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Abstract Shake flasks are widely used to culture micro-
organisms, but they do not allow for pH control without
additional infrastructure. In the presence of a carbon source
like glucose, culture pH typically decreases due to overflow
metabolism and can limit the growth of microorganisms in
shake flasks. In this study, we demonstrate the use of
magnesium hydroxide-loaded pH managing hydrogels (m-
pHmH) for in situ base release to counter the decrease in
culture pH in shake flasks using Escherichia coli as a
model organism, in both complex and mineral salts med-
ium. Base release from m-pHmH is shown to increase with
decreasing pH (22-fold increase in release rate from pH 8
to 5), thus providing feedback from culture pH. The
addition of m-pHmH resulted in better pH maintenance and
higher biomass yields of E. coli K12 in media containing
glucose as a carbon source. The use of m-pHmH with
additional buffer resulted in pH being maintained above 6.9
while pH decreases below 5 without m-pHmH. We dem-
onstrate one application of such in situ pH management to
increase the volumetric plasmid yield from E. coli in shake
flask culture. In situ glucose release through a hydrogel to
mimic fed-batch culture along with the addition of
m-pHmH resulted in a 395 % increase in volumetric
plasmid yield to 38 pg/ml in shake flask culture.
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Introduction

Microbial cell growth is affected by pH, which can
decrease significantly during culture in the presence of
carbon sources like glucose due to overflow metabolism
[19]. A change in pH beyond the permissive range of the
organism affects cell growth. For example, the growth of
Escherichia coli M23 was shown to cease below a pH of
3.9 [11]. It is estimated that more than 90 % of all cultures
in biotechnology are carried out in shake flasks [1], which
traditionally have no control over pH. A decrease in pH of
the culture can thus contribute to limited cell densities
achieved in shake flasks and can also lead to results from
shake flask experiments not being predictive of pH con-
trolled bioreactor operation [17].

Weuster-Botz and colleagues [18] have reported the use
of a precise syringe pump connected via a substrate distri-
bution system for parallel nutrient feeding and pH control in
shake flasks equipped with pH probes for pH monitoring.
To avoid the use of any additional infrastructure and probes
and to prevent excessive pH change, culture medium can be
supplemented with high buffer concentrations. However,
high buffer concentrations result in increased osmolarity
and may be inhibitory to growth. Moreover, when acid
produced exceeds the buffer capacity, the buffer will no
longer be able to prevent changes in pH. The aim of this
study was to investigate the application of hydrogels for
in situ use without pH probes to counter the decrease in pH
of microbial cultures in shake flasks due to acid formation
and hence allow increased growth of the microbe. Hydro-
gels are hydrophilic polymers that absorb water and are
insoluble in water under physiologic conditions due to the
existence of a three-dimensional network [5]. Scheidle et al.
[12] have previously demonstrated the use of sodium car-
bonate-loaded silicone polymer to maintain pH in E. coli
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culture. The authors report that with the commonly used
carbon source, glucose, additional buffering was required
with the use of the sodium carbonate-loaded silicone
polymer for pH regulation. The authors also noted that
systems showing enhanced base release in response to
reducing pH need to be developed for balanced pH regu-
lation in small-scale cultures. We have previously shown
that a magnesium hydroxide-loaded hydrogel (pHmH) was
able to maintain pH for animal cell culture [10]. This
hydrogel showed an increase in the release rate of the base
with decreasing pH. We further hypothesize that such
hydrogels with a pH responsive release rate may be better
able to prevent large pH decrease often seen in microbial
cultures while minimizing pH overshoot, thus allowing
higher microbial growth even in the absence of additional
buffer. These hydrogels will need to be suitably modified
with reduced cross-linking and increased surface area for
application to faster growing microbial cultures.

