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Resumo Alargado

O cancro da proéstata é um dos cancros mais frequentemente diagnosticados no sexo
masculino, prevendo tornar-se a neoplasia maligna mais prevalente nos proximos anos.
As terapias atuais tém eficacia limitada e nao sdo suficientemente adequadas para
mitigar as alarmantes taxas de incidéncia e mortalidade (aproximadamente 1.4 e 0.38
milhGes, respetivamente) especialmente em fases mais avancadas nao responsivas a
tratamento hormonal. Desta forma, é crucial o desenvolvimento de novas abordagens de
diagnostico e terapéuticas. A Six-Transmembrane Epithelial Antigen of the Prostate 1
(STEAP1) é uma proteina sobre-expressa no cancro da prostata, funcionando como um
transportador transmembranar e canal i6nico e desempenhando um papel na
comunicacao intercelular entre células tumorais. Adicionalmente, esta proteina foi
associada com elevados niveis celulares de espécies reativas de oxigénio.
Consequentemente, a sobre-expressdo de STEAP1 leva ao aumento da proliferacdo
celular e agressividade do tumor. Além disso, a STEAP1 esta maioritariamente ausente
em tecidos normais e 6rgaos vitais, sugerindo uma especificidade para o microambiente
tumoral, indicando que esta proteina membranar pode ser considerada um potencial
biomarcador e alvo terapéutico. No entanto, para explorar esse potencial, é necessario
isolar fracoes de STEAP1 estaveis, bioativas e puras em concentracoes elevadas.
Atualmente, a principal limitacdo dos bioprocessos de natureza recombinante esta
relacionada com a fase de downstream, sendo que estas etapas contabilizam
aproximadamente 80% dos custos totais. As etapas cromatograficas efetuadas em modo
sequencial na purificacio de STEAP1 ndo produzem rendimentos apropriados para a
cristalizacdo desta proteina e consequentemente promover a determinacao da estrutura
3D e o desenvolvimento estudos de biointeracao com antagonistas emergentes. Assim, o
método batch surge como uma alternativa, considerando que é um método largamente
aplicado na indtstria, sendo capaz de combinar as etapas de clarificacdo, concentracao e
purificacdo priméaria de proteinas numa unica etapa. Paralelamente, este método é
simples, rapido e de baixo custo. A goma gelana é um exopolissacarideo anidénico que
tem a capacidade de formar géis termorreversiveis na presenca de catides divalentes.
Desde a sua descoberta, este polimero foi aplicado com sucesso na industria alimentar,
farmacéutica e biotecnoldgica. Recentemente, foi demonstrada a aplicabilidade da
gelana como matriz cromatografica, devido a ser um polimero poroso, hidrofilico e
possuir elevada capacidade de ligacao. Este conceito foi também aplicado na formulacao
de microesferas de gelana para a captura de proteinas soltveis e pDNA. Assim, o
principal objetivo deste trabalho foi desenvolver e otimizar um método de batch

utilizando microesferas de gelana para a captura de STEAP1, uma proteina
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transmembranar, diretamente de um lisado bruto de Komagataella pastoris X33 Mut*.
Para atingir este objetivo, as microesferas de gelana foram preparadas através do método
de emulsao dgua-em-o6leo pela extrusao de uma solucao de 1.41% de gelana previamente
aquecida a 90°C sobre uma solucao de 6leo a 750 rpm e 100°C. As microesferas foram
reticuladas com célcio e niquel, correspondendo aos tipos de estratégias ionica e de
afinidade exploradas no batch, respetivamente. As microesferas foram caracterizadas
relativamente ao diametro médio (microscopia semiotica), a morfologia (SEM) e
composicdo quimica (FTIR e EDX). Os resultados obtidos demonstram que as
microesferas apresentam uma morfologia esférica com uma estrutura uniforme e
consistente, com tamanhos médio de 239.06 um (niquel) e 330.37 um (calcio). O EDX
demonstrou uma maior percentagem de integracao de niquel, quando comparado com
microesferas de gelana reticuladas com calcio, justificando o menor tamanho destas
microesferas pela formacgio de uma rede tridimensional mais compacta. Os espectros de
FTIR juntamente com as percentagens ionicas obtidas por EDX demonstram o sucesso
da etapa de reticulacdo. Em relacao ao batch, varias otimizacoes foram realizadas visto
que a STEAP1 apresentou alguma tendéncia de formar complexos estaveis com a gelana.
Inicialmente, foi demonstrado que o detergente DM, a uma concentracgao de 0.1% (v/v),
permitiu a solubilizacdo mais eficaz e, por conseguinte, maior grau de recuperacdo de
STEAP1. Posteriormente, a concentracao ideal de lisado a injetar na matriz de gelana,
correspondeu a ~7 mg de proteina total/mL, ou seja, uma diluicao de 1:6 (concentracao
de lisado bruto de ~43 mg/mL) por cada producao de batch. Por ultimo, verificou-se que
35 mL de microesferas de gelana para 6 mL de tampao é o racio ideal a utilizar no método
de captura em modo batch. As microesferas reticuladas com niquel foram utilizadas para
a estratégia de afinidade. Surpreendentemente, a pH 9.2 foi possivel ligar a totalidade de
STEAP1 explorando a afinidade da sua cauda de histidinas aos i6es de niquel presentes
na superficie das microesferas de gelana. No entanto, no método de batch a STEAP1
provou ser sensivel mesmo a modestas concentragoes de imidazole e nao foi possivel
recuperar a proteina alvo numa tnica fracao. Contrariamente, as microesferas de célcio
utilizadas na estratégia ionica produziram resultados mais encorajadores. De facto, a
STEAP1 liga totalmente a pH 6.2 em 10 mM MES e elui numa tnica fracdo na presenca
de 500 mM NaCl a pH 11 em 10 mM Tris. No entanto, nao foi possivel eliminar
totalmente a formacao de complexos STEAP1-gelana, mesmo com a implementacao de
varias etapas de otimizacao, nomeadamente, solubilizacao, concentracao de lisado, racio
de microesferas e nas etapas do batch, bem como das suas respetivas concentracoes de
NaCl. Para descomplexar a STEAP1 da gelana, as fracoes recuperadas do batch i6nico
foram acopladas a uma etapa de polimento de co-imunoprecipitacdo, descomplexando

