
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00253-022-11758-9

BIOTECHNOLOGICAL PRODUCTS AND PROCESS ENGINEERING

ClearColi as a platform for untagged pneumococcal surface protein 
A production: cultivation strategy, bioreactor culture, and purification

Valdemir M. Cardoso1 · Sheyla A. H. Paredes1 · Gilson Campani1,2 · Viviane M. Gonçalves3 · Teresa C. Zangirolami1

Received: 2 September 2021 / Revised: 24 December 2021 / Accepted: 28 December 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract 
Several studies have searched for new antigens to produce pneumococcal vaccines that are more effective and could provide 
broader coverage, given the great number of serotypes causing pneumococcal diseases. One of the promising subunit vac-
cine candidates is untagged recombinant pneumococcal surface protein A (PspA4Pro), obtainable in high quantities using 
recombinant Escherichia coli as a microbial factory. However, lipopolysaccharides (LPS) present in E. coli cell extracts must 
be removed, in order to obtain the target protein at the required purity, which makes the downstream process more complex 
and expensive. Endotoxin-free E. coli strains, which synthesize a nontoxic mutant LPS, may offer a cost-effective alterna-
tive way to produce recombinant proteins for application as therapeutics. This paper presents an investigation of PspA4Pro 
production employing the endotoxin-free recombinant strain ClearColi® BL21(DE3) with different media (defined, auto-
induction, and other complex media), temperatures (27, 32, and 37 °C), and inducers. In comparison to conventional E. 
coli cells in a defined medium, ClearColi presented similar PspA4Pro yields, with lower productivities. Complex medium 
formulations supplemented with salts favored PspA4Pro yields, titers, and ClearColi growth rates. Induction with isopropyl-
β-d-thiogalactopyranoside (0.5 mM) and lactose (2.5 g/L) together in a defined medium at 32 °C, which appeared to be a 
promising cultivation strategy, was reproduced in 5 L bioreactor culture, leading to a yield of 146.0 mg PspA4Pro/g dry cell 
weight. After purification, the cell extract generated from ClearColi led to 98% purity PspA4Pro, which maintained second-
ary structure and biological function. ClearColi is a potential host for industrial recombinant protein production.

Key points
• ClearColi can produce as much PspA4Pro as conventional E. coli BL21(DE3) cells.
• 10.5 g PspA4Pro produced in ClearColi bioreactor culture using a defined medium.
• Functional PspA4Pro (98% of purity) was obtained in ClearColi bioreactor culture.

Keywords Bioprocess engineering · ClearColi · Endotoxin-free Escherichia coli · Process conditions · Upstream · 
Recombinant protein

Introduction

In the last decades, several studies have focused on the 
development of new pneumococcal vaccines with broader 
serotype coverage (Lagousi et al. 2019). Among the main 
objectives in such research, three are usually mentioned: 
(1) addressing a wider range of pneumococcal serotypes; 
(2) guaranteeing the immunization of children younger 
than 2 years old and older people, worldwide; (3) reducing 
the costs of producing and providing pneumococcal vac-
cines. A number of studies have indicated that these three 
main objectives may be addressed using a purified recom-
binant pneumococcal surface protein A (PspA) produced 
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in Escherichia coli BL21(DE3) cells (Briles et al. 2000; 
Jedrzejas et al. 2001; Haughney et al. 2013; Perciani et al. 
2013; Piao et al. 2014). Although different adjustments in 
upstream and downstream processes have provided reliable 
PspA production (Carvalho et al. 2012; Campani et al. 2016; 
Figueiredo et al. 2017; Cardoso et al. 2020), the presence of 
lipopolysaccharides (LPS) in the outer membrane of E. coli 
cells commonly used as platforms for recombinant protein 
production remains an obstacle to obtaining therapeutics at 
an industrial scale. LPS may cause an endotoxin response 
in humans, even at extremely low concentrations (Taguchi 
et al. 2015). The LPS structure consists of three regions: 
a core polysaccharide, an external long-chain polysaccha-
ride, and a nonpolar lipid (lipid A) that is the portion of 
the molecule responsible for toxicity (Schneier et al. 2020). 
Lipid A binds toll-like receptor 4 (TLR4), triggering the 
production of proinflammatory cytokines and activating 
the coagulation cascade, which can lead to septic shock 
and death (Ramachandran 2014). For this reason, there are 
strict regulations worldwide regarding the LPS content in 
biopharmaceutical products. There are several approaches to 
reduce LPS content during downstream processing, includ-
ing ultrafiltration, extraction, membrane adsorption, and ion 
exchange and affinity chromatography (Schneier et al. 2020). 
However, LPS removal represents a unique challenge, as the 
lipopolysaccharides form stable interactions with themselves 
and (depending on the characteristics of the protein) with the 
target molecule, leading to lower recovery and productivity 
(Schneier et al. 2020). Hence, there is no general procedure 
for dealing with LPS impurities in cell extracts, with the 
method having to be defined on a case-by-case basis.

In 2013, an endotoxin-free Escherichia coli strain named 
ClearColi® BL21(DE3) (Lucigen 2016) was released onto 
the market. Due to several genetic deletions, ClearColi cells 
produce a modified LPS called lipid  IVA, which contains 
four acyl chains, instead of six, and the oligosaccharide 
chains are deleted. Lipid  IVA does not cause an endotoxin 
response in humans (Watkins et al. 2017b) and may evi-
dently allow simpler downstream processes, compared to the 
use of conventional E. coli cells, in the production of recom-
binant proteins (Mamat et al. 2015). However, ClearColi® 
BL21(DE3) cells have slower growth rates (Lucigen 2016), 
which may decrease upstream productivity in terms of both 
biomass and recombinant proteins (Ueda et al. 2016).

To date, most of the published studies with ClearColi® 
BL21(DE3) have been restricted to complex medium 
formulations and shake flask cultures to produce enzymes (Liang 
et al. 2015; An et al. 2019; Jobin et al. 2019; Song et al. 2019), 
antigenic proteins (Martínez-Donato et al. 2016; González-Miro 
et al. 2017; Viranaicken et al. 2017; Watkins et al. 2017b, 2017a; 
Abdellrazeq et al. 2019, 2020), and therapeutic products (Mamat 
et al. 2015; Planesse et al. 2015; Ueda et al. 2016; Pooe et al. 
2017; Tomczak et al. 2017; Wang et al. 2017; Hunt et al. 2019; 

Wilding et al. 2019a, 2019b; López et al. 2021; Nguyen et al. 
2021). ClearColi® BL21(DE3) has also been used to produce 
diagnostic biomolecules (Masarapu et al. 2017; Yoo et al. 2017; 
Park et al. 2021) and in specific functional studies (Moon et al. 
2018; Bong et al. 2019; Hayashi et al. 2019; Kobayashi et al. 
2019; Qiao et al. 2019; Carratalá et al. 2021; Hsu et al. 2021; 
Segovia-Trinidad et al. 2021), among other uses (Ran et al. 2019; 
Sankaran et al. 2019; Sankaran and del Campo 2019; Gnopo 
et al. 2020). On the other hand, studies have demonstrated 
that the production of recombinant proteins in conventional 
E. coli cells is affected by several process factors (Kaur et al. 
2018) that may impact yields and titers, as well as lead to the 
formation of inclusion bodies and poor protein quality (Rosano 
and Ceccarelli 2014). Therefore, a survey of the performance of 
ClearColi® BL21(DE3) under different cultivation conditions is 
required, envisioning its potential as a platform for recombinant 
protein production. This paper presents the results of PspA4Pro 
production using ClearColi® BL21(DE3), considering the 
effects of relevant process conditions including cultivation 
temperature (27, 32, and 37  °C), medium composition 
(defined and complex), inducers (lactose and isopropyl-β-d-
thiogalactopyranoside (IPTG)), and scale (0.5-L shake flasks 
and 5-L stirred-tank reactor (STR)). In addition, the comparison 
was made of PspA4Pro production using conventional E. coli 
BL21(DE3) and ClearColi cells in a defined medium, with an 
assessment of the quality of the target protein obtained in the 
two systems.

