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Abstract 

Background: The bacterium E. coli is a major host for recombinant protein production of non-glycosylated prod-
ucts. Depending on the expression strategy, the recombinant protein can be located intracellularly. In many cases 
the formation of inclusion bodies (IBs), protein aggregates inside of the cytoplasm of the cell, is favored in order to 
achieve high productivities and to cope with toxic products. However, subsequent downstream processing, including 
homogenization of the cells, centrifugation or solubilization of the IBs, is prone to variable process performance or 
can be characterized by low extraction yields as published elsewhere. It is hypothesized that variations in IB qual-
ity attributes (QA) are responsible for those effects and that such attributes can be controlled by upstream process 
conditions. This contribution is aimed at analyzing how standard process parameters, such as pH and temperature (T) 
as well as different controlled levels of physiological parameters, such as specific substrate uptake rates, can vary IB 
quality attributes.

Results: Classical process parameters like pH and T influence the expression of analyzed IB. The effect on the three 
QAs titer, size and purity could be successfully revealed. The developed data driven model showed that low tem-
peratures and low pH are favorable for the expression of the two tested industrially relevant proteins. Based on this 
knowledge, physiological control using specific substrate feeding rate (of glucose)  qs,Glu is altered and the impact is 
tested for one protein.

Conclusions: Time dependent monitoring of IB QA—titer, purity, IB bead size—showed a dependence on classical 
process parameters pH and temperature. These findings are confirmed using a second industrially relevant strain. 
Optimized process conditions for pH and temperature were used to determine dependence on the physiological 
parameters, the specific substrate uptake rate  (qs,Glu). Higher  qs,Glu were shown to have a strong influence on the ana-
lyzed IB QAs and drastically increase the titer and purity in early time stages. We therefore present a novel approach to 
modulate—time dependently—quality attributes in upstream processing to enable robust downstream processing.
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Background
The gram-negative bacterium E. coli is the expression 
host of choice for the production of 30–40% of recom-
binant drugs in industry [1, 2]. As E. coli shows very fast 
replication rates [3, 4] on comparatively inexpensive 
media [5], the benefits often outweigh the numerous 
purification steps [1, 6] and the missing glycosylation 
pattern [1, 7, 8]. Recombinant protein production in E. 
coli regained more interest as the demand in single chain 
antibody-fragments increased, which can be properly 
expressed in E. coli [1, 8]. The strain BL21(DE3) created 
by F. Studier and B. Moffatt back in 1986 [9] is often used 
in an industrial scale, because of very low acetate forma-
tion, high replication rates [9–14], as well as the possibil-
ity of protein secretion into the fermentation broth due 
to a type 2 secretion protein [15–17]. For expression of 
the recombinant protein, the lac operon is still one of 
the most favored promotors in pET-expression-systems 
using integrated T7-polymerase for high transcrip-
tional rates [3, 12, 18]. The repressor protein can only be 
blocked by allolactose or a structural analogue [19], e.g. 
the well-known expensive inducer isopropyl β-d-1 thi-
ogalactopyranoside (IPTG) [3, 13]. However, induction 
with IPTG stresses the cells, as IPTG in higher concen-
trations is known to be toxic [13, 18, 20].

Recombinant proteins are often expressed as inclusion 
bodies (IB). IBs have originally been believed to be waste 
products by bacteria [21], until it was realized that they 
are formed as a stress reaction by the cells resulting in a 
biologically inactive precipitated protein [22–24]. Such 
stress reactions can be caused by high temperatures, pH-
shifts or occur due to high feeding rates. These factors 
tend to result in higher yields of product [1], which of 
course are advantageous combined with the possibility of 
expressing toxic proteins [6]. Still, the DSP and especially 
the refolding unit operation suffers in robustness and is 
the most time-consuming step in gaining the correctly 
folded product from E. coli cultivations [21–24], which 
requires significantly more technology and time, when 
purifying IBs [22, 25, 26].

Quality attributes (or key performance indicator) of 
IBs, such as titer and morphology changes during extrac-
tion procedures have already been studied and show that 
IBs are dynamic structures depending on the cultiva-
tion and extraction conditions [27–29]. First approaches 
towards IB sizing in the upstream process have already 
been made within our group by Reichelt et al. [30] using 
transmission electron microscopy [31] in combination 
with nanoparticle tracking analysis (NTA) revealing gen-
eral trends of IB growth during cultivation. Further stud-
ies show that IBs consist of up to 50% correctly folded 
protein in contrast to the general perception of IBs as 
inactive structures [29, 32]. Combined with the fact 

that IBs can be produced in high concentration (so that 
the amount of generated product often outweighs the 
additional downstream steps), IB based processes are 
believed to fundamentally boost time/space yields for 
recombinant protein production [1, 6, 7, 21]. Knowledge 
about the state of IB QAs during a cultivation process is 
therefore of utmost importance. Three IB QAs are gen-
erally of importance: bead size, titer and purity, as those 
three quality attributes were already defined elsewhere 
[21, 30, 33, 34]. It has been reported that inclusion body 
sizes can be measured with different methods, e.g. AFM 
(atomic force microscopy), TEM and NTA [21, 30, 33]. 
SDS-pages and ELISA-methods have been often reported 
as tool to determine impurities and titer in the IB prod-
uct samples [35]. The impact of single process parameters 
like pH on IB QAs has already been investigated in litera-
ture [36, 37]. Reichelt et al. [34] showed that alterations 
of  (qs,glu) influence the behavior of common IB-processes, 
using IPTG as an inducer. The impact of the feeding rate 
onto product formation in E. coli BL21(DE3) has been 
investigated recently, though lactose was used as inducer 
instead of IPTG [38]. However, no monitoring of all IB-
QAs over induction time has been performed in any of 
the previous studies.