os agregados STEAPi1-gelana que resultaram numa fracdo de STEAP1 na forma
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monomérica (~35 kDa) de elevado grau de pureza. Desta forma, demonstramos uma
integracdo inovativa baseada no método de batch de gelana com uma etapa de co-

imunoprecipitacao que resulta na captura, clarificacao e purificacao de STEAP1.

Palavras-chave

Cancro da prostata, Clarificacao, Co-imunoprecipitacao, Gelana, Método de batch,
STEAP1.
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Abstract

Prostate cancer is one of the most frequent cancers diagnosed in males, predicted to
become the most prevalent malignancy in upcoming years. Current therapies have
limited efficacy and are not suitable to mitigate the alarming incidence and mortality
rates, especially in later hormone-refractory stages. In this manner, it is crucial the
development of novel approaches. Six-Transmembrane Epithelial Antigen of the
Prostate 1 (STEAP1) is a protein highly overexpressed in PCa predicted to function as a
transmembrane transporter and ionic channel, to play a role in intercellular
communication between tumor cells and has been associated with the generation and
propagation of high levels of reactive oxygen species. Consequently, STEAP1 leads to
increased cellular proliferation and tumor aggressiveness. Furthermore, STEAP1 is
mostly absent from normal tissues, suggesting a specificity for the cancer
microenvironment, indicating that STEAP1 could have potential as a biomarker and
therapeutic target. However, to explore this potential it is first necessary to isolate stable,
bioactive and pure protein fractions of high concentration. Thus, we prepared calcium-
and nickel-crosslinked gellan gum microspheres through a water-in-oil emulsion with
1.41% (w/v) gellan at 750 rpm and 100°C. The microspheres were characterized trough
FTIR, SEM and EDX, ensuring adequate size, morphology, and crosslinking. The
microspheres were used to capture STEAP1 solubilized in 0.1% (v/v) DM derived from
Komagataella pastoris X33 Mut* mini-bioreactor lysates using two different
approaches, exploring ionic and affinity interactions. The ionic strategy presented the
best results and consisted of STEAP1 capture in 10 mM MES buffer at pH 6.2. The target
was then eluted by electrostatic repulsion with 10 mM Tris supplemented with 500 mM
NaCl at pH 11. These optimized conditions allowed the recovery of STEAP1 in a single
step, eliminating heterologous proteins in intermediary steps. The clarified fraction was
polished by coupling with a Co-immunoprecipitation step. This technique was able to
decomplex STEAP1-gellan gum complexes formed during the batch clarification. This

innovative integration results in a monomeric STEAP1 fraction with high purity degree.

Keywords

Batch method, Clarification, Co-immunoprecipitation, Gellan Gum, Prostate Cancer,
STEAP1.
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Chapter 1 - Introduction

1.1. Prostate Cancer

Prostate cancer (PCa) is one of the leading cancers affecting the male population,
second only to lung cancer. According to Globocan, PCa yearly incidence is predicted to
increase from the current 1.4 million to 2.4 million new cases in 2040, with mortality
rates following a similar trend [1]. Indeed, PCa is a multifactorial and complex disease
with several risk factors, associated with germline susceptibility, acquired somatic
mutations, and micro- and macroenvironmental components [2]. PCa incidence is
undoubtedly related to age progression, with highest incidence being seen in elderly men
[3]. PCa incidence is also correlated with a “Westernized” diet and lifestyle and higher
country development indexes. Indicated in Figure 1, it is clear that higher PCa incidences
are observed in North and Western Europe, North America, Brazil and Australia. It has
been proposed that the western diet, characterized by high-fat and high-sugar foods

coupled with excessive read meat consumption is a primary risk factor for PCa [3,4].