Materials and methods

Microorganisms

Cultivations were performed with conventional E. 
coli BL21(DE3) (Invitrogen, Carlsbad, CA, USA) and 
ClearColi® BL21(DE3) (Lucigen, Tucson, AZ, USA) har-
boring the plasmid pET37b( +) (Novagen), carrying the 
N-terminal domain plus the first proline block of PspA-
4Pro gene (GenBank EF649969.1), an untagged fragment 
of the PspA gene from family 2, clade 4, designated as 
PspA4Pro (Moreno et al. 2010). The recombinant plasmid 
pET37b( +)pspA4Pro was extracted from conventional 
E. coli BL21(DE3) cells and transformed by electropora-
tion into ClearColi® BL21(DE3) cells, according to the 
manufacturer’s instructions (Lucigen 2016). The promoters 
LacUV5 and T7lac controlled the production of the recom-
binant protein, which was accumulated intracellularly after 
the addition of the inducer (IPTG or lactose) (Campani et al. 
2017; Figueiredo et al. 2017). The conventional recombinant 
E. coli strain was kindly provided by Dr. Eliane Miyaji from 
the Laboratory of Molecular Biology, Butantan Institute 
(São Paulo, Brazil).
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Experimental strategy

Firstly, shake flask experiments were carried out with a 
defined medium, in order to assess the effects of the induc-
ers and temperature on ClearColi culture, as well as its per-
formance in comparison to conventional E. coli BL21(DE3) 
cells, in terms of PspA4Pro production. Figure 1 presents 
a flow diagram representing the experimental strategy 
adopted in this work. A 2-level full factorial experimental 
design (Rodrigues and Iemma 2014; Montgomery 2013) 
having cultivation temperature and induction strategy (type 
of inducer, lactose or IPTG, combined with its concentra-
tion) as factors was set up to study PspA4Pro production 
in a defined medium. Runs according to each of the five 
selected conditions described in the experimental design 
matrix (step I, Fig. 1) were carried out for each host plat-
form (ClearColi or conventional E. coli BL21(DE3) cells). 
The most promising production condition using ClearColi 
cells was then scaled up and evaluated in a bioreactor culture 
(step II, Fig. 1). The PspA4Pro obtained from this bioreac-
tor cultivation was purified and characterized in terms of its 
secondary structure and biological activity. Additional shake 
flask experiments were also carried out to evaluate the influ-
ence of medium enrichment on PspA4Pro production and 
biomass formation in ClearColi cultures (step III, Fig. 1). 
Usual complex media including LB-Miller (LB), auto-
induction ZYM-5052 (Studier 2005), and other medium 
formulations based on them (Table 1) were investigated. 
Nitrogen sources such as yeast extract and peptone present 
in complex formulations may influence biomass growth and 
product formation, due to the presence of amino acids and 
peptides in their compositions. Since peptones may have 
different peptides and carbohydrates in their formulations, 
the investigation was made of the replacement of tryptone by 
soy-based peptone in modified LB (LBM) and ZYM-5052 
media. The experiments with different complex media were 
carried out at 32 °C, which was selected in step I. Moder-
ate temperatures have been demonstrated to improve PspA-
4Pro production in conventional E. coli BL21(DE3) cultures, 
increasing cost-effectiveness (Campani et al. 2017; Cardoso 
et al. 2020). The compositions of all the media studied are 
shown in Table 1. In general, for the defined and complex 
media, induction was performed using a pulse of 1.0 mM 
IPTG or 5.0 g/L lactose. Alternative induction protocols in 
cultures carried out with complex (pulse of 0.5 mM IPTG 
or 2.5 g/L lactose) and defined (pulse of 0.5 mM IPTG plus 
2.5 g/L lactose) media were also evaluated at 32 °C. Control 
experiments were carried out without induction.

Shaker cultivations

All shaker cultivations were carried out using solely either 
complex (for ClearColi cells) or defined (for ClearColi and 

conventional BL21 DE3 E. coli cells) media in all steps. 
Colonies were incubated in plates containing agar and LB 
or defined medium, plus kanamycin. Afterwards, to start 
the inoculum preparation, a single colony was transferred 
to a sterile 0.5-L Erlenmeyer flask containing 30 mL of LB 
or defined medium, plus antibiotic, and incubated over-
night at 37 °C and 250 revolutions per minute (rpm), up 
to optical density 600 nm (OD) of approximately 2.0. A 
defined volume of the inoculum was then transferred to start 
the cultivation with the desired medium at an OD of 0.1 
(Table 1). The experiments were performed in sterile 0.5-L 
Erlenmeyer flasks containing 50 and 70 mL of complex and 
defined media, respectively, at initial pH of 6.3. The flasks 
were incubated at the established temperatures (27, 32, and 
37 °C), with agitation at 350 rpm. When the OD reached 
approximately 2.0, synthesis of the recombinant protein was 
induced by a pulse of inducer (lactose or IPTG) or after the 
depletion of glucose during auto-induction cultivations in 
ZYM-5052 medium containing 5.0 g/L of lactose (Table 1).

Bioreactor cultivation

The bioreactor cultivation using ClearColi® BL21(DE3) fol-
lowed procedures similar to those described previously by 
Cardoso et al. (2020) for conventional E. coli BL21(DE3) 
cultures. A single bacterial colony was transferred from an 
agar plate containing defined medium and kanamycin to a 
0.5-L Erlenmeyer flask containing 30 mL of the defined 
medium, with incubation overnight (pre-inoculum) at 37 °C 
and 250 rpm. When an optical density (OD at 600 nm) of 
2.0 was reached, the required volume was transferred to start 
the inoculum culture at OD of 0.1, in three 0.5-L Erlen-
meyer flasks, each containing 100 mL of defined medium. 
These flasks were incubated under agitation at 350 rpm, until 
reaching OD of 2.0, before inoculating 3.5 L of the defined 
medium into the bioreactor, in order to start the cultivation 
with an initial OD of 0.05. A 5-L stirred-tank reactor (STR) 
controlled and monitored by SuperSys_HCDC software 
(Horta et al. 2014) was used. The temperature was set at 
32 °C, monitored with a thermocouple, and controlled using 
water from a thermostatic bath passed through the bioreactor 
jacket. The pH was automatically controlled at 6.3, using 
solutions of  NH4OH (15% v/v) and HCl (9% v/v). Dissolved 
oxygen was measured with an amperometric probe (Model 
InPro 6830, Mettler Toledo) and maintained at 30% of satu-
ration by adjusting the stirrer speed and the air and oxygen 
flow rates (Cardoso et al. 2020).

When the OD reached approximately 20, the induction 
was performed by the addition of 0.5 mM IPTG plus 10 g/L 
lactose. To avoid hampering protein synthesis due to carbon 
source depletion, a pulse of 300 mL of defined medium with 
500 g/L glycerol was added after 3 h of induction.

