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Introduction

The human epidermal growth factor receptor (HER) family 
plays an important role in cell growth and signaling, and 
its expression is altered in many kinds of cancer cells. This 
family consists of four members that are similar in struc-
ture, i.e. HER1 (also known as EGFR), HER2 (also known 
as ErbB2, c-erbB2 or HER2/neu), HER3 and HER4. 
Receptor dimerization or receptor pairing is necessary for 
signal transduction via HER and HER family members are 
able to form homodimers or heterodimers among them-
selves. Dimerization leads to activation of the intracellular 
tyrosine kinase domain of HER family members, resulting 
in phosphorylation of specific tyrosine residues and initia-
tion of signaling cascades including mitogen-activated pro-
tein kinase (MAPK) and phosphoinositide-3-kinase/protein 
kinase B (PI3K/Akt) pathways. These downstream signal-
ing pathways potentially increase cell proliferation and 
decrease cell apoptosis [3].

HER2 is a 185-kDa transmembrane protein (p185) and, 
unlike other HER family members, it has no identified 
ligand. Being a preferred partner for heterodimerization, 
this receptor is in an open conformation to form heter-
odimers with other HER members. Previous studies have 
shown that heterodimers containing HER2 have a high 
cell transformation ability [8, 36] and overexpression of 
HER2 can potentially lead to poor prognosis of cancers 
[5]. As a result of the important biological role associ-
ated with cell growth and differentiation, HER2 has been 
identified as an effective target for cancer therapy [38]. 
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Monoclonal antibodies have been developed to inhibit 
the biological activity of HER2 through (1) interference 
of ligand–receptor binding and receptor dimerization [23, 
41], (2) reduction of receptor on cell surface and (3) bind-
ing to the Fcγ receptors on effector cells to cause tumour 
cell killing [4, 22]. In particular, a novel humanized mon-
oclonal antibody, pertuzumab (Perjeta®) developed by 
Genentech with the approval from the US Food and Drug 
Administration (FDA), was used in combination with 
trastuzumab and docetaxel for treating metastatic HER2-
overexpressing breast cancer [39]. Mechanistically, per-
tuzumab can bind to domain II of HER2 and sterically 
block its dimerization with other HER members [17]. On 
the other hand, the pertuzumab Fab fragment lacking the 
Fc region blocked phosphorylation of HER2/HER3 het-
erodimer. Since both intact pertuzumab and its Fab frag-
ment inhibited tumour growth, it has been suggested that 
the presence of the Fc region is not necessary for growth 
inhibition of tumour cells [2].

Antibody fragments can be used in many therapeutic 
and diagnostic applications as a substitute for large intact 
antibodies, especially when the presence of the crystalliz-
able region (Fc region) is not critical for biological activi-
ties, such as inactivation of cytokines, blocking of receptors 
and neutralization of viruses [21, 44]. Single chain variable 
fragments (ScFv), representing one of the most common 
types of antibody fragments, consist of the variable regions 
of the heavy and light chains of antibodies [6]. Because of 
their small size (26–28  kDa), ScFv molecules often have 
effective biodistribution and better tumour penetration in 
comparison with intact antibodies or other types of anti-
body fragments [51, 52].

Recently, a number of ScFv molecules have been suc-
cessfully developed and produced using various gene 
expression systems [18, 32]. Escherichia coli is a bacterial 
host suitable for expressing small non-glycosylated recom-
binant antibody fragments, including ScFv [19, 43]. Using 
this expression system, high antibody titres up to 2 g/l can 
be achieved [10]. Owing to these advantages, the produc-
tion of ScFv in E. coli can represent an effective bioprocess 
for large-scale manufacturing of antibody fragments.

In addition to monoclonal antibodies, the therapeutic 
potential of antibody fragments for treating HER2-related 
cancers has also been reported. Several versions of ScFv 
with different epitopes have been developed to target HER2 
receptor. For example, tumour targeting for an engineered 
anti-p185HER-2 (ScFv-CH3)2 antibody fragment in athymic 
mice bearing MCF7/HER2 xenografts has been evaluated 
[33]. However, up to now, no ScFv targeting HER2 has 
been approved by the US FDA, although a few them are 
under clinical trials, such as bispecific ScFv (HER2 and 
HER3, phase II) [13] and HER2‐targeted doxorubicin lipo-
some (phase I) [46].