Estimated age-standardized incidence rates (World) in 2020, prostate, males, all ages

ASR (World) per 100 000

z68.5
45.0-68.5
32.3-45.0

14.5-32.3 - Not applicable
<14.5 No data

Figure 1. Global Geographical Incidence of PCa in 2020. Data from Global Cancer Observatory
(https://gco.iarc.fr/today; Accessed in 23/08/2022).

Furthermore, smoking and obesity are also non-heritable risk factors involved in PCa
[4,5]. There also appears to be some racial and ethnic differences, in regards to
propensity for germline mutations. Mutations in DNA damage repair genes, particularly,
BRCA1 and BRCA2, seems to be linked to earlier and more aggressive PCa [5,6]. The
general molecular progression of PCa has been well defined since the early 2000s (Figure
2). Briefly, chronic inflammation and infection derived from several sources, is believed
to be the driving force of PCa, through oxidative stress (generating reactive oxygen

species), consequently inducing DNA damage and advancing normal prostate epithelium
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to a proliferative inflammatory atrophy state. In this state, proliferative luminal
epithelial cells may be more susceptible to epigenetic and genomic mutations, leading to
prostatic intraepithelial neoplasia and malignant phenotype, eventually progressing to
prostate adenocarcinoma [2—4]. Since then, a series of somatic alterations were
identified to play a role in progression of PCa from benign tumors, to localized PCa and
eventually to the aggressive metastatic state (Figure 3). The main changes can be gene
fusions (e.g., TMPRSS2-ERG), overexpression of MYC proto-oncogene, deletion or
mutations of the tumor suppressor genes PTEN and TP53 and amplification, mutation,
overexpression and increased signaling of AR [2,4,5]. Indeed, these are the genetic
factors with the highest frequency of alterations in both localized and castration-sensitive

and castration-resistant PCa [2,7-10].

Normal prostate

epithelium
i Germ-line mutations
RNASEL, ELAC2, MSR1
Proliferative inflammatory
atrophy
(f]STPl CpG islénd < Chromosome 8q gain
ypermethylation

- Chromosome 8p loss

Decrease in p27

™ Pprostatic intraepithelial

Decrease in NKX3.1 — neoplas:a
l - Loss of sequences
- 10q, 13q, 16q
Decrease in PTEN — Localized prostate
cancer - Gains of sequences at
l 7p, 7q, Xq
AR gene M P fe
£ cancer

mutation or L ——

amplification ‘
M
Figure 2. Molecular pathological initiation and progression of PCa and corresponding
somatic mutations; Adapted from [4].

Currently, PCa is mainly diagnosed through the serum levels of prostate-specific
antigen (PSA), while prognosis is asserted based on PSA levels, Gleason Score and the
TNM classification system [11]. However, PSA lacks specificity and is often unsuccessful
in distinguishing between malignant PCa and benign prostatic hyperplasia or prostatitis,
resulting in excessive false positives [12,13]. Recently, new biomarker diagnostic kits
emerged, testing the mRNA expression levels of several genes involved in PCa initiation
and progression. However, given PCa heterogeneity, a singular diagnostic test is

insufficient to provide accurate diagnosis [14]. In regards to treatment options,
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PIN PIN CIs Adenocarcinoma Positive Bone Visceral
(low (high lymph metastasis metastasis
grade) grade) ‘ nodes

| | | | |
SPOP ETS PTEN  NKX3-1 MYC P53 BRCA1 APC ATM
fusions and /or

Basal cell . RB1 AR BRCA2 CTNNB1
Prostatic

Luminal cell tumour cells

Basal lamina

Figure 3. Somatic mutations involved in the progression of PCa; PIN: prostatic intraepithelial neoplasia; CIS: carcinoma in

situ; Adapted from [5].
prostatectomy, androgen deprivation therapy, radiation and chemotherapy are the
standard options for early stage PCa. Nevertheless, when PCa eventually advances to
more aggressive stages, especially to androgen-independent metastasis or in the case of
biochemical recurrence, these options exhibit very low efficacy and overall survival levels
[15,16]. Indeed, novel approaches are necessary for both single test PCa-specific
diagnosis, as well as, efficient treatment for advanced and aggressive PCa, which is

normally viewed as incurable.

1.2. Six-Transmembrane Epithelial Antigen of the Prostate
1 (STEAP1)

1.2.1. Structural features and physiological functions

Six-Transmembrane Epithelial Antigen of the Prostate 1 (STEAP1), was
discovered in 1999 by Hubert and coworkers in a metastatic PCa xenograft model [12].
It was the first identified member of the STEAP family of proteins, which now has 5
members (STEAP1-4 and STEAP1B2) [15]. There is great similarity between STEAP
family members, in particular, structurally they possess six transmembrane domains,
flanked by C- and N-termini, similar to yeast FRE family of metaloredutases and
F420H2:NADP+ oxidoreductase (FNO) binding proteins, respectively [17]. Further,
majority of STEAP proteins contain an YXX@ consensus sequence (@ corresponds to
amino acids with bulky hydrophobic side chain [18]) associated with anchorage of
transmembrane proteins to lysosomes and endosomes. STEAP proteins also contain the
Rossman fold (GXGXXG/A motif), which is common in oxidoreductase proteins [17].
Indeed, due to their structure, STEAP proteins have been appointed to play a role in

metal homeostasis, participating in the reduction and uptake of iron and copper [19].
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However, unlike STEAP2-4, STEAP1 does not contain an N-terminal NADPH binding
domain, therefore, lacking the ability to reduce metals. Nevertheless, STEAP1 has been
associated with the transferrin-bound Fe uptake pathway, suggesting that it might still
have a role in iron metabolism [20]. STEAP1B2 is most homologous to STEAP1, however
it contains only four transmembrane domains, and its function remains elusive [15,21].

