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A B S T R A C T   

Traditional production of industrial and therapeutic proteins by eukaryotic cells typically requires large-scale 
fermentation capacity. As a result, these systems are not easily portable or reusable for on-demand protein 
production applications. In this study, we employ Bioproduced Proteins On Demand (Bio-POD), a F127- 
bisurethane methacrylate hydrogel-based technique that immobilizes engineered Pichia pastoris for preserv-
able, on-demand production and secretion of medium- and high-molecular weight proteins (in this case, SEAP, 
α-amylase, and anti-HER2). The gel samples containing encapsulated-yeast demonstrated sustained protein 
production and exhibited productivity immediately after lyophilization and rehydration. The hydrogel platform 
described here is the first hydrogel immobilization using a P. pastoris system to produce recombinant proteins of 
this breadth. These results highlight the potential of this formulation to establish a cost-effective bioprocessing 
strategy for on-demand protein production.   

1. Introduction 

Mainstream enzyme applications ranging from laundry detergents 
and food processing to precision-medicine enabling antibody production 
(both native and heterologous) are a foundational technology of biotech 
and biopharma industries [1–4]. Not surprisingly, the global markets for 
non-therapeutic enzymes and protein drugs are projected to reach $7.0 
billion by 2023 [5] and $228.4 billion by 2021 [6], respectively. Much 
of this expansion has been due to recent progress in genetic tool 
development to manipulate the microorganisms, filamentous fungi, and 
mammalian cells utilized in biopharmaceutical and industrial enzyme 
production [7–9]. However, much of this industry is still encumbered 
with large fermentation tanks, submerged fermentation, and even 
roller-bottle based processes [4,10–12]. In the end, these processes lack 
much of the flexibility and portability necessary for on-demand pro-
duction to meet oscillating demands for varied products as well as for 
small-scale products requiring on-site production due to cold-chain 
requirements. 

Among the potential hosts for protein production, the unicellular 
yeast Pichia pastoris (which has recently been divided into the three 
species Komagataella phaffii, Komagataella pastoris and Komagataella 
pseudopastoris [13], with K. phaffii being utilized exclusively in this 
study) has unique advantages over other platform hosts (such as 
Escherichia coli and mammalian cells). These advantages include: (i) 
powerful secretory ability [13], (ii) improved protein folding and 
post-translational modification over prokaryotic systems [9], (iii) ease 
of genetic manipulation [7,14], and (iv) high-cell density cultivation 
with associated high expression levels and low processing costs as 
compared with mammalian cell lines [15,16]. In addition, the strong 
and tightly regulated alcohol oxidase I (AOX1) promoter derived from 
methylotrophic P. pastoris and its unique Crabtree-negative phenotype 
has enabled high cell density and high protein yield production during 
aerobic fermentation [7,9]. Moreover, P. pastoris is capable of protein 
post-translational modifications including N- as well as O-linked 
glycosylation without hyper-glycosylation, thereby reducing 
hyper-antigenicity of recombinant proteins for therapeutic use [9]. 
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However, even with P. pastoris as a host, the use of suspension culture 
still predominates the field. The immobilization of microorganisms on/ 
within various polymeric matrices offers several potential benefits over 
suspension fermentations, including ease of product separation in cases 
where there is no cell leakage from the scaffold, high cell loading ca-
pacity, reduced microbial contamination, and improved biocatalytic 
reusability [17]. Moreover, the proper immobilization technique could 
enable flexible scaffolds for small-scale, on-demand production. While 
immobilization techniques can improve secreted product production in 
S. cerevisiae when compared to traditional suspension fermentation [18], 
there is scant literature implementing live cell immobilization ap-
proaches for protein production, and especially utilizing P. pastoris. 
Furthermore, the properties of previously reported polymeric matrices 
are incompatible with protein production and large-scale fermentation 
schemes. For example, invertase production from P. pastoris PpBfrA in a 
calcium alginate matrix was compromised due to heat-inactivation of 
cells and the reversible ionic crosslinking of the matrix by 
charge-bearing metabolites and pH of the medium [19,20]. The use of 
agar beads with embedded L-alanyl-L-glutamine-producing P. pastoris 
GPAp was shown to be sensitive to the high immobilization temperature 
of 50 ◦C [21]. Finally, the use of magnetic nanoparticles limited re-
combinant protein production due to the nanoparticle compromising the 
cytoplasmic membrane integrity of immobilized cells, leading to unde-
sirable effects including cell leakage and abnormal cell function [22], 
phenomena that were not completely investigated in a study utilizing 
immobilized P. pastoris GS115 Albumin for production of human serum 
albumin [23]. As a result, there is often a mismatch between the 
immobilization material and process conditions for protein production. 

In recent work, we employed a temperature-responsive, shear-thin-
ning triblock copolymer F127-bisurethane methacrylate (F127-BUM) 
hydrogel for on-demand biomolecule production of mostly small mole-
cules using either mono- or co-cultures [24,25]. Moreover, we demon-
strated that this unique hydrogel formulation provides preservation 
capacity (i.e. metabolic activity of lyophilized consortia hydrogels 
retained 100% efficiency after long-term storage at room temperature 
for 3 months) and reusability (i.e. yeast-laden hydrogels enabled ethanol 
production for over 1 year of repeated use) [24]. This approach was 
found to be suitable for production of small molecules and very small 

polypeptides (as with the case for colicin V production). Furthermore, 
the lyophilization process exhibited minimal impact on the mechanical 
integrity of the cell-laden hydrogel samples (i.e. the Young’s moduli 
were identical and little change in microstructure was observed in SEM 
images between the pre- and post-lyophilized materials). Importantly, 
this hydrogel system was compatible with yeast hosts. 

