 0.1, med-

ium was removed from each test tube and transferred to a

500-mL baffled shake flask containing 30 mL of fresh

medium to a starting optical density of 0.05. The inoculated

shake flasks were incubated on shakers (150–200 rpm) at

37jC. Samples were withdrawn periodically until the op-

tical density within the flasks reached OD = 1. At this point,

the culture was used to inoculate either the bench-scale

bioreactors or a microbioreactor.

Precultures for experiments using defined medium were

carried out as above, except that the shake flasks into which

the cultures from the test tubes were transferred contained

defined medium.

246 BIOTECHNOLOGY AND BIOENGINEERING, VOL. 87, NO. 2, JULY 20, 2004



Bench-Scale Bioreactor

Batch cultures were grown in 500-mL SixFors bioreactors

(Infors, Switzerland) with a starting medium volume of

450 mL. Dissolved oxygen probes (405 DPAS-SC-K8S/

200, Mettler Toledo, Toledo, OH) were calibrated with

nitrogen gas (0% DO) and air (100% DO) prior to each run.

pH probes (InPro 6100/220/S/N, Mettler Toledo) were cal-

ibrated with buffer at pH 7.0 and 4.0 (VWR).

The bioreactors were inoculated to a starting optical den-

sity of 0.05. The aeration rate of gas was set to 1 VVM (vol-

ume of gas per volume of medium per minute) and the

impeller speed was set to 500 rpm. The kLa under these

operating conditions, measured using the well-known

method of ‘‘dynamic gassing out’’ (Van Suijdam et al.,

1978), matched the kLa in the microbioreactor (measure-

ment described in a later section). The temperature of the

vessels was maintained at 37jC for all fermentations. Dis-

solved oxygen and pH were not controlled, so as to simu-

late the batch microbioreactor. The temperature, dissolved

oxygen, and pH were recorded every 10 min throughout

all fermentations. Biomass was monitored by removing

samples from the bioreactor at defined time intervals and

measuring the optical density at 600 nm on a spectropho-

tometer (Spectronic 20 Genesys, Spectronic Instruments,

Leeds, U.K.).

Microbioreactor

Inoculation of the medium for the microbioreactor was

carried out outside of the bioreactor. Ten milliliters of fresh

medium was transferred to a Falcon conical tube, and to this

was added the preculture medium from a shake flask for a

starting optical density of 0.05. This inoculated medium was

then introduced into the microbioreactor by injecting the

liquid via channels (Fig. 1).

Sterility was maintained by the antibiotic kanamycin

in the medium. Other methods of sterilizing, such as auto-

claving and UV radiation, were not feasible due to the in-

compatibility of either the DO sensor or the pH sensor with

each of these methods. Gamma radiation was tested as an

alternative technique. Ethanol could also be used as a means

of sterilization. However, for the present studies we found

that using a fast-growing, antibiotic-resistant strain was

sufficient for preventing contamination.

To ensure the flatness of the PDMS membrane, excess

liquid was squeezed out of the chamber by applying a

uniformly distributed pressure from the top. A bulge in the

membrane would change the path length for the calculation

of optical density, as well as change the distance over which

diffusion of oxygen occurred, thus changing the mass trans-

fer characteristics of the microbioreactor. After injection of

the inoculated medium, the needle holes created in the

channels were sealed with epoxy (Fig. 1). This was to pre-

vent evaporation at these injection sites. Although PDMS

self-seals to a large extent, we have noticed that needle holes

increase the rate of evaporation and provide sites for the

growth of air bubbles.

Once the microbioreactor was filled with medium it was

placed inside the chamber and secured to the base. Open

reservoirs of water were placed inside the chamber to pro-

vide humidity. Keeping the atmosphere within the chamber

at high humidity minimizes evaporative losses through the

PDMS membrane. The chamber was then closed, and con-

tinuous readings were started. When fermentations were

performed with pure oxygen in the chamber headspace,

oxygen was passed through the chamber prior to the start of

the readings.

The time between inoculation of fresh medium and place-

ment of the filled microbioreactor in the chamber was

20 min. During this time, the medium was kept at room

temperature to minimize cell growth. The time between

placement of the bioreactor in the chamber and the first

reading was 10 min. During this time, the bioreactor and

cells warmed up to 37jC.

