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Abstract 

Background and purpose: The use of a bispecific antibody engineered as a tandem single-chain fragment 
variable antibody (scFv-BsAb) offers several advantages over full-length antibodies, including enhanced tissue 
penetration and the potential for production in bacterial cells. However, production of them in bacteria usually 
results in the formation of inclusion bodies. The current work aimed to facilitate proper folding and soluble 
expression of a recombinant scFv-BsAb targeting cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and 
programmed cell death protein 1 (PD-1) by co-expression with molecular chaperones. 
Experimental approach: Escherichia coli BL21(DE3) cells harboring pET28a-scFv-BsAb and pKJE7 
plasmids were used as host cells for protein expression. The effect of different temperatures and IPTG 
concentrations on the expression of soluble protein with or without expression of chaperones was investigated 
by SDS-PAGE and densitometry analysis. Subsequently, the expressed protein was subjected to native 
purification using a Ni-NTA affinity column. Then, the binding ability of the scFv-BsAb to the receptors on 
peripheral blood mononuclear cells (PBMCs) was evaluated by flow cytometry. 
Findings/Results: Co-expression with chaperones slightly enhanced the expression of soluble scFv-BsAb. 
The optimal condition for soluble expression of protein is at a temperature of 30 °C and an IPTG concentration 
of 1 mM when co-expressed with chaperones. The final yield of protein in co-expression with chaperones was 
2.9 mg protein per 1 L of culture.  
Conclusion and implications: Optimization of culture conditions and co-expression with molecular 
chaperones may be useful for the production of soluble and functionally bioactive scFv antibodies in E. coli. 
Keywords: Bispecific antibody; Immune checkpoint inhibitors; Molecular chaperones; Single-chain 
antibodies; Soluble expression. 
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INTRODUCTION 
 

Many researchers have developed different 
formats of recombinant bispecific antibodies 
(BsAbs) that simultaneously block two different 
inhibitory immune checkpoints (1-4). One of 
these formats is tandem single-chain fragment 
variable (scFv) antibody (5). 

Tandem scFv is one of the most commonly 
used BsAbs, which consists of two different 
scFvs linked by a flexible spacer. Tandem scFvs 
offer several advantages over full-length BsAbs, 
including better penetration into the target tissue 
and lower immunogenicity (5,6). Furthermore, 
due to their smaller size (e.g., 55 kDa) and non-
glycosylated structure, they can be easily 
overexpressed in bacterial host cells, including E. 
coli, leading to a gradual reduction in production 
costs (7,8). 

Tandem scFvs are mainly expressed either in 
the periplasm or cytoplasm of E. coli cells. 
Periplasmic expression allows for better disulfide 
bond formation and proper folding of 
recombinant proteins (9). However, this approach 
usually results in lower yields of protein due to 
inefficient translocation and secretion of the 
target protein into the periplasmic space (10). The 
second method results in higher protein yields, 
which usually accumulate as insoluble aggregates 
(i.e., inclusion bodies). To restore biological 
activity, inclusion bodies must be solubilized and 
refolded, which is usually a time-consuming, 
complex, and costly procedure (11-13). 
Alternatively, proteins can be co-expressed with 
molecular chaperones, which facilitate proper 
protein folding (14,15). 

Chaperone proteins bind to nascent 
polypeptides, avoid deleterious hydrophobic 
interactions, and assist them in folding correctly 
and achieving native structure (16). E. coli uses 
two main sets of molecular chaperones, the 
GroEL/GroES (Hsp60/Hsp10) system and the 
DnaK/DnaJ/GrpE system (17-19). There are 
some reports on the enhancement of soluble 
production of various proteins, including scFvs in 
E. coli cells, by co-expression with molecular 
chaperones (20,21). For example, Mirzapour et 
al. found that co-expression of anti-HER2 scFv 
with DnaK/DnaJ/GrpE resulted in significant 
improvement in soluble protein purification and 
expression (up to 4-fold increase) (20). 

Previously, we reported the expression of a 
bispecific tandem scFv against cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4) and 
programmed cell death protein 1 (PD-1) in the 
periplasmic space of E. coli (9). To achieve a 
more biologically active bispecific antibody, in 
this study, we aimed to produce scFv-BsAb by 
cytoplasmic expression in an optimized condition 
and by co-expression with the molecular 
chaperones DnaK/DnaJ/GrpE. The effect of 
temperature and inducer concentration on the 
level of soluble protein production was also 
determined. 