In this work, we demonstrate that engineered P. pastoris can be 
embedded within a F127-BUM hydrogel ink to fabricate extruded 
hydrogel filaments suitable for cell preservation and continuous pro-
duction of secreted recombinant proteins of increasing size (Fig. 1). 
Through this approach, we enable a scheme for Bioproduced Proteins 
On Demand (Bio-POD). Specifically, we show that secreted proteins are 
able to effectively diffuse from within the printed yeast gel to the sur-
rounding culture media which allows the product to be easily harvested 
and for the yeast-embedded hydrogels to be re-used. Additionally, it is 
possible to simply preserve these hydrogel inks through lyophilization 
and retain productivity that is on par with that of pre-lyophilized sam-
ples in a manner that outcompetes liquid culture with respect to con-
sistency over multiple rounds of sample reuse. To our knowledge, this is 
the first study highlighting the use of a hydrogel system employing 
P. pastoris for robust and re-useable on-demand recombinant protein 
production. 

2. Materials & methods 

2.1. Strains, media and plasmid construction 

All strains, plasmids, primers and a gBlock gene fragment used in this 
study are listed in Supplementary Table 1, Supplementary Table 2, and 
Supplementary Table 3. Oligonucleotide primers used for PCR amplifi-
cation were purchased from Integrated DNA Technologies (Coralville, 
IA). All Gibson-assembled DNA [26] were electroporated (2 mm Elec-
troporation Cuvettes, Bioexpress) into E. coli competent cells with a 
BioRad Genepulser Xcell at 2.5 kV. E. coli NEB10β was used for gene 
cloning or propagation of all expression vectors. For propagation of 
pPIC9 series, NEB10β was cultivated in LB medium (1% tryptone, 0.5% 
yeast Extract and 1% NaCl) supplemented with 100 μg/mL ampicillin 
(Sigma). For propagation of pPICZα series, NEB10β was grown in low 

Fig. 1. Overview of Bio-POD bioprocessing for 
on-demand protein production. Strain develop-
ment of secreted proteins in engineered 
P. pastoris is achieved through auxotrophic or 
antibiotic selection coupled with appropriate 
biocatalytic screening assays. The engineered 
yeast cells are then encapsulated within the 
hydrogel and extrusion printed using syringes. 
The printed and UV-cured yeast-laden hydrogels 
are subsequently transferred to culture medium 
for cell expansion/enzyme production. The 
hydrogels can optionally proceed to lyophiliza-
tion for storage after repetitive uses of the living 
microbial materials. Next, the preserved gels can 
be rehydrated in fresh medium for on-demand 
protein production, with iterative re-uses 
depending on user needs.   
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salt LB medium (1% tryptone, 0.5% yeast Extract and 0.5% NaCl, pH7.5) 
supplemented with 25 μg/mL zeocin (Sigma)) with 225 rpm orbital 
shaking at 37 ◦C. Starter cultures of yeast strains were routinely grown 
in YPD (1% yeast extract, 2% peptone and 2% glucose) medium at 30 ◦C. 
Electroporation of Pichia with an integrative expression cassette was 
performed according to Pichia Expression Kit’s (Invitrogen) instructions. 
Minimal dextrose (MD) medium (1.34% yeast nitrogen base (YNB), 4 ×
10− 5% biotin and 2% glucose) was used in auxotrophic selection study. 
Buffered glycerol complex medium (BMGY) and buffered methanol 
complex medium (BMMY) were prepared according to the manual of 
EasySelect™ Pichia Expression Kit (Invitrogen) and used in recombinant 
protein production. 

For SEAP production, an amplicon containing a human SEAP gene 
amplified from the plasmid TB-SIZ-SV40pA [27] using primers P1 as 
well as P2 was generated to replace the N-terminal human secretion 
signal peptide with S. cerevisiae α-factor mating signal sequence, and 
remove hydrophobic C-terminal signal peptide for PI-G anchor attach-
ment [28]. The amplicon was then Gibson assembled with the PCR 
product amplified from pPIC9 empty vector (Invitrogen) with primers 
P3 and P4 to construct pPIC9-SEAP. To construct pPICZα empty vector, 
the gene fragment amplified from the plasmid pPICZalphaB-SapL3 
(Addgene) with primer P5 and P6 was Gibson assembled with primer 
P7. To construct pPICZα-AmyL, the amplicon without SapL3 gene was 
amplified from pPICZalphaB-SapL3 using primers P5 as well as P6, and 
Gibson assembled with the PCR product amplified from the amylase 
gBlock codon-optimized for P. pastoris (Supplementary Table 3) with 
primer P8 and P9. To construct pPICZ-HIS4, the amplicon amplified 
from pPIC9 empty vector using primers P10 as well as P11 was Gibson 
assembled with the PCR product amplified from pPICZα using primers 
P12 as well as P13. For construction of pPICZ-LC, the light chain gene of 
anti-HER2 amplified from the plasmid AbVec-hIgK-hu4D5 [29] using 
primers P14 and P15 was Gibson assembled with the PCR product 
amplified from pPICZ-HIS4 using primers P16 and P17. To construct 
pPICZ-HC, the heavy chain gene of anti-HER2 amplified from the 
plasmid AbVec-IgG1-hu4D5 using primers P18 as well as P19 was 
Gibson assembled with the gene fragment amplified from pPICZα using 
primers P16 and P17. For anti-HER2 production, the amplicon amplified 
from pPICZ-HC using primers P20 as well as P22, and the PCR product 
amplified from pPICZ-LC using primers P21 as well as P23, were sepa-
rately digested with EcoRI and BamHI restriction enzymes, and then 
digested products were ligated to construct pPICZ-aHER2, which con-
tains full-length of anti-HER2. 

2.2. F127-BUM hydrogel preparation 

F127 is a commercially available triblock copolymer of poly 
(ethylene oxide)-b-poly (propylene oxide)-b-poly (ethylene oxide) that 
can be transformed into F127-BUM as previously described [30]. The 
extrusion of yeast-laden hydrogels and photocuring procedures were 
performed by following our previously reported hydrogel work [24]. In 
short, 30 wt% F127-BUM polymer solution was mixed with 
photo-radical initiator 2-hydroxy-2-methylpropiophenone (Sigma-Al-
drich; 2.5 μL for every 1 g of hydrogel solution) to facilitate polymeri-
zation of the methacrylate functional groups upon UV exposure. 
Photo-initiated polymer solution was mixed with 4.5 × 107 cells 
before extrusion to yield robust, viable microbe-laden gels upon brief 
photocuring (with an exposure to 365 nm light at 0.55 mW cm− 2 for 5 
min using Spectroline® XX-15NF model). 