Cell Counts

Estimates of cell titer from the microbioreactor and the

bench-scale bioreactor were obtained using two methods.

Direct cell counts were carried out using a Petroff–Hausser

counting chamber and standard counting methodology. Vi-

able cell counts were carried out using the technique of

plating serial dilutions (Ausubel et al., 1995).

Medium Analysis

A series of experiments in defined medium was carried

out to provide samples for off-line analysis of organic

acids and glucose in both the bench-scale bioreactor and

the microbioreactor.

During fermentations in the bench-scale bioreactors, sam-

ples of the medium were periodically removed, filtered,

and frozen for later analysis.

Samples from the microbioreactors were obtained by sac-

rificing their entire volume. In order to obtain a sufficient

volume of medium for analysis, the microbioreactors were

fabricated to contain a volume of 50 AL. This allowed for

volume loss during filtering and transfers, and provided

sufficient filtered volume to meet the requirements of the

HPLC protocol (5 AL). The medium samples were collected

over several days. Each day, three microbioreactors were

inoculated and allowed to run in parallel while process

parameters were measured. All three were then sacrificed

at a predetermined time, and their contents were removed,

filtered, and frozen. In this way, microbioreactor data was

obtained at five time points.

An Agilent 1100 Series HPLC equipped with an organic

acid analysis column (Aminex HPX-87H ion exclusion col-

umn, Bio-Rad, Hercules, CA) was used for off-line medium

analysis. Samples were prepared by filtration through a
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0.2-Am membrane (Pall Gelman Laboratory, East Hills,

NY). Calibration was carried out by running standards at

two concentrations for each of the organic acids assayed,

and four different standards for glucose. A linear fit

through the origin was obtained for all of the concentration

ranges used.

RESULTS AND DISCUSSION

Modeling of Oxygen Transport and Consumption

The design of the microbioreactor was based on prelimi-

nary modeling of the oxygen transfer through the PDMS

membrane and the medium using the simulation software

FEMLAB (parameters used are listed in Table I, variables

used are listed in Table II). Monod growth (Monod, 1949) of

homogeneously dispersed cells with oxygen as the limiting

substrate was assumed. The Monod constant was approxi-

mated by using the critical oxygen concentration for E. coli

(Bailey and Ollis, 1986). RV was zero within the membrane.

@C

@t
¼ D

@
2
C

@x2
� Rv; ð2Þ

Rv ¼ OxygenUptake Rate ¼ �YO=X
dN

dt
; ð3Þ

dN

dt
¼ NA; ð4Þ

A ¼
AmaxC

KS þ C
� ð5Þ

We determined that a depth of 300 Am allowed sufficient

oxygenation for a final cell number of f109 cells/mL to be

obtained. It was found that the major resistance to mass

transfer occurs in the medium rather than the membrane, a

result of the low solubility of oxygen in water. From the

model, it is also evident that a concentration gradient exists

within the medium as oxygen is gradually depleted. Oxygen

depletion occurs first at the bottom and moves gradually up

the microbioreactor. This is shown in the cross-sectional

view of Fig. 3, which shows oxygen concentration as a

function of depth at increasing time.

Because of the presence of the oxygen gradient, the

height of the dissolved oxygen sensor foil is critical to

the measurements obtained. If the sensor is raised above

the height of the microbioreactor bottom or is somehow

at an angle, it will take longer to be reached by the zero-

dissolved-oxygen zone during depletion and will register

dissolved oxygen earlier during reoxygenation of the med-

ium. Depending on its height, it may never show oxygen

depletion. Thus the oxygen sensor must be positioned such

that its entire surface is exposed to the same oxygen con-

centration. In this case, the gradient is perpendicular to the

bottom of the fermenter, and the foil must then be posi-

tioned horizontally (i.e., along the bottom of the chamber),

rather than on the side where readings would be ambiguous.

Oxygen depletion occurs after approximately 3 h at the

bottom of the microbioreactor (Fig. 4). Experimental data

show a similar trend. The model has also been used to suc-

cessfully predict dissolved oxygen curves forE. coli growing

Table I. List of parameters used in models.