 
MATERIALS AND METHODS 

 
Bacterial strain and plasmids 

Protein expression was performed in E. coli 
BL21(DE3) bacteria (Novagen, USA), 
chemically competent E. coli cells. The gene of 
scFv-BsAb was chemically synthesized 
(Biomatik, Canada) and sub-cloned into the 
NcoI and XhoI restriction sites of the pET28a 
plasmid (Novagen, USA) (Fig. 1A) (22,23).                 
In addition, the pKJE7 plasmid (carrying genes 
of dnaK, dnaJ, and grpE chaperones)                   
was obtained from Takara (Shiga, Japan).                 
The bacteria were transformed with the 
pET28a-scFv-BsAb plasmid or co-transformed 
with the pET28a-scFv-BsAb and pKJE7 
plasmids by the heat shock method. 
Subsequently, positive colonies were spread on 
Luria-Bertani (LB) agar plates supplemented 
with 30 μg/mL kanamycin and 20 μg/mL 
chloramphenicol. 
 
Effect of IPTG concentration and temperature 
on expression of scFv-BsAb 

A single positive colony containing the 
pET28a-scFv-BsAb plasmid was added to LB 
medium containing 30 μg/mL kanamycin and 
cultured overnight in a shaker incubator at 37 
°C and 180 rpm. After 10-fold dilution with LB 
medium containing 30 µg/mL kanamycin, the 
cells were again incubated in a shaker incubator 
at 37 °C and 180 rpm until the logarithmic 
phase was reached (OD600 = 0.5). Then, 0.5 mM 
isopropyl-β-D-1-thiogalactopyranoside (IPTG) 
was added to the medium, and the incubation 
continued under the same conditions for a 
further 4 h to express the protein. For protein 
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co-expression with chaperones, a single colony 
containing both pET28a-scFv-BsAb and 
pKJE7 plasmids was inoculated in LB medium 
containing 30 μg/mL kanamycin and 20 μg/mL 
chloramphenicol, and after overnight 
cultivation and dilution, the medium was 
incubated in a shaker incubator at 37 °C and 
180 rpm until the logarithmic phase was 
reached (OD600 = 0.5). To induce chaperone 
expression, 0.5 mg/mL L-arabinose was first 
added, and the culture was incubated for 30 min 
under the same conditions. To induce 

expression of the target protein, 0.5 mM IPTG 
was then added, and the incubation continued 
for an additional 4 h. 

To examine the impact of IPTG 
concentration on the expression of the target 
protein, varying concentrations of IPTG (0.25, 
0.5, or 1 mM) were utilized. Additionally, to 
assess the effect of temperature on the soluble 
expression of the target protein, bacterial 
cultures after addition of IPTG were incubated 
in a shaker incubator at different temperatures 
(25, 30, and 37 °C) (Table 1). 

 
 

 
 

 
 
Fig. 1. (A) Schematic presentation of the pET28a-scFv-BsAb expression vector; (B) SDS-PAGE and western blot analysis 
of bacterial expression of histidine-tagged scFv-BsAb with or without chaperones. Lane 1: without chaperone                       
before induction; lanes 2-4: without chaperone after induction by IPTG (0.25, 0.5, and 1 mM, respectively); lanes 5, 7, 
and 9: co-expression with chaperones before induction; lanes 6, 8, and 10: co-expression with chaperones after                    
induction by IPTG (0.25, 0.5, and 1 mM, respectively); lane M: Thermofisher protein molecular weight                       
marker 26610; Lane 11: western blot analysis using anti-His-HRP antibody. scFv, Single-chain variable fragment;                      
IPTG, isopropyl-β-D-1-thiogalactopyranoside; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel                   
electrophoresis. 
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Table 1. Soluble protein expression under various conditions. 

Condition Inducer (IPTG) 
concentration (mM) 

Temperature  
(°C) 

Presence of 
chaperones 

Total protein 
expression (mg/L) 

Soluble protein 
(mg/L) 

Soluble 
protein (%) 

1 0.25 25 No 5.33 1.05 19.69 
2 0.25 30 No 4.86 1.53 31.48 
3 0.25 37 No 6.25 1.44 23.04 
4 0.5  25 No N/A 1.47 N/A 
5 0.5  30 No N/A 1.4 N/A 
6 0.5  37 No N/A 0.97 N/A 
7 1  25 No N/A 1.05 N/A 
8 1  30 No N/A 1.29 N/A 
9 1  37 No N/A 1.06 N/A 
10 0.25  25 Yes 5.64 2.59 45.92 
11 0.25  30 Yes 3.84 1.72 44.79 
12 0.25  37 Yes N/A 2.13 N/A 
13 0.50 25 Yes 5.73 2.6 45.37 
14 0.50 30 Yes N/A 2.67 N/A 
15 0.50 37 Yes 4.21 1.79 42.51 
16 1 25 Yes N/A 1.8 N/A 
17 1 30 Yes 5.82 2.9 49.82 
18 1 37 Yes N/A 1.84 N/A 
"N/A" explains the unavailability of data on total protein expression for those specific conditions. 