The aim of this study was to derive the ScFv version of 
pertuzumab and to express it using the bacterial expression 
system of E. coli. The biological activity of the expressed 
and purified pertuzumab ScFv was evaluated and its 
potential as an anticancer therapeutic candidate for target-
ing tumour cells overexpressing the HER2 receptor was 
demonstrated.

Materials and methods

Bacterial strains, plasmid, and reagents

Escherichia coli XL1-Blue (Stratagene, La Jolla, CA, 
USA) was used for molecular cloning and BL21 (DE3) 
(Novagen, Madison, WI, USA) was used as a host for ScFv 
expression. The pET22b(+) vector (Novagen, Madison, 
WI, USA) was used to clone the ScFv gene whose expres-
sion was under the control of the T7 promoter. Chemicals 
and reagents used in this study were of analytical grade and 
obtained from Merck (Darmstadt, Germany).

Cell culture

The human breast carcinoma cell lines BT-474 and MDA-
MB-231 were purchased from the Pasture Institute of 
Iran, Tehran. They were grown in Roswell Park Memorial 
Institute (RPMI) 1,640 medium supplemented with 10  % 
(v/v) fetal bovine serum (FBS), 100  IU/ml penicillin and 
100 μg/ml streptomycin in a humidified atmosphere con-
taining 5 % CO2 at 37 °C.

Cloning of the anti‑her2his‑ScFv gene

The anti-her2his-ScFv gene was designed based on the 
amino acid sequences of the variable heavy (VH) and light 
(VL) chains of pertuzumab using the optimum codons for 
expression in E. coli. The vector containing the synthe-
sized anti-her2his-ScFv gene (provided by Integrated DNA 
Technologies, Coralville, USA) was used as the template 
for polymerase chain reaction (PCR) to append the NdeI 
and XhoI restriction sites for cloning using the primer pair 
of 5′ CATATGGAAGTGCAGCTGGTCGAATC 3′ (for-
ward) and 5′ CTCGAGGGTACGTTTGATTTCCACC 
3′ (reverse). PCR was performed in a thermal cycler 
(Bio-Rad, Hercules, CA, USA) with the following tem-
perature profile: (1) initial DNA denaturation at 94 °C for 
5  min, (2) 30 PCR cycles of 94  °C for 1  min, 55  °C for 
2 min and 72 °C for 3 min, (3) extension period at 72 °C 
for 15 min. The PCR product containing the anti-her2his-
ScFv gene (741 bp) was restrictionally digested with NdeI 
and XhoI, gel-extracted using the QIAquick gel extraction 
kit (Qiagen, Valencia, CA, USA), and then cloned into the 
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pET22b vector using the corresponding restriction sites to 
form the expression plasmid pET22b(anti-her2his-ScFv) 
(Fig. 1). E. coli XL1-Blue was transformed with the liga-
tion mixture using ampicillin for selection. The cloned 
anti-her2his-ScFv gene was sequenced to ensure no muta-
tions and to confirm the correct frame for expression. For 
protein detection and purification purposes, a hexa-his-
tidine tag was fused with the C terminus of the expressed 
anti-her2his-ScFv.

Expression of the anti‑her2his‑ScFv

E. coli BL21 (DE3) was transformed with the expression 
plasmid pET22b (anti-her2his-ScFv). Cultivation of BL21 
(DE3) harbouring pET22b (anti-her2his-ScFv) started with 
a single colony, which was inoculated in 150 ml Luria–Ber-
tani (LB) broth containing 100 μg/ml ampicillin, and the 
culture was shaken at 37 °C and 180 rpm until the cell den-
sity (OD600) reached 0.4–0.6. Then, the expression of anti-
her2his-ScFv was induced by adding 1 mM IPTG and the 
induced culture was shaken for another 2 h under the same 
conditions. For optimization of anti-her2his-ScFv expres-
sion, cultivations were performed under different IPTG 
concentrations (0.25, 0.5, 1 or 2) and temperatures (25, 30 
or 37 °C). At the final expression time, cell density of each 
sample (OD600) was measured. The cells were harvested 
by centrifugation at 7,500g for 10 min and the pellet was 
resuspended in a phosphate buffer (50 mM NaH2PO4 and 
0.5 M NaCl, pH 8.0). Then, cells were treated with three 
freeze/thaw cycles. For cell lysis, cells were incubated in 

the presence of 1 mg/ml lysozyme (Cinagene, Tehran, Iran) 
on ice for 1 h. This lysate was further incubated in the pres-
ence of 10 U/ml benzonase (Sigma, St Louis, MO, USA) 
for 15 min at 25 °C to eliminate DNA and RNA. The solu-
ble and insoluble fractions of the cell lysate were separated 
by centrifugation at 7,500g for 10 min and were stored at 
−20  °C for future analysis. The total protein assay was 
conducted according to a published protocol [7].