STEAP1 gene is located on chromosome 7q21.13 and has a total length of 10.4 kb,
comprising 5 exons and 4 introns. Although the transcription of the STEAP1 gene results
in 2 mRNA transcripts, only the 1.4 kb transcript is processed into a mature protein, with
a total of 339 aminoacids and predicted molecular weight of 39851.13 Da (compute Mw
— Expasy; SIB) [12,17,22]. The molecular weight of STEAP1 has been reported with
different values, but it is most likely due to differences in native [21] or recombinant
sources [23] and the absence or presence of post translational modifications (PTMs) [21].
STEAP1 is a membrane protein overexpressed in PCa, while being absent or with low
expression in other tissues and vital organs [12,17]. Indeed, STEAP1 expression in LNCaP
cells is approximately 56 fold higher than in PNT2 cells [24]. In PCa, STEAP1 is expressed
mainly at gap- and tight-junctions at the plasma membrane of epithelial cells [12,13,25].
Due to its role as a cell surface antigen and knowing its predicted secondary structure,
homology was drawn to other proteins that function as transmembrane channels, and
STEAP1 is believed to act as ionic channel, transporting sodium, calcium, potassium and
small molecules, such as cytokines and chemokines [12,17,22,25,26]. STEAP1 has also
been associated with cell adhesion and intercellular communication [15,17,26]. In fact,
targeting PCA3 and LNCaP cells with anti-STEAP1 monoclonal antibodies considerably
reduced intercellular communication, up to 90% [27]. Furthermore, silencing STEAP1 in
mesenchymal stem cells leads to impairment in cell adhesion [28]. In addition, elevated
levels of STEAP1 have also been found in extracellular vesicles. These assemblies are
often associated with cargo trafficking and signal delivery, which might be an additional
method used for PCa progression, apart from direct cell contact [29,30].

Recently, Oosterheert and Gros reported a partial 3D structure of homotrimeric
STEAP1 (PDB: 6Y9B; Resolution: 2.97 A; Figure 4). Each STEAP1 protomer was bound
to a fragment of the clinically relevant mAb120.545 anti-STEAP1 antibody and contained
a single b-type heme prosthetic group in its core [31]. Each subunit contains six a-helices,
corresponding to the transmembrane domains of the protein, located at 71-91, 119-139,
164-184, 218-238, 258-278 and 291-311 base pairs of the aminoacid sequence,
respectively. Membrane segments are connected by three extracellular loops, while the
C- and N-termini reside in the intracellular space [12,31]. In addition, similar to what is
found in the 3D structure of STEAP4, STEAP1 contains a specific FAD-binding domain,
with the critical aminoacids involved in anchorage being GLN140, ARG161, SER237 and
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GLN254 (Uniprot: QQUHES). Moreover, the iron contained in the heme group is axially
coordinated by two histidine residues (HIS 175 and HIS 268), that are highly conserved
throughout all STEAP family members. As previously described, STEAP1 does not
contain an oxidoreductase-like NADPH binding domain spanning over ~175 aminoacids
like other STEAP proteins. Instead, it has a long unorganized loop ranging from
aminoacid 1-69, that does not provide enough electronic density to be modeled by
Cryogenic-Electron Microscopy (Cryo-EM). Further, aminoacids from 313-339 also

remain unmodeled [31]. Although on its own STEAP1 is incapable of reducing metals,

Figure 4. Cartoon representation of homotrimeric STEAP1. Each STEAP1 protomer is bound a single anti-STEAP1
antibody fragment and contains a single heme group in its core. Figure retrieved from PDB (code 6YY9B;[31]). Purple,
dark green and orange represent each STEAP1 protomer, while light green, red and yellow are indicative of the
coordinating mAb120.545.

