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Automated fed-batch fermentation with feed-back controls
based on dissolved oxygen (DO) and pH for production of DNA
vaccines

W Chen, C Graham and RB Ciccarelli

Apollon, Inc, One Great Valley Parkway, Malvern, PA 19355, USA

A fermentation process in  Escherichia coli for production of supercoiled plasmid DNA for use as a DNA vaccine
was developed using an automated feed-back control nutrient feeding strategy based on dissolved oxygen (DO)

and pH. The process was further automated through a computer-aided data processing system to regulate the cell

growth rate by controlling interactively both the nutrient feed rate and agitation speed based on DO. The process
increased the total yield of the plasmid DNA by approximately 10-fold as compared to a manual fed-batch culture.

The final cell yield from the automated process reached 60g L -1 of dry cell weight (OD ¢oo = 120) within 24 h. A
plasmid DNA yield of 100 mgL (1.7 mg g cell weight) was achieved by using an alkaline cell lysis method. Plasmid
yield was confirmed using High Performance Liquid Chromatography (HPLC) analysis. Because cells had been
grown under carbon-limiting conditions in the automated process, acetic acid production was minimal (below 0.01 g

L-1) throughout the fed-batch stage. In contrast, in the manual process, an acid accumulation rate as high as 0.36 g

L™ was observed, presumably due to the high nutrient feed rates used to maintain a maximum growth rate. The
manual fed-batch process produced a low cell density averaging 10-12g L 1 (ODggo = 25-30) and plasmid yields of
5-8 mg L (approximately 0.7 mg g ~* cells). The improved plasmid DNA yields in the DO- and pH-based feed-back
controlled process were assumed to be a result of a combination of increased cell density, reduced growth rate ( W)
from 0.69 h * to 0.13 h* and the carbon/nitrogen limitation in the fed-batch stage. The DO- and pH-based feed-back
control, fed-batch process has proven itself to be advantageous in regulating cell growth rate to achieve both high

cell density and plasmid yield without having to use pure oxygen. The process was reproducible in triplicate fermen-

tations at both 7-L and 80-L scales.
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Introduction lated to cell activities throughout fermentation. Control
The development of DNA vaccines and therapeutics usin%aertz?::r)lg;erosf \?g:lrﬁt;n?;\i/gn t}ﬁgm dlése(?_'.foré‘gt:aglibgglgsﬁontrol
facilitated DNA injection technology [1,12] requires a con- t or dissolved P [Sop 36810 11%3
sistent supply of clinical grade plasmid DNA. As a first measurement or dissolved oxygen (DO) [3,6,8,10,11,13].
Most knowledge about fermentations involving recombi-

step in producing large quantities of plasmid DNA, a well- . . : . )
- e : . ~" nantE. coli has been obtained through studies which optim-
controlled and efficienEscherichia colifermentation pro- . ed the expression of protein products. However, the fer-

ﬁ]e:r?t;t?oends rtgcggse;:bcl)'Stri]ri?z'e%eg;'f'tﬁ)ﬁr? ;# ; %?Sﬁfulg_ entation conditions for optimization of plasmid DNA
P P 9 9N Pro% 5 duction inE. coli could be fundamentally different. In

mulation. Fed- h [tur r nerally, . oo ; .
glrjecfterrz(c:jcgveur%[;tch cu?tﬂrgit%ecggstg g;tin?alecglleg?osvt his case, only a DNA replication step is required when
I;?Iasmld DNA is the final product. RNA transcription and

[ﬁ;[ﬁir?n?hguéﬂi?;ﬁf fr;iudr;:]ptli?]n arzfssi r%%n rgﬁ zzch'&egjg nggcﬂp?otein translation associated with an inserted gene are gen-
g 9 ge. erally undesirable during plasmid production in bacterial

fed-batch culture can reach a cell density of over 1009 L : . X k
cell dry weight [8]. Several nutrient-feeding strategies havehos.'t ceIIs.. To s?)lectc;vely arr}pllfydthe pl?smm(ij DNA repli-
been explored to control cell growth in fed-batch cultures cation activity, abundant nucleotide pools and extra energy