2.3. SEAP secretion and production 

The plasmids pPIC9 and pPIC9-SEAP harboring S. cerevisiae α-factor 
mating signal sequence were first digested by restriction enzyme SalI to 
promote insertion in the his4 locus. Then the linearized integration 
cassettes were separately transformed into P. pastoris GS115 by elec-
troporation. MD agar plates and broth media were used for selection of 

His+ transformants. Five colonies from MD plates were picked and 
examined for production levels. Seeding cultures were grown in BMGY 
medium. Protein induction was performed using 15 mL of BMMY me-
dium (0.5% methanol) with the initial OD600 of 0.5 in a 125 mL flask. 
Cultures were incubated at 30 ◦C with an orbital speed 225 rpm. A final 
concentration of 0.5% methanol was aseptically added to the flask every 
24 h to maintain protein induction. To measure SEAP production, the 
supernatants obtained from centrifugation to pellet yeast cells were 
taken for analysis using the NovaBright™ Secreted Placental Alkaline 
Phosphatase (SEAP) Enzyme Reporter Gene Chemiluminescent Detec-
tion Kit 2.0 (Invitrogen). Finally, the highest SEAP producer was 
selected and designated as Pp02. 

For SEAP production in hydrogels, starter cultures of Pp01 control 
strain and Pp02 SEAP-producing strain were first grown in YPD at 30 ◦C. 
Then 4.5 × 107 overnight cells were embedded in 0.3 g of polymer. The 
printed and cured cell-laden gels were subsequently incubated in 3 mL of 
BMGY at 30 ◦C for cell expansion for 24 h (we define this cell outgrowth 
stage as round 0, the transfer to and subsequent induction in BMMY for a 
first production stage as round 1 of reuse, the next transfer to new BMMY 
as round 2 and so on). It should be noted that the SEAP induction was 
not initiated at round 0. After 24 h incubation, each gel sample was 
transferred to 3 mL of BMMY (in the presence of the inducer 0.5% 
methanol) for induction of secreted SEAP expression (round 1). For the 
liquid culture system, 4.5 × 106 seeding yeast cells for each strain were 
transferred to 3 mL of BMGY media and incubated at 30 ◦C for 24 h 
(round 0). Then 4.5 × 106 cells for each strain were transferred to 3 mL 
of BMMY medium for protein induction (round 1). Two consecutive 
reuses after round 1 were performed and samples were processed via 
lyophilization treatment as described in the previous study [24]. Once 
ready for testing, the preserved samples were transferred directly into 3 
mL of BMMY media for two additional repetitive uses. All reuse batches 
were carried out with 30 ◦C incubation for 48 h and 0.5% methanol was 
aseptically added to the culture every 24 h to maintain protein induc-
tion. Each gel sample was washed twice with 800 μL of BMMY media to 
ensure carry-over of secreted SEAP enzyme and metabolites from the 
previous batch were not being introduced to the next batch of reuse. For 
liquid culture system, repetitive uses were performed through 
sub-culturing 50 μL of yeast from previous batch to the next batch. Su-
pernatants at 48-h timepoint were taken from each round of reuse and 
analyzed by luminescence measurement. 

Luminescence was measured with a BioTek Citation 3 at emission 
detection range from 500 nm to 600 nm resulting in maximal emission at 
of 540 nm. SEAP standards were prepared by adding the purified SEAP 
enzyme (Invitrogen) to the Pp01 control strain spent medium. 

2.4. α-Amylase secretion and production 

The plasmids pPICZα and pPICZα-AmyL containing S. cerevisiae 
α-factor secretion signal sequence were first digested by restriction 
enzyme Pme I to promote integration into the AOX1 locus. Then the 
linearized integration cassettes were separately transformed into 
P. pastoris GS115 by electroporation. YPD agar plates supplemented with 
100 μg/mL zeocin were used for selection of zeocin resistant trans-
formants. Zeocin resistance protein binds zeocin antibiotic in a stoi-
chiometric manner. Therefore, selection with a higher concentration of 
zeocin makes it easy to screen for high-copy number transformed vari-
ants. 48 colonies were picked from the agar plate and transferred to a 96- 
deep-well microplate containing 500 μL of YPD+100 μg/mL zeocin 
broth medium for each well. Through a series of selections under 
gradually increased selection pressure (from 100, 500–1000 μg/mL 
zeocin) at 30 ◦C, 10 clones with high growth rate were selected for 
testing α-amylase production. 500 μL of BMGY and BMMY (with 0.5% 
methanol) media were used for cell outgrowth and α-amylase expres-
sion. After 48 h fermentation, supernatants containing secreted 
α-amylase from the pelleted yeast cells were collected and the enzyme 
activities were analyzed by measuring the size of the halos forming on 
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starch agar plates (3% agar and 5% (w/v) soluble starch (Alfa Aesar; 
product number A11961)) and plate-based starch-iodine assay. Finally, 
the highest α-amylase producer was selected and designated as Pp04. 

For evaluation of α-amylase production in hydrogels, starter cultures 
of Pp03 control strain and Pp04 α-amylase-producing strain were first 
grown in YPD at 30 ◦C. The procedure of preparation of yeast-laden 
hydrogels and liquid cultures is the same as describe in the above 
SEAP production section, except that each round of reuse took 24 h. 
Liquid cultures were seeded with an initial inoculum of 4.5 × 106 or 4.5 
× 107 cells for comparison of amylase production. Cell counts for the 50 
μL transfers in the liquid culture system for each round was calculated by 
converting OD600 value to cell numbers (OD600 of 1 for P. pastoris is 5 
× 107 cells/mL). To evaluate the growth between Pp01 (HIS+; 
complementation of GS115 the wild-type HIS4 gene) and wild-type 
GS115 (HIS− ) pre-lyophilization, cultures were performed using 3 mL 
of BMGY medium with the initial OD600 of 0.05 in a test tube, and 13-h 
as well as 23-h timepoint samples were taken for cell growth measure-
ment. Subsequently, 3 × 107 cells from the 23-h pre-lyophilized samples 
were transferred to sterile culture tubes and processed via lyophilization 
treatment. The lyophilized Pp01 (HIS+) and wild-type GS115 (HIS− ) 
were separately grown in 3 mL of BMMY methanol medium and 15-h as 
well as 24-h timepoint samples were taken for growth measurement. The 
cell growth was measured by Ultrospec 2100 Pro UV/Visible Spectro-
photometer observing optical density at 600 nm. 