 
Cell lysis, separation of soluble fraction, and 
purification of soluble scFv-BsAb 

As the structure of this recombinant protein 
contains a polyhistidine sequence (6xHis, Fig. 
1A), protein purification was performed using a 
nickel-nitriloacetic acid (Ni-NTA) column 
(Invitrogen, USA). Following protein expression, 
cells were collected through centrifugation at 5000 
rpm for 5 min. The bacterial pellet was 
subsequently dispersed in native binding buffer 
(50 mM NaH2PO4, 0.5 M NaCl, 10 mM 
imidazole), and lysozyme (1 mg/mL) was added 
before the cells were incubated on ice for 30 min. 
To prepare the cell lysate, bacterial cells were then 
subjected to cell disruption by ultrasonication on 
ice at moderate intensity for 5 cycles of 20 s with 
40 s rest intervals. To reduce the sample viscosity, 
RNase A (10 µg/mL) and DNase I (10 µg/mL) 
were added. After incubating the sample on ice for 
15 min, centrifugation was performed at 3,000 g 
for 15 min at 4 °C to separate the soluble and 
insoluble fractions. The supernatant (soluble 
fraction) was then subjected to sodium dodecyl-
sulfate polyacrylamide gel electrophoresis                
(SDS-PAGE) analysis. For purification, the 
supernatant was loaded onto a Ni-NTA column. 
Four washes were performed with native wash 
buffer (50 mM NaH2PO4, 0.5 M NaCl, and 20 mM 

imidazole, pH 8.0), and then the target protein was 
eluted with native elution buffer (50 mM 
NaH2PO4, 0.5 M NaCl, and 250 mM imidazole, 
pH 8.0). The elution extracts were collected in 1 
mL fractions, and each fraction was subjected to 
SDS-PAGE analysis separately. 
 
Analytical methods 

To confirm the protein expression and compare 
the soluble expression level in each condition, the 
samples were loaded on 12% sodium dodecyl 
sulfate-polyacrylamide gels, and electrophoresis 
was performed (SDS-PAGE) with a constant 
voltage of 150 V. Also, to confirm the expression 
of the His-tagged scFv-BsAb, the whole protein 
sample, which was first analyzed by SDS-PAGE, 
was transferred to polyvinylidene difluoride 
(PVDF) membranes, and western blotting was 
done using anti-His (C-term)-horseradish 
peroxidase (HRP) antibody (Invitrogen, USA). 
For the quantification of each lane on the gels, 
densitometry analysis was performed using 
ImageJ software. The band intensities of expressed 
scFv-BsAb were estimated and normalized to the 
protein molecular weight marker (SMBIO1500) 
(24). Furthermore, the concentration of soluble 
protein was measured using the Bradford assay 
both before and after protein purification.  



Soluble expression and purification of a scFv antibody 

327 

Flow cytometry analysis 
Biological activity of the purified scFv-BsAb 

was evaluated by the determination of the 
binding ability of the protein. Briefly, peripheral 
blood mononuclear cells (PBMCs) (25) 
expressing PD-1 and CTLA-4 receptors on the 
cell surface, and human embryonic kidney 293 
(HEK293) cells, as a negative control not 
expressing receptors, were incubated with scFv-
BsAb. After the incubation period, cells were 
exposed to a secondary antibody (anti-His-
FITC). Finally, after three washes, cells were 
analyzed using a flow cytometer (BD, USA).  
 
Statistical analysis 

The experiments were repeated three times, 
and the mean of the results from each set of three 
repetitions was calculated and used for analysis 
to ensure the reliability and accuracy of the 
results. 

To compare the results of the expression in the 
two main groups (with and without chaperones), 
an independent samples t-test was used.  To 
compare expression levels in nine groups with 
different expression conditions based on 
temperature and IPTG concentration (Table 1), a 
two-way ANOVA test was used, followed by the 
Tukey test.  Moreover, the Pearson coefficient 
calculation was used to reveal any possible trend 
line between variables and expression levels. 
 