In this study, we describe the use of such magnesium
hydroxide-loaded pH-managing hydrogels (m-pHmH) for
pH management for optimal growth of E. coli cultures in
shake flasks. We demonstrate the use of m-pHmH to
increase biomass yield for E. coli KI2 in complex media
supplemented with glucose and in defined medium con-
taining glucose as the carbon source. We also illustrate its
application in increasing volumetric plasmid yield in
E. coli in shake flask cultures when used along with a slow
glucose-releasing hydrogel for in situ feeding. Slow release
of glucose for fed-batch cultivation in shake flasks has been
previously reported [3, 4, 8]. The hydrogel system used for
slow release of glucose in this study is similar to the one
previously reported for slow glucose release [3].

Materials and methods

2 Hydroxy ethyl methacrylate (HEMA) (97 %-pure), ethyl-
ene glycol dimethacrylate (EGDMA) and dichlorodimeth-
ylsilane were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Azoisobutyronitrile was purchased from Spectrochem
(Mumbai, India). Heptane and glucose were purchased from
Merck (Mumbai, India). E. coli K12 and a clone of TOP10
E. coli (Invitrogen Corporation, Carlsbad, CA, USA) trans-
formed with a 5-kb pcDNA3.1-based plasmid with an
ampicillin resistance gene were used. GOD/POD glucose
assay kit was purchased from Beacon Diagnostics, Navsari,
India. QIAprep Spin Miniprep Kit from QIAGEN (Hilden,
Germany) was used for plasmid DNA purification.

Media composition and culture conditions

LB broth consists of 10 g/l tryptone, 5 g/l yeast extract,
and 10 g/l NaCl. Where LB is stated to be supplemented
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with glucose as a bolus, 20 g/l glucose was added to LB
broth after autoclaving. For the culture of TOP10 E. coli
cells, culture medium was supplemented with 100 pg/ml
ampicillin.

The modified Wilms and Reuss medium was prepared as
described by Scheidle et al. [12] and consists of 20 g/l
glucose; 5 g/l (NH4),SOy4; 0.5 g/l NH4CI; 3 g/1 K,HPOy;
2 g/l Na,SOy; 0.5 g/l MgSO,4-7H,0; 0.01 g/l thiamine
hydrochloride; 1 ml/l trace element solution (0.54 g/l
ZnS0,4-7H,0; 0.48 g/l CuSO4-5H,0; 0.3 g/l MnSO4-H,0;
0.54 g/l CoCl,-6H,0; 41.76 g/l FeCl;-6H,O; 1.98 g/
CaCl,-2H,0; 33.39 g/l Na,EDTA). 3-(N-morpholino)
propanesulfonic acid (MOPS) was added at indicated
concentrations in some experiments.

Analytical methods

Growth was monitored by measuring the optical density
(550 nm) at regular intervals after appropriate dilution. pH
of the culture supernatant was measured using a pH elec-
trode (Sentek, Essex, UK). Samples were stored at —20 °C
and glucose concentration was measured using GOD/POD
glucose assay kit (Beacon Diagnostics, Navsari, India).
Unless otherwise noted, all experiments were performed in
triplicates.

Preparation of poly-HEMA hydrogels loaded
with Mg(OH),

Azobisisobutyronitrile (AIBN; 0.5 % w/v) was dissolved in
97 %-pure 2-hydroxyethyl methacrylate at room tempera-
ture. After dissolution, 1.5 ml of the mixture was poured
onto a glass surface. 150 mg of Mg(OH), was subsequently
added to the solution and mixed prior to polymerization.
Hydrogels used with E. coli cultures for plasmid produc-
tion were loaded with 100 mg Mg(OH),. The gel mixture
was allowed to polymerize at 75 °C for 3 h in an oven. The
hydrogels thus prepared had a surface area of 23 cm?. The
surface area was calculated from the measured diameter of
the circular hydrogel assuming it to be a perfect circle. The
hydrogels were washed in water for 1 day to remove any
unreacted monomer before using them in microbial cul-
tures. These hydrogels are henceforth referred to as
m-pHmH. m-pHmH used in the study were autoclaved at
15 psi and 121 °C for 20 min before their addition to
E. coli cultures.