Parameter Definition Value Reference

SPDMS Solubility of O2 in PDMSa 0.18 cm3(STP)/cm3�atm Merkel et al., 2000

DPDMS Diffusivity of O2 in PDMSa 3.4 � 10�5 cm2/s Merkel et al., 2000

SH2O
Solubility of O2 in watera,b 7.36 mg/L Perry and Green, 1984

DH2O
Diffusivity of O2 in watera,b 2.5 � 10�5 cm2/s Perry and Green, 1984

K PDMS-H2O partition coefficienta,b 0.135 Calculated

YO/X Yield of biomass on oxygen 1 gO2 consumed/gDCW (dry cell weight) produced Konz et al., 1998

N0 Initial number of cells 3.8 � 107 cells/mL Experiment

td Doubling time 30 min Experiment

Amax Maximum specific growth rate 0.0231 min�1 Experiment

Conversion 5.5 � 10�13 gDCW/E. coli cell Experiment

Ks Monod constantc 0.26 mg/L Calculated

k Logistic model constant 0.025 Model fit

h Logistic model constant 2.5 � 10�16 m3/cell Model fit

Cc Percent oxygen at saturation 100% Definition

aAt 35jC, in equilibrium with 0.21 atm of oxygen.
bValues for pure water were used because 10 g/L of glucose was present in the medium.
cCritical oxygen concentration = 0.0082 mmol/L (f3.6% of air saturation) (Bailey and Ollis, 1986).

Table II. List of variables used in models.

Variable Description

C Concentration of oxygen

D Diffusivity of O2 in each phase

RV Volumetric accumulation term

N Number of cells

A Specific growth rate of cells

kLa Oxygen transfer coefficient
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in defined medium. During bacterial growth, the oxygen-

depletion phase typically corresponds to the period of bio-

mass increase as measured by optical density. After some

time, the cells enter stationary phase, at which time metab-

olism shifts from growth to maintenance. Oxygen demand

drops significantly, allowing oxygen levels to recover.

To model this oxygen recovery observed in experiments,

the logistic curve [Eq. (6)] was fit to experimental growth

data and substituted for N in Eq. (3). This model was

developed by Verhulst (1838) to describe population growth

and includes cell concentration-dependent inhibition. As in

the case of the Monod model, this simple model is both

unstructured (balanced growth approximation) and unseg-

regated (‘‘average cell’’ approximation). It is useful when the

limiting nutrient is unknown or when multiple factors affect

cellular growth, as is the case here. To take these multiple

factors into account would necessitate the removal of the

balanced-growth assumption listed above and a move

toward structured models, which is not the major focus of

this paper. The logistic model is therefore used despite its

limitations. The fit to the curve is shown in Fig. 5a.

N ¼
Noe

kt

1� hNoð1� ektÞ
� ð6Þ

Modeling of the oxygen concentration within the mi-

crobioreactor using this fit is shown in Fig. 5b. The differ-

ence between the predicted and measured curves in Fig. 5

may be attributed to the limitations of the model used, as

discussed above.

Mass Transfer Coefficient

To allow the comparison of results obtained with the

microbioreactor and the bench-scale reactor, a value of kLa

was measured in the microbioreactor and the operating

conditions of the larger bioreactor were set so that its kLa

value would be comparable. The calculation of the kLa in

the microbioreactor was based on a kinetic experiment

(at 37jC) in which the medium was allowed to come to

Figure 3. Modeled oxygen gradient within themedium and themembrane

of the microbioreactor. Monod growth was assumed. Oxygen concentra-

tions are shown at t = 0, 0.5, 1, 1.5, and 2 h.

Figure 4. Oxygen concentration at the bottom of the microbioreactor

during a fermentation as a function of timewhen the doubling time is 30min.

Model (—) uses Monod growth to predict oxygen depletion, experimental

data (.) is for a fermentation run with a resulting doubling time of 30 min.

Figure 5. (a) Logistic curve (—) fit to experimental data (.) with

k = 0.025, h = 2.5 � 10�16 m3/cell. Experimental data is an average of

three fermentations. (b) Oxygen concentration at the bottom of the mi-

crobioreactor over time during a fermentation. Theoretical curve (—)

uses a logistic model for cell growth, experimental data (.) is an average of

three fermentations.
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equilibrium with nitrogen (0% DO) in the chamber head-

space, at which time the headspace was flushed with air

(100% DO) and continuous readings of the dissolved oxy-

gen at the bottom of the microbioreactor were taken. Ex-

cept for the absence of active stirring, this technique is

similar to that of the dynamic ‘‘gassing-out’’ method that

is commonly used for stirred bioreactors, during which the

kLa is extracted as a first-order rate constant using Eq. (7).