For plate-based starch-iodine assay, assay reactions were initiated by 
mixing 40 μL of 5% soluble starch solution and 40 μL of B. licheniformis 
α-amylase standard (Sigma; product number A4551) solution prepared 
in Pp03 control strain spent media or 40 μL of supernatants from the 
pelleted yeast samples. After incubation at 37 ◦C for 5 min, 20 μL of HCl 
was added to the mixture to stop the enzymatic reaction, followed by the 
addition of 100 μL of iodine-KI reagent (5 mM I2 and 5 mM KI in DI 
water). Then 100 μL of the iodine-treated samples were transferred to a 
transparent flat-bottomed 96-well microplate and the absorbances at 
570 nm were recorded using Tecan Infinite M Plex. 

2.5. Anti-HER2 secretion and production 

The pPICZ-aHER2 harboring two S. cerevisiae α-factor mating signal 
sequences and full-length of anti-HER2 genes was first digested by re-
striction enzyme XbaI to promote insertion in the his4 locus. Then the 
linearized integration cassette was transformed into P. pastoris GS115 by 
electroporation. YPD agar plate supplemented with 100 μg/mL zeocin 
was used for selection of zeocin resistant transformants. The zeocin se-
lection procedure was described in section 2.4. Finally, two clones with 
high growth rate were selected for testing anti-HER2 production in 
flasks. Seeding cultures were grown in BMGY medium. Protein induc-
tion was performed using 50 mL of BMMY medium (0.5% methanol) 
with the initial OD600 of 0.3 in a 125 mL flask. Cultures were incubated 
at 30 ◦C with an orbital speed of 225 rpm. A final concentration of 0.5% 
methanol was aseptically added to the flask every 24 h to maintain 
protein induction. To measure anti-HER2 production, the supernatants 
obtained from pelleted yeast cells were taken for analysis using enzyme- 
linked immunosorbent assay (ELISA) described below. Supernatant 
from the 72-hr timepoint sample was taken for Western blotting anal-
ysis. Finally, the highest anti-HER2 producer was selected and desig-
nated as Pp05. 

Full-length, soluble control anti-HER2 antibody was expressed and 
purified using traditional CHO expression as described [29]. Briefly, the 
anti-HER2 variable heavy and light chain sequences (synthesized by Life 
Technologies with Cricetulus griseus codon optimization) were cloned 
into AbVec IgG1 and IgK plamids [31] via AgeI and SalI or AgeI and 
BsiWI restriction sites, respectively, resulting in plasmids 
AbVec-IgK-h4D5 and AbVec-IgG1-hu4D5. After lipofection and tran-
sient expression in CHO–K1 cells, the antibody was purified from the 
media by ammonium sulfate precipitation and protein A chromatog-
raphy, followed by buffer exchange into phosphate buffered saline, pH 

7.4. Quantification of expression of anti-HER2 from Pichia pastoris cul-
tures was determined by ELISA alongside the purified anti-HER2 control 
produced in CHO cells as described [29]. Purified HER2-Fc (R&D Sys-
tems) was coated overnight at 4 ◦C on high binding plates at a con-
centration of 0.2 μg/mL. After blocking with milk, purified anti-HER2 
control antibody was serially diluted in five-fold steps starting from 1 
μg/mL and added to HER2 coated and uncoated wells. Undiluted and 
five-fold diluted Pichia pastoris media were also added to the coated 
wells and uncoated wells. After a 60-min incubation at room tempera-
ture, wells were washed three times and anti-human-IgK-HRP (Southern 
Biotech) secondary antibody was added at 1:2500 for 60 min at room 
temperature. After a final wash, signal was developed with tetrame-
thylbenzadine chromogenic substrate (TMB Substrate Kit; Thermo Sci-
entific), followed by a 1 M hydrochloric acid quench and signal recorded 
as the absorbance at 450 nm (Tecan Infinite M Plex). All washes were 
performed with PBS-0.05% Tween-20 (designated as PBS-T) while 
blocking and diluent media comprised this wash buffer with non-fat dry 
milk (5% w/v) (designated as PBS-T-milk). For evaluation of anti-HER2 
production in hydrogels, starter cultures of Pp03 control strain and Pp05 
anti-HER2-producing strain were first grown in YPD at 30 ◦C. All pro-
cedures of preparation of yeast-laden hydrogels and liquid cultures as 
well as lyophilization are the same as described in the above SEAP 
production section, except that each round of reuse took 24 h. 

2.6. SDS-PAGE analysis of secreted SEAP and α-amylase 

After fermentation, SEAP or α-amylase-producing yeast cells from 
the suspension cultures were removed by centrifuging at 4000×g for 30 
min at 4 ◦C. The supernatants were concentrated using Amicon® Ultra- 
15 centrifugal filter (Millipore) with a 30 kDa molecular weight cutoff. 
The concentrated samples were then analyzed by running 10% SDS- 
PAGE gel and stained with Coomassie Blue. 

