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Abstract

Background: To obtain high yields of recombinant insulin and advancing therapeutic avenues for diabetes patients, the devel-
opment of innovative designer insulin analogs have critical importance. The modified insulin analog presents a cost-effective
remedy by being produced as inclusion bodies (IBs) within Escherichia coli BL21 (DE3) Rosetta-2 strain. This approach to
production not only offers reduced production time but also yields high recovery rates. The prime aim of this investigation was
to optimize the composition of the cultivation media, thereby accomplishing higher cell density fermentation of the proinsulin.
Result: Various factors, including carbon and nitrogen sources, salts, metal ions, and pH, were systematically investigated
through experimental screening using the BioLector multiwell bright plate. Additionally, computational analysis employing the
Plackett-Burman Design within the Design Expert software was utilized to assess their effectiveness in terms of insulin concen-
tration as a surrogate measure of insulin yield. Among the tested variables, glucose, glycerol, MgSO4, and lower Luria-Bertani
mix concentration have a significant influence on insulin production, as determined by the screening experiment. Subsequently,
the Central Composite Design approach was operated to further evaluate and optimize the precise levels of these influential
variables. This systematic methodology achieved an optimized cultivation media formulation, resulting in a remarkable en-
hancement of insulin production, with levels reaching up to 13 mg/ml when applied in BioLector fermentation. Conclusion:
The formulated cultivation media exhibited suitability for promoting high cell density fermentation of the modified insulin,
thereby facilitating the attainment of optimal yields for the proinsulin expression.

1. Introduction:

The prevalence of diabetes in the United States has reached epidemic levels, with more than one-quarter of
those aged 65 years and older suffer with the disease (Stailey et al., 2017 ;IDF Diabetes Atlas). Aging is
a primary risk factor for type 2 diabetes mellitus (T2DM) (Ahima 2009 ), attributed to the concomitant
increase in insulin resistance (Ahima 2009 ;Ayan and DeMirci 2023 ) and decline in pancreatic beta-cell
function (Ahima 2009 ;Ayan and DeMirci 2023 ). T2DM in older adults may manifest with distinct clinical
features, such as postprandial hyperglycemia (Taylor et al., 2021 ). However, the diagnosis of T2DM in older
individuals may be complicated by the limitations of commonly used diagnostic tests, including hemoglobin
A1C and fasting plasma glucose, which may fail to detect postprandial hyperglycemia (Korkiakangas et al.,
2009 ). Moreover, older adults with T2DM are predisposed to a heightened risk of developing microvascular
and cardiovascular complications, further underscoring the need for effective management and monitoring
of the disease in this population (Vaidya et al., 2015 ). The therapeutic management of T2DM in older
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adults can pose limitations due to comorbidities, polypharmacy that is characterized by simultaneous use of
multiple drugs, and renal or hepatic impairment (Dardano et al., 2014 ). While oral hypoglycemic agents
are usually the preferred choice for the initial treatment of T2DM, the progressive deterioration of pancreatic
beta-cell function may eventually require insulin therapy (Snyder et al., 2004 ). Nevertheless, administering
insulin in older adults necessitates a judicious approach as this population is particularly susceptible to
hypoglycemia and unawareness of its occurrence (Herman et al., 2005 ).

Basal-bolus therapy requires the administration of basal insulin referred as intermediate and long-acting
insulins, prandial insulin, and correction doses as needed to replace endogenous insulin (Garg et al., 2010 ).
Prandial insulin is administered to simulate the physiological response of endogenous insulin to food intake,
which involves a rapid and vigorous first phase followed by a more prolonged second phase of insulin secretion
into the portal circulation (Owens et al., 2001 ). Recent advances in insulin therapy, such as the development
of insulin analogs, including rapid-acting insulin analogs (RAIAs), have transformed the management of type
1 diabetes (T1DM). RAIAs, such as insulin Aspart, Glulisine, and Lispro, offer superior pharmacokinetic
and pharmacodynamic profiles compared to regular human insulin (RHI) (Ashwell et al., 2006 ;Hermansen
et al., 2004 ;Becker et al., 2008 ). RAIAs may confer notable clinical benefits over RHI, including a lower
risk of hypoglycemia and improved glycemic control (Garg et al., 2010 ).