Purification and refolding of anti‑her2his‑ScFv

The expressed anti-her2his-ScFv protein was purified with 
the Ni-NTA affinity chromatography (Invitrogen, Carls-
bad, CA, USA) under the following three conditions as 
described by the manufacturer with some modifications.

Purification under native conditions

The soluble fraction of the lysate was applied to a chro-
matographic column containing Ni-NTA agarose resin for 
incubation at 25 °C for 1 h with gentle agitation. The col-
umn was washed four times with the native wash buffer 
(50  mM NaH2PO4, 0.5  M NaCl and 20  mM imidazole, 
pH 8.0), and anti-her2his-ScFv was then eluted using the 
native elution buffer (50  mM NaH2PO4, 0.5  M NaCl and 
150 mM imidazole, pH 8.0).

Purification under denaturing conditions

The insoluble fraction containing misfolded anti-her2his-
ScFv was dissolved in a denaturing buffer (6 M guanidine 
hydrochloride, 20 mM sodium phosphate, 500 mM NaCl, 
pH 7.8) for incubation for 30 min at 37 °C and 180  rpm. 
Cell debris was removed by centrifugation at 7,500g for 
10  min. The supernatant was injected into a chromato-
graphic column containing Ni-NTA agarose resin for incu-
bation at 25 °C for 1 h with gentle agitation. The column 
was washed twice with the denaturing binding buffer (8 M 
urea, 20 mM sodium phosphate, 500 mM NaCl, pH 7.8), 
twice with the denaturing wash buffer (8 M urea, 20 mM 
sodium phosphate, 500  mM NaCl, pH 6.0) and finally 
twice with the denaturing wash buffer (pH 5.3), anti-her-
2his-ScFv was eluted from the column using the denatur-
ing elution buffer (8  M urea, 20  mM sodium phosphate, 
500  mM NaCl, pH 4). The solubilized anti-her2his-ScFv 
was refolded through dialysis using a dialysis membrane 
with 12,000 molecular weight cut-off (MWCO) against a 
dialysis buffer (10 mM Tris, 0.1 % Triton X-100, pH 5.5) 
at 4  °C to remove urea. After dialysis, misfolded protein 
aggregates were eliminated by centrifugation. The refold-
ing efficiency was defined as the ratio of biological activ-
ity (based on the ELISA described below) of the refolded 
insoluble fraction to that of the soluble fraction.

Fig. 1   Schematic diagram of the pET22b (anti-her2his-ScFv) 
expression vector. The position of the enzymatic cleavage is indicated 
by the red arrow. The gene encoding anti-her2his-ScFv protein was 
inserted into the pET22b vector under the control of the T7lac pro-
moter, in frame with a histidine (6× His) tag. (Colour figure online)
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Purification under hybrid conditions

To purify anti-her2his-ScFv from total cellular protein a 
combination of denaturing and native methods was used. 
Briefly, bacterial pellet was lysed in a denaturing buffer 
containing 6 M guanidine hydrochloride incubated for 1 h 
at 37 °C and 180 rpm. Cell debris was removed by centrifu-
gation at 7,500g for 10 min. The supernatant was applied 
to a chromatographic column containing Ni-NTA aga-
rose for incubation at 25 °C for 1 h with gentle agitation. 
The column was washed twice with the denaturing bind-
ing buffer (8 M urea, 20 mM sodium phosphate, 500 mM 
NaCl, pH 7.8), twice with the denaturing wash buffer (8 M 
urea, 20  mM sodium phosphate, 500  mM NaCl, pH 6.0) 
and then twice with the denaturing wash buffer (pH 5.3). 
Finally, the resin was washed with the native wash buffer 
(50 mM NaH2PO4 and 0.5 M NaCl, pH 8.0). Anti-her2his-
ScFv was eluted from the column using the native elution 
buffer (50 mM NaH2PO4, 0.5 M NaCl and 150 mM imida-
zole, pH 8.0).