Applied Microbiology and Biotechnology (2022) 106:1011–1029 1013
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I) Screening induction conditions
using defined medium (shake-flasks)

Run T (°C) Inducer

1 (-) 27 (-) LAC (5 g/L)

2 (-) 27 (+) IPTG (1 mM)

3 (+) 37 (-) LAC (5 g/L)

4 (+) 37 (+) IPTG (1 mM)

5 (0) 32 (0) LAC (2.5 g/L) + 
IPTG (0.5 mM)

II) CC bioreactor
culture

+ purification

32 ºC

0.5 mM IPTG
+

2.5 g/L lactose

III) ClearColi performance in complex media

2-level factorial design (CC and CV, in duplicate) at 32°C

Selected Induction
conditions

Selected
induction

temperature

Survey of complex media
(1 mM IPTG, 32 oC, duplicate)

LB

LBM

LBMS

AI

Selected
formulation

Induc�on strategy with lactose: pulse and AI
(LBMS, 5 g/L, 32 oC, duplicate)

Alterna�ve
induc�on
strategies (32 oC, 
pulse, duplicate):

Temperature influence:
(LBMS, pulse, 27 & 37 oC)

Medium Strategy

LBM 0.5 mM IPTG

LBMS 0.5 mM IPTG

LBMS 2.5 g/L lactose

- 1mM IPTG
- 5 g/L lactose

Applied Microbiology and Biotechnology (2022) 106:1011–10291014
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PspA4Pro purification and quality assessment

For characterization of the quality of the PspA4Pro produced 
in the ClearColi culture, the cell pellet harvested at the end 
of the bioreactor culture was stored at − 80 °C. Subsequently, 
100 g (wet basis) of frozen cell pellet was resuspended in 
1 L of lysis buffer (10 mM sodium phosphate; 2.5 mM eth-
ylenediamine tetraacetic acid (EDTA); 0.1% (w/v) Triton 
X-100; 1 mM phenylmethylsulfonyl fluoride; pH 6.5) and 
the resulting suspension was disrupted using a high-pressure 
homogenizer (Figueiredo et al. 2017). After clarification, 
PspA4Pro from the clarified extract was purified by anion 
exchange chromatography and cryoprecipitation (Figueiredo 
et al. 2017; Benedini et al. 2020). The PspA4Pro secondary 
structure was analyzed by circular dichroism (CD), accord-
ing to the procedures described by Figueiredo et al. (2017). 
The biological activity was evaluated by lactoferrin binding 
assay, as described previously by Cardoso et al. (2020). The 
immunization and bleeding protocols to obtain rabbit anti-
PspA4Pro serum followed the rules issued by the National 
Council for Control of Animal Experimentation (CONCEA) 
and were approved by the Ethics Committee on Animal Use 
of the Butantan Institute (CEUAIB n° 7,755,300,718).

Analytical methods

The biomass concentration  (CX) was monitored by opti-
cal density measurements at 600 nm and by the dry cell 
weight (DCW) method (Olsson and Nielsen 1997). A 
minimum amount of two samples were evaluated for each 
measurement.

Soluble and insoluble PspA4Pro production was followed 
throughout the experiments. After cell disruption by soni-
cation and clarification (Campani et al. 2016), total protein 
in the supernatant was determined by the Bradford method 
(Bradford 1976), while the content of each protein was iden-
tified using 12% sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS-PAGE) stained with Coomassie Blue 
R (Laemmli 1970), where PspA4Pro band appears at approx-
imately 50 kDa (Moreno et al. 2010; Figueiredo et al. 2017). 
The soluble PspA4Pro titer (mg/L) was estimated by the 
combination of stained gel band densitometry results (Abrà-
moff et al. 2004) and the total soluble protein concentration 

(Campani et al. 2016). The product yield  (Yp/x, mg/gDCW) 
and productivity  (PP, mg/(L.h)) were obtained as the ratios 
between the PspA4Pro titer and the corresponding biomass 
concentration and cultivation time, respectively. In addition, 
the insoluble fraction obtained after sonication was resus-
pended in Tris-NaCl buffer (20 mM Tris; 250 mM NaCl; pH 
8.0) and the presence of insoluble PspA4Pro as inclusion 
bodies was analyzed using 12% SDS-PAGE stained with 
Coomassie Brilliant Blue R, as described by Cardoso et al. 
(2020). A minimum amount of two samples were evaluated 
for each quantification of protein concentration.

The concentrations of glycerol, lactose, glucose, acetate, 
and lactate were determined using a high-performance liquid 
chromatography (HPLC) system equipped with an Aminex 
HPX-87H column (Bio-Rad), at 50 °C. The mobile phase 
was 5 mM sulfuric acid solution, at a flow rate of 0.6 mL/
min. Glycerol and sugars were identified using a refractive 
index detector (model 410, Waters), while organic acids 
were monitored at 210 nm using an ultraviolet detector 
(model 486, Waters).

Statistical analysis

The experimental results were expressed as means and 
standard deviations. Shake flask experiments at 32 °C were 
carried out as genuine duplicates, from plates to submerged 
cultures. For all flask experiments, at least two samples were 
evaluated for each analysis of biomass formation and protein 
production. The standard deviation for experiments at 27 and 
37 °C was estimated by propagating the central point (32 °C 
condition) deviation as a relative error. For the bioreactor 
culture, triplicate samples were used in all analyses. Statisti-
cal differences were evaluated using ANOVA followed by 
Tukey’s test, with a significance level of p < 0.05.

Results

PspA4Pro production in a defined medium using 
ClearColi® BL21(DE3)

The production of PspA4Pro in bioreactor cultures using 
conventional E. coli BL21(DE3) cells and defined medium 
has been extensively studied by our research group (Cam-
pani et al. 2016, 2017, 2019; Figueiredo et al. 2017; Ben-
edini et al. 2020; Cardoso et al. 2020). However, no reports 
in the literature were found for the cultivation of ClearColi® 
BL21(DE3) using a chemically defined medium with glyc-
erol as a carbon source. Therefore, the studies with ClearColi 
started with the characterization of its performance in a 
defined medium with glycerol, using shake flasks, with a 
screening of different cultivation temperatures and inducers 

Fig. 1  Overview of experimental strategy in three steps: (I) Screening 
upstream conditions for ClearColi BL21(DE3) – CC – and conven-
tional E. coli BL21(DE3) – CV—cells in shake flasks using defined 
medium; (II) scale-up for CC cultivation in 5-L stirred-tank bioreac-
tor and PspA4Pro purification; (III) ClearColi performance in com-
plex media in shake flasks using complex media. AI, auto-induction 
medium; IPTG, isopropyl-β-d-thiogalactopyranoside; LAC, lactose; 
LBM, modified LB medium, in which tryptone was replaced by soy 
peptone; LBMS, LBM supplemented with salts; T, cultivation tem-
perature

◂
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to identify the most promising strategy to produce PspA4Pro 
in the 5 L bioreactor.

Screening of production conditions in shake flasks: 
ClearColi vs. conventional E. coli BL21(DE3)

ClearColi and conventional E. coli BL21(DE3) were cul-
tivated in a defined medium with glycerol as a carbon 
source, at different temperatures, using lactose and/or 
IPTG as inducers. The results showed, for the first time, 
that ClearColi® BL21(DE3) cells were able to grow in this 
medium and produce PspA4Pro. The conventional E. coli 
cells showed around 30% higher growth rates than ClearColi 
in a defined medium (Table S1 – Supplementary Material, 
SM). For both cell types, faster growth at higher tempera-
tures led to shorter cultivations (Fig. S1, SM) since less time 
was required to reach OD ~ 2.0 and induce recombinant pro-
tein production.

In all the shake flask cultivations using a defined medium, 
the ClearColi cells achieved the same maximum prod-
uct yields as the conventional E. coli BL21(DE3) cells 
(Table S2, SM, Fig. 2d–f), at 27 °C and 37 °C, even though 

higher recombinant protein titers were generally obtained 
in the cultures with the conventional cells, compared to 
ClearColi (Fig. 2a–c, Table S2). When induced only by 
IPTG, the two cell types presented similar product yield 
profiles, while for induction with lactose, the endotoxin-
free cells required a longer induction phase to produce as 
much recombinant protein as the conventional cells, at lower 
temperatures (Fig. 2e–f). At 27 °C, for both cell lines, the 
use of IPTG always led to higher PspA4Pro yields and titers, 
compared to the use of lactose, considering a 6-h induction 
time. For both platforms, the highest PspA4Pro yields using 
defined medium were observed at 32 °C, using 0.5 mM IPTG 
and 2.5 g/L lactose to start induction (Fig. 2d–f, Table S2).