Various strategies have been employed to express recombinant insulin inE. coli , including using different
expression methods, tags, and host strains (Khalilvand et al., 2022 ). One efficient approach involves
designing insulin constructs with a protease cleavage site using the home-made proteases to facilitate the
cost-efficient production of mature insulin (Akbarian and Yousefi, 2018 ). In addition, host strains can
be engineered to enhance insulin expression, such as the use of Rosetta 2 host strains, which are BL21
derivatives optimized for the expression of eukaryotic proteins with rare codons (Tegel et al., 2010 ). These
strains carry a compatible chloramphenicol-resistant plasmid encoding tRNA genes for seven rare codons
(AGA, AGG, AUA, CUA, GGA, CCC, and CGG) under their native promoters (Tegel et al., 2010 ). With
IPTG induction, such strains are ideal for high-yield insulin production from target genes cloned into pET
vectors (Pan and Malcolm, 2018 ).

During recombinant protein production, the chemical and nutritional composition of the culture medium
can significantly impact host cell growth (Shokri et al., 2003 ). Factors such as carbon and nitrogen sources,
metal ions, and medium pH play critical roles in determining cell growth, making it crucial to optimize the
culture composition for high yields of the target protein (Kusuma et al., 2019 ;Nikerel et al., 2006 ). How-
ever, the sheer number of factors that can affect cell growth is vast, and evaluating their effects using the
One-Factor-At-A-Time (OFAT) approach is time-consuming and labor-intensive (Abu et al., 2017 ). Further-
more, the OFAT approach must account for the potential dependent or independent effects and interactions
between these factors (Abu et al., 2017 ). To address these limitations, the factorial approach offers a more
comprehensive and efficient means of examining the impact of multiple factors on cell growth (Abu et al.,
2017 ). By simultaneously evaluating all levels of all factors, this approach enables the determination of their
independent effects and interactions (Abu et al., 2017 ). The Design of Experiment (DoE) is a statistical
tool that employs fractional factorial models, such as Response Surface Methodology (RSM), to evaluate
relevant interactions among variables via fewer experiments (Papaneophytou and Kontopidis, 2014 ;Sopyan
et al., 2022 ;Dentener 2002 ). Furthermore, the BioLector XT high-throughput microbioreactor offers real-
time monitoring of crucial cultivation parameters for aerobes and anaerobes, such as biomass, pH, dissolved
oxygen in the liquid phase (DO), and fluorescence (Drummen;Osthege et al., 2022 ). This tool provides rapid
and detailed insights into bioprocess development experiments, allowing for more efficient optimization of
the culture medium and, ultimately, higher target protein yields (Osthege et al., 2022 ).

The objective of our study was to optimize the composition of the culture media to enhance the biomass
of Rosetta 2 (DE3), which expresses a novel designer fast acting proinsulin. We employed theDesign-
Expert (DoE) method, utilizing the BioLector XT system to support our investigations. By employing these
sophisticated approaches we sought to identify a more comprehensive and efficient analysis of the various
factors affecting the growth and yield of the modified insulin from Rosetta 2 (DE3); thus, we have been
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gain real-time insights into crucial cultivation parameters, enabling us to identify the optimal culture media
composition to achieve maximum biomass production of the modified insulin. Accordingly, a screening
experiment was conducted to assess the impact of various cultural components on the growth of Rosetta 2
(DE3), using the Plackett-Burman Design (PBD) and BioLector XT Microbioreactor. The optimal culture
media composition was thereafter determined through further experimental design utilizing the BioLector
XT Microbioreactor. The consequential significant factors were subsequently optimized, employing the
Response Surface Methodology (RSM)Central Composite Design (CCD) of Design Expert suite. Following
the completion of the optimization calculation, the obtained statistically relevant results were subsequently
verified through experimental validation employing the BioLector XT Microbioreactor.