Swelling kinetics

To study the swelling kinetics, empty m-pHmH were dried
in an oven at 50 °C for a day to complete dryness. The dry
weight of m-pHmH was measured. It was then immersed in
water to allow it to swell. The weight of the swollen
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hydrogel was measured at several time points for a period
of 8 h subsequent to its immersion in water. The swollen
weight was measured after removing the surface water with
blotting paper. Swelling percentage was calculated using
the formula:

P, =100 x (Ws, — Wy)/W,4, where P, is the percent
swelling at time 7, Wy is the weight of the dry m-pHmH and
Wi, is the weight of the swollen m-pHmH at time z.

Magnesium release kinetics

m-pHmH gels were allowed to swell overnight in water.
Each m-pHmH gel was then added to 500 ml of 200 mM
phosphate buffer at pH 5, 6, 7, and 8 kept shaking at
200 rpm at 37 °C. Release was evaluated using three rep-
licates for every pH. Samples were withdrawn to measure
Mg*? concentration using a SPECTRO ARCOS SOP
inductively coupled plasma spectrometer (SPECTRO
Analytical Instruments, Kleve, Germany).

Effect of addition of m-pHmH to E. coli K12 culture

E. coli K12 cells were cultured in 100 ml shake flasks with
a filling volume of 20 ml and maintained at 37 °C with a
shaking speed of 250 rpm. Inoculum was taken from an
overnight culture in respective media. For inoculating the
cultures, the required inoculum volume was centrifuged at
2,000 rcf for 10 min and resuspended in fresh culture
medium to achieve an initial optical density of 0.5.

Sterile m-pHmH was added to the culture medium at
indicated times. The m-pHmH were tested in Luria—Bertani
(LB) broth and modified Wilms and Reuss medium, both
containing glucose as the carbon source. m-pHmH was not
added to control cultures. All the culture flasks were
sampled at regular intervals for the measurement of optical
density, pH, and glucose concentration.

Preparation of poly-HEMA hydrogels loaded
with glucose

Monomer solution consisted of 0.5 % (w/v) AIBN as ini-
tiator dissolved in 2-hydroxyethylmethacrylate (HEMA)
with 5 % ethylene glycol dimethacrylate (EGDMA as cross
linker). Inner surfaces of glass tubes (with flat bottom) of
1.4-mm inner diameter were coated with silanization
solution (5 % dichlorodimethylsilane (v/v) in heptane), to
make the surface hydrophobic. These were then dried in an
oven at 50 °C and then filled with 625 mg glucose and
50 mg Mg(OH),. Monomer solution (600 pl) was then
added. The gels were polymerized in a water bath for 1 h at
75 °C. The gels formed were then removed off the tube by
breaking the tube and then washed for half an hour in water
to reduce initial glucose burst when added in media. The

amount of glucose lost during the wash was measured to be
33 £+ 2.7 mg. Before addition to media, they were surface
sterilized with 70 % ethanol. These hydrogels can also be
gamma irradiated for assured sterility if necessary. Alter-
natively, the monomer solution can be filter sterilized
through a 0.22-um filter and glucose powder can be ster-
ilized by incubating it in ethanol followed by drying. The
hydrogels can then be prepared under sterile conditions
with the pre-sterilized components.

Testing the effect of addition of m-pHmH in E. coli
TOP10 cultures on plasmid DNA yield

Twenty-milliliter cultures of E. coli TOP10 transformed
with a plasmid were cultured in LB supplemented with
20 g/l glucose and 100 pg/ml ampicillin. m-pHmH was
added to the culture at indicated times. No hydrogels
were added to the control flask. Eight hours after inoc-
ulation, 1 ml of sample was taken from control flasks
and from the flasks containing m-pHmHs. Cells were
harvested by centrifugation at 9,800 rcf for 5 min and
the cell pellet was stored at —20 °C. Plasmid DNA was
purified using QIAprep Spin Miniprep Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s
instructions. The purified plasmid DNA was quantified
by measuring absorbance at 260 nm using a NanoDrop
2000 Spectrophotometer (Thermo Scientific, Waltham,
MA, USA). Purity of the samples was verified by mea-
surement of the ratio of absorbance at 260 and 280 nm,
which was >1.8 for all cultures. The experiment was
performed in duplicate.