In this study we performed cultivations with a 
BL21(DE3) strain, producing a recombinant protein cou-
pled to a N-pro-fusion protein [39]—strain 1—and a non 
N-Pro fused protein—strain 2-, both exclusively express-
ing IBs, as the products are highly toxic for the cell. Clas-
sical process parameters were monitored as a function of 
induction time. The impact of process parameters on IB 
bead size in combination with purity and titer as a func-
tion of time has not been investigated in depth. Second-
ary structure of different IB sizes were analyzed using IR 
and showed no differences for IB beads of different size 
compared to the standard. Based on these results, the 
physiological parameter of the specific substrate uptake 
rate  (qs,glu) is altered at constant pH and T for strain 1 
and QAs are analyzed time-dependently. In this current 
study we collected time resolved results, which are used 
to optimize the USP. In conclusion, it is demonstrated 
that low T and low pH in combination with high  qs,glu are 
beneficial for increasing the productivity and robustness 
of IB based processes for the two tested proteins.

Methods
Strains
Strain 1 was an E. coli BL21(DE3) with the pET[30a] plas-
mid system (kanamycin resistance) for recombinant pro-
tein production. The target protein was linked to a N-pro 
fusion protein used for purification [39]. Strain 2, E. coli 
BL21(DE3), (kanamycin resistance) was used for test-
ing the results obtained with strain 1. Expression of the 
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protein occurs only as IB since the product is toxic to the 
cell. No N-Pro tag is fused to this product.

Bioreactor cultivations
Strain 1
All bioreactor and preculture cultivations for strain 
1 were carried out using a defined minimal medium 
referred to DeLisa et  al. [5]. Batch media and the pre-
culture media had the same composition with different 
amounts of glucose respectively. The glucose concentra-
tions for the phases were: 8 g/L for the preculture, 20 g/L 
for the batch phase. The feed for fed-batch and induction 
had a concentration of 300 g/L glucose.

Antibiotic was added throughout all fermentations, 
resulting in a final concentration of 0.02 g/L of kanamy-
cin. All precultures were performed using 500  mL high 
yield flasks. They were inoculated with 1.5 mL of bacte-
ria solution stored in cryos at − 80  °C and subsequently 
cultivated for 20 h at 230 rpm in an Infors HR Multitron 
shaker (Infors, Bottmingen Switzerland) at 37 °C.

All cultivations were either performed in a stainless-
steel Sartorius Biostat Cplus bioreactor (Sartorius, 
Göttingen, Germany) with 10  L working volume or in 
a DASGIP Mini bioreactor-4-parallel fermenter sys-
tem (max. working volume: 2.5  L; Eppendorf, Ham-
burg, Germany). Cultivation off gas was analyzed by gas 

sensors—IR for  CO2 and  ZrO2 based for  O2 (Blue Sens 
Gas analytics, Herten, Germany).

Process control was established using the PIMS Lucul-
lus and the DAS-GIP-control system, DASware-control, 
which logged the process parameters. During batch-
phase and fedbatch phase pH was kept constant at 7.2 
and controlled with base only (12.5%  NH4OH), while acid 
(5%  H3PO4) was added manually, when necessary. The 
pH was monitored using an EasyFerm Plus pH-sensor 
(Hamilton, Reno, NV, USA). The reactors were continu-
ously stirred at 1400 rpm and aerated using a mixture of 
pressurized air and pure oxygen at 2 vvm. Dissolved oxy-
gen  (dO2) was always kept higher than 30% by increas-
ing the ratio of oxygen in the ingas. The dissolved oxygen 
was monitored using a fluorescence dissolved oxygen 
electrode Visiferm DO (Hamilton, Reno, NV, USA). The 
fed-batch phase for biomass generation was followed by 
an induction phase using a feed medium with glucose as 
primary carbon source.

0.5 mM IPTG was added as an inducer once to start the 
induction of the cells. pH and temperature in the induc-
tion phase was adapted according to the design of experi-
ments (DoE) given in Fig.  1a. pH was altered between 
6.7 and 7.7 and temperature between 30 and 40 °C. The 
center point at 35 °C and pH 7.2 was cultivated in tripli-
cate in order to assess statistical experimental error.

Fig. 1 a DoE for determination of the influence of classical process parameters on IB QAs for strain 1. Starpoints (8, 9, 10, 11) were performed in a 
DasGip parallel system, while the others were cultivated in a stainless-steel Sartorius Stedim reactor; b reduced design space for strain 2 based on 
optimal cultivation parameters
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Strain 2
Strain 2 was cultivated at our industrial partner. The cul-
tivation was similar to strain 1 using chemically defined 
medium containing 15  g/L glucose in seed and 10  g/L 
glucose in main stage fermentations, respectively. Inocu-
lum preparation and respective antibiotic selection were 
similar to strain 1, though during the main culture stage 
kanamycin was added. Seed and main culture cultiva-
tions were carried out in custom built 50 L stainless steel 
vessels with custom made fermentation software for pro-
cess control. Throughout the seed and main fermentation 
stages the pH was adjusted to fit the parameters of the 
second DoE (Fig. 1b) using 150 g/L sulphuric acid or 25% 
ammonia. Temperature was adjusted to the correspond-
ing values in main culture. Dissolved oxygen was adjusted 
to 30% using aeration with up to 2 vvm, 2 bar backpres-
sure and stirring up to 500  rpm. Optical DO probes 
Visipro DO (Hamilton, Reno, NV, USA) and EasyFerm 
Plus pH probes (Mettler Toledo, Columbus, Ohio; USA) 
were used for monitoring and control. Off-gas analysis 
was conducted using a custom-built mass spectrometer 
facility. At  OD600 > 8.5 in seed culture, main culture was 
inoculated using 8.6% (v/v). Upon glucose depletion a 
glucose feed was initiated using a µ of 0.3 h−1 for 6 h and 
was kept constant at a final rate of exponential feed pat-
tern until process termination. Expression was induced 
2 h after the end of exponential feeding for biomass pro-
duction using 1 mM IPTG for 12 h in a reduced design 
space given in Fig. 1b. As high temperatures and alkaline 
pH (fermentation conditions  2 in Fig.  1a) showed pro-
nounced lysis during the study, the design space for strain 
2 was reduced to a more reasonable pH and temperature 
window which is commonly used for multiple E. coli cul-
tivations. Absolute values for pH and T cannot be given 
due to confidential reasons by our industrial partner.

