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Abstract

The increasing demand for recombinant proteins has driven innovation in bioprocessing
strategies using Komagataella phaffii as a host organism. Conventional fed-batch cultivation
with pure methanol induction remains widely used but presents challenges including
high methanol consumption, extended downtime, and elevated operational costs. This
study evaluates alternative strategies combining mixed induction (methanol/sorbitol) with
continuous cultivation to enhance productivity, sustainability, and improved economic
outcome. Using KEX2 protease as a model industrial recombinant protein, we compared
four cultivation modes: fed-batch with methanol (benchmark), fed-batch with mixed
induction, continuous with methanol, and continuous with mixed induction. Cell growth,
volumetric yield, and specific productivity were evaluated at 5L scale and then modelled to
simulate industrial scales (40 L and 400 L). Results demonstrate that continuous cultivation
with mixed induction significantly improves yield up to 9-fold compared to conventional
fed-batch and reduces methanol usage and oxygen demand. Techno-economic simulations
reveal that a 40 L continuous process can match or exceed the output of two 400 L fed-batch
runs, while lowering capital and operating costs and minimizing environmental footprint.
This integrated strategy offers a scalable, low-cost, and safer method for recombinant
protein production, supporting compact and sustainable manufacturing solutions.

Keywords: Komagataella phaffii; continuous cultivation; mixed induction; techno-economic
analysis; recombinant protein production

1. Introduction
The global biopharmaceutical industry is undergoing a profound transformation,

driven by the escalating demand for recombinant proteins that underpin vaccines, thera-
peutic enzymes, monoclonal antibodies, and diagnostic reagents. This surge reflects two
converging imperatives: the need for scalable and cost-efficient production platforms and
the growing emphasis on environmental sustainability in biomanufacturing. As the sector
pivots toward greener technologies, the choice of expression system becomes a critical
determinant of process economics and ecological footprint.
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Among microbial hosts, Komagataella phaffii (formerly Pichia pastoris) has emerged
as a cornerstone of industrial biotechnology. Its popularity stems from a unique com-
bination of attributes: the ability to achieve high cell densities, perform eukaryotic-like
post-translational modifications, and secrete recombinant proteins directly into the culture
medium, thereby simplifying downstream processing. These advantages have positioned
K. phaffii as a preferred alternative to mammalian systems for producing biopharmaceuticals
at scale, offering a compelling balance between productivity and cost-effectiveness [1,2].

Despite these strengths, the conventional fed-batch process, which relies on pure
methanol as the sole inducer for the AOX1 promoter, presents significant operational and
sustainability challenges. Methanol induction, while effective in driving high-level expres-
sion, imposes a heavy metabolic burden on the host and introduces multiple engineering
constraints. Among these are excessive oxygen demand, substantial heat generation,
and stringent safety requirements associated with handling large volumes of flammable
methanol at industrial scale [3,4]. These factors collectively inflate operational costs, in-
crease energy consumption, and elevate the carbon footprint of production campaigns. In
an era where regulatory agencies and stakeholders prioritize low-impact manufacturing,
such limitations render the status quo increasingly untenable.

To overcome these bottlenecks, two promising strategies have gained traction: mixed
induction and continuous cultivation. Mixed induction involves supplementing methanol
with a non-repressive co-substrate, typically sorbitol, during the induction phase. This
approach mitigates the physiological stress associated with methanol metabolism, reduces
oxygen uptake rates, and improves cell viability while maintaining robust AOX1-driven
expression [5,6]. Studies have demonstrated that methanol/sorbitol co-feeding can lower
oxygen consumption by up to 30%, decrease heat output, and significantly reduce the
release of host cell proteins (HCPs), thereby enhancing product purity and downstream
processing efficiency [4]. Furthermore, mixed induction halves the quantity of methanol
required, reducing both safety risks and environmental impact, a critical consideration for
large-scale operations [7].

In parallel, continuous bioprocessing has emerged as a disruptive paradigm in up-
stream manufacturing. Unlike batch or fed-batch systems, continuous cultivation maintains
cells in a steady state by simultaneously feeding fresh medium and removing spent broth.
This configuration offers several advantages: reduced downtime between production cy-
cles, improved process consistency, and enhanced volumetric productivity over extended
campaigns [8,9]. Continuous systems also enable smaller bioreactor footprints and modular
facility designs, translating into lower capital expenditure and operational flexibility [10].
Importantly, continuous processing aligns with sustainability goals by minimizing energy-
intensive cleaning and sterilization steps, thereby reducing water and chemical usage.

Despite their individual merits, the combined application of mixed induction and
continuous cultivation remains largely unexplored. This represents a critical knowledge
gap, as integrating these strategies could synergistically address the dual challenge of
productivity and sustainability. Preliminary investigations suggest that continuous cultures
supplemented with sorbitol maintain high AOX1 expression while alleviating oxygen
limitations, but systematic evaluations of their techno-economic feasibility at industrial
scale are scarce [6,11]. Bridging this gap is essential for guiding process engineers and
decision-makers toward next-generation manufacturing platforms.

Beyond process innovations, genetic and metabolic engineering strategies are reshap-
ing the K. phaffii platform to further enhance sustainability. Recent advances include
methanol-independent systems enabled by ARS plasmids and carbon source-based selec-
tion, which eliminate the hazards associated with methanol handling while improving
scalability [12]. Similarly, methanol-free induction systems based on the PDH promoter
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allow growth-decoupled protein production, reducing oxygen demand and heat gener-
ation during induction [13]. Complementary approaches, such as introducing methanol
metabolism genes from Hansenula polymorpha, have demonstrated improved methanol
utilization and higher yields, mitigating some of the inherent limitations of AOX1-driven
systems [14]. These innovations, combined with cell engineering strategies to optimize
secretion pathways and stress tolerance [2], underscore the versatility of K. phaffii as a
platform for sustainable biomanufacturing.