Testing the effect of addition of m-pHmH
with continuous glucose release in E. coli TOP10
cultures on plasmid DNA yield

A continuous feed of glucose is expected to give better
results than a single large glucose bolus. To achieve a
continuous feed in the shake flask, glucose-loaded hydro-
gels were used. Fifty-milliliter cultures of E. coli TOPI0
were cultured in LB supplemented with 100 pg/ml ampi-
cillin in 250-ml shake flasks. Cultures were inoculated at
an OD of 0.1 and were incubated at 250 rpm at 37 °C.
When the culture OD reached approximately 2, the glu-
cose-loaded hydrogels were added with or without
m-pHmH. Cultures were incubated for a further 15 h. Both
conditions were evaluated at least in triplicate. Control
cultures were inoculated from an overnight culture in
LB + ampicillin by a 500-fold dilution and cultured fur-
ther for 14 h. One milliliter of sample was taken at harvest.
Cells were harvested by centrifugation at 9,800 rcf for
5 min and the cell pellet was stored at —20 °C. Plasmid
DNA was purified using QIAprep Spin Miniprep Kit
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(Qiagen, Hilden, Germany) according to the manufac-
turer’s instructions.

Results

Swelling kinetics

A m-pHmH without Mg(OH), was added to water, and the
increase in weight of the m-pHmH was measured as a
function of time to estimate swelling kinetics. Equilibrium
swelling was achieved in approximately 4 h (Fig. 1). The
m-pHmH gels have an equilibrium swelling percentage of
67 %.

Release kinetics from m-pHmH as a function of pH

Since the solubility of Mg(OH), increases with decreasing
pH, it was expected that the release rate will vary with pH,
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Fig. 1 Swelling kinetics of m-pHmH without Mg(OH),. The average
dry weight of the hydrogel was 1.1 g. The hydrogels were immersed
in 40 ml of water and incubated at 37 °C to measure swelling kinetics
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Fig. 2 a Release kinetics of Mg from m-pHmH at pH 5 (circle),
pH 6 (triangle), pH 7 (square), and pH 8 (diamond). Error bars show
+1 standard deviation, n = 3. b A straight line was fit to a plot of
magnesium released vs. time**’, resulting in +* above 0.94 for all pH
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as also reported earlier for a different hydrogel formulation
[10]. Figure 2 shows the release rate of MgJr2 from
m-pHmH at pH 5, 6, 7, and 8. Based on stoichiometry, the
release rate of OH™ will be twice the release rate for Mg™2.
A straight line was fit to a plot of magnesium released vs.
time** for all pH values. The exponent 0.45 was empiri-
cally reported to predict release rates for diffusion con-
trolled systems up to 60 % of release of payload [9, 15].
The slopes of these lines, denoted k, are an estimate of the
release rate at the respective pH and are shown in Fig. 2b
as a function of pH. The release rate varies inversely with
pH; release rate increases 22-fold when pH decreases from
8 to 5. This pH dependence of the base release rate will
thus incorporate feedback from culture pH and allow for
better pH maintenance compared to any slow release
technique that is not pH responsive.

E. coli K12 cultured in Luria—Bertani broth
supplemented with glucose

Luria—Bertani (LB) broth is the most widely used media for
cultivating E. coli strains for routine applications. Growth
in LB has been shown to be limited by carbon source [14].
When supplemented with glucose, the pH of the medium
decreases due to formation of overflow metabolites like
acetate [19]. m-pHmH were evaluated for their ability to
maintain pH of E. coli KI2 cultured in LB medium sup-
plemented with glucose as the carbon source.