Oosterheert and Gros also demonstrated that when STEAP1 is fused with the
oxidoreductase domain of STEAP4 it is capable of promoting the reduction of iron(III),
suggesting that STEAP1 can form heterotrimers with other STEAP members or other
NADPH oxidoreductases to play a role in iron homeostasis [31]. This corroborates earlier
findings from Kim and coworkers, where a STEAP1/2 heterotrimer was capable of
reducing both iron and copper. The heterotrimer had a much higher affinity towards iron
reduction, which also suggests a larger STEAP1 role in iron homeostasis [23]. Indeed,
this research group also demonstrated that the redox potential of STEAP1’s heme group
is -114 to -118 mV, which indicates its efficacy and potential to reduce metal complexes

in vivo. Additionally, they reported that STEAP1 also partakes in oxygen reduction,



Isolation of STEAP1 using GG microspheres

resulting in the formation of superoxide, which suggests that it also acts as a superoxide
synthase [23]. Furthermore, since STEAP1 is highly overexpressed in PCa and might be
a key participant in the transferrin iron uptake pathway it is safe to assume that STEAP1
participates in the progression of PCa. Indeed, accumulation of high levels of iron has
been shown to cause ill effects in neurodegenerative disorders, such as Alzheimer’s,
Parkinson’s, and Huntington’s diseases. In those cases, iron can donate electrons to
oxygen, and when in excess it can generate hydroxyl radicals and hydroxyl anions
through the Fenton reaction. Further, enhanced iron levels can also produce peroxyl and
alkoxyl radicals due to iron-related lipid peroxidation [32]. This supports Grunewald and
coworkers finding that STEAP1 is associated with oxidative stress responses and elevated
levels of reactive oxygen species, which subsequently, are responsible for the activation
of redox-sensitive and pro-invasive genes [33]. Normally, certain detoxification systems
are in place to deal with reactive oxygen species. However as previously seen in Figure 2,
GSTP1 gene and potential others antioxidant defense mechanisms are downregulated or
deactivated in the transition from proliferative inflammatory atrophy to prostatic
intraepithelial neoplasia [4]. The unilateral presence of STEAP1 throughout all PCa
stages, especially the high levels in early prostatic intraepithelial neoplasia, also seem to
suggest that this protein is a driving force, not only in the progression, through the
production of oxygen reactive species, but also in the initiation and transition to a
malignant phenotype [21,34].

The complete STEAP1 structure was recently predicted by AlphaFold, the state-
of-the-art artificial intelligence (AI) for the computational prediction of 3D protein
structures. When superimposed with the PDB deposited structure, AlphaFold (Entry:
Q9UHES) predicts transmembrane domains with over 90% accuracy. However, in
regards to unorganized sections, which are the great majority of missing segments from
the PDB structure, the prediction accuracy can fall to as low as 50%. Further, AlphaFold
is so far incapable of predicting PTMs [35]. In fact, several PTMs sites were found in both
N- and C-termini of STEAP1, which either are lacking in the PDB structure or have a
modest accuracy value in the AlphaFold 3D prediction structure [21,25]. Since PTMs
have been proposed as key differences between non-neoplastic PNT1A and neoplastic
LNCaP [21], it seems that a solution for complete structural understanding of STEAP1 is
still lacking.

Besides PCa, STEAP1 is also overexpressed in several other cancers, including,
breast [36], bladder [37], colorectal [38], endometrial [39], Ewing’s sarcoma [40], gastric
[41], liver [42] , lung [43], ovarian [44], testicular [45] and in gliomas[46]. In most cases,
similar to PCa, high STEAP1 expression is associated with tumor aggressiveness and dire

outcomes. However, in endometrial, breast, colorectal and Ewing’s Sarcoma, high
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STEAP1 expression was correlated with higher overall survival and better outcomes. In
endometrial and breast cancer, STEAP1 inhibited tumor progression by affecting the
expression of epithelial to mesenchymal transition genes [39,47]. In colorectal cancer,
STEAP1 controlled total levels of reactive oxygen species by regulation of nuclear
erythroid 2-related factor (NRF2), opposed to what is seen in PCa [38]. In Ewing’s
sarcoma it was hypothesized that high expression of STEAP1 leads to sensitization of
cells to chemotherapy [40]. Overall, it appears that STEAP1 can play different roles in
several types of cancer depending on hormonal profile, cell type and cancer
microenvironment [15]. Further, Ewing’s Sarcoma is caused by the fusion of the EWSR1
gene with a member of the ETS family of transcription factors. The resultant gene seems
to play a regulatory role in STEAP1 expression [48]. In PCa, the fusion of TMPRSS2 with
ERG (member of ETS family) is a key factor for PCa development. Perhaps, this gene
fusion could be related to STEAP1. Moreover, silencing STEAP1 in hepatocarcinoma
suppressed the expression of c-Myc and promoted p27 activity [42]. Since both genes
associated with these proteins are dysregulated in PCa, it is not unreasonable to assume
that STEAP1 might play a similar role to what is exhibited in liver cancer. Indeed, it
appears STEAP1 might be involved in several signaling pathways linked to initiation and

progression of PCa.