The present study undertakes a comparative analysis of four cultivation strategies
using K. phaffii engineered to express KEX2 protease (67.0 ± 6.7 kDa) a model protein
relevant to insulin maturation and therapeutic peptide processing. The strategies under
evaluation include [15]:

(i) Fed-batch with methanol (benchmark);
(ii) Fed-batch with mixed induction;
(iii) Continuous with methanol;
(iv) Continuous with mixed induction.

A key focus is the techno-economic comparison between a conventional setup em-
ploying two 400 L fed-batch bioreactors and an innovative alternative using a single
40 L continuous bioreactor with mixed induction. This scale-down hypothesis posits that
continuous mixed induction can maintain productivity while significantly reducing raw
material consumption, energy requirements, and capital investment. By integrating experi-
mental characterization with process simulation, this work delivers a holistic assessment
encompassing productivity metrics, impurity profiles, energy balances, and cost drivers.

Beyond operational metrics, the implications of this research extend to environmental
sustainability. Methanol-based processes are associated with high greenhouse gas emissions
and safety hazards, particularly when sourced from fossil feedstocks [16]. Transitioning to
mixed induction strategies reduces methanol usage, while continuous processing minimizes
resource-intensive cleaning cycles, together contributing to a smaller carbon footprint. In
the long term, coupling these innovations with renewable methanol or alternative C1
substrates could further decarbonize biopharmaceutical manufacturing [17,18].

In summary, this study positions continuous mixed induction as a potential game-
changer for upstream bioprocessing in K. phaffii. By systematically quantifying its perfor-
mance against conventional paradigms and contextualizing it within emerging methanol-
free and genetic engineering strategies, we aim to provide actionable insights for in-
dustry stakeholders navigating the shift toward sustainable, high-efficiency biomanu-
facturing. The findings are expected to inform design decisions, investment strategies,
and policy frameworks, accelerating the adoption of greener technologies in the global
biopharmaceutical landscape.

2. Materials and Methods
2.1. Materials

All chemicals were of analytical grade and purchased from Sigma-Aldrich (Poole,
UK) unless otherwise specified. The fermenter was a 5 L benchtop model with a Sartorius
B+ tower (Göttingen, Germany). The system consisted of fermenter vessels equipped
with temperature, dissolved oxygen (DO), pH, and antifoam sensors, as well as acid, base,
antifoam, and induction solution feed bottles with their respective pumps. The fermenter
uses air as its primary source of oxygen, with two six-bladed Rushton impellers employed
to meet the oxygen demands. Details of the cultivation process are elucidated in the
subsequent sections.
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2.2. Methods

The initial fermentation steps for KEX2 protease production followed the Invitrogen
Pichia Fermentation Process Guidelines Overview (2013). After a 24 h induction phase,
the cultivation transitioned to continuous mode for a minimum of 10 days (approximately
240 h) to maintain system stability. A schematic of the workflow, from seed preparation to
Erlenmeyer flask (≈20 h) and subsequently to the fermenter (≈290 h), is provided in the
Supplementary Data (Figure S1).

2.3. Yeast Strain and Erlenmeyer Flask Culture

The Komagataella phaffii X-33 strain (Mut+ phenotype), provided by PT Bio Farma (Ban-
dung, Indonesia), was used for recombinant KEX2 protease expression under the methanol-
inducible AOX1 promoter. Small-scale cultivation was initiated from a working cell bank
(WCB) and inoculated into a 1 L Erlenmeyer flask containing 200 mL of buffered glycerol
complex medium composed of 1% (w/v) yeast extract, 2% (w/v) peptone, 1.34% (w/v) yeast
nitrogen base, 0.4 mg·L−1 biotin, 100 mM potassium phosphate buffer (pH 6.0), and 1% (w/v)
glycerol. Cultures were incubated in a shaker at 30 ◦C and 250 rpm for 18–24 h until a wet cell
weight of approximately 30 g·L−1 was achieved.

2.4. Continuous Fermentation in Bioreactor

A 5 L fermenter was employed for the continuous fermentation process, containing
2 L of sterilized basal salt medium (BSM) formulated according to Invitrogen™ Thermo
Fisher Scientific guidelines. The inoculum was prepared from the Erlenmeyer flask culture.
The BSM composition per liter included: 26.7 mL of 85% (v/v) phosphoric acid (H3PO4),
0.93 g calcium sulfate (CaSO4), 18.2 g potassium sulfate (K2SO4), 14.9 g magnesium sulfate
heptahydrate (MgSO4·7H2O), 4.1 g potassium hydroxide (KOH), and 40.0 g glycerol. The
pH was adjusted to 4.0 using 15% (m/v) ammonium hydroxide, followed by sterilization
via autoclaving. Subsequently, 4.35 mL of Pichia trace metals solution (PTM1) was added
per liter of BSM, and the pH was further adjusted to 5.0 using sterile 15% (m/v) ammonium
hydroxide prior to inoculation.