In control cultures containing no m-pHmH, pH
decreased below 5.5, resulting in a maximum optical
density of 2.7 as shown in Fig. 3. This was accompanied by
incomplete consumption of glucose. The addition of a
single m-pHmH at the time of inoculation resulted in pH
being maintained above 5.8 up to 14 h without addition of
buffer in the culture medium. This resulted in a higher
optical density of 8.7.

b __
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1.2
~
0.8
0.4
0.0 T T T 1
5 6 7 8

pH

values, except pH 8, which resulted in a 7* value of 0.87. The slopes
of these lines, denoted k, are an estimate of the release rate and are
shown as a function of pH
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Fig. 3 E. coli K12 was cultured in LB-glucose with and without
m-pHmH (a) growth (b), and glucose consumption (¢) pH profiles.
Control, without m-pHmH (triangle), with single m-pHmH added at
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Fig. 4 E. coli K12 was cultured in modified Wilms and Reuss
medium with and without m-pHmH. a Growth, b glucose consump-
tion, and ¢ pH profiles. Control, without m-pHmH (triangle), with

Two m-pHmH can be added to the culture to further
minimize the decrease in culture pH. However, the
hydrogel-based system in this study is not a completely
self-regulatory system like the traditional pH control
method of pH measurement followed by the addition of
base to maintain pH at a set point. In the beginning of the
culture, the cell density is low and hence the rate of proton
production is expected to be correspondingly low. The
simultaneous addition of two m-pHmHs at the beginning of
culture to reduce the pH decrease can cause a large initial
overshoot in pH beyond 7. To avoid the initial overshoot in
pH with two m-pHmHs, they were added to the culture in a
staggered manner.

In staggered addition of two m-pHmHs, one m-pHmH
was added at the time of inoculation and another was
added 2 h after inoculation (Fig. 3). The staggered
addition of m-pHmHs allowed pH to be maintained
above 6, resulting in a final optical density of 14. Fig-
ure 3 shows complete utilization of glucose in cultures
containing two m-pHmHs.

Thus, even in the absence of additional buffer, the
staggered addition of two m-pHmH was able to maintain
pH above 6, resulting in a fivefold increase in biomass in
complex medium supplemented with glucose.

Time (hours)

5

Time (hours)

Time (hours)

the time of inoculation (square), and with staggered addition of two
m-pHmH, one added at the time of inoculation and the other 2 h post-
inoculation (circle)

10 15 0 5 10

Time (hours)

15

single m-pHmH added at the time of inoculation (square) and with
staggered addition of two m-pHmH, one added at the time of
inoculation and the other 4-h post-inoculation (circle)

E. coli K12 cultured in modified Wilms and Reuss
medium containing glucose as a carbon source

In order to evaluate the ability of m-pHmH to maintain pH
in defined minimal medium, these hydrogels were also
tested with E. coli KiI2 cultivated in modified Wilms and
Reuss medium.

E. coli K12 cultured in modified Wilms and Reuss medium
containing no buffer

Initially, cultures were tested without any additional buf-
fer. The addition of a single m-pHmH at the time of
inoculation resulted in pH decreasing to 5.4 while the pH of
the control cultures containing no m-pHmH decreased up
to 4 as shown in Fig. 4. Despite the eventual decrease in
pH, a fourfold increase in the final biomass yield was seen
in the cultures containing m-pHmH. As seen with LB
medium containing glucose, partial consumption of glu-
cose was seen in both the cultures, containing no m-pHmH
and a single m-pHmH indicating cellular metabolism is
impaired due to the low culture pH.