2. Result

2.1. Plackett–Burman design and BioLector growing conditions

The study assessed the effectiveness of eleven factors on bacterial growth by designing a series of experiments
employing Design of Expert (Stat Ease Inc.) 7.0.0 software, resulting in 16 trial configurations (Supplemen-
tary Table 1). This study aimed to scrutinize the Rosetta 2 (DE3) the modified insulin strain’s growth
kinetics utilizing the BioLector (mp2-labs, Baesweiler, Germany) system. Two distinct concentrations of LB
broth media, precisely 30 g/L or 50 g/L, were utilized, and a comprehensive DoE-PBD with 16 parameters
was executed in triplicate on a single plate (Fig. 1). The cells were then inoculated for 4 h in each well,
and the experiments were conducted under constant agitation (800 rpm) at 37°C in 48-well FlowerPlates
(mp2-labs, Baesweiler, Germany) with a working volume of 1000 μL. This study continuously monitored
scattered light intensities to observe growth kinetics in real-time (Fig. 1). Furthermore, the induction with
Isopropyl β-D-1-thiogalactopyranoside (IPTG) was performed in each well at distinct final concentrations
(0.2 mM, 0.3 mM, 0.4 mM) compliance with DoE-PBD parameters, and was conducted overnight at 37°C.
The final insulin density, measured in grams per liter by UV/Vis spectrophotometer (280 nm) and analyzed
by SDS-PAGE, has been considered the response variable and recorded in the PBD table (Supplementary
Table 1; Fig. 1; Supplementary Fig. 1). The statistical inference conducted on the data revealed that the
model under consideration attained statistical significance, as deduced from a p -value of 0.05 and an R2
coefficient of determination of 85.37% (Table 1). Notably, the model terms, encompassing MgSO4, glycerol,
glucose, and LB broth concentration were established to be influential factors, with p-values that fell below
the conventional threshold of 0.05 for statistical significance. This observation suggests that these terms
exerted a substantial effect on the response variable. Moreover, the F-statistic was employed to measure the
magnitude of association between each term and the response variable, where the outcomes showed that
higher F-values corresponded to stronger associations.

The half-normal plot is a graphical representation of the distribution of the residuals in a regression model,
which allows for the examination of the normality assumption of the residuals(Zahn et al., 1975) . In Fig.
2, a linear pattern in the half-normal plot indicates that the residuals conform to a normal distribution.
Conversely, any deviation from linearity in the plot suggests that the residuals deviate from normality,
implying that the normality assumption has been violated. Following the standardized effect, the half-normal
plot depicts the relative significance of the independent variables in a regression model, where the percentage
probability of the standardized effect for the MgSO4, glycerol, glucose, and LB broth concentration values
are more substantial than those of the other variables (Fig. 2 ).

A Pareto chart also serves as a graphical representation of the standardized effect exerted by each independent
variable on the response variable (Kenett 1991 ). The effectiveness of the factors is gauged by employing
two statistical thresholds, namely theBenforrini limit and t-value limit, both of which are ascertained at
3,898 and 2.306, respectively, for a significance level (α) of 0.05. The Pareto chart elucidates the magnitude
of the standardized effects via bars, with the four bars exhibiting the most prominent values corresponding
to MgSO4, glycerol, glucose, and LB broth concentration, thereby attesting to their paramount significance
in influencing the response. Consequently, these four variables were shortlisted for the optimization of the
experimental design by applying the CCD approach, a popular RSM technique (Fig.3 ).
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The perturbation plot serves as a valuable instrument for discerning and juxtaposing the effects of multiple
factors within a given point in the design space (Bonnans and Shapiro, 2013 ). It facilitates the visual-
ization of the response by systematically varying a singular factor across its entire range while upholding
the constancy of all other factors (Bonnans and Shapiro, 2013 ). A comprehensive elucidation of the influ-
ences exerted by the immediate and interactive effects of independent variables on insulin yield was attained
through the utilization of perturbation plots. The perturbation plot (Fig. 4) visually represents the direct
effects of variables C, D, E, and H on insulin yield.