o : ; . , . 'sources must be made available in a culture environment
Iggg-gggkbsoﬂlt\r/(lﬂ’e O:n'%Oeig?rirerngggeeeg{g?gg d?r?ntg{eoir and other cellular activities should be kept to a minimum.
y ! 9 SIFor example, cellular protein synthesis can be inhibited

controlled according to a pre-determined, constant or . ; ' e
exponential profile [14]. This type of feeding scheme%\”th chloramphenicol or through amino acid limitation

requires that metabolic characteristics of the growing cell 26?]6';‘1‘:30(’328'2;\’ fhee" gcreomgrraégrﬁagtﬁ% rzn?éctﬂgfgoﬁvh;:nh d
are reproducible each time in both seed and early batc y P

. : nergy sources but also provides time for plasmid DNA
culture stages, thereby matching feeding rates to actual Ce‘rﬁeplication to synchronize with cell division [9,15]. A fer-

growth rates. In contrast, feed-back control is directly corre- & htation process that minimizes the amounts of non-plas-
mid by-products in the biomass is also desirable. In this
Correspondence: W Chen, Immunomedics, Inc, 300 American Rd, Morrié)res,entatlon' We, desc”be a fer_mentatlon process for pro-
Plains, NJ 07950, USA duction of plasmid DNA inE. coli that uses an automated

Received 22 March 1996; accepted 20 September 1996 feed-back control nutrient feeding strategy based on DO




Production of plasmid DNA
W Chen et al

44

and pH. Cell growth and plasmid production in the process  was removed, and the residue was transferred quantitatively

are compared to a ‘manual step feed’, fed-batch culture. to a weighing dish using absolute ethanol. The dish was
predried for 16 h in an oven and weighed. After the trans-
fer, the dish with the residue was placed in the oven for
another 16 h. After being cooled, the loaded dish was
Cultures and media weighed. For the preparation of analytical grade plasmid
E. coli strain DH10B (Gibco BRL, Life Technology, Inc, DNA. colicells from 1 ml broth were pelleted by centri-
Gaithersburg, MD, USA) carrying plasmid pENV was cul- fugation at 12000x g for 1 min and then lysed by the
tured in a seed medium in shake flasks at@7Tor 16 h.  alkaline lysis method (see below). Diluted sample broth
The seed medium consisted of 6 g*INa;HPO,, 3g L™*  was also plated on LB agar plates with and without kana-
KH,PQ,, 3g L* (NH),SQ, 59 L™ dextrose (JT Baker, mycin to determine the number of plasmid-bearing and
Phillipsburg, NJ, USA) and 5 gt yeast extract (Difco plasmid-free cells.

Laboratory, Detroit, MI, USA). The plasmid product pENV

of the fermentation is about 8 kb long with a ColEl origin. Plasmid DNA analysis

It contains the envelope gene of a type | HIV under theCells were lysed by the alkaline lysis method and plasmid
control of a human cytomegalovirus (CMV) promoter DNA was purified according to protocol (Promega Wizard,
[1,12]. The plasmid also encodes a kanamycin resistanceladison, WI, USA). After the purification, the supercoiled

Materials and methods

gene [1,12] for selection. DNA along with other DNAs in the sample were loaded
onto and separated on a 0.8% agarose gel. After electro-
Fed-batch fermentation phoresis, the gel was analyzed and quantified using a densi-

Lab-scale fermentation was first carried out in a 7-L biore-tometer 1S-1000 Digital Imaging System (Alpha Innotech
actor Bioflo 3000 and later scaled up to an 80-L MP80Corporation, San Leandro, CA, USA) against the standard
Mobil Pilot fermentor (both from New Brunswick Scien- DNA. Quantitation of DNA was also confirmed by HPLC
tific Co, Edison, NJ, USA). Both fermentors were equippedthrough injecting 10 to 2@l samples into a Nucleogen
with a built-in digital controller for pH, temperature, agi- DEAE 4000-7 Anion Exchange column (Waters, Boston,
tation, DO and peristaltic pumps for base and nutrient. Thé/A, USA).