2.7. Western blotting of anti-HER2 antibody 

Anti-HER2-producing Pichia cells from the cultures were removed by 
centrifuging at 4000×g for 30 min at 4 ◦C. The supernatants were then 
concentrated using Amicon® Ultra-15 centrifugal filter (Millipore) with 
a 10 kDa molecular weight cutoff. The resulting concentrated Pichia 
media was diluted 1:30 in PBS, and 10 μl was mixed with 2 μl 6X 
reducing or non-reducing sample buffer (0.375 M Tris pH 6.8, 12% SDS, 
60% glycerol, 0.06% bromophenol blue for both, plus 9% β-mercap-
toethanol for the reducing buffer). Reduced samples were boiled for 5 
min and non-reduced samples were incubated at 42 ◦C for 2 min before 
being subjected to protein electrophoresis on a 4–20% gradient SDS- 
PAGE gel (Bio-Rad cat # 4,561,093) alongside a prestained marker 
(Fisher Scientific cat # PI-26634). The resulting protein bands were 
transferred to a PVDF membrane (Thermo Fisher Scientific cat # 
IB24001) using an iBlot 2 instrument at 25 V for 6 min. The membrane 
was then blocked in PBS-T-milk for 30 min and stained with a mixture of 
goat-anti-human-kappa-HRP (Southern Biotech cat # 2060–05) and 
goat-anti-human-Fc-HRP (Jackson ImmunoResearch cat # 109-035- 
098), each diluted 1:2000 in PBS-T-milk for 1 h at room temperature. 
After washing four times with PBS-T, the chemiluminescent substrate 
(Clarity Western ECL Substrate, #1705061) was added and the mem-
brane was imaged on ChemiDoc Imaging System (BIO-RAD) for 5 s. 

3. Results 

To test the Bio-POD approach, we selected three proteins to 
demonstrate the feasibility and relevance of our system and to test the 
limits of production across a range of protein sizes. In prior research, we 
demonstrated that E. coli-laden hydrogels were capable of secreting a 
small peptide antibiotic, colicin V (around 10 kDa), in a consistent 
manner (even after lyophilization) over four consecutive re-uses in 
contrast to that of suspension culture [24]. Here, we sought to evaluate 
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the novel use of P. pastoris within this gel-based system for secreted 
placental alkaline phosphatase, α-amylase, and the antibody anti-human 
epidermal growth factor receptor 2 (also known as anti-HER2, Hercep-
tin® or Trastuzumab) as model proteins ranging from 60 to 150 kDa. In 
each case, we generated a P. pastoris cell line capable of modest-level 
production, printed P. pastoris-laden hydrogel inks, and tested protein 
production pre- and post-lyophilization with repeated use for compari-
son to a traditional suspension culture. At the onset, it should be 
mentioned that the goal of this study was to evaluate the use of this 
hydrogel based system and compatibility with P. pastoris-enabled pro-
tein secretion, not to evaluate the absolute amount produced as we did 
not perform extensive cell line engineering. 

3.1. On-demand production of SEAP using the Bio-POD system 

To first evaluate if the F127-BUM hydrogel-based platform with a 
eukaryotic expression host is suitable for production of higher molecular 
weight proteins, we engineered P. pastoris to produce secreted placental 

alkaline phosphatase (SEAP; a protein around 60 kDa), a commonly 
used reporter enzyme in mammalian cell studies [27]. Integration of the 
SEAP gene expression cassette into P. pastoris followed by screening 
resulted in isolating strain Pp02 capable of secreting 15.1 ± 0.4 ng/mL 
of SEAP protein in shake flasks 48 h post-induction (Fig. 2 A and B). 

Next, we encapsulated the resulting Pp02 strain in the hydrogel 
matrix and allowed cells to proliferate for 24 h prior to SEAP induction 
testing (i.e. a round 0 gel use outgrowth step followed by round 1 pro-
duction stage in which the gels were transferred to induction media). In 
this experiment, we performed a total of five repetitive use assays 
(rounds 1–5) as well as assessed SEAP production both pre- and post- 
preservation by lyophilizing the gel at the midpoint of this reuse 
experiment (Fig. 2D). Each round of reuse involved cultivating the gels 
in BMMY for 48 h (round 1 acts as a methanol adaption phase where 
both transcriptional de-repression and induction mechanisms occur), 
with media supplemented with an additional 0.5% (v/v) methanol for 
induction at 24 h. To showcase the robustness of the gel system, the 
lyophilization procedure (without addition of cryoprotectants) 

Fig. 2. Generation of SEAP-producing P. pastoris and 
SEAP production in hydrogel system. (A) Comparison 
of SEAP production between 48 h and 72 h fermen-
tation at 30 ◦C. P. pastoris Pp01 and Pp02 were used 
as the control and SEAP-producing strain, respec-
tively. 0.5% methanol was added every 24 h to 
maintain induction (n = 3 for each strain). (B) SDS- 
PAGE analysis of recombinant SEAP production. The 
protein marker was loaded into M lane of SDS-PAGE 
and supernatant of pelleted yeast containing SEAP 
was loaded into S lane. The red arrow indicates the 
size of SEAP (around 60 kDa) secreted to the media. 
(C) SEAP production assessed both pre- and post- 
lyophilization (data from round 2 and round 5 of 
reuse respectively) from hydrogels. (D) SEAP pro-
duction in hydrogels (blue bars) with repeated use 
compared to liquid culture (orange bars) perfor-
mance. All reuse batches were carried out with 30 ◦C 
incubation for 48 h. All the samples were treated with 
lyophilization after round 3 of reuse. Data are mean 
± s.d.; n = 6 biological replicates for hydrogels n = 3 
biological replicates for liquid culture. *P < .05; **P 
< .01; ***P < .001 via two-sample t-test (hydrogel vs 
corresponding liquid culture for each round of reuse).   
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consisting of a 10-min freezing step in liquid nitrogen prior to lyophi-
lization was performed as described in previous work [24]. With this 
simplified procedure, post-lyophilized hydrogel samples (average of 
round 4 and round 5) retained nearly 90% of pre-lyophilization (average 
of rounds 1–3) SEAP secretion capacity (Fig. 2D), with the highest 
post-lyophilization titer (20.2 ± 1.9 ng/mL) reaching approximately 
80% of the maximum pre-lyophilization titer (25.3 ± 1.9 ng/mL) 
(Fig. 2C). Furthermore, the average titer of round 2–5 of hydrogel reuse 
(18.0 ± 5.4 ng/mL) was quite similar to the round 1 hydrogel titer (17.1 
± 4.6 ng/mL), indicating that the encapsulated cells remained meta-
bolically active despite multiple rounds of reuse and simplified preser-
vation procedures (Fig. 2D). 