2.2. Optimizing BioLector fermentation screening through central composite design of re-
sponse surface methodology

The DoE packagefacilitated the generation of 30 experiments using the RSM to optimize carefully selected
model terms, encompassing MgSO4, glycerol, glucose, and certain LB broth concentration (referred as TB).
The experimental runs were conducted utilizing the BioLector microfermenter in a 1 mL screening culture
that maintained a constant concentration of 10 mM KCI, 15 mM MgCI2, 15 mM KH2PO4, 10 mM thiamine,
and 50 g/L 2X LB Miller media (Supplementary Table. 2 Fig. 5), complemented by 0.25 mM IPTG tailored
to each specific design point. Once conducting analyses using various models, the quadratic model emerged
as a suitable candidate for predicting and validating optimal conditions. Notably, the model exhibited a
significant p-value of 0.0037, thereby providing a reliable prediction framework. Additionally, the model’s
lack of fit displayed insignificance at 0.4479 relative to the pure error, suggesting the error’s immateriality
in influencing the accuracy of the proposed model (Table 2). The model’s R2 value of 0.6866 indicated that
it reasonably fits the experimental data. Furthermore, the adequate precision value of 7.861 indicates the
sufficiency of the signal for the biological system under scrutiny. The perturbation analysis, factorial contour
plots and 3D response surface of the central composite design was operated to gain a deeper understanding
of the impact of independent variables’ major effects and interactions on insulin yield (Fig. 6, Fig. 7, and
Fig. 8). Perturbation of CCD analysis specifically clarified the primary marks of variables A, B, C, and D,
on insulin yield, as depicted in Fig. 6. The two-dimensional contour and three-dimensional response surface
plot effectively portrayed the intricate relationship between the independent variables and the ensuing insulin
yield (Fig. 7, Fig.8). These independent variables were deliberately manipulated across a predefined range
to systematically investigate their combined influence on insulin production. The contour plots (Fig.7),
in particular, offer invaluable insights into the inherent characteristics and magnitude of the interactions
among various contributing factors. Notably, when glycerol levels were elevated, there was a substantial
reduction in the resultant insulin yield, plummeting from 12.6259 mg/ml to 7.25534 mg/ml. Likewise,
the simultaneous increase of glycerol and media content to elevated levels (exceeding 30 g/l) resulted in
a decrease in insulin yield from 11.124 mg/ml to 6.84772 mg/ml. Conversely, the presence or absence of
MgSO4exhibited no discernible impact on the insulin yield of significance. The investigation of the interplay
between the dependent and independent variables was further elucidated by implementing 3D response
surface plots (Fig. 8). These plots effectively affirmed the intricate and interactive influence of specific
glucose, glycerol, MgSO4 concentrations, and media content on insulin yield. Notably, when considering
the actual factors of LB (30 g/l) and MgSO4 (5mM), it was regarded that a lower concentration of glycerol
and the highest concentration of glucose displayed a positive correlation with the production of insulin at
higher levels compared to the other variables. Consequently, based on these findings, four distinct scenarios
were statistically derived and subsequently subjected to experimental validation. The experimentation was
achieved using the BioLector micro-fermenter, with each scenario being replicated three times to ensure the
reliability and accuracy of the results (Table 3). Contempt the absence of substantial discrepancies among
the scenarios, it is noteworthy that scenario III, characterized by a glucose concentration of 8.78 mM, glycerol
concentration of 10 g/L, LB of 30 g/l, and MgSO4 concentration of 15 mM, exhibits the slightest deviation
and most heightened insulin product in comparison to the additional scenarios (Table 3).

3. Discussion

E. coli is a prominent host organism for the production of recombinant proteins, primarily owing to its ad-
vantageous characteristics encompassing expeditious growth, facile genetic manipulations, and commendable
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rates of recombinant protein synthesis (Wang and Li, 2014 ). Notably, E. coli emerged as the pioneering
expression host for the manufacture of human insulin in 1982 (Baeshen et al., 2015 ). However, the inherent
propensity of insulin expression in E. coli to aggregate culminates in the formation of inclusion bodies (IBs)
(Baeshen et al., 2016 ). Furthermore, proinsulin conversion to mature insulin necessitates miscellaneous en-
zymatic cleavage at a precisely timed interval, manifesting a concomitant reduction in insulin yield (Kemmler
et al., 1971 ). In this study, we present a novel designer insulin variant purposefully engineered to exhibit
enhanced cleavability via trypsin. The focal objective of our investigation revolves around optimizing the
compositional makeup of the culture media, thereby potentiating the augmentation of the modified insulin’s
growth rate and biomass yield.