controller was also interfaced with a computer through the

Advanced Fermentation Software (AFS) (New Brunswick . )

Scientific). The AFS software provided data logging, inter-Results and discussion

active parameter processing and supervisory control to thgranual fed-batch fermentation

fermentation process. The fermentation batch medium, connitially, manual fed-batch fermentations of DH10B trans-
sisting of the same composition as the seed medium, wagrmed with pENV were evaluated. High concentrations of
batched in the fermentors. The initial working volumes forglucose 59 L) in culture caused growth suppression,
the 7-L and 80-L fermentors were 4 L and 50 L respect-nconsistent growth rates and high accumulation of acetic
ively. Glucose and MgS©7H,O were sterilized separately acid which in turn affected both cell and plasmid yields.
and added into the fermentor foIIowing sterilization. TheThus, a fed-batch culture was designed to control a low
fermentors were inoculated with 1% (v/v) of the seed,glucose residual level throughout the fermentation. The cul-
40 ml for the 7-L and 500 ml for the 80-L fermentor. Dur- tyre was fermented in batch mode with an initial glucose
ing the fermentation, pH was controlled at 7.0 with 30%Concentration of 5 g 1. Cell mass and g|ucose concen-
NH,OH. Agitation speed was automatically feed-back con-ration were monitored off-line. Within 5 h, cell doubling
trolled based on DO at a set point of 30%. A concentrategccurred every hour before the glucose was consumed with
nutrient solution (40 g I glucose, 20 g L yeast extract) g nearly constant specific growth raje £ 0.7 fr%) and an
was fed into the culture via a nutrient pump which wasayerage specific glucose consumption rate,1.5 2. Cell
triggered by the increase of either DO or pH above respecigrowth entered log phase immediately after inoculatjon,
ive set points of 50% and 7.2 for nutrient feed. The= ;, Consequently, assuming that all the other require-
maximum nutrient pump flow rates were set to be 0.6 Miments were met and glucose was the only limiting factor

L™ min™ for the 7-L and 7.5 ml L' min™ for the 80-L  for growth, the relationship between cell mass and time
fermentor. The control parameters for the ‘manual fedshould have been:

batch’ culture were the same as above except the nutrient

feeding was done using a manually-adjusted step feed rate gy/qt = X (1)
to maintain a glucose level of 1-3 gL Samples of 10 ml
were removed from the broth hourly during fermentation. X = XseXp(ut) (2)

Cell growth was measured by optical density at 600 nm

using a UV Spectrophotometer (Shimadzu OV-1201whereX, is the cell mass at the time of inoculation aXd
Columbia, MD, USA) and cell dry weight (CDW). To the cell mass at timé The expected glucose depletion (or
obtain the CDW, 10-50ml of fermentation broth accumulation rate) rate, on the other hand, may be
(depending on the optical densities at different stages ogxpressed from mass balance as:

fermentation) was taken periodically. The cells were pel-

leted by centrifugation for 10 min at 5000 g and resus- dg/dt = FSIV — gX (3)
pended in deionized water before centrifuging again. This

procedure was repeated for a second time. The supernatant  Whisréhe glucose feed rate (g%, Si the glucose
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concentration in the feed solution (g% q the substrate @ 100 s
consumption rate (g°g h™) andV the fermentation work-
ing volume (L). Because the residual glucose concentratior R Xt
was minimized, % 10 4 s Xe he0.69 c° A &
d/dt = 0 3 AT s
o A
thus f=FSi/V=gX= gX, exp(ut) 4) %” 1 A
A
< .
wheref (g L™ h™1) = the volumetric feed rate. = _.‘"
In this case, the glucose feed rate was equal to the con 3
. X w 0.1 .’A
sumption rate. From Eqn 4, the glucose consumption at any o A
time during the log phase of fermentation could be esti- A
mated and the required feed rate determined.