The PTM1 solution was prepared by dissolving (per liter of Milli-Q water): 6.0 g
cupric sulfate pentahydrate (CuSO4·5H2O), 0.08 g sodium iodide (NaI), 3.0 g manganese
sulfate monohydrate (MnSO4·H2O), 0.2 g sodium molybdate dihydrate (Na2MoO4·2H2O),
0.02 g boric acid, 0.5 g cobalt chloride (CoCl2), 20.0 g zinc chloride (ZnCl2), 65.0 g ferrous
sulfate heptahydrate (FeSO4·7H2O), 0.2 g biotin, and 5.0 mL sulfuric acid. The solution
was sterilized using a Sartorius® Sartolab™ filtration system before use.

The continuous cultivation process (illustrated in Supplementary Figure S1B) com-
prised four main phases and a transitional phase between the second and third stages.
Operating conditions were maintained at 30 ◦C, pH 5.0 (controlled with 12.5% ammonium
hydroxide), and dissolved oxygen (DO) above 30% via cascading agitation.

Initially, cells grew in batch mode (glycerol batch phase) utilizing glycerol in the BSM.
After 17–24 h, a spike in dissolved oxygen indicated glycerol depletion, triggering the
glycerol fed-batch phase. A feed of 50% (w/v) glycerol supplemented with PTM1 was
supplied at 18 mL·h−1·L−1 BSM until wet cell weight reached 180–220 g·L−1, after which
feeding was stopped to initiate a 15–30 min starvation period. Induction then commenced
by feeding methanol or a methanol-sorbitol mixture [4]. To facilitate adaptation, the
induction feed was ramped: 33% of the final rate for 1 h, 67% for 2 h, and then maintained
at 8.4 mL·h−1·L−1 (pure methanol) or 10.8 mL·h−1·L−1 (mixed strategy) for 264 h.

After 24 h of induction, the process transitioned to continuous mode, with BSM
(without glycerol) fed at a calculated dilution rate while culture broth was continuously
harvested to maintain constant fermenter volume. Harvested broth was stored at 2–8 ◦C
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and collected daily. At the end of the 10-day continuous phase, the remaining broth was
harvested. All collected broth was centrifuged at 4000 rpm, 8 ◦C for 30 min to separate cells
from the supernatant, where secreted KEX2 protease was recovered.

2.5. Biomass Calculation

Dry cell weight (DCW) and wet cell weight (WCW) were determined in triplicate to
ensure accuracy. Empty 15 mL Falcon tubes were pre-weighed prior to sample loading. A
5 mL aliquot of culture was transferred into a centrifuge tube and centrifuged at 4000 rpm
for 10 min using a Thermo Scientific SL 40R benchtop centrifuge (Thermo Fisher Scientific,
Waltham, MA, USA). After removing the supernatant, the tube containing the cell pellet
was weighed to obtain WCW. The wet biomass was then dried at 120 ◦C for 20–45 min
using a KERN moisture balance analyser to determine DCW.

The specific growth rate (µ) of the Komagataella phaffii was calculated using
Equation (1) [19].

µ
(

h−1
)
=

ln(V2 ∗ x2)− ln(V1 ∗ x1)

t2 − t1
(1)

In this study, variables x1 and x2 denote the biomass (dry cell weight, DCW) measured
at sampling times t1 and t2, respectively, corresponding to volumes V1 and V2. The cultiva-
tion process described in this study follows a fed-batch strategy, where continuous feeding
of glycerol and methanol progressively increases the fermenter volume. Consequently, the
specific growth rate (µ) was calculated by accounting for changes in volume, biomass, and
sampling time. All µ values are reported to three significant figures.

2.6. Dilution Rate and Retention Time

Based on an equation for a continuous stirred tank reactor, dilution rate was calculated
using Equation (2).

D
(

h−1
)
=

Qc

(
mLh−1

)
Vc(mL)

(2)

Here, D (h−1) denotes the dilution rate, QC (mL·h−1) represents the harvest flow rate
or the total feed rate when the bioreactor volume is maintained constant, and VC (mL)
refers to the constant working volume inside the bioreactor during the continuous phase.

2.7. Harvest Rate and Feed Rate of Substrates

In a chemostat continuous cultivation process, dilution rate is equal to the steady state
of specific growth rate, which can be depicted into Equation (3) [20].

µ
(

h−1
)
= D

(
h−1

)
(3)

where µ (h−1) is the specific growth rate and D (h−1) is the dilution rate.
For the initial calculations of the harvest rate, induction solution feed rate, fresh

medium feed, and base feed rate for continuous cultivation, the equation can be simplified
into Equations (4)–(6).

Harvest Rate or Qc

(
mLh−1

)
= D

(
h−1

)
∗ Vc(mL) (4)

Flow out
(

mLh−1
)
= Flow in

(
mLh−1

)
(5)
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Harvest Rate
(

mLh−1
)
= Induction f eed rate

(
mLh−1

)
+

Fresh medium f eed rate
(

mLh−1
)
+ Acid and Base f eed rate

(
mLh−1

) (6)

Here, the harvest rate refers to the rate at which broth is withdrawn from the fermenter
(mL·h−1), D represents the dilution rate (h−1), and Vc is the fermenter volume at the onset
of the continuous phase. In a chemostat system, the outflow (harvest rate) must equal the
total inflow to maintain a constant broth volume inside the bioreactor [21]. The inflow
comprises the induction feed (methanol or a 50% C-mol methanol–sorbitol mixture), the
fresh medium feed (medium without carbon source and PTM1), and the acid/base feed,
which includes the average hourly addition of NH4OH and H3PO4 (mL·h−1). Moreover,
evaporation was negligible under the operating conditions, so harvest rates were calculated
assuming no evaporation losses.