Bioreactor cultivation using ClearColi® BL21(DE3)

As mentioned above, the production of PspA in conven-
tional E. coli BL21(DE3) cells has already been investigated 
using stirred-tank and airlift bioreactors (Horta et al. 2012; 
Campani et al. 2016, 2017, 2019; Figueiredo et al. 2017; 
Benedini et al. 2020; Cardoso et al. 2020). However, to date, 
the cultivation of ClearColi® BL21(DE3) in bioreactors has 

Table 1  Initial compositions of 
the media

* Concentrations for glycerol and PPG 30% in bioreactor cultivation; LBM, modified LB medium, in which 
tryptone was replaced by soy peptone; LBMS, LBM supplemented with salts

Substance Unit Defined Auto-induction LBMS LB LBM

Glycerol g/L 20.0/60.0* 20.0 20.0 - -
Glucose g/L - 0.5 - - -
Tryptone g/L - - - 10.0 -
Soy peptone g/L - 10.0 10.0 - 10.0
Yeast extract g/L - 5.0 5.0 5.0 5.0
NaCl g/L - - - 10.0 10.0
MgSO4 g/L 1.6 0.5 0.5 - -
KH2PO4 g/L 17.7 3.4 3.4 - -
NH4Cl g/L - 2.7 2.7 - -
Na2HPO4.12H2O g/L - 9.0 9.0 - -
Na2SO4 g/L 17.7 0.7 0.7 - -
(NH4)2HPO4 g/L 5.3 - - - -
Citric acid g/L 2.3 - - - -
Fe(III) citrate mg/L 133.3 100.8 100.8 - -
CoCl2.6H2O mg/L 3.3 2.5 2.5 - -
MnCl2.4H2O mg/L 20.0 15.0 15.0 - -
CuCl2.2H2O mg/L 2.0 1.5 1.5 - -
H3BO3 mg/L 4.0 3.0 3.0 - -
Na2MoO4.2H2O mg/L 2.8 2.1 2.1 - -
Zn(CH3COO)2.H2O mg/L 33.8 33.8 33.8 - -
EDTA mg/L 18.8 14.1 14.1 - -
Lactose g/L - 5.0 - - -
PPG 30% mL/L 1.0* - - - -
Thiamine mg/L 45.0 45.0 45.0 45.0 45.0
Kanamycin mg/L 30.0 50.0 50.0 50.0 50.0
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not been addressed. Indeed, the performance of ClearColi® 
BL21(DE3) in a bioreactor culture is important to assess 
its potential as a platform for industrial-scale production of 
therapeutic proteins. Here, evaluation was made of the per-
formance of ClearColi® BL21(DE3) using a 5-L stirred-tank 
bioreactor under the most promising conditions obtained in 
shake flask cultures with defined medium (induction with 

0.5 mM IPTG plus 10 g/L lactose, at 32 °C). The biomass 
harvested from the bioreactor enabled purification and anal-
ysis of the structure and function of PspA4Pro produced by 
endotoxin-free cells, as described in the next section.

The specific growth rate of ClearColi in the bioreactor 
(0.245 ± 0.004  h−1) was lower than obtained in the ClearColi 
shake flask experiments using a defined medium, at the same 

Fig. 2  Production of PspA4Pro in ClearColi® BL21(DE3) (CC) 
and conventional Escherichia coli BL21(DE3) cells (CV), using a 
defined medium with different temperatures and induction strategies, 
in shake flask experiments. Product titers at a 37 °C, b 32 °C, and c 
27 °C. Product yield  (Yp/x) at d 37 °C, e 32 °C, and f 27 °C. IPTG, 

isopropyl-β-d-thiogalactopyranoside; LAC, lactose; 0: without induc-
tion (control). *Induction conditions: pulse of 0.5  mM IPTG plus 
2.5 g/L lactose (32 °C); pulse of 1.0 mM IPTG or 5.0 g/L lactose (27 
and 37 °C)
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temperature (32 °C), and equivalent to the value achieved 
at 27 °C (Table S1). This was probably due to the differ-
ences in bioreactor and shaker cultures, such as the addi-
tion of antifoam agent as well as the changes in the fluid 
dynamics due to the impellers in the former. As shown in 
Fig. 3, cell growth continued after induction, reaching a 
final cell density of ~ 20 gDCW/L, with low acetate accu-
mulation. According to the Tukey test, PspA4Pro produc-
tion per biomass, using ClearColi in the bioreactor, was sta-
ble throughout the induction phase (137 ± 14 mg/gDCW), 
with a value lower than obtained using defined medium in 
shake flasks at 32 °C (Fig. 2e, Table S2). This yield was 
reached after 25.3 h of cultivation (3 h of induction), result-
ing in PspA4Pro productivity of 93 ± 9.3 mg/(L h). Using 
conventional E. coli BL21(DE3) cells under similar culti-
vation conditions, but with induction using 1 mM IPTG, 
Campani et al. (2017) achieved a PspA4Pro yield that was 
20% lower (118 ± 11 mg/gDCW), with the productivity of 
approximately 210 mg/(L h), due to the shorter cultivation 
process (16.8 h).

PspA4Pro purification and quality assessment

The ClearColi biomass harvested at the end of the bioreac-
tor cultivation was used for purification of the PspA4Pro 
accumulated intracellularly (Figueiredo et al. 2017; Benedini 
et al. 2020) and evaluation of its biological function and 
secondary structure. The purification results were similar 

to data obtained previously when PspA4Pro was purified 
from conventional E. coli cells, but the last purification step 
(ion-exchange chromatography) could be omitted, because 
purity higher than 98% was reached after cryoprecipitation 
at pH 4.0 (Table 2).

PspA4Pro was not detected as inclusion bodies in any 
experiment carried out with ClearColi, indicating the correct 
folding of the protein during the synthesis (Fig. 4a). The CD 
spectra (Fig. 4b) showed that the PspA4Pro purified from 
ClearColi had practically the same secondary structure as 
the standard PspA4Pro. Both presented two typical valleys 
with minima at 208 and 222 nm, similar to other CD spec-
tra reported in the literature (Jedrzejas et al. 2000, 2001; 
Lamani et al. 2000; Haughney et al. 2013; Cardoso et al. 
2020). Furthermore, the PspA4Pro purified from ClearColi 
showed a similar profile of lactoferrin binding as standard 
PspA4Pro (Fig. 4c). The lactoferrin binding assay utilizes 
rabbit anti-PspA4Pro antibodies for color development, so 
specific antibodies recognized the PspA4Pro purified from 
ClearColi, demonstrating that protein antigenicity was also 
preserved.

Influence of medium enrichment on PspA 
production

In the previous result sections, it was shown that 
ClearColi® BL21(DE3) could grow and produce PspA-
4Pro, with the desired quality, when cultivated in a defined 

Fig. 3  Biomass formation, substrate consumption, and PspA4Pro 
production in the bioreactor. Conditions: defined medium at 32  °C; 
induction by pulse (0.5 mM IPTG plus 10 g/L lactose) at OD of ~ 20; 

300 g/L glycerol pulse (GP) added to avoid carbon  source depletion. 
 CX, Biomass concentration;  Yp/x, product yield
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medium. Other studies have highlighted the effects of 
medium composition on biomass and recombinant protein 
production by recombinant E. coli cells (Lee 1996; Zhang 
and Greasham 1999; Danquah and Forde 2007; Fong 
and Wood 2010; Cardoso et al. 2020). To date, the influ-
ence of the culture medium on PspA4Pro production by 
ClearColi® BL21(DE3) cultivated using different induc-
tion strategies has not been properly addressed. Therefore, 
shake cultivations were performed using different complex 
media (Table 1) based on peptone from different sources, 
with supplementations of salts, together with evaluation 
of the effect of the type and concentration of inducer, as 
described in “Experimental strategy.” For a preliminary 
comparison of the complex medium formulations, all the 
experiments were carried out at 32 °C, which was the 
temperature that led to the highest PspA4Pro yields in 
ClearColi cultures using a defined medium.