RESULTS 
 
General expression of scFv-BsAb 

SDS-PAGE results showed successful 
expression of the target protein with and without 

chaperone under different conditions (37 °C 
temperature, 0.5 mg/mL L-arabinose, and 0.25, 
0.5, or 1 mM IPTG). It was also observed that 
co-expression with chaperones results in higher 
amounts of protein (Fig. 1B). Furthermore, 
Western blot analysis using anti-His (C-term)-
HRP antibody (Invitrogen, USA) confirmed the 
expression of the target protein (Fig. 1B). 
 
Effect of IPTG concentration and temperature 
on expression of soluble scFv-BsAb without 
chaperone 

The study investigated the effect of IPTG 
concentration (0.25, 0.5, and 1 mM) and 
expression temperature (25, 30, and 37 °C) on 
soluble protein expression. SDS-PAGE results 
and gel analysis using ImageJ software 
indicated that in protein expression without a 
chaperone, the highest amount of soluble 
protein was obtained at 30 °C and an IPTG 
concentration of 0.25 mM (Fig. 2A). As the 
IPTG concentration increased, a decrease in 
soluble protein and an increase in insoluble 
protein were observed. Moreover, at 25 °C, the 
expression of soluble protein decreased, and the 
expression of insoluble protein increased.                  
At 37 °C, both soluble and insoluble expression 
decreased. Although the highest level of soluble 
protein expression was achieved at 30 °C and 
an IPTG concentration of 0.25 mM, IPTG 
concentrations of 0.25 and 0.5 mM did not lead 
to much difference in soluble protein 
expression at different temperatures. However, 
increasing the inducer concentration to 1 mM 
resulted in a decrease in the amount of soluble 
protein (Fig. 2A and Fig. 3A). 

 
Fig. 2. SDS-PAGE analysis of soluble fraction of scFv-BsAb expressed in Escherichia coli BL21(DE3) cells. (A) Expression 
without chaperones. Lane M: Fisherbioreagents protein molecular weight marker BP3602; lanes 1-3: at 37 °C using 1, 0.5, and 
0.25 mM IPTG, respectively; lanes 4-6: at 30 °C using 1, 0.5, and 0.25 mM IPTG, respectively; lanes 7-9: at 25 °C using 1, 0.5, 
and 0.25 mM IPTG, respectively. (B) Co-expression with chaperones using 1 mM L-arabinose. Lane M: Smobio PM1500 
ExcelBand protein molecular weight marker; lanes 1-3: at 37 °C using 1, 0.5, and 0.25 mM IPTG, respectively; lanes 4-6: at 30 
°C using 1, 0.5, and 0.25 mM IPTG, respectively; lanes 7-9: at 25 °C using 0.25, 0.5, and 1 mM IPTG, respectively. scFv, 
Single-chain variable fragment; IPTG, isopropyl-β-D-1-thiogalactopyranoside; SDS-PAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. 
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Fig. 3. Densitometry analysis of SDS‑PAGE results using ImageJ software. Soluble protein expression with and without 
chaperones in different (A) IPTG concentrations and (B) temperatures. P < 0.05 indicates significant differences between 
the designated groups. IPTG, isopropyl-β-D-1-thiogalactopyranoside; SDS‑PAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis.    
 
Effect of IPTG concentration and temperature 
on co‑expression of scFv-BsAb with 
chaperones 

According to SDS-PAGE results, in co-
expression of protein with chaperones, the 
highest amount of soluble protein was obtained 
at 30 °C and 1 mM IPTG concentration                     
(Fig. 2B). Densitometry analysis of SDS‑PAGE 
results also revealed that, as the temperature 
increases to 37 °C, the expression of soluble 
protein decreased and insoluble protein 
increased. Also, at 25 °C, the amount of soluble 
protein slightly decreases compared to 30 °C. In 
terms of IPTG concentration, although on 
average at different temperatures, 0.5 mM 
IPTG results in higher amounts of soluble 
protein, at the temperature of 30 °C, increasing 
the amount of IPTG to 1 mM has a positive 
effect on the expression of soluble protein              
(Fig. 2B and Fig. 3B), which may indicate the 
synergistic effect of these two factors 
(temperature and inducer concentration).  
 