2.8. KEX2 Protease Characterisation and Quantification

An SDS-PAGE assay was performed on the supernatant after separating cells (pellets)
from the culture medium. The supernatant was mixed with 4× SDS sample loading buffer
at a 3:1 ratio and heated at 95 ◦C for 10 min. Samples were briefly centrifuged at 8000 rpm
for 8 s to collect condensed liquid at the bottom of the tube.

Electrophoresis was carried out using Bio-Rad Any kD™ Mini-PROTEAN® TGX™
Precast Protein Gels (Bio-Rad, Hercules, CA, USA) assembled in a gel tank and submerged
in 1× running buffer. A PageRuler™ Prestained Protein Ladder (Thermo Fisher Scientific,
Oxford, UK) served as the molecular weight standard. Each well was loaded with 3 µL of
ladder or 10 µL of sample mixed with loading buffer. SDS-PAGE was run at a constant
voltage of 120 V for 80 min using a Bio-Rad PowerPac Basic system.

Following electrophoresis, the gel was stained overnight in 50 mL of Coomassie Blue
solution (Thermo Scientific, UK) with gentle agitation. The stain was then discarded,
and the gel was destained four times for 30 min each using a solution of Milli-Q water,
methanol, and glacial acetic acid (8:1:1). Protein bands were imaged using a Biostep ViewPix
700 system after destaining.

Quantification of KEX2 protease concentration was performed using TotalLab Quant
software (version 13.2, TotalLab, Newcastle upon Tyne, UK) based on SDS-PAGE Coomassie
staining and Western blot results, following the manufacturer’s instructions. An exam-
ple densitometry analysis of a KEX2 protease sample with bovine serum albumin (BSA)
as a negative control is provided in Supplementary Figure S2, and the corresponding
quantitative results are presented in Supplementary Table S1. Gel images were processed
by assigning lanes, normalizing background using the rolling method (value 800), and
automatically detecting bands under recommended settings. Band size was determined by
comparison with the protein ladder (10–180 kDa), and band intensity was quantified using
BSA standards included on the same gel. A similar approach has been previously applied
for recombinant human growth hormone (rhGH) quantification [22].

The concentration of KEX2 protease was estimated using the total soluble protein
(TSP) determined by the Bicinchoninic Acid (BCA) assay from the supernatant after cell
removal. KEX2 protease content was then quantified through densitometry analysis of
SDS-PAGE Coomassie-stained gels. Densitometry readings were used to calculate the
proportion of the target protein by comparing its band intensity to the total band intensity
within the same lane. This approach was validated by prior SDS-PAGE and Western blot
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results confirming the purity of the target band. The final concentration (mg·L−1) was
derived using Equations (7) and (8) below.

KEX2 Protease Concentration
(

mgL−1
)
= KEX2 Content (% band)∗TSP

(
mgL−1

)
(7)

Speci f ic KEX2 Protease Productivity
(

mg ∗ gDCW−1
)
=

KEX2 Content (% band)∗TSP(mgL−1)
DCW(gL−1)

(8)

The concentration of KEX2 protease (mg·L−1) refers to the amount of target protein (in
milligrams) per liter of supernatant collected after cell separation at a given time point. The
specific yield (mg·g−1 DCW) represents the amount of target protein per gram of biomass
based on dry cell weight. KEX2 content indicates the percentage of the target protein band
in the supernatant, as determined by densitometry analysis. TSP denotes the total soluble
protein concentration (mg·L−1) in the supernatant, measured at the same time point using a
protein quantification assay. DCW corresponds to the dry cell weight concentration (g·L−1),
obtained from cell density measurements.

3. Results
3.1. Biological Performance

The biological performance of Komagataella phaffii expressing KEX2 protease was as-
sessed under fed-batch and continuous cultivation strategies using pure methanol and
mixed methanol/sorbitol induction. Growth profiles demonstrated that mixed induc-
tion consistently supported higher biomass accumulation compared to methanol-only
systems (Figure 1A,B). In fed-batch mode, cultures induced with methanol and sor-
bitol achieved greater dry cell weight (DCW) values than those induced with methanol
alone. Similarly, continuous cultivation maintained steady-state biomass at approximately
100 g DCW·L−1 under mixed induction, compared to 80 g DCW·L−1 with pure methanol,
indicating improved metabolic stability and growth performance during extended opera-
tion (Figure 2A,B), corroborating the findings of [23].

Cell morphology was evaluated at the conclusion of the induction phases, with repre-
sentative micrographs presented in Figure 3A–D. These images reveal consistent cell size
and intact structural features across both induction strategies, underscoring the robustness
of the mixed induction approach [24]. This morphological uniformity aligns with sustained
biomass concentration and productivity observed during prolonged cultivation. More-
over, the expressed KEX2 protease demonstrated genetic stability throughout the entire
cultivation process. This stability is primarily attributed to the chromosomal integration
of the expression cassette within the Komagataella phaffii genome, which eliminates the
reliance on episomal plasmids. Unlike plasmid-based systems that are prone to segregation
loss under prolonged cultivation or stress conditions, chromosomal integration ensures
consistent gene retention and robust expression over extended operational periods. This
feature is particularly advantageous for continuous and large-scale bioprocesses, as it
guarantees product reliability, minimises variability, and reduces the need for selective
pressure or antibiotic supplementation. Consequently, the process not only enhances op-
erational efficiency but also aligns with regulatory expectations for genetic stability in
industrial biomanufacturing.
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Figure 1. Growth curves for Komagataella phaffii under fed-batch cultivation using two induction
strategies: (A) pure methanol and (B) mixed induction (50% C-mol methanol and sorbitol). Biomass
concentration is shown as OD600, wet cell weight (WCW, g·L−1), and dry cell weight (DCW, g·L−1).
Data represent the mean of three biological replicates.