1.2.2. Biomarker and therapeutic target

Due to the aforementioned STEAP1 functions, high cell surface expression and
specificity for cancer microenvironment, this oncoprotein has been regarded as a
potential biomarker and therapeutic target in PCa. It has been shown that STEAP1 is
responsive to therapeutic treatment with sex hormones. In fact, 5a-dihydrotestosterone
and 17B-estradiol induce STEAP1 down-regulation in LNCaP cells [49,50]. Furthermore,
STEAP1 mRNA has been detected in the serum of cancer patients by real-time PCR
[17,25,51]. In addition, it appears that higher levels of mRNA are detected in tumors from
patients with biochemical recurrence [16]. This suggests that STEAP1 mRNA can be used
as an early diagnostic tool, which could possibly predict cancer aggressiveness or
potential for relapses. Likewise, STEAP1 has been appointed as a tumor-associated
antigen that can act as a crucial target for immunotherapy. Specifically, [89Zr]Zr-DFO-
MSTP2109A anti-STEAP1 antibody was well tolerated and suitable for positron emission
tomography bioimaging in PCa, with the capability to track alterations in STEAP1
expression, and accordingly, monitor the progression of PCa [52—54]. This strategy could
replace and improve upon the poor PCa detection, using Magnetic Resonance Imaging
(MRI) as a diagnostic tool [2]. Antibody-Drug conjugates, in particular of anti-STEAP1

antibodies with monomethyl auristatin E, a potent antimitotic agent, have shown
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aptitude in containing and lessening total tumor volume and hindering castration-
resistant PCa [55—57]. The priming of cytotoxic T lymphocytes with STEAP1 epitopes in
an attempt to improve immune responses and reduce tolerance has been another
strategy heavily explored [58—60]. This strategy has been associated with higher T cell
infiltration in the tumor microenvironment [61,62], reduced metastases [63] and tumor
inhibition [37,64—67]. Indeed, the promise of the RNAActive® vaccine CV9103 has
warranted clinical trials, where both CD4 and CD8 response was observed for STEAP1
[68]. Even so, immunotherapy-based approaches are a relatively new commodity, and in
most cases the efficacy is modest at best. Certainly, these strategies are not yet potent
enough to combat the immunosuppressive nature of the tumor microenvironment, being
only a matter of time for the microenvironment to reject the primed lymphocytes or
induce tolerance. Also, STEAP1 seems to contribute first hand in regards to

immunosuppression [46].

1.2.3. Current STEAP1 production and purification methods

As previously discussed, the lack of a complete 3D structure is one of the most
critical aspects of STEAP1 research. Since Cryo-EM was not able to produce, so far, the
full STEAP1 architecture due to electron density issues, it is necessary to find alternatives
[31]. Nowadays structure-based virtual screening and small drug discovery seems to be
one of the most mature technologies to tackle cancer [69,70]. In parallel work, whilst
virtual screening a series of potential STEAP1 inhibitors it was noticed that some
molecules exhibited different binding sites and interacted with different aminoacids
when screened versus the PDB or the AlphaFold structure (Blind docking approach;
unpublished data from our research group). This exacerbates the compelling evidence
that a complete structure is a requirement. Currently, the best course of action seems to
be crystallization. However, this technique requires large amounts of purified protein to
obtain high purity crystals [71]. Current landscape of STEAP1 production and
purification workflow can be found in Table 1. Both STEAP1 produced in native form
through LNCaP Cells [72] or recombinant STEAP1 produced in human embryonic kidney
cells [31] or baculovirus-insect cells [23] are not yielding enough concentration for
crystallization. Recently, our research group made strides in the optimization of
recombinant human STEAP1 production in Komagataella pastoris (K. pastoris) [73]. K.
pastoris is a popular host for the biosynthesis of heterologous proteins as it has the ability
to process mature proteins with appropriate PTMs. Additionally, when induced by a
methanol feed, heterologous protein levels can constitute up to 30% of the total cell

protein content [74]. Moreover, this optimization was conducted in a benchtop mini-
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bioreactor platform, which indicates the ease of scalability and also has the potential to

yield high STEAP1 titers [73]. As this moment, this seems to be one of the most promising

upstream strategy and attention should be turned towards downstream optimization.

Indeed, most purification methods currently available are centered on sequential

chromatographic steps (Table 1). But as can be seen by the lack of an appropriate

structure these methods fail to obtain enough pure STEAP1 concentration. In turn, if

these strategies were coupled for instance with crude and complex lysates derived from

the aforementioned upstream process, it would either take several chromatographic runs

or a large scale-up of chromatographic columns, which would increase total bioprocess

costs to exorbitant amounts. Therefore, new alternatives are needed that can act as a

primary capture and purification step, while keeping downstream costs feasible.

Table 1. Overview of current upstream and downstream processes in the pursuit of 3D STEAPL1 structural

determination; Adapted from [72]; Ref from top to bottom [72,31,23].