The LBMS medium was clearly superior to the LBM, LB, 
and auto-induction formulations, in terms of PspA4Pro yield 
and titer (Fig. 5b and e, Table S2), as well as productivity 
(Table 3). Hence, the addition of salts and glycerol to stand-
ard LB medium (Table 1) improved PspA4Pro production, 
while the use of soy peptone in the LBM formulation led to 
better results than with the tryptone present in LB (Fig. 5b 
and e, Tables 3 and S2). Protein production and produc-
tivity were also influenced by the concentration of IPTG 
employed. Induction with 0.5 mM IPTG in the LBMS and 
LBM cultures led to higher PspA4Pro titers and yields, com-
pared to the corresponding cultures induced with 1.0 mM 
IPTG (Fig. 5b and e, Table S2), leading to higher productivi-
ties (Table 3). Interestingly, the control experiments using 
ClearColi cells in LBMS medium showed substantial PspA-
4Pro production (Fig. 5b and e, Tables 3 and S2), despite 
the fact that neither IPTG nor lactose was added in these 

experiments, suggesting the occurrence of unintended induc-
tion (Studier 2005).

Based on these results, the LBMS medium was chosen 
for further investigation of the influence of temperature on 
the induction strategy using a complex medium, and addi-
tional shake flask experiments were carried out using LBMS 
medium at 27 and 37 °C (Fig. 5, Tables 3 and S2). Similar to 
the ClearColi shaker cultivations using the defined medium 
presented above, the use of LBMS medium and induction 
with a pulse of IPTG led to fast and high recombinant pro-
tein production, respectively, at 37 and 27 °C, for induction 
times of 4 and 8 h, respectively (Fig. 5d and f, Table S2), 
as well as high productivities (Fig. 5a and c, Table 3). The 
addition of a pulse of lactose in the LBMS medium resulted 
in good induction performance, at the highest temperature 
of 37 °C, in terms of product yield (over 190 mg/gDCW; 
Fig. 5d and e, Table S2), titer (~ 400 mg/L; Fig. 5a and 
b, Table S2), and productivity (32 mg/(L h); Table 3). As 
shown in Fig. 5, a clear correlation between cultivation tem-
perature and recombinant protein production, which was 
observed using a defined medium, was not identified for the 
complex medium cultures. In general, increasing maximum 
PspA4Pro titers were related to longer induction times, while 
PspA4Pro productivities increased with temperature, when 
lactose was used for induction (Table 3).

The ClearColi cell growth profiles observed for the dif-
ferent strategies showed similar trends for the LBMS and 
defined media, with lower temperatures leading to higher 
OD (Figs. S1 and S2, Table S2, SM). The highest OD values 
(~ 17.0) were obtained in the control experiments (without 
induction) at 27 °C, for both LBMS and defined media, 
while the lowest OD value (~ 3.0) among all the cultiva-
tions was observed for LB. As expected, high ClearColi-
specific growth rates occurred in the complex media, with 

Table 2  Purification of PspA4Pro from ClearColi® BL21(DE3) cells. 
Italic superscript letters represent Tukey test indexes (95% confidence 
level) for each variable (columns) at the end of the purification steps. 

In each column, different letters mean experiments with statistically 
different results

* Figueiredo et al. (2017)

Platform Purification step Purity (%) PspA4Pro (g) Global recovery (%) Step recovery (%) Purifica-
tion factor 
(global)

Purification factor 
(step)

CC Cell lysate 43.00 ± 5.21a 6.90 ± 0.83b 100.0 ± 0.0d 100.0 ± 0.0b 1.00 ± 0.00a 1.00 ± 0.00a

Clarified cell extract 56.80 ± 8.02a,b 7.10 ± 0.85b 102.9 ± 14.8c,d 102.9 ± 14.8b 1.30 ± 0.07a 1.30 ± 0.07a

Q-Sepharose 78.30 ± 12.93b,c 1.90 ± 0.12a 28.2 ± 2.1a 27.4 ± 6.1a 1.80 ± 0.41a,b 1.40 ± 0.37a,b

Cryosupernatant 98.30 ± 5.16c 1.70 ± 0.09a 25.3 ± 4.7a 90.0 ± 27.4a,b 2.30 ± 0.25b 1.30 ± 0.19a

SP-Sepharose 98.00 ± 0.36c 1.60 ± 0.01a 23.5 ± 1.7a 92.6 ± 15.6b 2.30 ± 0.27b 1.00 ± 0.05a

CV* Cell lysate 33.40 ± 4.05a 2.86 ± 1.75a,b 100.0 ± 0.0d 100.0 ± 0.0b 1.00 ± 0.00a 1.00 ± 0.00a

Clarified cell extract 50.36 ± 7.11a,b 2.67 ± 1.87a,b 92.3 ± 13.3c,d 92.3 ± 13.3b 1.57 ± 0.08a 1.57 ± 0.08a,b

Q-Sepharose 65.20 ± 10.77a,b 1.78 ± 1.08a 62.0 ± 4.7b 69.3 ± 15.4a,b 2.06 ± 0.47a,b 1.32 ± 0.35b

Cryosupernatant 93.70 ± 4.92c 1.39 ± 0.99a 47.8 ± 8.9a,b 82.7 ± 25.2a,b 2.95 ± 0.32b 1.30 ± 0.19a

SP-Sepharose 97.80 ± 0.3c 1.00 ± 0.58a 35.3 ± 2.5a 75.3 ± 12.7a,b 2.96 ± 0.35b 1.05 ± 0.05a
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the cultivations using LBMS being 30–57% faster than 
with defined medium, for the same cultivation temperatures 
(Table S1). The cultivation temperature had an important 
influence on the ClearColi growth rates, which decreased by 
around 30% when the temperatures were reduced by 5 °C in 
the defined and LBMS medium cultivations.

Discussion

ClearColi® BL21(DE3) is an Escherichia coli BL21(DE3) 
strain with seven genetic deletions (msbA148, ΔgutQ, 
ΔkdsD, ΔlpxM, ΔpagP, ΔlpxP, and ΔeptA), resulting in 
competent cells with a modified lipid A  (IVA) that does not 
cause an endotoxin response in human cells (Lucigen 2016). 
This modification may permit simpler and less expensive 
downstream processing, but the genetic modifications might 
also hamper recombinant protein production, compared to 
conventional E. coli BL21(DE3). Hence, it is important to 
evaluate the effects of different upstream process conditions 
on the production of recombinant proteins in ClearColi cul-
tivations, in order to obtain products that are both reliable 
and cost-effective. In the present work, it was demonstrated 
that ClearColi® BL21(DE3) cells could produce PspA4Pro, 
a promising recombinant protein candidate for use in new 
pneumococcal vaccines (Moreno et al. 2010; Horta et al. 
2014; Campani et al. 2016, 2017, 2019; Figueiredo et al. 
2017; Benedini et al. 2020; Cardoso et al. 2020). The evalu-
ation was made of the effects of different process parameters 
including temperature, induction (type and concentration of 
inducer), and growth medium, as well as PspA4Pro produc-
tion in 5 L bioreactor, using ClearColi® BL21(DE3). The 
ClearColi cells were able to produce PspA4Pro under all the 
conditions evaluated. Some relevant issues are discussed in 
the following sections.