Finally, we compared these SEAP production values to those of 
traditional suspension cultures treated in a similar manner. Specifically, 
the pre- and post-lyophilization average values for suspension cultures 
were roughly 60% and 45% of the corresponding hydrogel values, 
respectively (Fig. 2D). Likewise, the highest average pre- and post- 

lyophilization values for suspension cultures were approximately 52% 
and 65% of corresponding hydrogel titers, respectively (Fig. 2D). 
Collectively, these results demonstrate that the F127-BUM hydrogel 
matrix enables sustained production and secretion of SEAP by P. pastoris 
cells with higher titers, more consistency over rounds of reuse, and 
enhanced cell viability and protein production post-preservation 
compared to similarly treated liquid suspension cultures. 

3.2. On-demand production of α-amylase using the Bio-POD system 

Encouraged by the results with SEAP, we next selected the produc-
tion of another similarly-sized enzyme, namely α-amylase (around 60 
kDa) which is a starch hydrolyzing enzyme widely employed in food, 
detergent and textile industries [32]. To first establish a cell line for 
demonstration of sustained production and secretion of α-amylase using 
the Bio-POD technique, we engineered P. pastoris to overproduce and 
secrete Bacillus licheniformis α-amylase by a similar gene integration and 

Fig. 3. Generation of α-amylase-producing 
P. pastoris and α-amylase production in hydrogels 
system. (A) Zeocin-resistant transformants were 
cultured in a 96-deep-well microplate and 
selected based on the cell growth. Secreted 
α-amylase capacities of each isolated strains were 
evaluated via starch agar plate (measuring the 
size of the halos) and plate-based starch-iodine 
assay, where dark blue wells contain no amylase 
and lighter colored wells ranging from light blue 
to yellow contain increasing amounts of active 
amylase. (B) SDS-PAGE analysis of recombinant 
amylase. C lane: supernatant of pelleted Pp03 
culture (control); M lane: protein marker; AmyL 
lane: supernatant of pelleted Pp04 culture 
(amylase strain). The red arrow indicates the size 
of amylase (around 60 kDa) secreted to the 
media. (C) Amylase production assessed both 
pre- and post-lyophilization (data from round 2 
and round 5 of reuse respectively) from hydro-
gels. (D) Amylase production in hydrogels (blue 
bars) with repeated use compared to liquid cul-
ture (orange bars) performance. All reuse batches 
were carried out with 30 ◦C incubation for 24 h. 
All the samples were treated with lyophilization 
after round 2 of reuse. Data are mean ± s.d.; n =
3 biological replicates for both hydrogel and 
liquid culture samples. *P < .05; via two-sample 
t-test (hydrogel vs corresponding liquid culture 
for each round of reuse).   

S.-F. Yuan et al.                                                                                                                                                                                                                                 



Bioactive Materials 6 (2021) 2390–2399

2396

selection strategy [33]. The resulting strain we selected for this work, 
Pp04, was capable of secreting 3.2 mg/L α-amylase 24 h post-induction 
in a 96-deep-well microplate (Fig. 3A and B). 

We next encapsulated Pp04 in the gel matrix, allowed cells to pro-
liferate for 24 h prior to induction, and performed 5 repetitive uses after 
round 0 in a similar fashion to the SEAP production assays described in 
section 3.1 (Fig. 2). One deviation from the SEAP experiments was that 
amylase-secreting cells were grown in BMMY for only 24 h per round of 
reuse, as this timeframe was sufficient for amylase production to be 
detected via a plate-based starch-iodine assay (Fig. 3A and Supple-
mentary Fig. 1). As with the SEAP demonstration, the P. pastoris-laden 
hydrogels were lyophilized mid-experiment without the addition of 
cryoprotectants. Post-lyophilization (average of round 4 and round 5) 
hydrogel samples retained around 86% of pre-lyophilization (average of 
rounds 1–3) amylase secretion capacity (Fig. 3D), with the highest post- 
lyophilization titer (41.68 ± 7.5 mg/L) approximately 88% of the 
maximum pre-lyophilization titer (47.40 ± 1.29 mg/L) (Fig. 3C). 
Compared with the SEAP demonstration, the extent of decrease in titer 
at round 4 (i.e. after lyophilization) was more significant likely due to 
the slower growth phenotype of these cells and reduced fitness of the 
P. pastoris GS115 HIS4 mutant strain (HIS− ) [34] used in this amylase 
study (in contrast, complementation of HIS4 was applied for the SEAP 
case resulting in a HIS+ strain). Previous studies have demonstrated that 
a HIS− strain is more prone to osmotic stress than HIS+ strain even when 
culturing in a complex medium. Consistent with the previous studies, 
our result also showed that the HIS− strain used in this amylase study 
exhibited a slower growth than the HIS+ strain (Pp01) pre- and 
post-lyophilization (Supplementary Fig. 2). The HIS− strain displayed a 
slight slower growth than HIS+ strain pre-lyophilization (Supplemen-
tary Fig. 2A), while a dramatically impaired cell growth for lyophilized 
HIS− strain (3-fold and 11-fold lower at 15-h and 24-h timepoint, 
respectively) was observed when compared with that for HIS+ strain 
(Supplementary Fig. 2B), indicating restoring histidine prototrophy of 
GS115 can mitigate osmotic stress. Nevertheless, the observation of high 
average titer post-lyophilization confirms that the encapsulated cells 
remained metabolically active following multiple rounds of reuse and 
even in light of simplified, harsh preservation procedures. 