Staggered addition of two m-pHmHs, one at the time of
inoculation and another 4 h after inoculation, maintained
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pH in the range 7.6-5.8 (Fig. 4) while glucose is available
in the culture. Complete utilization of glucose was
observed in these cultures after which culture pH increased,
possibly due to the consumption of the predominant waste
metabolite acetate [6, 13]. pH reaches a value similar to the
culture pH in LB medium (compare to control culture pH
in Table 1). The final optical density was 17. The staggered
addition of two m-pHmHs could thus allow better cell
growth without addition of additional buffer to the
medium.

For some experimental designs, for example to
mimic culture conditions upon scale-up, the actual
maintenance of pH around 7 could be important instead
of a simple increase in biomass. To assess if additional
buffering of media could result in better maintenance of
pH with m-pHmH, MOPS buffer at varying concentra-
tion was supplemented into the modified Wilms and
Reuss media.

E. coli K12 cultured in modified Wilms and Reuss medium
containing MOPS buffer

Initially, cultures were tested with medium containing
50 mM MOPS with staggered addition of two m-pHmH
discs (Fig. 5). One m-pHmH was added at the time of
inoculation and another after 4 h from the time of inocu-
lation, while no m-pHmHs were added to the control cul-
ture. As expected, the presence of buffer resulted in higher
cell density for the control culture, compared to growth in

Table 1 Effect of hydrogel addition on volumetric plasmid yield

ODs5 Final pH Plasmid yield
(pg/ml)
Control 25+01 86+£0.1 77+£19
With glucose-loaded 38+02 51+£004 59407
hydrogel
With glucose-loaded gel 11.2 4+ 0.6 82+ 02 38.0+ 24

and m-pHmH

ODss, final culture pH and volumetric plasmid yield in control
cultures in LB, and cultures in LB with glucose-loaded hydrogels with
or without m-pHmH. 95 % confidence intervals are reported

the absence of buffer (compare to control in Fig. 4), though
the pH eventually decreased to 4.2. With the staggered
addition of m-pHmHs, pH was maintained between 6.4 and
7.7 while glucose was available in the culture and the
optical density reached 14. pH increases after glucose is
completely consumed. Not surprisingly, complete utiliza-
tion of glucose was seen in cultures with staggered addition
of two m-pHmHs. Thus, staggered addition of m-pHmHs
along with 50 mM MOPS buffer allowed better mainte-
nance of pH.

To evaluate whether the addition of higher concen-
tration of buffer could result in better pH management,
we also evaluated the effect of using m-pHmHs with
medium containing 200 mM MOPS. Control cultures
grown in modified Wilms and Reuss medium containing
200 mM MOPS with no m-pHmH reached an optical
density of 5.2. pH of the control cultures with 200 mM
MOPS decreased to a minimum of 4.9 (Fig. 6) while
staggered addition of two m-pHmHs as described above
allowed pH to be maintained between 6.9 and 7.5 while
glucose was available in the culture. A threefold increase
in final biomass yield was observed with m-pHmH
addition as compared to control cultures containing
200 mM MOPS. Complete utilization of glucose is seen
in cultures with added m-pHmH, but not in the control.
The addition of m-pHmHs along with 200 mM MOPS
thus allowed better pH maintenance compared to other
lower buffer concentrations, but the increase in buffer
concentration increases the osmolarity of the medium,
and may not be suitable for all applications.

It should be noted that the final optical density is similar
with m-pHmH addition, whether in the presence or absence
of additional buffer. Thus, if the goal is to maximize bio-
mass, supplementation with additional buffer may not be
necessary.

Application of m-pHmH to increase volumetric plasmid
yield

We illustrate the application of m-pHmHs to increase
volumetric plasmid yields in shake flasks.