Figure 2. Growth curves for K. phaffii under continuous cultivation using two induction strategies:
(A) pure methanol, maintaining ~80 g DCW·L−1 during the continuous phase, and (B) mixed
induction (50% C-mol methanol and sorbitol), maintaining ~100 g DCW·L−1. Data represent the
mean of three independent experiments.

Figure 3. Representative micrographs of cells following induction with pure methanol and mixed
methanol/sorbitol: (A) after 72 h in fed-batch cultivation with pure methanol, (B) after 72 h in
fed-batch cultivation with 50% C-mol methanol/sorbitol, (C) after 240 h in continuous cultivation
with pure methanol, and (D) after 240 h in continuous cultivation with 50% C-mol methanol/sorbitol.
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3.2. Productivity Analysis

Comprehensive protein expression analysis via SDS-PAGE and Western blot confirmed
robust KEX2 protease production under all tested conditions. Quantitative densitome-
try and BCA assays revealed pronounced differences in productivity between induction
strategies, with complete datasets, gel images, densitometry outputs (Figures S3–S6), and
detailed tables (Tables S2 and S3), provided in the Supplementary Information.

In a single 2 L run, the conventional fed-batch process using pure methanol yielded
only 466.8 ± 80 mg of KEX2 protease. Incorporating mixed induction nearly doubled output
to 1115.6 ± 240 mg, a 2.4-fold improvement. Under continuous operation for 15 days,
mixed induction achieved 9932.7 ± 2980 mg, representing an ~8.6-fold increase compared
to continuous methanol (1154.9 ± 870 mg). When normalized to an equivalent 15-day
production window (three fed-batch cycles), cumulative yields for fed-batch methanol and
mixed induction reached ~1400 mg and ~3347 mg, respectively, both dramatically lower
than continuous mixed induction (~9933 mg).

These findings (Table 1) demonstrate that mixed induction consistently enhances
KEX2 protease output and that coupling mixed induction with continuous cultivation
delivers transformative productivity gains. This synergy outperforms all other strate-
gies by an order of magnitude, underscoring its potential to redefine industrial-scale
bioprocessing for protease production. In contrast, continuous methanol alone offers only
marginal improvement over fed-batch, highlighting the critical role of induction strategy in
process intensification.

Table 1. Comparison of KEX2 Protease Yield and Process Parameters. Fold-change values indi-
cate improvement relative to fed-batch methanol induction. Mixed induction increased yield by
~2.4× in fed-batch and ~21× in continuous cultivation. Per-day productivity was highest
for continuous mixed induction (662.2 mg/day) compared to 93.4 mg/day for conventional
fed-batch methanol.

Parameter Fed-Batch
Methanol

Fed-Batch
Mixed

Continuous
Methanol

Continuous
Mixed

Yield (mg) 466.8 ± 80 1115.6 ± 240 1154.9 ± 870 9932.7 ± 2980

Fold-change vs. Fed-batch Methanol 1.0 2.4 2.5 21.3

Per-day yield (mg/day) 93.4 223.1 76.9 662.2

Total harvested volume (L) 2 ± 0.5 2 ± 0.3 8.2 ± 0.8 13.5 ± 0.6

Total induction volume (L) 0.6 0.6 4.6 5.9

Total NH4OH volume (L) 0.26 ± 0.03 0.3 ± 0.03 1 ± 0.3 1.5 ± 0.3

Total antifoam (mL) 5 ± 3 5 ± 3 5 ± 3 5 ± 3

Integrating mixed induction with continuous cultivation delivers a step-change in pro-
cess performance, positioning it as a compelling alternative for industrial-scale KEX2 pro-
tease manufacturing. Conventional fed-batch with pure methanol, despite its widespread
use, suffers from low yield (466.8 mg per batch) and poor daily productivity (93.4 mg/day),
limiting scalability. In contrast, the combined strategy achieved a 21-fold increase in total
output and a sevenfold boost in daily productivity, minimizing cycle frequency and down-
time. These gains translate into tangible operational benefits, lower labour and facility
costs, improved equipment utilization, and reduced batch-to-batch variability, key drivers
for GMP compliance and cost-sensitive large-scale production. Successful implementation,
however, hinges on precise control of feed composition and process stability, reinforcing the
need for advanced automation and contamination safeguards. Collectively, these results
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establish mixed induction coupled with continuous operation as a high-impact platform
for recombinant protein manufacturing, particularly in environments where throughput
and cost-efficiency are decisive [3,5].