Figure la presents a cell growth comparison between the 0.01 —t
predicted cell mass based on Egn 1 and experimental dat 01 2 3 4 5 6 7 8 9 10
obtained from the off-line analyses. Actual and predicted b 40
cell growth curves were essentially superimposable with a as
nearly constant growth rate until= 8 h. After 8 h, the |
growth rate began to fall. Figure 1b displays the predicted —~ 3] ... Ft
nutrient feed rate associated with the predicted growth rate 5 . Fe
calculated from Eqn 4 and the actual step feed rates. As D 251
expected up to 8h, the predicted feed rates accuratel w
reflect the manual feed rates used. Figure 1c presents th 2 201
theoretical and the actual glucose residual concentration: “Q: 15
computed from off-line analyses during the fermentation. w
As shown, the glucose concentration gradually decrease! o 10 -
along with growth and then spiked at 9 h even when the
addition of glucose was adjusted to a rate far lower than 5 -
would have been estimated using Eqn 4. Glucose accumu
lation was undoubtedly associated with variable growth ( 0 F——t—t —
and glucose consumptiong)( rates. The discrepancies 01 2 3 4 5 6 7 8 9 1
between estimated and measured values in Figure 1 indicat© STa—= N
that Eqns 2 and 4 are obviously too simple to meet varying A
cellular demands. Cell growth could be easily affected by 4 SO e st
metabolites (eg acetic acid) accumulation rates which were Ry 4 Se
not taken into account. The cell growth, at a maximum rate -y k
of 0.7 i, was apparently jeopardized in the late stages of 2 3] .
fermentation by DO limitations and fast acetic acid o A
accumulation (estimated at 0.36 g*Lmin™). Under these 8 N 4
conditions, cell densities averaging 30 OD at 600 nm 3 21 A
(CDW 10-12 g %) were achieved and plasmid DNA o A A
yields were between 8-10 mgL These results clearly . ] N
indicate that cell growth was very rapid, leading to a rapid
transition to stationary phase, resulting in both low cell and |
plasmid DNA vyields. Growth simply outpaced the rate of 0 — e
plasmid replication. Low copy humber plasmids containing 0 1 2 3 4 5 6 7 8 9 10

a pBR322 origin may be especially susceptible to this TIME (HOUR)
phenomenon [4,15]. It has been reported that a minimum
acetic acid accumulation and a high plasmid copy numbeFigure 1 Manual fed-batch fermentation. Specific growth rates gnd
could be obtained when the growth rate is about 01 h specific glucose consumption ratep ere calculated based on the data
[4,15]. Therefore, we decided to slow down the growth ratef, JTee ToT R B e thooretioal vaiues of oel mass
and deSIQn an automated feed-back control system th 1), hutrient feed ratesH), and glucose residual concentratior®) @t
would meet the varied requirements associated with changme of t during fermentation. The real values of each parameter were
ing cellular activities. obtained by off-line measurement and plotted<asF., andS. Each data
point reflects a mean value from triplicate fermentations in the 7-L fer-

mentor (a) Profiles of the calculated growth based on a congtand.69
Feed-back control, fed-batch fermentation ) and the actual growth&) from off-line measurements in the manual

A feed-back control, fed-batch fermentation was deveIOpedfed batch culture. (b) Comparison of predicted substrate consumption rates
Nutrient feeding was automated through feed-back control.-..) and actual substrate feed rates (—) adjusted manually. (c) Profiles of
of changing values of DO and pH during the fermentation. predicted glucose residual concentrations and actual glucose concen-
These feed-back parameters were chosen based on the pnrﬁltlons measured off-line during the manual fed-batch culture.
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ciple that when the carbon and nitrogen sources become  high cell density. To move this ‘demand and supply’ bal-
limiting in a culture, cellular respiratory activity slows ance forward, the agitation speed was coupled with the
down, resulting in a rapid increase in DO. If the carbon  same DO controller and regulated by a lower set point of
source is limiting, pH also rises, likely the result of con- 30% in a way that every time DO dropped below 30% due
sumption of metabolic fatty acids by cells as an alternative  to excess nutrients and vigorous cell growth, the agitation
carbon source and the production of ammonium ions assapeed was increased by 2% minf the previous rpm. The

ciated with protein catabolism. A nutrient pump was  agitation rate no longer increased when DO was above
coupled with both pH and DO controllers. The set points30%. This type of control was also achieved through the

for both pH and DO to trigger the feed were programmed  AFS equation function shown as:

through AFS software. To prevent overfeeding and to retain

a slow growth rate, the set points of pH and DO for the AGITSAMIT (1 +0.01*CMP(DO.CV,30),

nutrient feed were experimentally determined as 7.2 and 150, 1000)