This technique has previously been used to find the kLa of

a stagnant system (Randers-Eichhorn et al., 1996).

dC

dt
¼ kLaðC

� � CÞ: ð7Þ

The first-order approximation of Eq. (7) is applicable if

mass transfer is slow relative to the response time of the

sensor. If the time response of the sensor is potentially sig-

nificant relative to that of the entire system, a second-order

fit can be used as in Eq. (8), where H1 is the time constant

of the sensor and H2 is the time constant of mass transfer:

CðtÞ ¼ 100 1�
H1e

� t
H 1 � H2e

� t
H 2

H1�H2

 !

: ð8Þ

Experimentally we found the time constant of our sensor

to be f5 s. When response curves of our system were fit

to Eq. (8), we calculated an average kLa of f60 h�1. This

is within the range of values measured in shake flasks

(Maier and Buchs, 2001; Gupta and Rao, 2003; Wittmann

et al., 2003) and shaken microtiter plates (Hermann et al.,

2003; John et al., 2003b).

We carried out a dynamic simulation of the experimen-

tal setup and procedure using FEMLAB (The MathWorks,

Inc., Natick, MA). In the simulation we modeled the two-

level microbioreactor inside the chamber, through which

air flowed at the measured flow rate starting at t = 0. The

initial conditions imposed were 0% oxygen concentration

within the medium and in the membrane. The resulting

oxygen curve yielded kLa f 170 h�1 (H f 21 s). The flow

rate of air through the chamber was high enough that

any boundary layer formed at the air–membrane interface

was negligible.

The discrepancy between the measured and theoretical

time constants for this system may be a result of assump-

tions made about the permeability of the PDMS membrane.

It can be shown that any decrease in the solubility or

diffusivity of oxygen in PDMS that is used in the model will

have a large impact on the calculated kLa, which is extracted

from a fast process (time scale of tens of seconds), while

having little impact on the oxygen transfer during a fermen-

tation, which is a slow process (time scale of hours) during

which the PDMS presents relatively little transport resist-

ance. This difference in the permeability could either be due

to experimental conditions, such as the age of the membrane

or the presence of oil or dust on the surface, or simply a

difference between the PDMS used in experiments and

that reported in literature (such as degree of cross-linking).

It should also be noted that the method of fitting a curve

to the oxygen concentration on the bottom of the micro-

bioreactor to estimate a kLa provides a lower bound for the

measurement, since this is where the lowest concentration

of oxygen is found at every time point. The extracted kLa

will be larger if, for example, a space-average of the oxy-

gen concentration is used. For the case of the simulation,

with which H f 21 s (kLaf 170 h�1) was calculated using

the bottom DO level, taking a space-average of the DO

and finding the time constant of the resulting response

curve yields H f 14 s (kLa f 250 h�1).

Fermentations With Air

Experiments in defined medium were carried out in both

the microbioreactors and the bench-scale bioreactors. MES

buffer was added to provide some stabilization for the pH,

since pH control was not implemented. The objectives were

to establish the reproducibility of the microbioreactor re-

lative to the bench-scale, and to demonstrate the feasibility

of time-point sacrificing of the microbioreactors in order

to carry out off-line analysis of the bioreactor medium

throughout a fermentation. Three microbioreactors were

sacrificed at each time point, and the medium was analyzed

for glucose consumption and mixed-acid fermentation pro-

ducts using HPLC. In basic research or scale-up applica-

tions, this type of analysis would be necessary if an in situ

sensor was not available for an analyte of interest.

The three measured parameters within the microbioreac-

tor and the bench-scale bioreactor are shown in Fig. 6. Each

curve represents a separate run. Comparison of Figs. 6a

and b shows that the optical density in both bioreactor types

displays a similar trend, and results in a similar final OD

of f6.

Figures 6c and d show the dissolved oxygen as a function

of time in the microbioreactor and the bench-scale bio-

reactor, respectively. Again, it can be seen that the trend in

both bioreactors is similar, even though the SixFors cham-

bers are mixed. This result is consistent with the similar

values of oxygen mass transfer (kLa) for the two systems.

Oxygen levels deplete during the exponential growth of

cultures and eventually recover as the bacteria reach sta-

tionary phase.