Much like other natural processes, the growth rate of bacteria is subject to the influence of numerous con-
tributing parameters. The identification and optimization of these factors present substantial challenges
from a financial and economic standpoint (Packiam et al., 2020 ). Considering these challenges, the com-
bination of experimental BioLector micro-bioreactors and computational DoE methodology offers a robust
approach for bioprocesses’ experimental and statistical optimization. This combinatorial approach facilitates
attaining superior outcomes while minimizing the expenditure of time and resources (Elibol, 2004 ). Several
studies have effectively employed DoE methods to augment the yield of recombinant protein expression in
E. coli by optimizing culture media (Sunitha et al., 1999 ;Shahbazmohammadi and Omidinia, 2017 ;Zare et
al., 2019 ;Duan et al., 2020 ). The existing body of literature confines similar investigations encompassing
diverse protein types, design methodologies, factors under evaluation, and the consequent optimization out-
comes (Sunitha et al., 1999 ;Shahbazmohammadi and Omidinia, 2017 ;Zare et al., 2019 ;Duan et al., 2020 ).
Notable instances include optimizing culture media for producing L-Asparaginase, Phytase, Streptokinase,
and Reteplase inE. coli , employing DoE-based strategies that have enhanced production yields (Sunitha et
al., 1999 ;Kenari et al., 2011 ;Ghoshoon et al., 2011 ). A comprehensive review of the literature indicates
the presence of numerous variables capable of influencing bacterial growth rate and biomass production
(Sunitha et al., 1999 ;Shahbazmohammadi and Omidinia, 2017 ;Zare et al., 2019 ;Duan et al., 2020 ;Kenari
et al., 2011 ;Ghoshoon et al., 2011 ). Parameters such as the nature and concentration of carbon and nitro-
gen sources, pH conditions, and the inclusion of trace elements have received considerable attention as key
factors.

Furthermore, several studies have centered around utilizing the 48-well BioLector microbioreactor system
(Osthege et al., 2022;Sparviero et al., 2023 ;Flitsch et al., 2016 ;Lennen et al., 2016 ). For instance, this
system has proven effective in the real-time monitoring of lipid production and the tracking of growth inY.
lipolytica(Back et al., 2016 ). The literature also showcases the result transferability and comparability as-
sessment between the BioLector system and fully controlled bioreactor systems operating in fed-batch mode,
specifically at moderate to high cell densities (Toeroek et al., 2015 ). Additionally, various investigations
illustrate the efficacy of the BioLector system in screening optimal growth conditions and engineered strains
prior to scaling up (Kensy et al., 2009 ). This robust cultivation protocol conducted on microtiter plates
enables the screening of E. coli systems under conditions closely resembling lab-scale bioreactor cultivations
(Kensy et al., 2009 ).

In this study, the PBD was operated to investigate the effects of eleven factors on cellular growth. These
factors encompass diverse nitrogen (N) and carbon (C) sources, salts, metal ions, pH, and the buffering
system. Among these factors, the lower concentration of LB (Luria-Bertani) medium (30 g/L) and, in
contrast to prior investigations, the MgSO4, glucose, and glycerol levels exerted the most pronounced effect
on cellular growth. Consequently, these factors were singled out for subsequent optimization by implementing
the RSM and the CCD. Moreover, 0.25 mM IPTG exhibited advantageous effects on cellular growth. Model
terms displaying non-significant p-values were deliberately excluded from the culture media during the CCD
experiments. According to the outcomes derived from RSM, glycerol concentration emerged as the most
influential factor, exhibiting a direct relationship with heightened cellular proliferation. These findings concur
with prior investigations that have likewise underscored the favorable impact of glycerol on E. coli growth,
notably by fostering anaerobic fermentation (Dharmadi et al.,2006 ). When juxtaposing the coexistence of
glycerol as a carbon source and IPTG as an inducer (Malakar and Venkatesh, 2012 ), our findings establish
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that the optimal glycerol concentration, in the presence of IPTG is a mere 1% (v/v). This observation
aligns with studies evidencing a decline in cellular yield as the glycerol concentration escalates (Malakar and
Venkatesh, 2012 ). Moreover, the fitting of the Hill equation has been validated as yielding a prototypical
Monod-type expression for growth on glycerol, both in the presence and absence of IPTG, as corroborated
by previous scholarly works (Malakar and Venkatesh, 2012 ). On the other hand, glucose and MgSO4 have
garnered recognition as pivotal factors exerting a profound influence on E. coli growth in extant literature
(Izaki and Arima, 1965 ). However, the constructive ramifications of limited glycerol presence on growth
may also be ascribed to the deleterious consequences of glucose, acting as a carbon source, under conditions
of meager nitrogen availability (Bren et al., 2016 ;Shiloach et al., 1996 ;Michaels et al.,1983 ).