50%, respectively. Every time either DO or pH rose above

set point, the nutrient pump was activated. The nutrient Figure 2 presents a typical fermentation time course of

pump was deactivated when both DO and pH droppegENV-transformedE. coli DH10B using the automated

below set points. Because early batch stage fermentaticieed-back control strategy. Cell growth was supported

DO was high, the starting point of the nutrient pump acti- initially (first 5h) by the batched-in nutrients. Sub-
vation was programmed based on time and decrease on DO, sequently, DO levels went below the upper set point (50%)
ie the feed-back control mechanism was not established  for the nutrient pump. At this point the control for the nutri-
until a certain time had passed and DO dropped below an  ent pump was activated. During this first 5 h of the fermen-
initial set point. The maximum flow rate of the nutrient  tation, the agitation speed was identical to the starting

pump was set at 0.6 mrEmin™* to provide sufficient nutri-  speed. After this time, increased growth caused a depletion
ent supply. The control scheme for the nutrient feeding
described above may be expressed as logic terms: 100.0

F=fmE (Emn+ Eoz) w0 |

£

where €, +E,) =1 g s
F: the actual feed rate, mlI'L min™; fm: the maximum  § o £
pump flow rate, ml t* min™%; E;: a time factor to establish & 3
the feed-back control scheme, H w00 g

E; = 0, whent < 5h

E, = 1, whent > 5h 200
Eon: a pH factor related to the pH upper set point, 00+ o - . - )
EpH =1, when pH> 7.2 9.00 M 100.0
E,n =0, when pH< 7.2
8.00 80.0
E.,- a DO factor related to the DO upper set point, FEED
E02 - 1, when DO>50% i 7.00 e B e 1 LA LA L 60.0 5
E,, = 0, when DO< 50% 0 §
6.00 40.00
When the above scheme was translated into the AFS eq!
ation it became: 5.00 1 200
NutA1.SP= CMP(TIME(EFT),5)*100*OR(CMP
(DOCV,SO),CMP(PHCV,?Z)) 400 a4 88 132 176 20

Time (hours)

Because the_ nutrient fee@' rate was regulated by DO anﬂgure 2 A typical profile of the controlling parameters: pH, DO, agi-
pH both of which affect ultimate growth rate, two effects tation and nutrient pump output during the DO- and pH-based feed-back
could be manifested. First, cells could go through repeatedontrol fermentation of plasmid pENV iB.coliin the 7-L fermentor. DO
nutrient depletion as reflected by drastic changes in DOWwas controlled between 30-50% by automatically feeding a nutrient sol-

. . . . tion (40% glucose, 20% yeast extract) and increasing agitation speed
Second, DO rises above the set point mlght Only drive hen DO was below the 30% of the lower set point. The profiles of those

minimum nutrient supply, barely enough for (?e” mainte- parameters have been very similar in triplicate fermentations with the same
nance but not enough to achieve a substantial growth tplasmid (data not shown).
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control. At this point, agitation speed began to rise at the!a and the DO-stat processes
pre-set increment rate until the DO exceeded the lower set b Growth Cell Plasmid
point (30%), then stabilized. Between hours 7 and 9 of th({ermemr rocess rowt e o

fermentation the carbon source was depleted, followed byL) (rﬁatf; (gmﬁsl)s (mg 'El-?)
depletion of the nitrogen source as indicated by the DO and

pH spikes. Further limitations of carbon and nitrogenz manual  0.7-1 35-45 8-10
sources caused the DO and pH to rise above the respective DO-stat ~ 0.1-0.3 80-105 82-98
upper set points (50% and 7.2) thereby activating the nutri0 manual  0.5-0.7 35-45 6-8