3.3. Techno-Economic Evaluation

The economic feasibility of two upstream processing strategies for recombinant pro-
tein production using Komagataella phaffii was evaluated in this study. The first strategy
represents the conventional approach, employing fed-batch cultivation with pure methanol
induction. The second strategy combines continuous cultivation with a mixed induction
system, in which methanol and sorbitol each contribute 50% of the carbon molar fraction.
The analysis integrates experimental laboratory-scale data with industrial-scale process
simulations conducted using SuperPro Designer® (Intelligen, Inc., Freehold, NJ, USA),
with emphasis on product yield, processing time, material costs, and scalability. The target
product was KEX2 protease. Laboratory experiments were performed in a 5 L bioreactor,
while industrial-scale simulations were modelled at 400 L for fed-batch operation and
40 L for continuous cultivation. The continuous process was represented as a steady state
chemostat. Cost estimations included media, utilities, labour, and equipment, whereas
downstream processing beyond cell clarification was excluded from the system boundaries.
For economic benchmarking, a minimum market value of USD 600 per milligram of KEX2
protease (2022 price guideline) was assumed. When production was evaluated over an
equivalent time horizon of 15 days at the 5 L bioreactor scale, a substantial difference in
productivity between the two strategies was observed. Increasing the number of batches in
the conventional fed-batch process (3 runs/15 days) resulted in only approximately 14% of
the total KEX2 protease produced by the 15-day continuous cultivation process with mixed
induction. Consequently, in terms of cumulative KEX2 protease yield (mg), continuous
cultivation with mixed methanol–sorbitol induction demonstrated a markedly superior
performance compared to fed-batch cultivation using pure methanol induction. Material
costs were identified as the dominant cost component across both strategies, with raw
materials representing the highest cost element. This outcome is primarily attributed to
the extensive consumption of carbon sources and media components required to sustain
high cell density and prolonged operation times, particularly in continuous cultivation. In
addition, methanol usage in fed-batch cultivation contributed significantly to operating
costs due to both consumption rates and safety-related handling requirements. Although
the mixed induction strategy introduced sorbitol as an additional substrate, the associated
increase in raw material costs was offset by the substantially higher product yield achieved
under continuous operation. Several constraints were identified that may influence the
broader applicability of the results. These include assumptions regarding steady-state
operation in continuous cultivation, scale-dependent differences in oxygen transfer and
heat removal, and the exclusion of downstream processing steps beyond clarification. Fur-
thermore, potential challenges related to long-term culture stability, contamination risk,
and process control in continuous systems were not explicitly modelled but may affect
industrial implementation.

Overall, the results indicate that process intensification through continuous cultivation
combined with mixed induction offers significant advantages in terms of productivity
and economic performance. Despite higher raw material consumption, the improved
yield and reduced time-dependent inefficiencies enhance the overall economic viability of
recombinant protein production using K. phaffii at scale.

Table 2 summarises the core performance metrics for each cultivation mode and
induction strategy, highlighting significant differences in yield and process duration. While
fed-batch processes deliver moderate yields within a shorter timeframe (approximately
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5 days), continuous cultivation, particularly under mixed induction, achieves a dramatic
increase in productivity, reaching nearly 10 g per batch (over a 15-day period). These
disparities underscore the potential of process intensification through continuous operation
and mixed carbon sources to substantially enhance economic viability.

Table 2. Comparative performance of cultivation strategies.

Cultivation Mode Induction Strategy Yield per Batch (mg) Process Time (Days)

Fed-batch Pure Methanol 466.8 5
Fed-batch Mixed (Methanol + Sorbitol) 1078.9 5

Continuous Pure Methanol 1154.9 15
Continuous Mixed (Methanol + Sorbitol) 9932.7 15

At laboratory scale, material costs per batch were modest for fed-batch processes but
increased substantially for continuous cultivation (Table 3). Continuous mixed induction
incurred 3.6× higher material cost than fed-batch methanol-only; however, its yield was
more than 20× higher, making it economically advantageous.

Table 3. Comparative Analysis of Lab-Scale Material Costs per Batch for Fed-Batch (5-Day) and
Continuous (15-Day) Cultivation.

Method Material Cost (USD)

Fed-batch (Methanol) 131.17
Fed-batch (Mixed) 136.99

Continuous (Methanol) 329.02
Continuous (Mixed) 479.04

3.4. Industrial-Scale Simulation and Economic Assessment
3.4.1. Scenario 1: 400 L Fed-Batch vs. 400 L Continuous Mixed Induction

The contrast between these approaches is striking. A 400 L fed-batch process yielded
approximately 0.09 kg of KEX2 protease, corresponding to a gross profit of $56 million at
the assumed market price. In comparison, a 400 L continuous process employing mixed
induction achieved 1.98 kg, a greater than 20-fold increase in output, despite incurring
higher media costs ($191,906 vs. $21,389). This productivity surge translated into an
estimated $1.19 billion gross profit, underscoring the transformative potential of continuous
mixed-induction systems for high-value biopharmaceuticals.

3.4.2. Scenario 2: 400 L Fed-Batch vs. 40 L Continuous Mixed Induction

Equally compelling is the downsizing opportunity. A 40 L continuous process deliv-
ered an output comparable to two 400 L fed-batch runs, reducing capital expenditure by
~70% and utility costs by ~50%. This finding highlights a paradigm shift: continuous culti-
vation not only scales up efficiently but also enables significant process intensification at
smaller volumes, reducing infrastructure requirements without compromising productivity.

3.5. Yield-to-Cost Efficiency

The economic advantage of continuous mixed induction becomes even clearer when
normalized for material cost. Table 4 summarizes the yield-to-cost ratio for each strategy,
revealing that continuous mixed induction achieves a ratio of 20.73, compared to 3.56 for
fed-batch methanol-only and 7.88 for fed-batch mixed induction. Despite higher absolute
material costs, the efficiency of converting raw materials into product is dramatically
superior in continuous mixed induction, reinforcing its economic attractiveness.
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Table 4. Comparative Yield-to-Cost Analysis of Fed-Batch (5 Days) and Continuous (15 Days)
Cultivation Strategies.