The gram-negative bacterium E. coli is widely regarded as the preferred host organism for the heterologous
expression of various recombinant proteins. This selection is primarily attributed to its cultivation’s facile
nature, the culture media’s cost-effectiveness, and the potential for achieving high product titers (Kopp et
al., 2017 ). However, using harsh induction strategies involving IPTG as an inducer often triggers stress
responses, giving rise to the phenomenon known as ”metabolic” or ”product burden.” These stress reactions
are characterized by diminished growth rates and cellular lysis during prolonged induction. Alternative ap-
proaches have been explored to mitigate these challenges, emphasizing ”gentle” or ”modifiable” induction
techniques employing lactose as an alternative inducer (Kopp et al., 2017 ). This approach aims to alleviate
the strain exerted on the production host. In contrast, conventional induction methods using glucose as
the primary carbon source and lactose can lead to catabolite repression effects on lactose uptake kinetics,
ultimately compromising the overall product yield. Conversely, glycerol, an alternate carbon source, has
demonstrated promising outcomes when combined with glucose and lactose in auto-induction systems (Kopp
et al., 2017 ). Glycerol has been shown to exhibit favorable effects on recombinant protein production,
exhibiting reduced signs of catabolite repression during co-cultivation with lactose. Furthermore, an inves-
tigation into the mechanistic aspects of glycerol uptake in the presence of lactose as an inducer highlighted
significantly enhanced inducer uptake rates in product-producing strains compared to non-producing strains.
These findings underscore glycerol’s practical and less disruptive nature on cellular viability and recombinant
protein productivity compared to glucose (Kopp et al., 2017 ).

Moreover, the metabolic breakdown of the carbon source results in the accumulation of acidic by-products,
mainly acetate, within the culture medium (Kusuma et al., 2019 ;Ukkonen et al., 2011 ). These acidic
conditions can significantly impede cell growth and compromise recombinant protein production (Kusuma et
al., 2019 ;Ukkonen et al., 2011 ). To counteract this issue, the supplementation of yeast extract and tryptone
in the culture medium serves to mitigate medium acidification, primarily by counterbalancing the elevated
ammonia levels generated during their metabolic utilization (Kusuma et al., 2019 ;Ukkonen et al., 2011 ).
Among the various scenarios examined, Scenario-3 represents an optimal formulation of the culture medium,
characterized by an optimal combination of yeast (0.5 g/L), tryptone (1 g/L), and salt (1 g/L) concentrations,
in addition to a comparatively lower glucose concentration (8.8 mM). This particular configuration may elicit
enhanced cell growth and delay entry into the death phase, thereby signifying its suitability for promoting
favorable outcomes regarding cellular dynamics and extended cell viability.

4. Conclusion

This study proposes a novel formulation for the high-throughput cultivation medium of modified insulin,
combining experimental methodologies using the BioLector microbioreactor and computational approaches
employing DoE software. The efficacy of each step was validated by utilizing high-throughput PBD and
CCD within the DoE software framework, complemented by the screening capabilities of the BioLector
micro-bioreactor, enabling comprehensive assessments in a complex batch environment. The investigation
primarily focused on Scenario-3, which exhibited superior attributes and demonstrated its potential as a
more streamlined and cost-effective medium for achieving high cell density fermentation of the modified
insulin in the E. coli Rosetta-2 strain.

5. Methods
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5.1 Microorganism, culture media, chemicals, BioLector and Software

Utilized the E. coli BL21 Rosetta 2 strain that had been transformed with the pET28a(+) vector containing
the the modified insulin construct, featured a cleavable N-terminal 6XHis-tag. To assess the growth and
expression of the the modified insulin clone, we employed Luria-Bertani (LB) Miller media as the foundational
culture medium. The necessary chemical components were procured from reputable suppliers such as Merck
and Sigma. Our internal resources provided a protein weight marker known as KUYBIIGM-Ladder. We
utilized Design-Expert 7.0.0 software package (Stat-Ease, Inc., based in Minneapolis, MN, USA) to design
and analyze optimization experiments. We employed the BioLector XT Microbioreactor (Brandd City,
Country) to conduct screening experiments, considering statistically determined parameters.