Endotoxin detection and removal

Extraction with Triton X-114 was used to remove endo-
toxins from the purified anti-her2his-ScFv. Briefly, Triton 
X-114 was added to the protein solution to a final concen-
tration of 1 %. The sample was shaken gently at 4 °C for 
30 min and then was incubated at 37 °C for 10 min. Subse-
quently, the sample was centrifuged at 20,000g and 25 °C 
for 10 min to form two phases and the upper phase contain-
ing anti-her2his-ScFv was collected. This extract procedure 
was repeated three times. The limulus amebocyte lysate 
(LAL) assay was conducted to measure the endotoxin level 
of the purified anti-her2his-ScFv using a commercial kit 
(Lonza, Verviers, Belgium).

SDS‑PAGE and immunoblotting analysis

The protein samples were prepared in a gel loading buffer 
(0.25  M Tris–HCl, pH 6.8, 5  % glycerol, 5  % 2-mercap-
toethanol, 3 % SDS and 0.2 mg/ml bromophenol blue) and 
were heated to 95 °C for 5 min to denature proteins. Pro-
teins were then separated by SDS-PAGE (80 V for 5 % gel 
and 150 V for 12 % gel). The expression level and purity of 
protein were determined by densitometry analysis of poly-
acrylamide gels using TL120 software (Nonlinear Inc, Dur-
ham NC, USA). Purity was calculated as a percentage of 
total protein [49]. The concentration of protein was meas-
ured according to the method of Bradford [7] using bovine 
albumin as the standard.

For immunoblotting analysis, the separated proteins 
were electrophoretically transferred from the polyacryla-
mide gel onto a nitrocellulose membrane (100 V for 1 h). 

The blotted membrane was incubated in a blocking buffer 
containing 3  % skim milk in phosphate buffered saline/
Tween 20 (TPBS) overnight at 4 °C and then probed with 
anti-his(C-term)-HRP antibody (Invitrogen, Carlsbad, CA, 
USA, 1:5,000) at 25  °C for 1  h. Subsequently, the mem-
brane was washed with TPBS three times, reacted with 
enhanced chemiluminescence (ECL) Western blotting rea-
gents (Roche, Mannheim, Germany) for 2 min and exposed 
to X-ray film for 15–60  s. Dot blotting was performed 
for the soluble fraction, insoluble fraction and total frac-
tion of protein samples. The samples were spotted onto a 
nitrocellulose membrane and the membrane was incubated 
with a blocking buffer (3  % skim milk in TPBS) for 1  h 
at 25 °C. The membrane was incubated in the presence of 
anti-His(C-term)-HRP antibody for 1 h at 25 °C. The mem-
branes were washed with TPBS three times and the blots 
were then developed with ortho-phenylenediamine (OPD) 
solution.

Enzyme‑linked immunosorbent assays (ELISA)

ELISA was conducted to evaluate the biological activity for 
binding of anti-her2his-ScFv to HER2-overexpressing and 
HER2-low-expressing cells. To do this, BT-474 and MDA-
MB-231 cells were seeded (4  ×  105  cells/ml) in 96-well 
plates for attachment for 24 h. Cell monolayers were incu-
bated with serum-free medium for 4  h and subsequently 
purified anti-her2his-ScFv or mouse anti-HER2 antibody 
(Invitrogen) as positive control was added to wells for 
binding for 2 h at 4 °C. Cells were rinsed three times with 
PBS to remove unbound anti-her2his-ScFv or mouse anti-
HER2 antibody and then fixed with 4  % formalin buffer. 
After fixation, they were further rinsed three times with 
TPBS and incubated with PBS containing 1 % BSA for 2 h. 
Then, cells were incubated in the presence of anti-his(C-
term)-HRP antibody or anti-mouse IgG (Fc specific)-HRP 
(Sigma) for 1 h at 25 °C. The cells were washed three times 
with TPBS and then 50 μl of OPD solution was added to 
each well for incubation for 20 min. The colour-producing 
reaction was stopped by addition of 25 μl of 4.5 N sulfuric 
acid and the absorbance was measured at 490 nm.