Cultivation analytics
Biomass
For dry cell weight (DCW) measurements 1  mL of the 
cultivation broth was centrifuged at 9000  rpm, subse-
quently washed with 0.9% NaCl solution and centrifuged 
again under the same conditions. After drying the cells 
at 105  °C for 48  h the pellet was evaluated gravimetri-
cally. DCW measurements were performed in five repli-
cates and the mean error for DCW was about 3%. Offline 
 OD600 measurements were performed in duplicates in 
a UV/VIS photometer Genisys 20 (Thermo Scientific, 
Waltham, MA, US).

Flow cytometry
Flow cytometry (FCM) was carried out according to 
Langemann et al. [36]. We used a  CyFlow® Cube 6 flow 
cytometer (Partec, Münster, Germany) with 488-nm 

blue solid-state lasers. Three fluorescence channels were 
available (FL1, 536/40  nm bandpass; FL2, 570/50  nm 
bandpass; FL3, 675 nm longpass) alongside forward scat-
ter (trigger parameter) and side scatter detection. This 
device featured true absolute volumetric counting with a 
sample size of 50–100 μL. Data were collected using the 
software CyView 13 (Cube 6; Partec) and analyzed with 
the software FCS Express V.4.07.0001 (DeNovo Software, 
Los Angeles, CA, USA). Membrane potential-sensitive 
dye  DiBAC4(3) (abs./em. 493/516  nm) was used for the 
assessment of viability. Fluorescent dye RH414 (abs./em. 
532/760 nm) was used for staining of plasma membranes 
yielding strong red fluorescent enhancement for the anal-
ysis of total cell number. Combining those two dyes it was 
possible to quantify the viable cell concentration. Stocks 
of 0.5  mM  (DiBAC4(3)) and 2  mM RH414 were pre-
pared in dimethyl sulfoxide and stored at − 20  °C. Both 
dyes were purchased from AnaSpec (Fremont CA, USA). 
1.5 μL of both stocks were added to 1 mL diluted sam-
ple resulting in final concentrations of 0.5 μM  DiBAC4(3) 
and 2.0  μM RH414, respectively. Samples were meas-
ured directly after addition of the dyes, without further 
incubation.

Sugar analytics
Sugar concentrations in the filtered fermentation broth 
were determined using a Supelco C-610H HPLC col-
umn (Supelco, Bellefonte, PA, USA) on an Ultimate 300 
HPLC system (Thermo Scientific, Waltham, MA, US) 
using 0.1%  H3PO4 as running buffer at 0.5 mL/min or an 
Aminex HPLC column (Biorad, Hercules; CA, USA) on 
an Agilent 1100 System (Agilent Systems, Santa Clara, 
CA, USA) with 4 mM  H2SO4 as running buffer at 0.6 mL/
min.

Product analytics
IB preparation
5  mL fermentation broth samples were centrifuged at 
4800 rpm at 4  °C. The supernatant is discarded and the 
pellet is resuspended to a DCW of about 4  g/L in lysis 
buffer (100  mM Tris, 10  mM EDTA at pH 7.4). After-
wards the sample was homogenized using a high-pres-
sure homogenizer at 1500 bar for 10 passages (Emulsiflex 
C3; Avestin, Ottawa, Canada). After centrifugation at 
10,000 rpm and 4 °C the supernatant was discarded and 
the resulting IB pellet was washed twice with ultrapure 
water and aliquoted into pellets à 2 mL broth, centrifuged 
(14,000 rpm, 10 min 4 °C) and stored at − 20 °C.

IB size
Washed and aliquoted IB samples were resuspended in 
ultrapure water. 100 µL of appropriate dilution of the sus-
pension were pipetted on a gold-sputtered (10–50  nm) 
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polycarbonate filter (Millipore-Merck, Darmstadt, Ger-
many) using reusable syringe filter holders with a diame-
ter of 13 mm (Sartorius, Göttingen, Germany). 100 µL of 
ultrapure water were added and pressurized air was used 
for subsequent filtration. Additional 200 µL of ultrapure 
water were used for washing. The wet filters were fixed 
on a SEM sample holder using graphite adhesive tape and 
subsequently sputtered with gold to increase the contrast 
of the sample. SEM was performed using a QUANTA FEI 
SEM (Thermo Fisher, Waltham, MA, US) with a second-
ary electron detector [40]. The acceleration voltage of 
the electron beam was set between 3 and 5 kV. To deter-
mine the diameter of the IBs, 50 IBs on SEM pictures 
were measured using the ImageJ plugin Fiji [Laboratory 
for Optical and Computational Instrumentation (LOCI), 
University of Wisconsin-Madison, US]. SEM analytics 
of two different time points for both strains are given in 
Fig. 2.