5.2 Media optimization

Firstly, a preliminary screening of various factors was performed using the Plackett-Burman Design (PBD)
method to identify the most influential variables. Subsequently, the Central Composite Design (CCD)
method of Response Surface Methodology (RSM) was employed to optimize the levels of these significant
variables. All experimental procedures were conducted in 2 mL volume wells within the Biolector XT
Microbioreactor, each containing 1 mL of the respective culture media. Prior to the experiments, the media
were prepared according to the specific design points and then inoculated with an overnight seed culture.
The inoculated cells grew for 4 hours in each well, with constant agitation at 800 rpm, and maintained at
37°C. To facilitate these experiments, 48-well FlowerPlates (mp2-labs, Baesweiler, Germany) was used, with a
working volume of 1000 μL. Throughout the study, real-time monitoring of growth kinetics was conducted by
continuously measuring scattered light intensities. Additionally, the final insulin density, expressed in grams
per liter, was determined using a UV/Vis spectrophotometer at a wavelength of 280 nm. To further analyze
the results, SDS-PAGE (Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis) was performed.

5.2.1. Screening of factors using the Plackett-Burman factorial design approach

A total of eleven factors were investigated, including the concentrations of different nitrogen (N) and carbon
(C) sources, pH, the concentration of LB media, as well as the concentrations of salts and metal ions
(Supplementary Table 1). To design the experimental layout, a Plackett-Burman factorial design consisting
of sixteen experiments was employed using DoE software (Supplementary Table. 1). Following the execution
of the experiments via BioLector, statistical analyses were conducted on the obtained responses. The results,
including model validation parameters and the significance values of the variables, were presented in ANOVA
(Analysis of Variance) and fit statistic tables. Variables with significant effects (p-values < 0.05) were
identified based on the ANOVA table, as well as through the examination of the Half-normal plot, Pareto
chart, and Perturbation chart of standardized effects. These analytical techniques were employed to assess
the significance and influence of each variable, facilitating the identification of key factors that significantly
impacted the observed responses in the experiment.

5.2.2. Optimizing factors using response surface methodology

Based on PBD results, four of the most influential factors were selected for further optimization by CCD in
DoE software, resulting in thirty experimental runs (Supplementary table 2). The specified composition of
model terms (chosen factors) was employed to prepare culture media for each run according to the designed
points via BioLector. Besides, constant values of other media components not in the model were supple-
mented in the media according to the insulin results (mg/ml) in PBD design and SDS-PAGE results. The
concentration corresponding to the highest response for less significant variables and -1 level of insignificant
factors were supplied. Following the execution of experiments via BioLector, responses were scrutinized
via different models. The best model was picked based on model validation parameters documented in the
ANOVA table, fit statistic tables, and diagnostic analysis. DoE software generated the perturbation chart,
and the effect of each significant independent and dependent variable on response was registered graphically
via contour and 3D plots. Finally, DoE software generated four scenarios about optimal points based on
the acquired regression equation. Predicted design scenarios with the highest desirability were dissected
and compared to each other using Biolector XT microbioreactor in triplicates again. The suggested optimal

7



P
os

te
d

on
27

A
u
g

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
69

31
50

28
.8

91
98

85
2/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

media was defined as Scenario-3 (13 mg/ml) with a 3.3 deviation and is ready for scale-up optimization.
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releasing silicon elastomer rings for fed-batch operation allow measurement of the oxygen transfer rate from
the top and optical signals from the bottom for each well of a microtiter plate. BMC biotechnology, 23(1), 5.

Flitsch, D., Krabbe, S., Ladner, T., Beckers, M., Schilling, J., Mahr, S., . . . & Büchs, J. (2016). Respira-
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Figure 1. Production and characterization of modified proinsulin. Growth Kinetics of 16 parame-
ters using BioLector (A) and analysis of resulting modified proinsulins via 20% SDS-PAGE (B).

Table 1. ANOVA Table Analysis for Selected Factorial Model of Plackett-Burman Design .
The analysis of variance (ANOVA) table was obtained for the selected factorial model.