Influence of the medium on recombinant protein 
production by ClearColi® BL21(DE3)

To date, most of the studies with ClearColi® BL21(DE3) 
have employed submerged cultures with LB medium, in 
order to produce recombinant proteins in accordance with 
the recommendations of Lucigen (Lucigen 2016). The LB 
medium is a widely used rich broth that allows the growth 
of E. coli in an environment with controlled temperature, 
pH, and oxygen supply, up to a cell density of approximately 

1 gDCW/L (Shiloach and Fass 2005). A few studies with 
ClearColi have used other complex media, such as Ter-
rific Broth (TB) (Wilding et al. 2019a), 2xYT (Planesse 
et al. 2015; Abdellrazeq et al. 2019; Wilding et al. 2019a), 
and auto-induction (Hunt et al. 2019). Only one study was 
found where ClearColi was cultured in a mineral medium 
(Ran et  al. 2019). The type of medium is an important 
factor affecting biomass formation and recombinant pro-
tein production (Zhang and Greasham 1999). Neverthe-
less, only Wilding et al. (2019a) provided an evaluation of 
ClearColi growth using three complex media (LB, 2xYT, 
and TB), where the use of TB led to the fastest growth rate 
(0.72 ± 0.12  h−1). In comparison with defined media, the 
use of complex media generally leads to higher protein and 
biomass productivities in cultivations of prokaryotes (Lee 
1996; Kim and Kim 2017). The present results showed 
that the complex medium components favored PspA4Pro 
yields, titers, and growth rates in the ClearColi cultivations. 
However, the maximum biomass formation in a culture was 
clearly related to the amount of the main carbon source pro-
vided during the experiments.

The presence of peptone and yeast extract is associated 
with increasing biomass and protein productivities (Studier 
2005) since such formulations usually include amino acids 
and peptides, which are easily assimilated by the cells, inter-
fering in growth rates (Cleland et al., 2007). Peptones may 
also contain carbohydrates which may be used as carbon 
and energy source for the heterotrophic microorganisms 
(Shuler and Kargi, 2002). Specifically, the type of peptone 
may affect recombinant protein production. Here, the results 
showed that soy peptone provided better biomass growth 
and PspA4Pro titers and yields in ClearColi cultures, com-
pared to tryptone, in tests under the same process conditions, 
using LBM and LB media, respectively. Using soy peptone, 
the ClearColi cells were also able to grow and produce 
PspA4Pro in an auto-induction medium, which could be a 
promising strategy for the production of other recombinant 
proteins in studies at the shake flask scale. Auto-induction 
medium is highly recommended because it allows simpli-
fied control and operation, while providing higher protein 
production (Studier 2005; Hunt et al. 2019). Hunt et al. 
(2019), who obtained high expression of crisantaspase in 
ClearColi using an auto-induction medium, recommended 
this medium for cell-free protein synthesis (CFPS). The 
standard LB medium widely used in most of the studies 
involving ClearColi deserves special attention. The results 
showed that the recombinant protein production yield was 
drastically reduced when the LB medium was used. Hence, 
this formulation is not recommended, even in preliminary 
studies of heterologous protein production, since its use 
could lead to misleading results.

Some studies employing ClearColi® BL21(DE3) cells 
have used additives during the cultivations: NaCl to evaluate 

Fig. 4  Quality of PspA4Pro obtained from biomass harvested in 
the bioreactor culture of ClearColi® BL21(DE3). a SDS-PAGE of 
purified cell extract and cell lysate; b circular dichroism (CD) spec-
tra; c lactoferrin binding assay. PSF, purified soluble fraction from 
ClearColi cells; PS, protein standard; SPS, standard PspA4Pro sam-
ple; IF, an insoluble fraction of ClearColi cells

◂
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osmolarity and ionic strength effects (Wilding et al. 2019a); 
NaHS, HEPES, and glutathione (GSH) to improve protein 
solubility and expression (Ueda et al. 2016); glucose as a 
carbon source to inhibit transcription by the lac promoter 
and to prevent leaky expression (Liang et al. 2015; Ueda 

et al. 2016; González-Miro et al. 2017; Ran et al. 2019); and 
mercaptoethanol (Song et al. 2019). However, only Ueda 
et al. (2016) and Wilding et al. (2019a) investigated the 
ways in which the additives affected the ClearColi cultures. 
Ueda et al. (2016) concluded that 5 mM GSH and 100 μM 

Fig. 5  Production of PspA4Pro for ClearColi® BL21(DE3) (CC) cul-
tivation using a complex medium in shake flask experiments at differ-
ent temperatures and with different induction strategies. Product titers 
at a 37 °C, b 32 °C, and c 27 °C. Product yields  (Yp/x) at d 37 °C, e 

32 °C, and f 27 °C. IPTG, isopropyl-β-d-thiogalactopyranoside; LAC, 
lactose; 0: without induction (control). Induction conditions: pulse of 
1.0 mM IPTG or 5.0 g/L lactose (27, 32, and 37 °C) or 0.5 mM IPTG 
or 2.5 g/L lactose (32 °C, indicated by “*”)

Applied Microbiology and Biotechnology (2022) 106:1011–10291022



1 3

NaHS, at 30 °C, was the best combination for expression 
of soluble human stem factor (hSCF), while Wilding et al. 
(2019a) observed that increasing the NaCl concentration 
above 5 g/L did not significantly improve cell growth rates 
and densities. Here, the investigation was made of the effect 
of the salts present in auto-induction medium, comparing the 
results for the LBMS (with salt addition) and LBM (without 
salt addition) media, under the same process conditions. It 
was evident that the salts intensified PspA4Pro production 
since the better performance was achieved using the LBMS 
medium, compared to LBM.

Although research with ClearColi® BL21(DE3) has 
mainly focused on the use of complex media, defined media 
should be considered for the production of recombinant 
proteins, especially when therapeutical products are the 
target. This fact is because their known composition ena-
bles the concentrations of individual components to be fol-
lowed, facilitating bioreactor control and complying with 
good manufacturing practice (GMP) guidelines (Zhang and 
Greasham 1999). The results obtained here demonstrated 
that ClearColi® BL21(DE3) cultures in a defined medium 
were able to produce PspA4Pro, presenting performance 

similar to that of conventional E. coli cells (discussed 
below). In addition, the ClearColi cells reached the same 
maximum biomass concentration as in the best complex 
medium investigated (LBMS), although a longer time 
was required for the defined medium culture, compared to 
LBMS, due to lower growth rates at all the cultivation tem-
peratures tested.

Influence of temperature on recombinant protein 
production in ClearColi® BL21(DE3)

The cultivation temperature is an important operational con-
dition that can affect E. coli cultures and soluble recombi-
nant protein production (Cardoso et al. 2020). To the best of 
our knowledge, only three studies have mentioned the effect 
of temperature on protein production using ClearColi® 
BL21(DE3) cells. Ueda et al. (2016) found no improve-
ments in hSCF expression and solubility at 16 and 25 °C, 
with 30 °C being the best temperature. Segovia-Trinidad 
et al. (2021) concluded that the induction temperature did 
not increase soluble constitutive-active human-Smad8 (hcS-
mad8), but no details of the temperature range and other 

Table 3  PspA4Pro maximum 
productivities and the 
corresponding induction and 
cultivation times during the 
shake flask experiments

Italic superscript letters: Tukey test indexes (95% confidence level). Different letters mean experiments 
with statistically different results

Platform T (°C) Medium (inducer) PP
max (mg/(L h)) tI (h) tC (h)