Comparing soluble protein expression and 
purification with and without chaperones 

To facilitate comparison and highlight the 
best conditions for soluble protein expression, 
the percentage of soluble protein and the total 
amount of protein expression in soluble and 
non-soluble forms under different conditions 
(inducer concentration, temperature, and 
presence or absence of chaperone) are 
presented in Table 1. For the comparison of 
expression levels across nine groups with 

varied expression conditions based on 
temperature and IPTG concentration, a two-
way ANOVA test was employed. The obtained 
P-values for each condition factor were all 
above 0.05. This suggests that there was no 
significant difference in expression levels 
among the different conditions (i.e, IPTG 
concentration and temperature). 

However, according to SDS-PAGE results 
and densitometry analysis, the amount of 
soluble protein is approximately 1.7-fold higher 
when co-expressed with chaperones than when 
expressed without chaperones. (Figs. 2 and 3). 
Furthermore, after protein purification, it was 
also observed that the purified soluble protein 
yield is 1.6 times higher in co-expression with 
chaperones (Fig. 4A and B). This result, which 
was based on the densitometry analysis of SDS-
PAGE, was also confirmed by measuring 
purified protein concentration using the 
Bradford assay. The final yield of protein was 
2.9 mg and 1.5 mg protein per 1 L of culture 
with and without chaperone expression, 
respectively. 
 
Binding activity of scFv-BsAb 

Flow cytometry analysis revealed a marked 
difference in fluorescence intensity between 
test and control cells. Lymphocytes gated 
within PBMCs, which express PD-1/CTLA-4 
receptors on their surface, exhibited 
significantly higher fluorescence compared to 
HEK293 cells used as negative controls                 
(Fig. 5).  
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Fig. 4. SDS-PAGE analysis of purified soluble scFv-BsAb after purification using Ni-NTA chromatography. (A) protein 
expression at 30 °C using 0.5 mM IPTG. Lane M: Thermofisher protein molecular weight marker 26610; lanes 1-5: 1 mL 
elution fractions 5-1, respectively. (B) Co-expression of protein with chaperones at 30 °C using 0.5 mM IPTG. Lane M: 
Smobio PM1500 ExcelBand protein molecular weight marker; lanes 1-6: 1 mL elution fractions 6-1, respectively. scFv, 
Single-chain variable fragment; IPTG, isopropyl-β-D-1-thiogalactopyranoside; SDS-PAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis; Ni-NTA, nickel-nitriloacetic acid. 

 

 
 
Fig. 5. Fluorescence intensity histogram based on the 
results of flow cytometry of PBMCs and HEK293 cells 
after incubation with scFv-BsAb and a secondary 
antibody (anti-His-FITC). The lymphocyte population in 
PBMCs was gated based on forward scatter and side 
scatter. scFv, Single-chain variable fragment. 

 
Further analysis of antibody binding to 

lymphocyte surfaces indicated a concentration-
dependent relationship, characterized by 
exponential growth in binding affinity. In 
contrast, binding to HEK293 cells showed a 
marginal increase with antibody concentration, 
significantly lower than that observed with 
PBMCs. 

Comparison of antibody binding to receptor 
sites on PBMCs from healthy volunteers and 
HEK293 cells highlighted substantial 
differences. At approximately 800 nm 
concentration, the antibody bound to over 30% 
of lymphocyte receptors, whereas it bound to 

only about 2% of HEK293 cell receptors under 
the same conditions. 
 

DISCUSSION 
 

Antibody fragments, especially scFvs, have 
been widely used as diagnostic and therapeutic 
agents in cancer therapy (26). However, their 
functional production has been a challenge for 
manufacturers due to misfolding potential and 
the formation of inclusion bodies. Various 
strategies have been employed to improve the 
expression of soluble scFvs. One of these 
approaches is co-expression with chaperones to 
improve the folding and solubility of 
recombinant proteins (14,27). Here, we used             
co-expression with chaperons along with 
optimization of culture conditions to improve 
soluble expression of anti-PD-1/CTLA-4 scFv in 
the cytoplasm of E. coli. 