Source Sum of squares df Mean square F value p-value Prob > F
Model 28155 4 7038,75 11,67 0,0020*
C-MgSO4 11285,33 1 11285,33 18,72 0,0025*
D-Glycerol 7803 1 7803 12,94 0,0070*
E-Glucose 5461,33 1 5461,33 9,06 0,0168*
H-LB broth 3605,33 1 3605,33 5,98 0,0402*
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Curvature 2674,71 1 2674,71 4,44 0,0683 ns
Residual 4823,5 8 602,94
Lack of Fit 4783 7 683,29 16,87 0,1854 ns
Pure Error 40,5 1 40,5
Cor Total 35653,21 13

Figure 2. Half-normal plot of Plackett-Burman Design. The graph illustrates the relative importance
of various independent variables within a regression model, specifically highlighting the significant impact of
MgSO4, glycerol, glucose, and LB broth concentration values. These variables exhibit considerably higher
percentage probabilities of standardized effects compared to other variables in the model, indicating their
greater influence on the outcome.
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Figure 3. Pareto chart of Placket-Burman Design. The effectiveness of factors was evaluated using
two statistical thresholds, namely the Benforrini limit and t-value limit. These thresholds were determined
to be 3,898 and 2.306, respectively, for a significance level (α) of 0.05. The Pareto chart visually represents
the magnitude of standardized effects through bars. Notably, four bars stand out with the highest values,
corresponding to MgSO4, glycerol, glucose, and LB broth concentration.
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Figure 4. Perturbation chart of Plackett-Burman Design. A comprehensive understanding of the
impacts caused by the individual and combined effects of independent variables on insulin yield was achieved
by employing perturbation plots. These plots visually depict the direct effects of variables C, D, E, and H
on insulin yield, providing a clear elucidation of their respective influences.

Figure 5. Production and characterization of modified proinsulin for second round of the
experimental validation. Growth Kinetics of 30 parameters using BioLector to conduct CCD analysis
and analysis of resulting modified proinsulins via 20% SDS-PAGE.
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Table 2 . The analysis of variance table is used to perform ANOVA for a Response Surface Reduced
Quadratic Model.

Source Sum of squares df Mean square F value p-value Prob > F
Model 201.91 8 25,24 5,31 0.0010*
A-Glucose 1,25 1 1,25 0,26 0.6139
B-Glycerol 93,10 1 93,10 19,58 0.0002*
C-TB 2,82 1 2,82 0,59 0.4502
D-MgSo4 4,04 1 4,04 0,85 0.3671
AB 7,29 1 7,29 1,53 0.2293
BC 4,20 1 4,20 0,88 0.3579
BD 4,84 1 4,84 1,02 0.3245
B2 84,38 1 84,38 17,74 0.0004
Residual 99,86 21 4,76
Lack of Fit 78,33 16 4,90 1,14 0.4833 ns
Pure Error 21,53 5 4,31
Cor Total 301,77 29

Figure 6. Perturbation of Cental Composit Design.Representation the perturbation of CCD analysis,
which is clarified the primary marks of variables A, B, C, and D on insulin yield. Actual factors, A: Glucose
10.00, B: Glycerol 3.00, C: TB 40.00, D: MgSO4 10.00
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Figure 7. Factorial contour plots of Central Composite Design.A representative plot serves as an
effective visualization tool, capturing the intricate relationship between the independent variables and the
resulting insulin yield. The intentional manipulation of these independent variables within a predetermined
range allowed for a systematic exploration of their collective impact on insulin production. X-axis and Y-axis
are Glucose and Glycerol, respectively.

Figure 8. (A) Response surface plot illustrating the interactive effects of glucose, glycerol, MgSO4, and
media content concentrations on the efficiency of insulin production, while keeping temperature and pH
constant.

Table 3. The forecasted optimum conditions for achieving the maximum production of Insulin.

Scenario Glucose
(mM)

Glycerol
(1%)

TB (g/L) MgSO4

(mM)
Predicted
Insulin
(g/L)

Observed
Insulin
(g/L)

Deviation
(%)

1 14.58 1 30.09 15 13.92 11.87 14.8
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2 15 1 30 6.73 13.79 11.54 16.3
3 8.78 1 30 15 13.44 13.00 3.3
4 15 1 37.51 10.62 13.21 12.33 6.7

Supplementary Table 1. Created trial configurations using PBD to assess factors and obtained resultant
data

Supplementary Figure 1. SDS-PAGE result of 16 Parameters.

Supplementary Table 2. Achieving Factor Optimization through Central Composite Design Experimental
Runs and Corresponding Response Assessment. KCl, MgCl2, KH2PO4, Thiamine, IPTG and pH are constant
value for variable parameters.
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