CV 37 Defined (1.0 mM IPTG) 28 ±  2f,g 2 7
(5.0 g/L lactose) 24 ±  3e,f 4 9

32 Defined (0.5 mM IPTG + 2.5 g/L lactose) 51 ±  4 h 6 12
27 Defined (1.0 mM IPTG) 31 ±  0 g 6 15

(5.0 g/L lactose) 27 ±  2f,g 6 13
CC 37 Defined (1.0 mM IPTG) 18 ±  1c,d 2 9

(5.0 g/L lactose) 21 ±  1b,c 4 11
LBMS (control) 28 ±  1f 4 8
(1.0 mM IPTG) 38 ±  1 g 2 6
(5.0 g/L lactose) 32 ±  1 g 8 12

32 Defined (0.5 mM IPTG + 2.5 g/L lactose) 25 ±  0 g 6 14
LBMS (control) 17 ±  1d 4 10
(0.5 mM IPTG) 26 ±  1f,g 4 10
(1.0 mM IPTG) 19 ±  1d 4 11
(2.5 g/L lactose) 27 ±  1e,f 4 10
(5.0 g/L lactose) 23 ±  1e 4 11
LBM (0.5 mM IPTG) 23 ±  1c,d 4 11
(1.0 mM IPTG) 9 ±  1b 4 11
LB (1.0 mM IPTG) 4 ±  1a 4 11
Auto-induction (5.0 g/L lactose) 11 ±  0b 4 10

27 Defined (1.0 mM IPTG) 19 ±  0d 6 15
(5.0 g/L lactose) 17 ±  2c,d 6 13
LBMS (control) 23 ±  1e 16 24
(1.0 mM IPTG) 34 ±  1 g 8 16
(5.0 g/L lactose) 19 ±  1d,e 8 16
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supporting data were provided. Nguyen et al. (2021) dem-
onstrated that the human granulocyte–macrophage colony-
stimulating factor (hGM-CSF) was overexpressed with 
induction at 30 °C, compared to the use of temperatures of 
37 and 18 °C. Most of the papers addressing ClearColi® 
BL21(DE3) cultures have used the temperature recom-
mended by Lucigen (37 °C) or have reproduced successful 
strategies for other E. coli strains, in order to produce target 
proteins using ClearColi.

Evaluation of the influence of temperature on PspA4Pro 
production using ClearColi® BL21(DE3) employed shake 
flask experiments at 27, 32, and 37 °C. These temperatures 
were selected on the basis that this recombinant protein from 
E. coli BL21(DE3) cells has always been found to be soluble 
in this temperature range (Campani et al. 2016, 2017, 2019; 
Figueiredo et al. 2017; Benedini et al. 2020; Cardoso et al. 
2020).

The analyses found no evidence of inclusion body forma-
tion at any cultivation temperature. Despite being lower than 
for conventional E. coli, the growth rates of the ClearColi 
cells in defined and LBMS media increased between 27 and 
32 °C and approximately doubled between 27 and 37 °C. 
Considering PspA4Pro production, in the defined medium 
experiments, the best PspA4Pro yield, titer, and productivity 
results were obtained at 32 °C, as observed previously for 
conventional cells, probably due to a better balance of meta-
bolic burden and biomass production (Donovan et al. 1996; 
Campani et al. 2017; Cardoso et al. 2020). Interestingly, in 
the experiments with LBMS, the temperature had different 
effects on PspA4Pro yield, titer, and productivity, depend-
ing on the induction conditions. When IPTG was used as an 
inducer, the maximum yield, titer, and productivity occurred 
at 27 °C. On the other hand, for induction using lactose, as 
well as in unintended induction in the control experiments, 
the maximum titers occurred at 27 °C, while the maximum 
yields and productivities were observed at 37 °C. As already 
discussed above, complex medium formulations contain sev-
eral nutrients that can boost cell metabolism, in synergy with 
temperature changes.

Induction strategy for ClearColi® BL21(DE3)

The induction strategy plays an important role in recombi-
nant protein production using E. coli cells. In addition to 
the induction temperature, discussed before, other factors 
such as the type of inducer, duration of induction, timing 
of induction, and inducer concentration can have important 
effects on the overexpression of recombinant proteins, in 
accordance with quality standards (Kaur et al. 2018; Car-
doso et al. 2020). However, the most suitable induction strat-
egy depends on the characteristics of the target recombinant 
protein, requiring investigation on a case-by-case basis (Car-
doso et al. 2020). To date, most of the induction strategies 

for the production of recombinant proteins in ClearColi® 
BL21(DE3) cells have followed the recommendations pro-
vided by Lucigen (Lucigen 2016). In this procedure, induc-
tion is performed with an IPTG pulse in the mid-exponential 
phase (0.6 < OD < 0.8), during a period between 2 and 16 h, 
with a final IPTG concentration from 0.4 to 1.0 mM. Several 
studies with ClearColi® BL21(DE3) have used alternative 
induction strategies (Liang et al. 2015; Watkins et al. 2017b, 
2017a; Yoo et al. 2017; An et al. 2019; Hunt et al. 2019; 
Sankaran et al. 2019; Sankaran and del Campo 2019; Song 
et al. 2019; Wilding et al. 2019a, 2019b; Gnopo et al. 2020; 
Segovia-Trinidad et al. 2021). However, the effects of dif-
ferent induction modes (pulse or auto-induction), inducers, 
and IPTG and lactose concentrations in recombinant protein 
production using ClearColi have not previously been inves-
tigated in a single study.

The production of PspA4Pro in ClearColi® BL21(DE3) 
cells was firstly carried out using induction conditions 
similar to those that have been employed for conventional 
E. coli BL21(DE3) culture (da Silva et al. 2013; Cardoso 
et al. 2020). The induction was performed with a pulse that 
resulted in final concentrations of 1.0 mM IPTG or 5.0 g/L 
lactose, at OD ~ 2.0 and it lasted between 2 and 16 h, depend-
ing on the temperature. Under the conditions employed, a 
final concentration of 5.0 g/L lactose resulted in the same 
maximum PspA4Pro titers and yields attained with 1.0 mM 
IPTG. However, the ClearColi cultures showed lower recom-
binant protein productivity due to longer cultivation time 
when lactose was used as the inducer, as it also happens for 
recombinant E. coli strains in which the expression system is 
based on lac operon (Cardoso et al. 2020). The need to fully 
induce or activate lac permease synthesis for the transport 
of lactose can explain the delayed induction response in this 
expression system since IPTG transport does not depend on 
lac permease (Donovan et al., 1996).

There are few studies addressing the influence of inducer 
(lactose or IPTG) concentration on recombinant protein pro-
duction by conventional E. coli BL21(DE3) cells under lac 
operon control (Einsfeldt et al. 2011; Lecina et al. 2013; 
Ferreira et al. 2018; Barros et al. 2021; Von den Eichen 
et al. 2021), but none for ClearColi® BL21(DE3) so far. 
Segovia-Trinidad et al. (2021) reported that other induction 
methods and inducer concentrations did not increase soluble 
production of constitutive-active human-Smad8, but they did 
not detail their investigation nor present the results. In the 
present work, reducing the final inducer concentrations by 
half was demonstrated to be effective for ClearColi cells: 
2.5 g/L lactose produced as much as recombinant protein 
as in cultivations with induction using 5.0 g/L lactose. On 
the other hand, PspA4Pro production was increased using 
0.5 mM IPTG since, in excess, IPTG has been reported to 
negatively affect E. coli cell growth and protein expression 
(Donovan et al. 1996; Einsfeldt et al. 2011).
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Interestingly, the induction of ClearColi® BL21(DE3) 
cultures by a pulse of lactose led to higher levels of PspA-
4Pro than obtained in auto-induction cultivations, even 
though the final concentrations of lactose were the same in 
these cultivations. The same behavior was already observed 
for conventional E. coli BL21(DE3) cells and attributed to 
the earlier induction in auto-induction strategy, which trig-
gered the so called “metabolic burden” related to heterolo-
gous protein production (Li et al. 2006; Carneiro et al. 2013; 
da Silva et al. 2021) and restricted the allocation of cellular 
resources for biomass formation and other metabolic activi-
ties (da Silva et al. 2021). Nevertheless, these results did 
not preclude the use of auto-induction medium in ClearColi 
cultivations, especially considering that it simplifies the con-
trol, monitoring, and operation of cultures (Hunt et al. 2019).