Protein Expression Extraction Isolation Chromatographic Stru ctu}'al
System Buffers Resolution
RIPA Buffer
(50 mM Tris Base, Hydrophobic
Neoplastic 150 mM Na(l, Interaction 1375 M
Native Prostate Cancer 1 mM EDTA, Chromatography  (NH4),5O4, pH 7.8
Human Cells 0.5% Sodium (Butyl-Sepharose) (Binding) n.a
STEAP1 (LNCaP) Deoxycholate, coupled to 10 mM Tris, pH 7.8
’ 0.1% SDS, 1% Co- (Elution)
NP-40, Immunoprecipitation
pH7.8)
50 mM Tris,
Ordinary Lysis 250 m'\fl I.\Jac.l’ ~3.0 A
Buffer (é{] M o 0.08% digitonin, Cryo-EM
Tris, - Affinity N (Bind pH é’ Si:f " structure of
_ ) romatography inding Buffer trimeric
Recombinant Human. 2?9_ mM _Na C_:]’ (Streptactzi’n) }(jAJ BindinggBuffer A+  human STEAP1
Human Embryon - G‘: ° digitonin, Size Exclusion 3.5 mM bound to three
. Kidney Cells 0.3% n-Dodecyl- - e . .
STEAP1 3 Chromatography desthiobiotin antigen-
(HEK) B-D-Maltoside, . S .2
0.06% Cholesteryl (‘guperdex 200 (Elution Blfffer A) binding
hemi-succinate 10/300) (B) 20 mM Tris, 200 fragments of
pH7.8) ’ mM NaCl, 0.08% mAb 120.545
' digitonin, pH 7.8 (PDB 6Y9B)
(Buffer B)
20 mM HEPES,
Ordinary Lysis 150 mM NaCl,
Buffer (200 mM 20 mM Imidazole,
HEPES, 150 mM Affinity 10 uM hemin
NaCl, 1 mM Cl1mn1al0§rapl1y chloride,
. Baculovirus- PMSF, (Talon Co*7) (A) 0.1% MNG-DDM,
Recombinant . .
Rabbit STEAPL Insect 5mM MgClz, Size Exclusion pH75 n.a.
Cells 5mM Imidazole, Chromatography (Buffer A)
10 uM hemin (Superdex 200 20 mM HEPES,
chloride, 10/300) (B) 150 mM NaCl,
1.5% MNG-DDM, 0.01% MNG-DDM,
pH7.5) pH7.5
(Buffer B)




Isolation of STEAP1 using GG microspheres

1.3. Batch Method

Downstream processing is currently the main bottleneck in the production of
biopharmaceuticals. As opposed to upstream fermentation advances, purification
techniques have progressed at a slower pace in the last 2 decades. Since purification
processes account for up to 80% of total process costs, with chromatographic techniques
being at the forefront of rampant costs, new innovations are being sought out [75-77].
Thus, techniques that offer process integration, reducing the amount of low value added
unit operations and that can handle large volumes of feed while maintaining high
product recovery and purity have been in the spotlight. These methods have been
developed for initial low-resolution steps, for the direct capture of target products from
complex lysates, integrating clarification, concentration and primary capture and
purification into a single batch step [77,78]. Liquid-liquid extraction and batch

adsorption have been the most suitable techniques to tackle said requirements.

Liquid-liquid extraction can be divided into two main techniques: Aqueous two-
phase systems (ATPS) and Three-phase partitioning (TPP). Both systems have been
widely used for the separation and purification of several bioproducts, including, cells,
viruses, enzymes and pDNA [77,79]. ATPS exploits the differential partition of target
biomolecules between two immiscible phases, usually generated by either two polymers
or a polymer and salt. The bioproduct is partitioned based on its intrinsic properties to
one phase, while impurities move to the other phase. TPP follows a similar protocol,
however one phase is composed of an organic solvent, usually tert-butanol [79—81]. The
major upside of both techniques is the capability to deal with large quantities of complex
feeds and the fact that they can be ran in continuous mode. However, since the molecular
mechanisms that regulate target molecule partition (e.g., size, electrochemical,
hydrophobicity, conformation, among others), as well as, characteristics of the
components of the phases used are usually not well established, making optimization of
these systems long-lasting and laborious. Moreover, difficulties were observed in scaling
up and validation in the clearance of impurities, especially in ATPS, where the phase
forming polymers may be hard to remove [777]. In the case of TPP, this method has been
reported to cause loss of activity in enzymes and to induce protein structure changes
[8o].

Alternatively, batch adsorption has been applied to the separation of several
relevant proteins and antibodies [82]. This method consists of the application of a
complex protein solution with a fixed amount of adsorbent particles, where adsorption

can be controlled by adsorption buffer conditions to exploit potential differences

10



Isolation of STEAP1 using GG microspheres

between target protein and impurities. Then, a washing step is usually employed to
clarify the bound proteins, by removing impurities. And finally, elution is carried out by
exchange in the surrounding solution, usually being recovered with an additional step,
most often centrifugation [82]. A Batch protein adsorption scheme can be found in
Figure 5, represented by the three main typical steps: binding of proteins in crude lysate
to the adsorbent particles, followed by a washing step, usually by modification of buffer
conditions, and finally, elution of the clarified and partially clarified protein solutions by

applying buffer conditions that are unfavorable for the interaction [82].

Binding Washing Elution

] Clarified and partially
Crude lysate purified target
- - g oo O
Centrifugation Centrifugation

» XXX »

Adsorbent

particles
-_—

Figure 5. Schematic representation of the Batch method and the three characteristic steps: Binding, Washing and
Elution.