Fig. 5 E. coli K12 was cultured a 204 b 25 C 9-
in modified Wilms and Reuss =
medium with 50 mM MOPS, _ 169 = 20 8
with and without m-pHmH. é 12 9 15 ;
a Growth, b glucose 2 S oo
consumption, and ¢ pH profiles. NUBF 2 10 A6l
Legend same as in Fig. 4 8 3
44 5 S 54
0% T T ] 0 4 T T |
0 5 10 15 0 5 10 15 0 5 10 15

Time (hours)
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Fig. 6 E. coli K12 was cultured a 20 b 25 C 91
in modified Wilms and Reuss —_
medium with 200 mM MOPS, 5 161 5 8
with and without m-pHmH. E 12 e
a Growth, b glucose o 5 as 7%
consumption, and ¢ pH profiles. ~ g 3 & 6
. . [a) 172)
Legend same as in Fig. 4 o S
4+ = 5
(&)
0% T T | R 4 T T )
0 5 10 15 0 5 10 15 0 5 10 15
Time (hours) Time (hours) Time (hours)
Fig. 7 a Swelling kinetics of a b 300 -
5 % EGDMA cross-linked 307
hydrogel, which was used for 25 250

continuous release of glucose.
b Release kinetics of glucose
through glucose-loaded
hydrogel
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O
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Plasmid DNA yields from TOPI10 E. coli strain
transformed with a 5-kb pcDNA 3.1-based plasmid and
cultured in LB supplemented with glucose in shake
flasks were compared with and without m-pHmH. All
cultures were supplemented with 100 pg/ml ampicillin.
Staggered addition of two m-pHmHs, one at the time of
inoculation and another after 2 h from the time of
inoculation, resulted in a 3.5-fold increase in the biomass
yield. Cultures were harvested 8 h post-inoculation. The
average plasmid yield was 1.05 £ 0.01 pg/ml (95 %
confidence interval) for the control and 4.8 £+ 1.3 pg/ml
(95 % confidence interval) for the culture with m-pHmH
addition (the plasmid yields were similar for bolus glu-
cose feeding between 0.5 and 2 %.). However, both
these values were lower than the 8 pg/ml plasmid yield
from overnight cultures in LB (without any addition of
glucose) indicating that, in this case, even though addi-
tion of m-pHmH results in better results as compared to
uncontrolled pH, bolus addition of glucose to LB at the
beginning of the culture is detrimental to plasmid
production.

Fed-batch cultures employing different feeding strate-
gies have been used to increase plasmid yields in biore-
actors [2, 7, 16]. To simulate a continuous glucose
feeding strategy, in addition to pH management with
m-pHmH, glucose was continuously released in the shake
flask using a hydrogel instead of a bolus glucose sup-
plementation at the initiation of the culture.

T 1 0 T T T T |
40 60 0 3 6 9 12 15

Time (hours)

Addition of m-pHmH and glucose-loaded hydrogel
increases plasmid yield significantly

Glucose was loaded in a HEMA:EGDMA hydrogel for
in situ slow release. The hydrogel formulation used for the
release of glucose reached equilibrium swelling in a day
(Fig. 7a). Figure 7b shows the release rate of glucose
through the glucose-loaded hydrogels. Glucose is released
from the cylindrical hydrogel disc by diffusion. The release
of payload by diffusion through a cylindrical disc can be
described by the following empirical equation by Peppas
et al. [9, 15].

— =kt"

Moo

where k is a constant for a particular system and rn is the
release exponent representing the release mechanism. The
glucose-loaded hydrogels were not pre-swollen to prevent
unnecessary loss of glucose. Since these hydrogels were
not pre-swollen before addition to the culture, equilibrium
swelling will not be achieved before addition to the culture
indicating that the release mechanism may possibly be
governed both by swelling and diffusion for the time
duration under consideration. For a cylindrical geometry as
in the case of the glucose-loaded hydrogels, in diffusion-
controlled systems, n = 0.45 whereas for swelling con-
trolled systems n = 0.89 [15]. A plot of the amount of
glucose released vs. time” where n = 0.45 and 0.89 results
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in a 7% value of 0.97 and 0.94, respectively, thus resulting in
a better fit for the diffusion controlled mechanism.