The trends for pH variation over time within both bio-

reactor types are again very similar. It appears that this

measurement exhibits less variation between runs in the

microbioreactor than the DO measurement. This is most

likely due to the insensitivity of the pH measurement to the

positioning of the pH sensor, suggesting that a pH gradient

does not exist within the microbioreactor and the bioreactor

can be considered well-mixed with respect to protons.

This was confirmed experimentally by placing the pH

sensor at the top of the chamber during a fermentation run.

The pH curve showed the same time profile as those from

fermentations in which the sensor was at the bottom. This

result is consistent with the analysis of the reaction and
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diffusion times within the microbioreactor. An estimate of

the reaction time can be obtained by converting the pH

versus time curve to an [H3O
+] versus time curve. The

steepest slope on this curve can be used to find the largest

d[H3O
+]/dt/(f5 � 10�9 M/min). Normalizing this slope

with the concentration of H3O
+ at that time point

(f5 � 10�7 M) gives a trxn f 100 min. Note, this is not

the time scale for the acid–base reaction, which is very

rapid, but the time scale for the pH change as a result of

the growth. The diffusion time of the system with respect

to protons can be estimated as L2/D, where L is the distance

over which diffusion occurs and D is the diffusion coeffi-

cient. UsingDH
+ = 9.311� 10�5 cm2/s (at 25jC) (Lide, 2001)

gives tdiff f 0.2 min. Thus, trxnJ tdiff implying that a pH

gradient would not be expected and the pH sensor would not

be affected by its location in the microbioreactor, as ob-

served experimentally.

When bacteria were viewed at the end of fermentation

runs, the morphology of all cultures looked normal, with

no stress-induced elongation visible. Final direct cell

counts in both bioreactor types were carried out, and the con-

centration of cells in each was found to be on the order of

109 cells/mL. This estimate is consistent with the numbers

obtained from viable cell counts, which yielded counts of

(1–4) � 109 CFU/mL in both sizes of bioreactor.

Figure 7 shows concentration curves for the analytes

measured using HPLC. The glucose uptake in the micro-

bioreactor (Fig. 7a) corresponds closely with that in the

larger bioreactor. Additionally, Fig. 7b shows that concen-

trations of the E. coli mixed-acid fermentation products

Figure 6. Replicate fermentations with E. coli in defined medium in the microbioreactor and a bench-scale bioreactor: (a) OD in microbioreactor; (b) OD

in bench-scale bioreactor; (c) DO in microbioreactor; (d) DO in bench-scale bioreactor; (e) pH in microbioreactor; (f ) pH in bench-scale bioreactor.

Experiments in the microbioreactor were performed on successive days, and microbioreactors were sacrificed each day at a predetermined time. The medium

was harvested for HPLC analysis. Each data series represents a single run.
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acetate, formate, and lactate show similar trends in both

bioreactor systems (succinate was not found in either bio-

reactor type). Acetate in particular is produced in signifi-

cant amounts as the fermentation proceeds.

Fermentations With Pure Oxygen

Additional experiments were carried out in LB medium,

with air and 100% oxygen in the headspace of the chamber

(above the aeration membrane) to determine whether a

difference could be observed in bacterial growth character-

istics. Supplying a partial pressure of 1 atm of oxygen above

the microbioreactor leads to an approximate 5-fold increase

in the solubility of oxygen in the medium, as defined by

Henry’s law. This approach is commonly used in large-scale

fermentations to avoid oxygen limitations. An extensive

literature exists on the effects of total and partial oxygen

pressure on microorganisms, including E. coli. (Brunker and

Brown, 1971; Gottlieb, 1971; Konz et al., 1998). The general

consensus appears to be that partial pressures of oxygen

higher than those found in air are toxic to microorganisms

and inhibit their growth, but that this effect is less

pronounced in a robust organism such as E. coli. Growth

inhibition has been noted in E. coli in the presence of pure

oxygen when minimal medium is used. It is thought that the

absence of CO2 contributes to this inhibition (Onken and

Liefke, 1989). Although it is known that CO2 can inhibit

microbial growth, some CO2 may be needed by a culture

growing in minimal medium for the biosynthesis of essential

compounds. In a complex medium, these compounds may

already be present. Alternatively, fermentation of substrates

within the complex medium may provide sufficient CO2 to

meet the needsof thecells. Ineithercase, the lackofCO2 isnot

inhibitory. As a result, E. coli grown in rich medium under

pure oxygen conditions does not seem to show inhibited

growth. The focus of the present microbioreactor study

was the effect of increased oxygen levels on E. coli growth.