ent pump. In this experiment, the nutrient pump was con- DO-stat  0.08-0.15 72790 70-80

trolled in ‘On-off’ rather than PID modes, hence 100% out-
put was reached immediately. The nutrient pump remained

at the maximum flow rate until DO and pH fell below each were used at both 7-L and 80-L scales. The same DO ten-
upper set point. Then the pump rate was automatically resefion achieved via high back pressure and lower agitation
to zero flow rate until the next cycle was initiated. Whengpeed in the 80-L stainless steel vessel did not seem to
a 1-h portion was enlarged on the data-logging screen, thgffect the culture’s performance. A very straight-forward
pump activity was seen to follow exactly the DO and pH scale-up was obtained (Table 1). Plasmid DNA yields in
excursions (data not shown). pH and DO spikes took placgeed-back control, fed-batch fermentations were amplified
at different stages of fermentation, indicating varying cellnearly 10-fold over manual fed-batch cultures, reaching
demands for the carbon or nitrogen sources. Hence, theoo g mi (vs5-8 mg %) (Figures 4, 5). Although these
simultaneous use of both pH and DO for feed-back controfjata were from the 7-L fermentor, a similar yield had been
provided a control advantage that would not have beembtained consistently from the 80-L scale as well.
afforded by using either parameter alone for feed-back con- plasmid yields per gram of cells were also increased
trol. o from 0.7 mg g* cells in the manual process to 1.7 mg g
DO was maintained well between the upper and lowefeells using the pH/DO feed-back control. The observed
set points during a typical 24-h fermentation without theimprovement in the plasmid yields was probably in part
need for oxygenation with pure Qr high mixing power. due to the increased cell density. However, additional
Cell growth rate initiated at = 0.69 during the batch mode reasons for this increased yield might also be postulated. It
and later stabilized at = 0.13 (Figure 3). Glucose residuals has been observed [15] that plasmid content increases as
were virtually undetectable (below 0.1 g) after the cul-  specific growth rate decreases. When the rate of plasmid
ture went into the fed-batch mode. Acid production becameeplication is insufficient to keep pace with host division
undetectable after 9 h (data not shown). Cell density ﬁna”y(growth) rate, plasmid copies are partitioned unequally
reached 60g t* DCW (ODsoo = 121), nearly a 4-fold  petween daughter cells, resulting in plasmid-free segregants
increase over the cell density obtained in the manual fed¢or low plasmid content), the so-called segregational insta-
b_atch cullture. A very similar gro_wth and nutrient consump-pility of plasmid DNA [7,15]. Therefore, slower growth
tion profile was also observed in four scale-up runs in theshould be more favorable for plasmid to partition properly

80-L fermentor (data not shown). This may be reasonabl@nd to replicate more efficiently, because cellular metabolic
because the same ranges of pH and DO control set points

100 5

-
o
|

GLUCOSE (g/L)
l
l

0.1

CELL MASS (DCW, g/L)
1

1 2 3 4 5 6 7 8 9

Figure 4 Agarose gel analysis of the plasmid DNA. Lanes 1-9 show
respectively 3, 6, 10-h samples obtained from the manual fed-batch pro-
TIME (HOUR) cess and 3-, 6-, 10-, 14-, 18-, and 24-h samples from the DO- and pH-
based feed-back control, fed-batch process in the 7-L fermentor. Plasmid
Figure 3 Profiles of cell growth and glucose concentrations during the DNA was purified from 1 ml fermentation broth using an alkaline lysis
DO- and pH-based feed-back control fermentation of plasmid pENV in method apdl AODNA was loaded on the 0.8% agarose gel. Bands
E.coli DH10B in the 7-L fermentor. The data shown are mean valuesfrom top: genomic DNA, open circular plasmid DNA and supercoiled
obtained from three fermentation runs. plasmid DNA.

1 3 65§ 7 9 1113 15 17 19 21 23 25
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100 o back control, fed-batch process provided a means to
90 improve plasmid yields up to 10-fold when compared with
manual fed fermentation. Additional experiments to test
80 — this process with different bacterial strains and plasmids are
A Manual
under way.
70 — O DO-stat
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