Results and discussion

Expression of anti‑her2his‑ScFv

The anti-her2his-ScFv gene was synthesized for its het-
erologous expression in E. coli. The gene sequence was 
determined on the basis of codon optimization of the amino 
acid sequences of the variable heavy and light chains of 
pertuzumab [17]. Such codon optimization can potentially 
increase the anti-her2his-ScFv expression level through an 
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improved translational efficiency [45]. The variable heavy 
and light chains of the antibody can be joined by a linker 
in either the VH-linker-VL or VL-linker-VH orientation. As 
more amino acids involved in the binding of pertuzumab to 
HER2 are located in variable heavy chains [17], the anti-
her2his-ScFv gene was designed in such a way that VH 
was located in the N terminal (Fig. 1). On the other hand, 
the polyhistidine tag was located in the C terminal to pre-
serve the binding ability of anti-her2his-ScFv. Other stud-
ies showed that domain arrangement can potentially influ-
ence expression [30], stability and antigen binding ability 
of the antibody gene product [14].

We used E. coli BL21(DE3) as a host cell and the two 
knockouts of the protease genes of ompT and lon can 
potentially minimize protein degradation during expres-
sion and purification stages. The expression of the anti-
her2his-ScFv gene in E. coli BL21(DE3) was regulated by 
the strong T7 promoter system. Results of cultivation for 
anti-her2his-ScFv expression at 37 °C are summarized in 
Fig.  2. The envisioned molecular weight of anti-her2his-
ScFv was approximately 27  kDa, which was confirmed 
by SDS-PAGE analysis (Fig. 2a). Western blotting analy-
sis using the anti-his(C-terminal) antibody indicated that 
expressed anti-her2his-ScFv was a his-tagged fusion pro-
tein (Fig. 2b). After cell disruption, samples of total cell, 
soluble fraction and insoluble fraction were analysed by 

SDS-PAGE (Fig.  3a) and immune-dot blotting (Fig.  4). 
While the level of total expressed anti-her2his-ScFv could 
reach as high as 30 % of total cellular protein, most of it 
was detected in the insoluble fraction with a potentially 
minimum biological activity. Heterologous expression 
of recombinant proteins in a reducing environment of 
the cytoplasm of E. coli is often more effective than the 
expression in an oxidative environment of the periplasm 
though the overexpressed gene products tend to aggre-
gate as inclusion bodies [12, 31]. Nevertheless, inclu-
sion bodies are often more resistant to proteolysis by E. 
coli proteases and such an expression strategy can facili-
tate downstream processing while allowing high yields 
of protein production. Other studies also reported similar 
observations. For example, Zhang et al. [53] reported that 
the majority of anti-HA (hemagglutinin antigen of avian 
influenza virus) ScFv (constituting approximately 35 % of 
total cellular protein) was expressed in an insoluble form. 
A reason for misfolding of recombinant proteins is associ-
ated with the inability of forming disulfide bond(s) in the 
reducing cytoplasm of E. coli. Markiv et al. [29] reported 
soluble expression and isolation of antibody fragment–
fluorophore conjugates using an E. coli expression host, 
i.e. Rosetta gami B(DE3), which carries the two gene 
knockouts of gor/trxB to transform the cytoplasm to an 
oxidative environment.

Fig. 2   a Proteins were separated on a 15  % SDS-PAGE gel and 
visualized by Coomassie brilliant blue R250 staining. Lane 1 protein 
marker (Fermentase SM0661); total protein from E. coli BL21 (DE3) 
containing pET22b (anti-her2his-ScFv) plasmid before induction 
(lane 2) and after induction with 1 mM IPTG for 1 h at 37 °C (lane 
3); total protein from E. coli BL21(DE3) containing pET22b (anti-
her2his-ScFv) plasmid (lane 4) or pET22b (without insert) (lane 5) 

after induction with 1 mM IPTG for 2 h at 37 °C. The anti-her2his-
ScFv (27 kDa) is denoted by an arrow. b Western blot analysis with 
anti-His(C-term) antibody: lane 1 prestained protein marker (Thermo 
Scientific, 26612); total protein from E. coli BL21 (DE3) containing 
pET22b (anti-her2his-ScFv) plasmid before induction (negative con-
trol) (lane 2) and after induction with 1 mM IPTG for 2 h at 37 °C 
(lane 3)
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Similar to most other studies for recombinant protein 
production, two major factors affecting the expression 
performance of anti-her2his-ScFv are inducer concentra-
tion and temperature. Depending on various host/vector 
systems, the IPTG concentration used for induction and 
cultivation temperatures can range widely from 0.005 to 
5  mM [50] and 24 to 37  °C [35], respectively. Larentis 
et  al. [24] reported improved expression of mature rPsaA 
in recombinant E. coli with a low IPTG concentration for 
induction. Lim et al. [25] studied the induction conditions 
for anti-exotoxin ScFv expression and observed that higher 
IPTG concentrations (>1  mM) tended to inhibit ScFv 
expression, presumably because of an increased metabolic 
load and induction of bacterial proteases degrading heter-
ologously expressed proteins. Volontè et  al. [42] reported 
that optimal expression of recombinant protein occurred 
at a growth temperature of 37  °C with IPTG addition at 