In the presence of pure oxygen the initial maximum

growth rate (Fig. 8a) does not appear to be different than

the growth rate in the presence of air, but the bacteria are

able to maintain it for a longer period of time. This is sup-

ported by the calculated doubling time in each case. With

air in the headspace td = 28 min F 3 min, and with oxygen

in the headspace td = 24 min F 6 min. The overlapping

error bars indicate that the difference in the mean is not

statistically significant (at one standard error). The max-

imum optical density (and thus cell count) is somewhat

higher when pure oxygen is used compared to air. As

stationary phase progresses, however, the optical density of

cells under pure oxygen decreases until the curve coincides

with the air curve. This effect could possibly be attributed

to higher rates of cell lysis under pure oxygen conditions.

When pure oxygen is contacted with the aeration mem-

brane (Fig. 8b), the oxygen within the medium shows a

minimum but never depletes entirely. The minimum oxygen

level that the bacteria encounter is approximately 70%. This

oxygen level is still three times higher than the maximum

oxygen level with air as the contacting gas. In the case of

the pH time course within the microbioreactor (Fig. 8c), the

error bars, representing standard error, do not show overlap

at any time point beyond the beginning of the fermenta-

tion. The curves show that the pH experiences a sharper drop

in the presence of oxygen than in the presence of air. This is

consistent with the higher growth observed in the OD curve

in the presence of pure oxygen. Because the major source of

protons in the medium comes from the protons that are ex-

cluded as ammonia (existing as NH4
+ in the medium) crosses

the cell membrane and is internalized as NH3 (Bauer and

Figure 7. (a) Glucose uptake during fermentations with E. coli in defined

medium in a bench-scale bioreactor (n = 2) and a microbioreactor (n = 3).

Data is averaged over n runs, error bars report standard error. (b) Organic

acid production during fermentations of E. coli in defined medium in a

bench-scale bioreactor (n = 4) and a microbioreactor (n = 3). Data is

averaged over n runs, error bars report standard error.
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Shiloach, 1974), more growth would be expected to lead to

a higher rate of proton generation and, subsequently, a

lower pH. At the end of fermentation runs with oxygen,

bacteria exhibit normal morphology.

CONCLUSIONS

We have demonstrated the operation of a microbioreactor

with a volume as low as 5 AL containing integrated, auto-

mated sensors for the measurement of OD, DO, and pH.

We have shown that results from the microbioreactor are

reproducible in both rich medium (LB) and defined medi-

um, and that we are able to understand the oxygen transfer

characteristics of the microbioreactor and effectively model

growth and oxygen consumption of the bacteria during a

fermentation. We have also shown that it is possible to

sequentially sacrifice microbioreactors that are running in

parallel to carry out off-line analysis using traditional tech-

niques. Finally, we have shown that results obtained from

the microbioreactor correspond closely with results ob-

tained in bench-scale volumes. This suggests that our mi-

crobioreactor can effectively bridge the gap between current

high-throughput processes that yield little data, such as mi-

crotiter plates, and scale-up to increasingly large bioreactors

that approach production scale. In effect, microbioreactors

have the potential to provide much of the data and func-

tionality that a large bioreactor system makes available

while offering the advantages of high-throughput processes,

in terms of labor, time, and cost.

Future work on the microbioreactor bioprocessing plat-

form will need to address integration and streamlining of

the fluid handling. In particular, the incubation and pre-

culture stages are both time- and labor-intensive. The ability

to go from inoculation with cells from a plate to a com-

pleted fermentation run on a single device would greatly re-

duce both the effort involved in preparing for and running

fermentations as well as the sources of error associated with

current transfers between stages. Future efforts should also

involve the integration of additional sensors into the

microbioreactor. In particular, a sensor for the measure-

ment of CO2 is desirable (Ge et al., 2003). The ability to

measure the level of CO2 in the medium as well as the off-

gas would allow the closing of the carbon balance on the

system. This would enable experiments such as isotopic

studies and flux analyses to be carried out on a large scale

with minimal quantities of reagent.
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