As with SEAP, we compared amylase production values from 
hydrogels with those obtained from traditional suspension cultures. The 
pre- and post-lyophilization average value for suspension cultures were 
roughly 79% and 61% of the corresponding hydrogel values, respec-
tively (Fig. 3D). Furthermore, the maximum pre- and post-lyophilization 
values for suspension cultures were approximately 87% and 58% of 
corresponding hydrogel values, respectively (Fig. 3D). The amylase 
production with a higher inoculum size of 4.5 × 107 cells for liquid 
culture system (which is the same seeding number as used in hydrogel 
system) was also evaluated pre- and post-lyophilization (Supplementary 
Fig. 3). These results showed that the liquid cultures dramatically 
decreased in cell viability following lyophilization (regardless of seeding 
level) (Supplementary Fig. 3A) and thus resulted in highly variable 
production levels (Supplementary Fig. 3B). As further evidence, it 
should be noted that the liquid culture system produced undetectable 
levels of protein in round 4 (i.e. after lyophilization) (Supplementary 
Fig. 3B) unlike the hydrogel system in this round (Fig. 3D), thus sug-
gesting that the hydrogel indeed provides protection to the cells from 
preservation techniques. Taken together, these results demonstrate that 
the amylase-secreting P. pastoris-laden F127-BUM gels were metaboli-
cally active and were able to both produce and secrete high amounts of 
enzyme in a manner that outperformed liquid cultures both in terms of 
absolute titer and consistency during subsequent rounds of repetitive 
use, especially following lyophilization and subsequent rehydration. 

3.3. On-demand production of an antibody using the Bio-POD system 

Profound successes in monoclonal antibody production technologies 
have been achieved across a different expression systems including 

bacteria, insects, plants, yeasts, and mammalian cell lines [35]. To 
showcase that diffusion of large products through the hydrogel matrix is 
possible and that our Bio-POD system may be amenable to production of 
complex proteins, we selected the therapeutic antibody Herceptin® 
(anti-HER2) as a case study. Herceptin was approved by the US Food and 
Drug Administration for the treatment of breast cancer in 1998 [29,36], 
and is a 150 kDa hetero-dimer comprised of two heavy and two light 
chains with 16 inter- and intra-chain di-sulfide bonds [37] and an 
essential glycosylation appended to residue N297 on the heavy chain. 
Integration of the full-length anti-HER2 expression cassette into 
P. pastoris followed by screening resulted in isolating a strain, Pp05, 
capable of secreting 37 ng/mL of anti-HER2 antibody in shake flasks at 
72 h post-induction (Fig. 4A and B). 

We next encapsulated the resulting Pp05 in the F127-BUM matrix, 
performed three continuous re-use cycles followed by a lyophilization 
process and additional two subsequent re-uses (a similar scheme as 
described in section 3.1) to evaluate the reusability and preservation 
capacity for on-demand production of anti-HER2. Since a 24 h induction 
time was sufficient to detect anti-HER2 production by a plate-based 
ELISA assay (Fig. 4A), we utilized this timepoint for growing the anti- 
HER2-secreting cells in BMMY for each round of reuse. At the onset, 
these results were able to demonstrate relatively sustained production of 
anti-HER2 from the embedded cells, as well as secretion out of the 
hydrogel matrix and into the supernatant. Anti-HER2 production was 
also observed post-lyophilization and re-use. While a mild decline in 
average titer was observed for post-lyophilized hydrogel samples (12.5 
± 0.0 ng/mL for round 4–5 samples) compared to pre-lyophilized 
samples (16.1 ± 0.8 ng/mL for rounds 1–3 gels) (Fig. 4C), the highest 
post-lyophilization titer (17.2 ± 0.2 ng/mL) was quite similar to the 
maximum pre-lyophilization titer (17.8 ± 1.3 ng/mL) (Fig. 4D). 
Furthermore, the average titer of round 2–5 hydrogel reuse (14.7 ± 0.5 
ng/mL) was nearly on par with the round 1 hydrogel titer (14.3 ± 0.9 
ng/mL). These results demonstrate that the yeast-laden gels remained 
metabolically active and that immobilization of cells in the F127-BUM 
polymeric matrix resulted in minimal loss of protein production capac-
ity during iterative re-uses and after lyophilization. 

As with SEAP and amylase productions described in section 3.1 and 
3.2, we finally compared the anti-HER2 production between the 
embedded yeast cells using the Bio-POD platform and suspension yeast 
cultures. In this comparison, we found an approximately 1.3-fold 
improvement in anti-HER2 production (average of round 1–5 was 
14.6 ± 0.5 ng/mL) for yeast-laden F127-BUM-based hydrogels when 
compared to liquid cultures (average of round 1–5 was 11.4 ± 1.0 ng/ 
mL) (Fig. 4D). While a mild decrease in production level for post- 
lyophilized gel samples was observed (average of round 4–5 was 12.5 
± 0.0 ng/mL) compared to the corresponding suspension culture titers 
(14.1 ± 1.5 ng/mL), the pre-lyophilized cell-laden gels displayed a 
nearly 1.7-fold higher production (average of round 1–3 was 16.1 ± 0.8 
ng/mL) than that of corresponding liquid culture titer (9.7 ± 0.5 ng/ 
mL). Moreover, the anti-HER2 production levels by the suspension 
system was variable across repeated subculture cycles, a trend not 
observed in the hydrogel-based immobilized cell scheme (Fig. 4D). 
Specifically, no anti-HER2 production was observed for the suspension 
system during the second round of re-use, and the antibody activity was 
dramatically reduced after lyophilization (fourth round of reuse). It is 
interesting to note that our prior results with production of colicin V also 
presented with inconsistent production in liquid cultures and these 
problems were resolved using the gel-based system [24], however the 
detailed mechanism of this phenomenon is still unclear. In sum, the 
Bio-POD hydrogel system presented here demonstrated the capacity for 
robust reusability and strong preservation capacity of embedded 
P. pastoris secreting anti-HER2 as compared to suspension cultures, thus 
underscoring the ability of using this immobilization technique to 
effectively produce and diffuse the large therapeutic proteins. 
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4. Discussion 

On-demand protein production enables small batches of biologic 
products to be produced for precision medicine treatments [38] as well 
as in off-the-grid scenarios such as active military missions and in 
developing nations where existing large-scale manufacturing infra-
structure is scarce and storage occurs at variable climates without clear 
access to cold-chain conditions. While cell immobilization and preser-
vation techniques provide a viable path toward this vision, efforts prior 
to this report have been limited for P. pastoris. One major hurdle has 
been the incompatibility of encapsulation materials with the bio-
processing goals of viable cells with high protein titers. In this regard, 
ionically-crosslinked gels (such as calcium alginate gels), while 
commonly utilized in many biomedical applications, can hinder diffu-
sion and protein quality/export can vary with protein isoelectric point 
[39]. In other cases, the high extrusion temperatures of polymers can 

damage cells [40], which limits processing options for material-cell 
mixtures. In contrast to these approaches, the hydrogel approach pre-
sented here allows for both ease of material processing and protein 
production. 