IB titer for strain 1
For titer measurements IB pellets were solubilized 
using solubilization buffer (7.5  M guanidine hydro-
chloride, 62 mM Tris at pH 8). The filtered samples are 
quantified by HPLC analysis (UltiMate 3000; Thermo 
Fisher, Waltham, MA, USA) using a reversed phase col-
umn (EC 150/4.6 Nucleosil 300-5 C8; Macherey–Nagel, 
Düren, Germany). The product was quantified with an 
UV detector (Thermo Fisher, Waltham, MA, USA) at 
214 nm using Novartis BVS Ref. 02 as standard. Mobile 
phase was composed of acetonitrile and water both 
supplemented with 0.1% (v/v) trifluoride acetic acid. 
A linear gradient from 30% (v/v) acetonitrile to 100% 
acetonitrile (ACN) was applied. A steep linear gradient 
from 10% ACN to 30% ACN in 60 s was followed by a 
long linear gradient from 30 to 55% and by three regen-
eration steps.

Fig. 2 Extracted IBs filtered onto Au coated polycarbonate filter and analyzed using SEM for 4 h induction time and 12 h induction time. Strong 
difference in size can be spotted for the two-time points
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IB titer for  strain 2
IB titer was also determined by reversed phase HPLC at 
Sandoz GmbH (Process Analytics, Kundl, Tirol, Austria). 
Pellets were defrosted at room temperature and solubi-
lized by addition of dilution buffer [36] (6  M guanidine 
hydrochloride, 50  mM Tris, pH 7.5) and sonication 
(Branson Ultrasonics, Danbury, Connecticut, USA). The 
filtered samples were analyzed by HPLC with a reversed 
phase column (Acquity UPLC BEH 300, C4, 1.7  µm, 
2.1 × 50  mm). Quantification was performed by UV 
detection at 214  nm wavelength and calibration with a 
purified product standard. Mobile phases were com-
posed of (A) water and (B) acetonitrile/pentanol (95/5, 
v/v) both supplemented with 0.1% (v/v) tetrafluoride ace-
tic acid. The elution of the product was achieved with a 
linear gradient of both solvents.

IB purity
Purity measurements were performed using chip-based 
protein assays with 2100 Bioanalyzer (Agilent Technolo-
gies, Santa Clara, CA, USA. The chip-based assay is based 
on SDS-PAGE and therefore separates molecules accord-
ing to their size. Washed and homogenized IBs were dis-
solved in 3 M urea, 25 mM Tris at pH 7 and measured 
subsequently. The electropherogram was afterwards ana-
lyzed using OriginPro 2016 (Northampton, MA, USA) 
integrating the peak area of the protein of interest and 
normalizing the area in respect to the total area of the 
electropherogram.

IB conformational analysis by IR spectroscopy
Infrared (IR) spectra were recorded by an external-cav-
ity quantum cascade laser-based IR transmission setup 
described in detail by Schwaighofer et al. [31]. A water-
cooled external-cavity quantum cascade laser (Hedgehog, 
Daylight Solutions Inc., San Diego, USA) was used oper-
ating at a repetition rate of 100 kHz and a pulse width of 
5000  ns. All spectra were recorded in the spectral tun-
ing range between 1730 and 1470  cm−1, covering the 
amide I and amide II region of proteins, at a scan speed 
of 1200  cm−1  s−1. The MIR light was focused on the 
detector element by a gold plated off-axis parabolic mir-
ror with a focal length of 43 mm. A thermoelectrically-
cooled MCT detector operating at − 78  °C (PCI-10.6, 
Vigo Systems S.A., Poland) was used as IR detector. To 
reduce the influence of water vapor, the setup was placed 
in a housing of polyethylene foil and constantly flushed 
with dry air. The measured signal was processed by a 
lock-in amplifier (Stanford Research Systems, CA, USA) 
and digitized by a NI DAQ 9239 24-bit ADC (National 
Instruments Corp., Austin, USA). Each single beam spec-
trum consisting of 6000 data points was recorded during 
the tuning time for one scan of approx. 250  µs. A total 

of 100 scans were recorded for background and sample 
single beam spectra at a total acquisition time of 53 s. All 
measurements were carried out using a custom-built, 
temperature-controlled flow cell equipped with two MIR 
transparent  CaF2 windows and 31  µm-thick spacer, at 
20 °C.

The laser was controlled by Daylight Solution driver 
software; data acquisition and temperature control were 
performed using a custom-made LabView-based GUI 
(National Instruments Corp., Austin, USA). Two IB sam-
ples with distinct size of 400 nm and 600 nm were com-
pared with the finished formulated protein standard of 
strain 1 (without N-Pro Taq).

Results and discussion
The goal of this study was to investigate and to under-
stand if and how IB attributes can be changed and tuned 
by upstream bioprocess (USP) technological methods. 
We tested the classical process parameters pH and tem-
perature and the physiological parameter specific sub-
strate uptake rate. The impact of specific USP parameters 
can be investigated using IB QAs as response for data 
evaluation. With knowledge about the tunability of IB 
QAs in the upstream, it is possible to simplify the sub-
sequent downstream steps. Therefore, we tested two 
different proteins, with completely different structure 
including N-Pro fusion tag for strain 1 and no fusion tag 
for strain 2. Both products have a high toxicity for the 
cell in common and are only expressed as IBs. The results 
constitute the key to custom made IBs and may be used 
as platform technology for the development of the USP 
for new products.