the middle-exponential growth phase. On the other hand, 
Santala and Lamminmäki [37] observed that expression 
of anti-thyroid stimulating hormone (TSH) ScFv in E. 
coli Origami B was optimal at a low temperature of 24 °C. 
These studies suggest the significant variance of culture 
conditions for different host/vector systems. The present 
study showed that optimal production of anti-her2his-ScFv 
occurred when 1  mM IPTG was used with a cultivation 
temperature of 37  °C (Fig.  5). The effect of temperature 
on the expression of anti-her2his-ScFv is summarized in 
Fig.  3b. While the ratio of soluble to insoluble ScFv was 
highest at a low temperature of 25  °C, the expression of 
total ScFv (both soluble and insoluble fractions) increased 
with temperature. Since several E. coli chaperones are 
actively expressed at low temperatures [16], the stability 
and folding of recombinant ScFv were enhanced at 25 °C. 
However, cell growth appeared to be retarded, resulting in a 
decreased volumetric protein concentration.

In light of the high-level expression but significant for-
mation of protein aggregates of the expressed anti-her2his-
ScFv, we proceeded with various downstream process-
ing strategies for purification and refolding for maximum 
recovery of biologically active antibody.

Purification, refolding, and endotoxin removal 
of anti‑her2his‑ScFv

Purification of expressed anti-her2his-ScFv was conducted 
using Ni-NTA affinity chromatography under the native, 
denaturing and hybrid conditions and the purification 

Fig. 3   a Proteins were separated on a 12 % SDS-PAGE gel and visu-
alized by Coomassie brilliant blue R250 staining. Total protein from 
E. coli BL21 (DE3) containing pET22b (without insert) (lane 1) or 
pET22b (anti-her2his-ScFv) plasmid (lane 2) after induction with 
1 mM IPTG for 2 h at 37 °C; soluble (lane 3) and insoluble (lane 4) 
fraction from E. coli BL21 (DE3) containing pET22b (anti-her2his-
ScFv) plasmid after induction with 1 mM IPTG for 2 h at 37 °C. b 

Comparison between the amount of soluble and insoluble anti-
her2his-ScFv expressed after induction with 1 mM IPTG for 2 h at 
the three temperatures. The protein quantification was performed by 
densitometry analysis using TL120 software. The band intensities of 
expressed ScFv were analysed and normalized using a standard of 
bovine serum albumin

Fig. 4   Dot-blot assay by anti-His (C-term) antibody. 1 negative con-
trol (whole cell from E. coli BL21 (DE3) containing pET22b (with-
out insert) after induction with 1 mM IPTG for 2 h at 37 °C); 2 insol-
uble fraction, 3 whole cell and 4 soluble fraction from E. coli BL21 
(DE3) containing pET22b (anti-her2his-ScFv) after induction with 
1 mM IPTG for 2 h at 37 °C
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performance is summarized in Table  1. SDS-PAGE and 
densitometry analyses show that all three approaches led to 
satisfactory purification performance with a high purity up 
to 97 % (Fig. 6). While most of the expressed anti-her2his-
ScFv accumulated in the insoluble fraction, most of it can 
be recovered by Ni-NTA affinity chromatography since the 
yield of this purification step was approximately 54.5  % 
under the denaturing conditions. On the other hand, con-
ducting Ni-NTA affinity chromatography under the hybrid 
conditions might be unfavourable as a result of its low yield 
of 35.7  %. The yield of Ni-NTA affinity chromatography 
under the native conditions at only 41.7 % was similar to 
but relatively lower than that under the denaturing condi-
tions, implying that the binding affinity might be affected 
by the folding/unfolding state of anti-her2his-ScFv. Pro-
tein concentrations were measured using the Bradford 
assay (Table  1) and the data were in agreement with the 
band intensity analysis. As a result, significantly pure 