The work presented here demonstrates that encapsulation of 
P. pastoris cells within an F127-BUM hydrogel matrix establishes a 
platform for on-demand, sustained production of high molecular weight 
recombinant proteins (demonstrated up to 150 kDa). This system also 
bypasses the challenges associated with other materials, as the aqueous 
F127-BUM polymer mixture is a shear-thinning hydrogel at ambient 
temperature that undergoes a reversible gel-to-sol transition at ~17 ◦C, 
thus facilitating the processing to obtain homogenous viable cell dis-
tributions [24]. This study focuses on investigating the reusability and 
preservability of the gel system for protein on-demand production. We 
conducted a side-by-side comparison with liquid cultures in a test tube 
scale to demonstrate that similar titers could be achieved by using the 

Fig. 4. Generation of anti-HER2-producing 
P. pastoris and anti-HER2 production in 
hydrogels system. (A) Time-course profile of 
anti-HER2 production at 30 ◦C. P. pastoris 
Pp03 and Pp05 were used as the control and 
SEAP-producing strain, respectively. 0.5% 
methanol was added every 24 h to maintain 
induction (n = 3 for each strain). (B) West-
ern blotting analysis of anti-HER2 produc-
tion. R: reducing condition; NR: non- 
reducing condition; C: supernatant from 
pelleted negative control Pp03 strain; P: su-
pernatant from pelleted anti-HER2- 
producing strain Pp05; S: anti-HER2 con-
trol purified from CHO cells. (C) Anti-HER2 
production assessed both pre- and post- 
lyophilization (data from round 3 and 
round 5 of reuse respectively) from hydro-
gels. (D) Anti-HER2 production in hydrogels 
(blue bars) with repeated use compared to 
liquid culture (orange bars) performance. All 
reuse batches were carried out with 30 ◦C 
incubation for 24 h. All the samples were 
treated with lyophilization after round 3 of 
reuse. Data are mean ± s.d.; n = 3 biological 
replicates for hydrogels n = 3 biological 
replicates for liquid culture. *P < .05; **P <
.01; ***P < .001 via two-sample t-test 
(hydrogel vs corresponding liquid culture for 
each round of reuse).   
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same strain in gel and liquid culture systems. For all three protein 
products tested, the hydrogel platform displayed a higher absolute 
average titer, a better consistency in round-to-round re-use, and better 
preservation traits compared to liquid suspension cultures. 

For complex therapeutic proteins such as Herceptin, the therapeutic 
efficacy largely depends on the folding and glycosylation patterns [41]. 
While these factors were not the main focus in this work, they could 
likewise be incorporated with further strain engineering. For example, 
P. pastoris protein glycoengineering that has been employed to improve 
the conformational stability of protein pharmaceuticals [42,43] could be 
applied to this production strain in the future. In this work, the Bio-POD 
platform yielded significantly more functional protein 
post-lyophilization (round 4) for all three protein cases compared with 
liquid culture system. This difference can be attributed to the robustness 
of the F127-BUM polymer in providing protection from preservation 
techniques (i.e. both macro- and micro-structure of hydrogel have been 
previously demonstrated to remain nearly unchanged after lyophiliza-
tion, and confocal microscopy images indicated that the yeast cell dis-
tribution were not significantly affected by preservation [24]). The 
ability to preserve protein-secreting cells within a lyophilized matrix 
that enables rehydration for rapid production demonstrates the porta-
bility and robustness of our platforms (especially compared to simple 
glycerol stocks of strains) to enable on-demand protein production in 
point-of-care settings without need for cold-chain requirements. The 
sustained production of these distinct protein products from the gels at 
titers on par with traditional culturing processes demonstrates that 
diffusion of large products through the gel matrix was not a substantial 
impediment in this platform as we were able to detect protein in the 
supernatant at levels near/above a liquid culture. It should be noted that 
we did not utilize the codon-optimized version of genes for Pichia for 
some human protein cases in the current study, and thus the production 
level was expected at ng/mL or mg/L. To this end, this work demon-
strated that the F127-BUM hydrogel material can serve to preserve 
protein production function under variable conditions. 

Quantification of cell number within these hydrogels remains 
analytically unreliable using this particular hydrogel formulation 
despite trying mechanical disruption (slicing and lyophilization) of the 
cell-laden gels and RNA extraction for qPCR experiment. Specifically, 
the results were unreliable (triplicate with a high variance) due to the 
technical difficulty of completely breaking down the entire gel. Like-
wise, the use of viability dyes suffered from challenges in z-stack mea-
surements for microscopy. These challenges unfortunately impede the 
accuracy of cell number and viability quantification in these particular 
hydrogels. Despite the current formulation of F127-BUM hydrogel 
requiring a short exposure to long-wave ultraviolet light (365 nm) for 
photocuring, it is possible that mutagenesis of embedded cells could 
occur, but these effects have not been apparent from production titers 
acquired in this work. Nevertheless, the Bio-POD approach presented in 
this work provides a major feature for use in point-of-care settings that is 
not feasible with traditional liquid cultures. Specifically, the lyophilized 
gels without addition of cryoprotectants could be stably stored at room 
temperature without the need of − 80 ◦C freezer [24], thus enabling a 
field-deployable platform. 

5. Conclusion 

Taken together, these results demonstrate that the Bio-POD tech-
nique enables repeated use and preservation for the on-demand pro-
duction of recombinant proteins using an engineered P. pastoris 
platform. Based on the reusability and preservation capacity exhibited 
here, we believe that this hydrogel platform can provide for the 
portable, reusable, and stable production of proteins for on-demand 
applications without a need for cold-chain requirements. Looking for-
ward, this platform could be coupled with simple, miniaturized down-
stream protein purification modules [44–47] to yield a field-deployable 
platform for on-demand production of protein products. 
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