Impact of classical process parameters on IB QAs using 
strain 1 (N‑Pro fused protein)
As IPTG based induction imposes a metabolic stress to 
the host organism, time dependent analysis of IB QAs 
is of utmost importance to identify critical process time 
points (e.g. cell death, product degradation) within 
individual cultivation runs. Therefore, IB QAs were 
analyzed every 2 h within a maximum of 12 h induction 
time. pH and T were altered based on the experimen-
tal plan, while specific substrate uptake rate  (qs,Glu) and 
inducer concentration were kept constant in all experi-
ments. In Table 1 the applied parameters for T, pH and 
 qs,Glu for all performed cultivations in the DoE are dis-
played. Figure 3 exemplarily shows IB QAs of one sin-
gle cultivation run as a function of time. The received 
QAs purity, titer and size are used to build a data driven 
model using MODDE 10 (Umetrics, Sweden). A partial 
least square fit was used for all models. Model terms 
(linear, quadratic and interaction terms) were evaluated 
according to their validity (p-values) and to the overall 
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model quality. A clear dependence for the applied vari-
ations in pH and T were found and visualized against 
induction time giving a time dependent analysis of the 
QAs. The evaluation of the specific titer [based on titer 
(g/L) divided by the biomass at the given timepoint 
(gX/L, resulting in g/g)] against the induction time and 
pH and T showed a clear dependence. The specific titer 
was used in order to compensate for deviations in the 
biomass after the non-induced fed batch, which yielded 
25–30 g/L DCW. The maximum of spec. titer (not nec-
essarily the spec. productivity at certain time point) 
was found at low T and low pH, shown in Fig. 4a. pH 
dependence got significant after 6  h of induction time 
and impacted (Fig. 4b) the spec. titer. The maximum of 
recombinant protein was produced between 8 and 10 h. 
This fact is well reflected by the const. parameter in 

Fig. 4b. After 10 h cell death leads to a degradation and 
reduction of the produced protein, also clearly deduc-
ible from the constant term, visible in FCM measure-
ments and in pronounced glucose accumulation (data 
not shown).

Within single cultivation runs titer and IB bead size 
showed a very linear relationship in the mean diameter 
and the standard deviation until the onset of cell death. 
Process parameters pH and T affected the growth of IB 
beads significantly. Generally, the largest IB bead size 
could be found close to the center point of the DoE in 
the beginning of induction. The shift to lower T and pH 
can be spotted after 6  h of induction time (compare to 
Fig.  4c). Effects of cell death and product degradation 
in titer could also be spotted in the IB bead size espe-
cially at 12  h. General trends of the fitting parameters 
are visualized in Fig. 4d. The constant model parameter 
is increased over time which also indicates the growth 
of IB beads over induction time. Linear terms pH and 
T and quadratic pH term showed increased impact on 
the model with elevated time, while interaction term 
and quadratic T-term stayed rather constant. A similar 
behavior for IB bead growth had already been obtained 
for a recombinant produced green fluorescent protein 
(GFP) in our group by Wurm et al. [33]. Instead of alter-
ing pH and T like in this study, the induction strength 
using mixed feed systems with lactose as inducer was 
varied. Induction time and strength had a high impact on 
the IB bead size during these cultivations. In our model 
a certain deregulation of size compared to titer could be 
dedicated from the given data driven models. This fact 
is beneficial for regulation of individual parameters to 
increase the performance in the DSP process chain in a 
further aspect since size and titer can be varied separately 
to a certain extend. As third QA IB purity, as important 
factor for quality in the DSP, was analyzed.

Table 1 Analysis of applied process parameters compared to set points in all DoE runs during induction phase

DoE pHset (−) Tset (°C) pHreal (−) Treal (°C) qs,Glu set (g/g/h) qs,Glu real (g/g/h)

1 6.7 30.00 6.69 30.00 0.25 0.24

10 7.2 30.00 7.16 30.02 0.25 0.26

3 7.7 30.00 7.69 30.00 0.25 0.26

11 6.7 35.00 6.64 35.02 0.25 0.29

5 7.2 35.00 7.18 35.00 0.25 0.24

6 7.2 35.00 7.18 35.00 0.25 0.32

9 7.7 35.00 7.64 35.03 0.25 0.27

4 6.7 40.00 6.68 40.00 0.25 0.29

8 7.2 40.00 7.15 40.01 0.25 0.29

2 7.7 40.00 7.69 40.00 0.25 0.24

7 7.2 35.00 7.17 35.00 0.25 0.25

Fig. 3 IB QAs as a function of induction time for the third center 
point cultivation. Size is given with standard deviation (spline). Drop 
of titer/size and purity after 8 h is generally a result of increased cell 
lysis at elevated times
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The three-dimensional plot for purity determination is 
presented in Fig. 4e. At times, up to 4 h of induction pH 
influenced the purity of the IB samples. After 4 h, a sole 
dependence on temperature was found indicating that 
low temperatures (30 °C in the design) favor cleaner IBs. 
Since titer and size maximum could be found at low tem-
peratures and pH, purity after homogenization may be 

highly correlated to the degree of lysis during the fermen-
tation run. Lower temperatures did not lead to signifi-
cant cell death (when regarding up to 10 h of induction), 
impurities may be reduced by applying low temperatures 
compared to temperatures with increased cell death 
yields. So, Fig.  4f summarizes the model fit parame-
ters as a function of time. pH did not contribute to the 