Two sets of hydrogel-added cultures were evaluated to
assess the requirement for pH management in the presence
of slow glucose feeding through the glucose-loaded
hydrogel. Cultures were set-up (a) with both glucose-loa-
ded hydrogels and m-pHmH and (b) with only glucose-
loaded hydrogels added to evaluate if pH management was
necessary. In both cases, the hydrogel(s) were added when
the OD of the culture reached around 2. Control cultures
were cultured in LB with no hydrogels added and harvested
after 14 h. Table 1 lists the final ODsso, pH, and plasmid
yields in the three conditions. The cultures with only the
glucose-loaded hydrogels resulted in a 50 % increase in
biomass; however, there was a 31 % decrease in plasmid
yields as compared to the control cultures. This could be a
result of reduced pH. The cultures with both the glucose-
loaded hydrogels and m-pHmH showed a 348 % increase
in OD and a 394 % increase in plasmid yields compared to
the control cultures. The pH at the end of the culture was
similar to the control. The plasmid yield per unit optical
density for control culture is 3.1 £ 0.77 pg/ODggo ml, with
only the glucose releasing hydrogel is 1.6 = 0.26 and with
glucose-releasing and pH-managing hydrogels is
3.4 £ 0.28. Thus, the plasmid yield per unit density is not
statistically different for the control culture and the culture
with glucose-releasing and pH-managing hydrogels. This
indicates that the increase in plasmid yield is due to the
increased biomass and not due to an increase in the plasmid
yield per cell. We speculate that the lower plasmid yield
per unit optical density with the use of only the glucose-
releasing hydrogel is due to the decrease in culture pH.

Thus, continuous release of glucose along with m-pHmH
in shake flasks resulted in better results than only the addition
of glucose as a bolus or glucose loaded in a hydrogel. This
illustrates the utility of such pH-managing hydrogels for
microbial shake flask cultures in fed-batch mode.

Discussion

Control of culture pH is not easily possible in the widely
used shake flask platform. Scheidle et al. [12] demonstrated
the use of sodium carbonate-loaded silicone polymer to
increase biomass in E. coli culture, albeit requiring addi-
tional buffering for use with the commonly used carbon
source, glucose. The authors noted that systems showing
enhanced base release in response to reducing pH need to
be developed for small-scale cultures. We have previously
described the use of hydrogels releasing Mg(OH), for pH
management in animal cell cultures [10]. However, the rate
of release of lactic acid in slow-growing animal cell cul-
tures is slower than that of acetic acid in much faster
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growing E. coli culture. Correspondingly, the m-pHmH in
this study have lower crosslinking and greater surface area
compared to the pHmH described previously for cell cul-
ture. Similar to pHmH, though the m-pHmH hydrogel itself
is not pH responsive, the release rate of base through
m-pHmH is inversely proportional to pH, possibly due to
the increase in solubility of base with decreasing pH. The
m-pHmH hydrogels thus provide a means for in situ pH-
responsive base release to counter the decrease in microbial
culture pH due to acid formation owing to overflow
metabolism. In addition to maintaining pH, the addition of
m-pHmH also results in a collateral supply of Mg™?, which
may be useful for some medium formulations (however,
for the experiments described here, simple supplementation
of medium with Mg™? is insufficient to cause the ~350 %
increase in biomass yields seen upon addition of m-pHmH,
data not shown). The use of m-pHmH, without any addi-
tional buffering, allowed complete glucose utilization and
increase in biomass yield of E. coli KI12. Mg™ is an
essential cation whose concentration can be limiting in
some medium formulations. The use of m-pHmH with
additional buffer in the culture medium provided better pH
maintenance, which could be useful to mimic culture
behavior upon scale up in pH controlled bioreactors when
used along with strategies to reduce oxygen limitation. The
use of m-pHmH along with a glucose-releasing hydrogel in
a shake flask resulted in a 394 % increase in volumetric
plasmid yield demonstrating the utility of such hydrogel
systems to mimic fed-batch cultures in shake flask cultures.
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