Surprisingly, PspA4Pro production was evident in all the 
complex medium cultivations, even without the addition of 
lactose or IPTG, with high protein contents reached in all 
the control experiments using the LBMS medium. Grossman 
et al. (1998) have reported high-level recombinant protein 
expression in E. coli BL21(DE3) cultures using the complex 
medium in the absence of inducers. Studier (2005) attributed 
this unintended induction to the lack of a lac operon repres-
sor, such as glucose, and/or the presence of trace amounts of 
lactose in the cultivation medium. In addition, non-metabo-
lizable lactose analogs (Rao and Koirala 2014) or galactose 
(Xu et al., 2012) were reported to trigger the expression of 
the lac operon genes. Soy peptone used in LBMS medium 
formulation contains high levels of carbohydrates (Michiels 
et al. 2011), which are released during peptone manufac-
turing from soy protein concentrates. Therefore, galactose, 
trace amounts of lactose or lactose-analog carbohydrates 
arise as possible causes for the unintended PspA4pro pro-
duction in ClearColi BL21(DE3) during control experiments 
in the LBMS medium formulation.

ClearColi vs. conventional E. coli BL21(DE3) cells 
as platforms for recombinant protein production

Shake flask cultivations

In the last years, there has been a substantial increase in 
the number of studies evaluating the use of ClearColi® 
BL21(DE3) cells for the production of endotoxin-free recom-
binant proteins and other products. However, the genetic 
modifications required to make ClearColi® BL21(DE3) cell 
endotoxin-free might not only play a role in reducing the 
specific growth rate (Mamat et al. 2015; Lucigen 2016), but 
also affect recombinant product yield, titer, and productiv-
ity. To date, only a few published papers have compared the 
production results for ClearColi® BL21(DE3) and E. coli 
BL21(DE3) cells. Ueda et al. (2016) reported that ClearColi 
produced substantially less recombinant human stem cell 

factor, compared to E. coli BL21(DE3), using a thioredoxin 
co-expression system, requiring the creation of a new expres-
sion system based on additions of GSH and NaHS to ensure 
feasibility. Wilding et al. (2019a) observed that CFPS pro-
duction using ClearColi cells was equivalent to 20% of the 
product obtained in standard BL21(DE3) extracts, although 
adjustments of the medium and induction strategy could 
enable equivalence between ClearColi® BL21(DE3) and 
BL21 Star (DE3) cultures. Segovia-Trinidad et al. (2021) 
mentioned that the E. coli BL21(DE3) and E. coli Turner 
BL21(DE3) strains did not present higher soluble hcSmad8 
production, compared to ClearColi. Other studies have found 
that the performance of ClearColi® BL21(DE3) exceeded 
that of conventional E. coli BL21(DE3) (Song et al. 2019; 
Nguyen et al. 2021), in addition to providing higher protein 
solubility (Nguyen et al. 2021).

Cultivations of ClearColi® BL21(DE3) and conven-
tional E. coli BL21(DE3) cells were performed at 27, 32, 
and 37 °C, using a defined medium with IPTG or lactose as 
inducers to produce PspA4Pro. Considering statistical sig-
nificance, with the exception of the cultures at 32 °C, the two 
E. coli platforms showed the same performance in terms of 
maximum recombinant protein yield. The maximum PspA-
4Pro titers were equivalent when lactose was the inducer, 
while the ClearColi cells achieved lower values than con-
ventional cells for cultures induced by IPTG. For ClearColi, 
longer induction periods acted to increase the expression 
level. The results obtained using defined medium demon-
strated that ClearColi® BL21(DE3) could provide high 
PspA4Pro yield and titer values, even though the endotoxin-
free cell cultivations frequently resulted in lower product 
productivity, compared to conventional E. coli BL21(DE3) 
cultivations. The lower specific growth rates of ClearColi, 
compared to conventional cells, played an important role in 
this since longer cultivation times directly influenced recom-
binant protein productivity.

Scale‑up and purification

Scale-up of cultivations is usually a challenge in bio-
processes (Yang et al. 2007; Goldrick et al. 2020). Fur-
thermore, it is important to evaluate newly developed 
recombinant protein production platforms under industrial 
operation conditions, in order to assess their full potentials 
as hosts in scaled up processes. To the best of our knowl-
edge, up to now, there has been no publication address-
ing the cultivation of ClearColi® BL21(DE3) in biore-
actors and using volumes larger than 2.0 L. The results 
obtained here demonstrated that ClearColi® BL21(DE3) 
can not only grow to cell densities higher than those usu-
ally obtained in shake flasks, but also provide high protein 
yields. Under similar bioreactor conditions, the cultiva-
tion of conventional E. coli BL21(DE3) cells led to 50% 
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higher biomass concentration, 20% lower PspA4Pro yield, 
and a cultivation time that was 10 h shorter, compared 
to ClearColi cultivation (Campani et al. 2017), result-
ing in 20% higher PspA4Pro productivity. Other studies 
using shake flask cultivations found that ClearColi per-
formed better than conventional E. coli, in terms of the 
yields of recombinant proteins (Song et al. 2019; Nguyen 
et al. 2021). Nevertheless, the low specific growth rate 
of ClearColi decreases upstream productivity, requiring 
new strategies to be developed with the aim of acceler-
ating biomass formation. Following successful strategies 
for conventional E. coli BL21(DE3) bioreactor cultiva-
tions (Horta et al. 2012; Campani et al. 2016, 2017), the 
use of glycerol as the main carbon source was effective 
for avoiding acetate accumulation in the broth (acetate 
concentrations < 2 g/L) and, consequently, inhibition of 
the growth of ClearColi cells by this metabolite during 
the bioreactor cultivation. Additional studies considering 
aspects such as medium optimization, supplementation 
with additives, and the use of genetic engineering tools to 
create new strains could further improve bioreactor pro-
duction conditions and the yields of recombinant proteins 
in ClearColi cultures.

The main advantages of ClearColi® BL21(DE3) have 
generally been associated with the possibility of perform-
ing simpler downstream processing in order to obtain 
endotoxin-free therapeutic heterologous proteins (Lucigen 
2016) that meet the desired quality requirements (Mamat 
et al. 2015; Planesse et al. 2015; Ueda et al. 2016; Pooe 
et al. 2017; Viranaicken et al. 2017; Watkins et al. 2017b, 
2017a; Hunt et al. 2019; Qiao et al. 2019; Wilding et al. 
2019a). Some studies have reported better purification per-
formance when recombinant proteins were produced using 
ClearColi® BL21(DE3). For example, Nguyen et al. (2021) 
achieved 98% purity after two conventional chromatogra-
phy steps, with higher expression and higher solubility of 
hGM-CSF, compared to the use of conventional E. coli. 
Ueda et al. (2016) found that the characteristics of binding 
of the rhSCF produced in ClearColi® BL21(DE3) to the 
affinity resin were greatly improved, compared to the use 
of conventional E. coli BL21(DE3). In the present work, it 
was demonstrated that by applying purification protocols 
identical to those established for conventional E. coli (Figue-
iredo et al. 2017; Benedini et al. 2020; Cardoso et al. 2020), 
the use of ClearColi cells could provide PspA4Pro at 98% 
purity, meeting the quality requirements, maintaining both 
the secondary structure and antigenicity of PspA4Pro. This 
is a promising preliminary result, with further improvements 
expected after updating and optimization of the purification 
protocols employed to process endotoxin-free cell extracts.
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