anti-her2his-ScFv can be obtained using one-step Ni-NTA 
affinity chromatography under both native and denaturing 
conditions and the overall yield of anti-her2his-ScFv from 
both soluble and insoluble fractions was approximately 
29 mg based on processing of 1 l E. coli culture (Table 1). 
Bu et  al. [9] reported expression of anti-brain natriuretic 
peptide ScFv using a similar approach to purify ScFv under 
denaturing conditions with a final yield of 10.2 mg/l of cul-
ture. Woestenenk et al. [48] reported that only 10 out of 20 
his-tagged human proteins expressed in E. coli could be 
purified under native conditions and most proteins could be 
purified under denaturing conditions. These observations, 
along with ours, suggest that hexa-histidine epitope tag 
might not be accessible for all recombinant his-tagged pro-
tein molecules depending on their folding/unfolding state 
and denatured forms might have better accessibility.

Although the expression level of recombinant ScFv 
in E. coli can be potentially high, refolding of ScFv to 

Fig. 5   The effects of incubation temperature and IPTG concentration 
(mM) on protein expression. Proteins were separated on a 12 % SDS-
PAGE gel and visualized by Coomassie brilliant blue R250 staining. 

Protein expression was induced with different concentration of IPTG 
(mM) at a 25 °C, b 30 °C and c 37 °C for 2 h

Table 1   Summary of the yields of anti-her2his-ScFv protein during procedures of purification, refolding, and endotoxin removal

a  From pellet obtained from 50 ml cell culture
b  From soluble fraction
c  From insoluble fraction
d  After denaturing NIT purification
e  Only the NIT-purified sample under denaturing conditions was processed for endotoxin removal
f  Relative activity = binding activity of refolded protein/binding activity of native protein purified from soluble fraction × 100 %

Procedure ScFv (mg) Purity (%) Yield (%) Relative activityf

Whole cell lysatea 2.8 34 100 –

Soluble protein 0.6 7 21.4 –

Insoluble protein 2.2 30 78.6 –

 (1) Hybrid NIT purificationa 1 97 35.7 77

 (2) Native NIT purificationb 0.25 95 41.7 100

 (3a) Denaturing NIT purificationc 1.2 95 54.5 –

 (3b) Dialysisd 0.9 96 75.0 87

 (3c) Endotoxin removale 0.8 96 88.9 86
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develop its biological activity can be a challenging and 
complex process [20]. Nevertheless, this ScFv production 
strategy can be rather effective since inclusion bodies are 
easily recovered and purified with a high yield. In the pre-
sent study, two refolding approaches were explored. First, 
anti-her2his-ScFv was purified under the denaturing con-
ditions and the denatured anti-her2his-ScFv was refolded 
via dialysis by slowly reducing the urea concentration of 
the protein solution. It was observed that the pH of dialy-
sis buffer could affect the efficacy of refolding. Neutral pH 
7.5 resulted in protein precipitation, whereas acidic pH 5.5 
led to less precipitation with a 25 % product loss for this 
step (Table  1). Note that we performed dialysis without 
reducing agents (e.g. 2-mercaptoethanol, dithiothreitol or 
glutathione) though these reducing agents can potentially 
influence the refolding yield [11]. Alternatively, anti-her-
2his-ScFv was refolded while attaching on Ni-NTA aga-
rose resin in an affinity chromatographic column under the 
hybrid conditions. A similar approach was previously con-
ducted for purification and refolding of anti-tumour necro-
sis factor (TNF) ScFv with a high yield and purity [26]. 
Such an on-column refolding strategy can minimize protein 
aggregation associated with the exposure of hydrophobic 
surfaces by reducing the interaction between protein mol-
ecules during the refolding process.

Endotoxin is one of the most common contaminants in 
therapeutic proteins produced in gram-negative bacteria 
such as E. coli. These lipopolysaccharide (LPS) molecules 

are stable in a wide range of temperature and pH, making 
this cleaning step rather challenging. Several methods have 
been developed to eliminate endotoxin from therapeutic 
proteins, including two-phase separation, ultrafiltration, 
LPS affinity resins, membrane absorbers, hydrophobic 
interaction and ion exchange chromatography [28]. The 
effectiveness of these methods is related to the properties of 
therapeutic protein of interest [28]. In this study, extraction 
with Triton X-114 was applied to reduce endotoxin from 
purified anti-her2his-ScFv. Triton X-114 treatment success-
fully decreases the level of endotoxin by more than 10,000-
fold (from 3,000 to 0.3 EU/mg) with approximately 90 % 
protein yield and normal biological activity (Table  1). In 
contrast to our approach, Abéngozar et  al. [1] observed a 
slightly better removal efficiency using polymyxin B affin-
ity chromatography with an endotoxin level of 0.05 EU/ml 
for the purified anti-ephrinB2 ScFv.