DnaK, DnaJ, and GrpE are cytoplasmic 
chaperones that play an important role in the 
correct folding of proteins. Yousefi et al. 
evaluated the level of soluble anti-CD20 scFv 
when co-expressed with different cytoplasmic 
chaperones, including GroEL, DnaK, GroES, 
Tig, DnaJ, and GrpE. They found that among the 
investigated chaperones, DnaJ, GrpE, and DnaK 
chaperones significantly improved soluble 
expression of the scFv (28). In this study, it was 
observed that protein co-expression with the 
same cytoplasmic chaperones increased the 
amount of soluble protein by 60% (1.6 times; 
Fig. 4). Other researchers also used periplasmic 
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chaperons, DsbA and DsbC, to improve soluble 
expression of a scFv against type 1 insulin-like 
growth factor receptor. They reported 1.5 times 
enhancement in the recovery of soluble protein 
using co-expression with DsbC and up to 80% 
soluble expression when using co-expression 
with DsbA and DsbC (29). Furthermore, in other 
studies, co-expression with chaperones elevated 
the amount of soluble protein from 1.1 times up 
to 264 times in comparison with protein 
expression without chaperones (27,30,31). 
According to these results, it seems that the 
capability of chaperones in the improvement of 
correct protein folding is also dependent on the 
intrinsic and structural characteristics of the 
recombinant protein, and maybe other factors 
that need to be investigated.  

On the other hand, optimization of 
temperature and inducer concentration can also 
play a role in increasing the soluble protein 
expression (32,33). The results of this study 
showed that, in scFv expression without a 
chaperone, the IPTG concentrations of both 0.5 
and 0.25 mM lead to higher soluble expression, 
but with increasing the concentration to 1 mM, 
the soluble expression decreases. It may indicate 
that increasing the amount of inducer increases 
the rate of protein expression in bacteria and does 
not provide enough time and space for proper 
protein folding. Notably, in this work, co-
expression with chaperones could reduce the 
negative effect of the inducer concentration on 
soluble expression of the scFv, and soluble 
expression was also observed at higher 
concentrations of IPTG (0.5 mM). In other words, 
changes in the concentration of IPTG in co-
expression with chaperones do not have a great 
effect on the soluble protein expression, and 
chaperones can be effective on correct protein 
folding even at higher concentrations of the 
inducer and higher rates of protein expression. 

In this study, we observed that co-expression 
with chaperones significantly increases the 
soluble protein expression under various 
conditions. Table 1 summarizes the soluble 
protein expression data and highlights that the 
highest soluble protein yield was achieved at 30 
°C with 0.5 mM IPTG in the presence of 
chaperones. 

While the table provides a comprehensive 
comparison, it is important to note some 

limitations. For certain conditions, data on total 
protein expression were not available, resulting 
in entries marked as "N/A". These missing data 
points could limit the ability to fully assess the 
relative efficiency of different conditions. 
Despite this, the trends observed are consistent 
with previous studies and suggest that the use 
of chaperones, along with optimization of 
temperature and inducer concentration, can 
significantly enhance soluble protein yield. 

Regarding temperature, in expression 
without chaperones, the temperature of 30 °C 
was optimal, and in co-expression with 
chaperones, temperatures of 30 and 25 °C had 
almost similar results and showed high soluble 
expression, but at 37 °C, soluble expression 
decreased significantly. This result is consistent 
with other studies, because in most of the 
studies conducted on co-expression with 
chaperones, the optimal temperature was less 
than 30 °C and often around 25 °C (31), which 
may indicate that at 37 °C, chaperones cannot 
perform as well as at lower temperatures. 

We used flow cytometric analysis to confirm 
the biological activity of the produced scFv-
BsAb. Previous works found that stimulation of 
PBMC with ConA resulted in enhancement of 
CTLA-4 and PD-1 expression on the surface of 
cells (34). Our findings indicated that scFv-
BsAb can bind more to the ConA-stimulated 
PBMCs (expressing PD-/CTLA-4) compared 
to HEK293. The final yield of protein in co-
expression with chaperones was 2.9 mg protein 
per 1 L of culture, while the final yield of 
protein expression in the periplasmic space was 
4.5 mg/L. Interestingly, the protein co-
expressed with chaperones exhibited more 
binding ability compared with periplasmic-
expressed scFv-BsAb (9). However, more 
experiments should still be performed to 
evaluate the binding activity of scFv-BsAb.   
  

CONCLUSION 
 

According to the results of this study and 
other studies conducted on different proteins, 
optimizing culture temperature and inducer 
concentration, as well as co-expression with 
chaperones, can be effective in increasing 
soluble protein expression. In this study,                   
the optimal conditions for the expression of                   
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a scFv-BsAb were determined, and the soluble 
protein was purified using affinity 
chromatography in native conditions for use in 
subsequent studies and evaluation of the 
biological activity of the protein. 
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