Method Yield (mg per Batch) Material Cost (USD) Yield-to-Material Cost Ratio

Fed-batch (Methanol) 466.8 131.17 3.56
Fed-batch (Mixed) 1078.9 136.99 7.88

Continuous (Methanol) 1154.9 329.02 3.51
Continuous (Mixed) 9932.7 479.04 20.73

While continuous processes demand ~30% more equipment at equivalent scale and
exhibit higher utility costs due to extended runtime, these factors are offset by downsizing
flexibility and reduced downtime. Importantly, the yield advantage of continuous mixed
induction drives superior gross margins and scalability, positioning this approach as eco-
nomically dominant despite elevated material costs. Beyond economic metrics, continuous
mixed-induction strategies confer notable sustainability and safety benefits. Downsized
bioreactors reduce energy consumption and facility footprint, while partial substitution of
methanol with sorbitol mitigates flammability risks. Furthermore, continuous operation
minimizes batch-to-batch variability and eliminates idle time, enhancing process robust-
ness and consistency. Collectively, these findings demonstrate that continuous cultivation
with mixed induction represents a step-change in upstream bioprocessing economics and
sustainability. By coupling unprecedented productivity gains with downsizing flexibility,
this strategy offers a compelling route to reduce capital intensity, improve operational
efficiency, and achieve billion-dollar profit margins in recombinant protein manufacturing.
Its adoption could redefine facility design paradigms and accelerate the transition toward
intensified, environmentally responsible biomanufacturing platforms.

4. Discussion
This study demonstrates the potential of integrating mixed induction strategies with

continuous cultivation for recombinant protein production in Komagataella phaffii. The
findings reveal a synergistic effect between methanol and sorbitol co-induction and contin-
uous operation, resulting in enhanced productivity, reduced operational complexity, and
improved sustainability compared to conventional fed-batch processes.

4.1. Biological and Process Synergy

Methanol remains the primary inducer for AOX1 promoter-driven expression in
K. phaffii, yet its use at scale introduces challenges such as high oxygen demand, heat
generation, and cytotoxicity. Incorporating sorbitol as a secondary carbon source mitigates
these drawbacks without repressing AOX1 activity, as sorbitol is metabolized via distinct
pathways and provides additional energy for growth [3,5]. This dual-carbon strategy stabi-
lizes pH control, reduces thermal load, and improves cell viability, creating a more robust
fermentation environment. Continuous cultivation amplifies these benefits by maintaining
steady-state biomass and enabling uninterrupted product harvest. Unlike fed-batch sys-
tems, which suffer from downtime and variability, continuous operation sustains optimal
metabolic conditions, driving volumetric yields up to nine-fold higher than traditional
methanol-only fed-batch processes as shown in this study. These improvements position
continuous mixed induction as a cornerstone for high-density, high-yield bioprocessing.

Techno-Economic Implications

From an economic perspective, the benefits of this approach extend beyond produc-
tivity. While continuous systems incur higher per-run material and operational costs,
these are offset by dramatic gains in output and resource efficiency. In this work we have
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presented simulation studies revealing that a 40 L continuous process can match or surpass
the output of two 400 L fed-batch runs, reducing capital expenditure, facility footprint,
and downstream processing scale. Lower methanol consumption and oxygen demand
further shrink the carbon footprint, aligning with global sustainability goals for greener
biomanufacturing [1]. Operationally, continuous systems minimize downtime, sterilization
cycles, and batch-to-batch variability, critical factors for cost control and quality assurance.

4.2. Industrial Feasibility and Scalability

The industrial viability of continuous mixed induction is reinforced by the genetic
stability of K. phaffii strains and compatibility with single-use bioreactor technologies,
which offer flexibility and reduced contamination risk [25]. Long-term cultivation over
80+ generations without productivity loss demonstrates robustness for extended campaigns.
Moreover, the reduced scale requirement opens pathways for decentralized, modular
manufacturing, an attractive model for low- and middle-income countries (LMICs) and
rapid-response vaccine platforms [26]. Nevertheless, regulatory compliance remains a key
hurdle; implementing real-time monitoring, process analytical technologies (PAT), and
Quality by Design (QbD) frameworks will be essential for successful adoption [27].

4.3. Limitations and Future Directions

Despite its promise, this strategy’s current validation is limited to the KEX2 protease
model and Mut+ strains. Product-specific responses to mixed induction and continuous
cultivation may vary, necessitating broader screening across diverse proteins and phe-
notypes. Downstream integration also requires optimization to fully exploit upstream
gains. Future research should explore alternative co-substrates, refine induction ratios,
and extend continuous operation to assess long-term stability. Evaluating product qual-
ity attributes under continuous conditions will be critical to regulatory acceptance and
industrial scalability [28].

5. Conclusions
This study demonstrates that integrating a mixed induction strategy, comprising

50% C-mol methanol and sorbitol, with continuous cultivation significantly enhances the
productivity of Komagataella phaffii fermentation for KEX2 protease production. Compared
to conventional fed-batch methanol induction, the continuous mixed approach achieved
a remarkable improvement in output, delivering over 9-fold higher product yield within
a single operational cycle. Specifically, while fed-batch methanol induction produced
approximately 467 mg of KEX2 protease over five days, the continuous mixed strategy
yielded 9933 mg in 15 days, translating to a productivity of 662 mg/day, compared to
93 mg/day for the fed-batch methanol process. Even when accounting for higher material
costs, $479 versus $131 for fed-batch methanol, the substantial increase in volumetric
productivity and process efficiency renders this approach economically compelling [23].