Biological activity of anti‑her2his‑ScFv

To evaluate the biological activity of purified anti-her2his-
ScFv, the binding activity of anti-her2his-ScFv proteins 
to HER2-overexpressing cells BT-474 and HER2-low-
expressing cells MDA-MB-231 were analysed by cell-based 
ELISA and the results are summarized in Fig. 7. The recog-
nition and binding of purified anti-her2his-ScFv to BT-474 
cells was clearly demonstrated, and the binding was dose-
dependent. Anti-her2his-ScFv can bind to MDA-MB-231 
at a lower level than BT-474 cells, demonstrating the speci-
ficity of anti-her2his-ScFv to HER2. Such a difference in 
antigen–antibody interaction was more observable when 

Fig. 6   SDS-PAGE analysis of the purified his-tagged ScFv using a 
Ni-NTA column. Proteins were separated on a 15 % SDS-PAGE gel 
and visualized by Coomassie brilliant blue R250 staining. Lane 1 
soluble protein purified under native conditions; lane 2 total protein 
purified under hybrid conditions and lane 3 insoluble protein purified 
under denaturing conditions

Fig. 7   Binding assay of anti-her2his-ScFv protein, mouse anti-HER2 
antibody (Clone TAB 250, Invitrogen) as positive control and bovine 
serum albumin (BSA) as a negative control to BT-474 and MDA-
MB-231 cells utilizing ELISA. The vertical bars indicate the stand-
ard deviations (n = 6). Asterisks indicate the means which were sig-
nificantly different (P < 0.05) from the negative control
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a high concentration of anti-her2his-ScFv was used. Note 
that BT-474 and MDA-MB-231 cells express 7.6 × 105 and 
2.8 × 104 copies of HER2, respectively, on the cell surface 
[34]. A similar observation was previously reported for anti-
HER2 ScFv (ScFv800E6) produced in a yeast expression 
system with a high binding affinity to HER2-positive MCF7 
breast cancer cells but no binding affinity to HER2-negative 
MDA cells [40]. In another study, in vitro specificity of per-
tuzumab to uterine serous papillary adenocarcinoma cells 
with high expression of HER2 was reported [15]. Our results 
suggest that anti-her2his-ScFv retains the affinity and speci-
ficity of its parental antibody, pertuzumab. ScFvs molecules 
often have two disulfide bonds for stabilizing the molecular 
structure. While these disulfide bonds seldom formed in the 
reducing cytoplasm of E. coli, certain ScFvs expressed in 
E. coli can have a stable folding structure without the aid-
ing effect of the disulfide bonds depending on the primary 
sequence [47]. Functional expression of biologically active 
anti-HER2 ScFv (ScFv800E6) in a bacterial reducing envi-
ronment has also been reported [27]. We also compared 
the biological activity of anti-her2his-ScFv purified under 
denaturation/refolding and native conditions (Table 1). The 
efficiencies of refolding, defined as relative bioactivities, for 
the dialysis and on-column approaches were 87 and 77 %, 
respectively. These results suggest that, even though anti-
her2his-ScFv might not be solubly expressed in E. coli, the 
in vitro refolding is a feasible approach for the production 
and purification of biologically active anti-her2his-ScFv.

Conclusion

In this study, we reported an effective strategy for the 
expression of the ScFv version of pertuzumab specific to 
domain II of the HER2 receptor (i.e. anti-her2his-ScFv) in 
E. coli followed by one-step affinity chromatography for 
purification. While soluble expression was observed to 
certain extents, the overexpressed anti-her2his-ScFv pri-
marily aggregated as inclusion bodies which can be recov-
ered and refolded in vitro during the chromatographic pro-
cessing. Most importantly, the purified anti-her2his-ScFv 
showed a promising bioactivity with a selective bind-
ing affinity towards HER2-overexpressing tumour cells. 
The molecular size of the anti-her2his-ScFv of 27 kDa is 
only one-sixth of the intact antibody of pertuzumab. For 
therapeutic and diagnostic applications, such a small size 
can potentially facilitate molecular delivery of anti-her-
2his-ScFv into the blood circulation systems surrounding 
tumour cells.
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