Fig. 4 a Data driven model for time dependent analysis of IB specific titer; b model fit parameter for titer. While in the beginning only temperature 
dependence is visible, a strong pH correlation can be found at t = 8 h; c data driven model for time dependent analysis of IB bead size; d model fit 
parameter for IB bead size. Due to standard deviation of 10% in the analysis model parameters are rather complex; e data driven model for time 
dependent analysis of IB purity; f model fit parameter for purity. A sole temperature dependence is found beyond 4 h of induction
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model fit beyond 4  h (only one point given). Tempera-
ture has a major influence on the duration of the induc-
tion time, which can already be detected in early stages 
of induction time. As purity is affected by the washing 
steps after homogenization different washing procedures 
may impact the value of absolute purity and the kind of 
impurity. Generally, porin structures and phospholipids 
from the outer membrane are the major part of impuri-
ties in the IB after homogenization [41, 42]. In literature 
IB beads had already been analyzed by SEM and AFM in 
order to get insight into morphology [43] and into wash-
ing procedures and dependence of pH and T within [44]. 
Different washing procedure had also been analyzed in 
this work. Buffer based washing tends to show little influ-
ence in shape and morphology of IBs but has an effect on 
the analyzed purity value (Additional file  1: Figure S1). 
This may be attributed to phospholipid content, result-
ing from homogenization of the cells, as buffer treatment 
successfully increases purity. Effects of washing on phos-
pholipid content is also reported in [45]. Generally, SDS-
PAGE techniques are used to separate different protein 
sizes. A few impurity peaks are found near the respective 
fusion protein size of 28.8 kDa and about 60 kDa (Addi-
tional file 2: Figure S2 an IB purity for 4 h and 12 h of the 
validation run). These impurities correlating well to the 
size-range of a magnitude of outer membrane (e.g. ompA 
with 35.1 kDA [46]). To determine the extent of DNA in 
IB as impurities, we treated solubilized IB samples prior 
to an SDS-PAGE with DNAse 30 min at 37 °C (DNAse 1, 
Thermo Scientific, Waltham, MA, US). No differences in 
the gel could be spotted between untreated and treated 
samples (Additional file  2: Figure S2b). Therefore, we 
suppose little content of residual DNA within the IB sam-
ples, which was also described in [45]. A higher IB purity 
is based on our model generally attributed to larger IB 
sizes. Since volume/surface ratio differs drastically com-
pared to small beads less host cell structures can attach 
to the surface after homogenization. Buffer washing suc-
cessfully removes a higher content of these impurities.

To evaluate the three data driven model approaches, 
we performed a verification run, aiming to achieve a 
maximum in titer of the recombinant protein including 
prediction of the respective attributes size and purity. 
Since the maximum of the titer could be found after 
10  h of induction time, optimization is performed for 
this time stage. The process parameters received from 
the optimization algorithm for the induction phase were 
pH 6.7, T = 31.5 °C. Table 2 shows the comparison of the 
model prediction vs. the real measured values received 
after 10  h of induction. Standard cultivation reproduc-
ibility based on center point cultivations of strain 1 are 
strongly time dependent, especially for titer and purity 

assessment. Differences in the real  qs,Glu during these 
three runs may affect the reproducibility, especially in 
the beginning of the cultivations as will be shown in the 
forthcoming chapter. Mean values and deviations for the 
center point runs of strain 1 are given in Additional file 3: 
Figure S3. The standard deviation for size is below 10% 
until 10  h of induction, heading to about 15% at 12  h. 
Purity shows an error of about 30% for until 8 h reducing 
to values below 20% afterwards. Low titer values are gen-
erally highly defective at early time stages of the induc-
tion phase as a result of the onset of production. These 
high errors of about 30% reduce to about 10% after 8 h 
of induction. Using these assumptions for evaluation 
of the model clearly shown that model assumptions for 
size and purity QAs are correct within the given stand-
ard deviations. The IB bead size range after 10 h is pre-
dicted correctly, despite the general uncertainty of about 
10% in the measurement statistics. Purity was correct 
within the 20% deviation at this time stage. Even slightly 
better results could be obtained for titer but are off the 
10% deviation. This may be based on the slight higher  qs, 

Glu of 0.3 g/g/h applied in this cultivation (overestimation 
of biomass after the fed-batch phase). Production of the 
protein of interest and the expression rate seems to be 
strongly correlated to the induction stress level of the cell. 
Lower temperatures seem to be favorable for the survival 
of the E. coli cells and positively influenced all three ana-
lyzed quality attributes. pH shifts to low pH increased the 
titer to a high degree at later induction stages and may 
be a result of a higher transmembrane potential, boost-
ing the TCA and the energy metabolism [47]. As E. coli 
can grow on a pH between 6.0 and 8.0, with an internal 
pH of 7.6 [48], the rather acid pH-optimum is surpris-
ing at a first glance, but when investigated it is likely that 
the pH of 6.7 could be causing less precipitate of diverse 
trace elements, which are added in the DeLisa media [5]. 
Having access to more co-factors could positively influ-
ence the IB-formation. pH shifts from 7.2 to 6.7 may also 
effect different enzymes in the cell, e.g. phosphofructoki-
nase in glycolysis [48].

Table 2 Prediction vs. measured QA of  IBs for  model 
validation run

Val. run Model Measured Assessment

Purity 0.345 0.397 Correct within 20% 
error for purity at 
10 h

Spez. titer 
(optimized)

0.113 0.140 Higher than predicted

Size 570.53 571.63 Prediction correct
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Secondary structure analysis of IBs exhibiting different size
In order to understand the impact of different IB size 
(produced in USP) on the secondary structure, IR meas-
urements in the MIR range were performed and com-
pared to the correctly folded protein standard of strain 1 
for two distinct sizes exemplarily. Figure 5 shows the IR 
spectra of the reference sample and IB beads with 400 
and 600  nm in size from the same cultivation run. The 
IB samples were resuspended in MQ water and subse-
quently measured. The reference standard was measured 
in the formulated buffer. The IR spectrum of the refer-
ence shows a band maximum at 1645 cm−1 in the amide I 
region as well as a narrow band at 1545 cm−1 in the amide 
II region that are characteristic for α-helical structures. 
In the reference sample, the native secondary structure of 
the protein is fully formed. Throughout the fermentation 
process, 400 nm size sample was taken after 4 h and the 
600  nm sample was taken after 8  h. These samples also 
predominately feature α-helical secondary structure indi-
cated by the amide I band maximum close to 1650 cm−1 
[49]. However, these samples also contain different, non-
native secondary structure as denoted by the band shoul-
ders at approx. 1625 and 1680 cm−1 that suggest β-sheet 
secondary structures. The IR spectra show that the extent 
of these non-native secondary structure components 
is different for the two samples taken from the cultiva-
tion and that the amount is lower in the sample that was 
taken at a later point in time. This is in accordance with 
the purity measurements and indicates that later cultiva-
tion times and larger IB sizes do not affect the secondary 

structure of the IBs negatively. These results can be com-
pared to the work of Wurm et al. [33] and corresponds to 
the data, that impurity content drastically decreases with 
IB size in solubilization and refolding.