Beyond productivity, the mixed induction strategy mitigates several operational chal-
lenges associated with methanol-only systems. Sorbitol supplementation reduces methanol
toxicity, lowers oxygen demand, and stabilizes pH, creating a more favourable physiological
environment for high-density cultures [3,5]. When coupled with continuous cultivation, these
benefits are amplified through steady-state operation, enabling consistent product harvest
and minimizing downtime, a critical advantage for industrial-scale biomanufacturing [8].

5.1. Recommendations for Industry

The findings of this study have direct implications for industrial practice. First,
adopting continuous cultivation with mixed methanol/sorbitol induction can substantially
increase yield while reducing reliance on hazardous methanol volumes, thereby improving
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both safety and sustainability. Moreover, there is clear scope for future research to systemat-
ically evaluate alternative induction ratios, such as methanol-sparing or sorbitol-dominant
strategies, to further refine and optimise continuous cultivation performance [1]. Second,
scaling down bioreactor volumes, for example, implementing 40 L continuous systems in-
stead of 400 L fed-batch reactors, offers significant reductions in capital expenditure, energy
consumption, and facility footprint, aligning with the industry’s push toward modular and
decentralized manufacturing [29]. Finally, successful deployment of extended continuous
operations will require real-time monitoring and advanced control systems, leveraging
Process Analytical Technology (PAT) and Quality by Design (QbD) principles to ensure
process robustness and regulatory compliance [27,30].

5.2. Future Directions

While the results are promising, further research is essential to unlock the full potential
of this strategy. Key priorities include:

• Optimizing sorbitol-to-methanol ratios across different strains and target proteins to
maximize yield and cost-efficiency [5].

• Extending continuous cultivation beyond 10–15 days to evaluate long-term genetic sta-
bility, process consistency, and product quality attributes under prolonged operation [8].

• Integrating downstream processing with continuous upstream systems, enabling end-to-end
continuous biomanufacturing and addressing current bottlenecks in purification [31,32].

Advancing these areas will not only improve productivity but also accelerate the
transition toward fully continuous, sustainable biomanufacturing platforms, critical for
meeting global demand for recombinant proteins and vaccines.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fermentation12020097/s1, Figure S1: Schematic representation
of the experimental setup and fermentation strategy for KEX2 protease production in Komagataella
phaffii. (A) Experimental configuration showing inoculum preparation in shake flasks and the
5 L fermenter (height-to-diameter ratio 2:1) equipped with two six-bladed Rushton impellers, tem-
perature, pH, and dissolved oxygen sensors, and four peristaltic pump sets for controlled material
flow. (B) Fermentation workflow comprising four phases: glycerol batch, glycerol fed-batch, induc-
tion, and continuous mode. Biomass accumulation occurs during the glycerol phases, followed by
a transition to methanol during induction, initiating KEX2 protease production. Once peak pro-
ductivity is reached, the process shifts to continuous mode, where fresh medium (without carbon
source) is supplied and culture broth is harvested while maintaining constant fermenter volume
and operating conditions; Figure S2: SDS-PAGE, Western blot, and densitometry analysis of KEX2
protease expressed in Komagataella phaffii. (A) SDS-PAGE gel stained with Coomassie Blue and
(B) Western blot confirmation using KEX2-specific antibody. Molecular weight (MW) is indicated
in kilodaltons (kDa). Lane 1: MW marker; Lane 2: KEX2 protease; Lane 3: bovine serum albumin
(BSA) as negative control. (C) Densitometry analysis (arbitrary units) of SDS-PAGE bands used
to estimate the proportion of KEX2 protease relative to total soluble protein. Target bands were
validated by Western blot; Table S1: Quantitative densitometry analysis of KEX2 protease bands from
SDS-PAGE and Western blot. The table summarizes band intensity values (arbitrary units) used to
estimate KEX2 protease content relative to total soluble protein. Measurements were normalized
against bovine serum albumin (BSA) standards included on the same gel; Figure S3: SDS-PAGE and
Western blot analysis of K. phaffii cultivation using two induction strategies: (A, B) pure methanol
and (C, D) 50% C-mol methanol/sorbitol; Figure S4: SDS-PAGE results (A: part 1, C: part 2) and
Western blot results (B: part 1, D: part 2) from K. phaffii cultivation using the pure methanol induction
strategy; Figure S5: SDS-PAGE results (A: part 1, C: part 2) and Western blot results (B: part 1,
D: part 2) from K. phaffii cultivation using the 50% C-mol methanol/sorbitol induction strategy;
Figure S6: Comparison of average KEX2 protease yields (mg) in K. phaffii cultivations under two induc-
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tion strategies. (A) Fed-batch: pure methanol versus mixed induction (50% C-mol methanol/sorbitol),
based on three independent replicates. (B) Continuous: pure methanol versus mixed induction
(50% C-mol methanol/sorbitol), based on three independent replicates; Table S2: KEX2 Protease
Production Metrics. Average batch yields were calculated based on quantified total soluble protein
and KEX2 content determined using Totallab™ Quant, with data representing the mean of three
independent replicates; Table S3: Continuous cultivation KEX2 protease production metrics. Average
yields were calculated from quantified total soluble protein and KEX2 content determined using
Totallab™ Quant, based on three independent replicates for each time point.
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