Validation of the impact of classical process parameters 
on IB QAs using strain 2
For application of the proposed QA dependence used 
for strain 1, a reduced design space (compare to Fig. 1b) 
for strain 2 was applied and quality attributes were ana-
lyzed as described for strain 1. Strain 2 also produces a 
toxic protein for the cells and is consequently expressed 
only as IBs but lacking the N-Pro fusion tag. As only four 
cultivations were performed, no statistical evaluation 
is used and fits were performed in order to have a rea-
sonable model description and to reveal general trends 
during those cultivations. Estimation on standard devia-
tions for the given QAs are already given in the previous 
section. In comparison to strain 1 higher titers could be 
achieved during the cultivation. (Figure  6a—normalized 
to the highest achieved titer in these cultivations, given 
in 1 [−]). Time dependent analysis of the IB bead size is 
shown in Fig.  6b and reveals the same trend as already 
valid for titer and purity. Low pH and low temperatures 
lead to increased IB bead size in those cultivations. How-
ever, IB bead size is generally smaller in strain 2, when 
compared to strain 1 respectively (N-Pro based protein, 
clearly visible by comparing Fig. 2b, d). The dimension-
less value of purity is generally very high as well, exceed-
ing values of 0.5 even after 4 h of induction, compare to 
Fig.  6c. In accordance to strain 1 the highest titers and 
purities are found at a low pH and low temperatures.

Different IB bead size for a broad number of pro-
teins was already presented in literature: A GFP model 
protein, expressing IBs as well as soluble protein [33] 
showed IB bead size of a maximum of 600  nm at 
extended induction times using mixed feed systems 
with glucose and lactose. Since, GFP also is expressed 
as soluble protein, only the ratio between IB and solu-
ble protein is altered based on the feeding strategies. 
Producing a maximum size of 600 nm, the GFP-model 
protein forms an intermediate between the meas-
ured maximum of strain 1 (N-Pro) and strain 2 in this 
work. Other works report IB sizes between 502 nm for 
DnaK-IBs and 580  nm for ClpA-IBs [27] and approxi-
mately 600 nm for G-CSF IBs [28] and are in a reason-
able range compared with our products in this work. IB 
bead size is strongly dependent on the produced prod-
uct, on the polypeptide sequence and on hydrophobic-
ity of the protein structure. IB QAs can accordingly 
be altered with the used classical process parameter T 
and pH, but morphological considerations have gener-
ally to be taken into account and can be product-based 

Fig. 5 IR spectra of the two distinct bead sizes of 400 and 600 nm, 
compared to the correctly folded reference sample. SEM analytics of 
both samples are given above
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very different. Since IPTG concentration of 0.5  mM 
is high enough to induce all present cells, the second-
ary structure of the expressed proteins of strain 2 has 
to inhere in higher density in their structure regard-
ing the titers. Denser structures are much easier to 
be separated in centrifugation processes in the down-
stream, since the difference of the density compared 
to the host cell debris is far higher. This fact may also 
affect the purity and results in those high purity values 
for strain 2. Computer tomographic analysis of trans-
mission electron microscopy (not shown) of strain 1 
reveal cavities within single inclusion bodies in the cell 
and may be the result for density variations of differ-
ent IB products. Based on the findings for both strains 
in this study, time-resolved analytics of the IB QAs can 
be used to optimize the USP. Knowledge of titer as key 

performance indicator is important for determination 
of the harvest time point. The resulting IB bead size 
(and purity) is beneficial for planning of further neces-
sary steps in the downstream for a given product.

Impact of the physiological process parameter  qs,Glu on IB 
quality attributes of strain 1 (N‑Pro fused protein)
Classical process parameters showed a high impact on 
IB properties during induction phase. The knowledge for 
optimized parameters for strain 1—was used for alter-
ing the physiological parameter  qs,Glu. Temperature was 
decreased to 31.5  °C and pH was adapted to 6.7, while 
different setpoints for  qs,Glu were established during 
induction phase. Setpoints and real values for the  qs,Glu 
are given in Table 3. The induction characteristic of the 
four performed runs are given in Fig. 7a showing glucose 

Fig. 6 Data driven model for time dependent analysis of IB a titer, b size and c purity of strain 2 using a reduced DoE design (Fig. 1b). Trends are 
given with differences of the lowest process value. Very similar behavior to strain 1 can be found, showing highest purity, size and titer at values for 
low T and pH. Higher titers are produced using this strain resulting in boosted purities compared to strain 1. The analyzed size similar to strain 1 
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accumulation and percentage of dead cells for the four 
performed cultivations. It was already investigated in lit-
erature that the correlation of growth rate and the pro-
duction of recombinant protein resulted in a decrease in 
µ the more recombinant protein is produced [50]. This 
correlation could be clearly monitored in our study dur-
ing induction phase when high titers of recombinant 
protein were produced. As consequence the growth rate 
(not shown) decreased, leading to sugar accumulations as 
the feed-rate over the whole induction phase was applied 
constantly [50]. Higher applied  qs,Glu resulted in early 
sugar accumulation and in increased number of dead 
cells in the cultivation and decreased the real  qs,Glu exten-
sively even after some hours. After 12 h of induction 50% 
of the culture died at applied  qs,Glu of 0.4 and 0.5 g/g/h, 
while very low  qs,Glu showed neither cell death nor sugar 
accumulation. The time resolved titer measurements are 
given in Fig. 7b. Very high specific titers could be found 
at  qs,Glu-set = 0.5  g/g/h at 6  h of induction with highest 
volumetric productivities exceeding 1  g/L/h. However, 
the increased cell stress resulted in cell death and deg-
radation of the product as could be seen in the decease 
of the titers at later time stages, respectively. After 12 h 
titers were almost identical irrespective of applied  qs,Glu 
for high setpoints (0.3–0.5  g/g/h). That indicated, time 
dependent analysis of QAs is therefore of utmost impor-
tance, especially at physiological process control. The 
peak value of the volumetric productivities (before deg-
radation) showed a rising trend based on the mean  qs,Glu 
values which were applied (Additional file  4: Figure S4) 
and clearly indicated that the increased feeding rate is 
really beneficial for high productivity. The IB bead size 
given in Fig. 7c was generally very similar at  qs,Glu = 0.3–
0.5  g/g/h applied values, with  qs,Glu = 0.3  g/g/h show-
ing smaller diameters at later time stages. IB beads at 

 qs,Glu = 0.1 g/g/h were not detectable with SEM until 10 h 
of induction time. Low  qs,Glu yielded very small IB sizes 
and low titers in Fig. 7b as only low energy is available for 
production of the recombinant protein. A steep increase 
in the beginning of the induction time was generally 
accompanied by leveling off in diameter at later stages. 
Trends for IB purity are given in Fig. 7d. Higher  qs,Glu val-
ues were beneficial for protein purity, which were in rea-
sonable accordance with trends for titer and size already 
seen in the previous chapter. 

Based on these findings improved control strategies for 
IB production could be established in further develop-
ment steps using the optimized process parameters for 
the two used strains in combination with physiological 
process control (time dependent adaption of the specific 
substrate uptake rate) during the induction phase.

Conclusions
IB quality attributes were analyzed in respect of changes 
in classical process parameters pH and T in the induction 
phase. Pronounced changes in QAs could be found in the 
analysis of IB titer, IB bead size and IB purity. Optimized 
process conditions for strain 1 were found to be at pH 6.7 
and 31.5 °C during induction in respect of the produced 
maximum IB titer. These findings were checked using a 
second industrial relevant strain, revealing that low tem-
peratures and low pH is highly beneficial for production 
of IBs. Therefore, we would like to hypothesize that yields 
of exclusively IB based products can be improved by 
applying low temperatures and a relatively low pH value 
during the induction phase as analyzed in this study for 
two very different products. Despite of this platform 
knowledge, absolute values for size, titer and purity were 
strongly product dependent and exhibit very different 
values for every produced product.

The sweet spot conditions (pH 6.7, T = 31.5  °C) for 
strain 1 were used to show the impact of physiological 
control onto IB quality attributes. The four performed 
cultivations exhibited different specific substrate uptake 
rates  (qs,Glu) and revealed high impact on analyzed IB 
QAs. High constantly applied  qs,Glu boosted titer, bead 
size and purity very early in the induction phase, but 
resulted generally in high glucose accumulation and cell 
death, while low  qs,Glu did not stress the cells, but lead to 
very low production of IBs. Physiological control based 
on these findings may be highly industrially relevant in 

Table 3 Applied  qs,Glu vs. real  qs,Glu values after  reverse 
analysis of the cultivation data

Sugar accumulation and cell death at higher applied values result in higher 
standard deviations

Run qs,Glu set qs,Glu real

1 0.1 0.1 ± 0.01

2 0.25 0.3 ± 0.02

3 0.4 0.39 ± 0.05

4 0.5 0.41 ± 0.063
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order to find IB parameters with high productivity, but 
also low contamination of host cell proteins and DNA.

We would also like to highlight that time dependent 
monitoring of the here defined IB-QAs can be used as 

a tool to optimize process parameters such as pH, tem-
perature and  (qs,Glu). By improving the upstream condi-
tions, we aim to trigger robust downstream procedures, 
increasing the overall time/space yield of IB-processes.

Fig. 7 a Sugar-accumulation and cell death measured by FCM for three cultivations at different  qs,Glu. Lowest  qs,Glu shows no cell lysis and 
accumulation; b specific titer of the recombinant protein fused to N-pro. Very high expression can be seen for the high  qs,Glu until 6 h with 
decreasing  qs,Glu also decreases product titer; c size of the IB beads.  qs,Glu = 0.41 g/g/h and  qs,Glu = 0.39 g/g/h are very similar. A very steep increase 
is followed by a steady state;  qs,Glu = 0.30 g/g/h shows increase over time, while size for  qs,Glu = 0.10 g/g/h is only detectable at 10 and 12 h of 
induction; d purity depicts clear dependence of all different  qs,Glu setpoints, increasing the IB purity with higher  qs,Glu



Page 14 of 15Slouka et al. Microb Cell Fact  (2018) 17:148 

Additional files

Additional file 1: Figure S1. Analysis of the first center point run repre-
senting IB purity. Buffer washed samples showed generally higher purity. 
Differences in size and titer are within the given standard deviation.

Additional file 2: Figure S2. a) Electropherogram for two different 
timepoints during a cultivation (4 h and 12 h). A clear visibility of impurity 
pattern near the protein of interest (high peak after 28 kDa) is given; b) 
SDS-Page for visualization of DNA related impurities. No distinct differen-
tiation can be made between DNase treatment and virgin sample.

Additional file 3: Figure S3. a) Mean value for size and deviations of the 
three individual center point runs. Error stays constant; b) purity-based 
analysis, with decreasing error over time; c) titer-based analysis. Error 
decreases drastically in later time stages (range of constant titer or even 
proteolytic degradation).

Additional file 4: Figure S4.  qs,real with standard deviation based on the 
reverse analysis. The higher the  qs the higher is the error, due to onset of 
degradation and sugar accumulation in the broth. A rising trend can be 
dedicated from these measurements.
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