The protein batch adsorption method is favored in cases where a large volume of
feed must be processed rapidly to accomplish efficient cycle times or where proteolysis
of target protein is a concern, since stirred batch tank adsorption is faster than column-
mode adsorption. Furthermore, it is also advantageous in handling crude feeds with high
viscosity or high quantities of debris [82]. Similar to liquid-liquid extraction, batch
adsorption is best suited for low-resolution clarification, concentration and capture
steps, where bulk impurity removal is essential for following high-resolution
chromatographic polishing techniques [82]. The batch method has been described for
silica-based materials and for magnetic particles, in which case the intermediary
centrifugation steps are replaced with magnet separation [83-87]. However,
magnetization of particles can quickly raise overall batch cost and complexity. Further,
if the size or density of the particle is too large, such as silica, very high stirring velocities
must be employed , which could cause protein denaturation, through the “egg-beater
effect” [83]. Indeed, Hlady and coworkers recommended low-density materials, in
particular gel beads, for batch protein adsorption as they can be suspended in the protein
solution with milder stirring rates [83]. In addition, as size of particles decreases, it is
expected an increase in specific surface contact area, thereby increasing total target

protein adsorption [88]. Yet, there seems to be a bottom range as one can go, since
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nanoparticles high surface area to volume ratio often causes colloidal instability and
aggregation, altering their physicochemical properties and biological interactions, which
could compromise batch adsorption [89]. In the micro range, this effect is not as

prominent, therefore making hydrogel microbeads ideal for batch protein adsorption.

1.4. Gellan Gum

For a long time, there has been an increase in health-conscious consumers
demanding natural food products. This has turned the food industry towards the use of
biopolymers as food additives, fulfilling the role of texturizing agents, gelling and
thickening agents, emulsion stabilizers and fat replacers [90,91]. At first, majority of
polysaccharides used for this purpose were derived from plant sources, such as guar gum
pectins, and starches. However, at the turn of the century, seasonal availability was a
severe drawback. Consequently, microbial exopolysaccharides that can be produced
reliably, reproducibly and under controlled conditions were introduced and found
success in food, pharmaceutical and chemical industries, due to their unique structure
and properties [91—93]. Microbial exopolysaccharides are water-soluble polymers that
may or may not be ionic in its chemical nature, with regular, branched or unbranched
repeating units that are connected by glycosidic linkages [92,93]. Gellan Gum (GG) is an
extracellular bacterial polysaccharide, typically produced by fermentation of
Sphingomonas paucimobilis, which secretes GG to the culture medium upon glucose
metabolization [94,95]. GG was first identified by Kanego and Kang at Kelco in 1978,

through an intensive screening program of soil and water bacteria, having received FDA

approval in 1992 [92,95].

1.4.1. Structure and physical properties

Gellan gum is a linear, anionic, high molecular weight (~500 kDa)
heteropolysaccharide composed by repeating tetrasaccharide units of f-D-glucose, 3-D-
glucuronic acid and a-L-rhamnose, in a ratio of 2:1:1 [96,97]. Protein and ash are also
commonly found post extraction, but these can be removed by filtration or centrifugation
[92]. GG can be divided into two main forms: native GG, also known as high acyl GG
(HAGG) and deacetylated GG, also referred to as low acyl GG (LAGG) (Figure 6). High
acyl GG contains two acyl groups, O-acetate and L-glycerate (0.5 mol and 1 mol per
repeat unit, respectively), which are bound to the glucose residue adjacent to glucuronic
acid [92,96]. Native GG can be transformed into the more common and commercialized
deacetylated GG by hot alkaline hydrolysis. However, removal of acyl groups severely
impacts the rheology of formed gels [98]. The former GG configuration produces soft
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and elastic gels, whereas the latter produces hard, rigid and brittle gels. Furthermore,
thermal stability increases upon alkaline treatment. However, low acyl GG requires
cationic ions to induce gelation [96,99]. A comprehensive comparison of physical

properties between both GG conformations can be seen in Table 2.

High acyl gellan gum (HAGG)

= [H3C\(O]os

O@Mc -
o) 0 OH
HOH,C
0 o)
A =5 0 0
o)
0:.:0 HCI) HO H
Glc GIcA Glc Rha
Low acyl gellan gum (LAGG)
OH
HOH20 s
B HOH,C \o .
HO
HC—T— " on
= -n

Glc GIcA Glc Rha

Figure 6. Molecular structure of both types of GG: Native/High Acyl (A) and Deacetylated/Low Acyl (B); Adapted
from [96].

Table 2. Analysis of differential properties in both High Acyl and Low Acyl GG; Adapted from [99].

HA Gellan Gum LA Gellan Gum
Hydration >80 °C >80 °C
Sequestrants No Yes
Hot viscosity Low Low
Gelling ions Not required Yes (mono or divalent or acid)
Setting temperature 50 °C-80 °C 25 °C—-60 °C
Melting Yes No (except Ioi]\: S)ilﬁl{;, strength and
Texture Soft, elastic Firm, brittle
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1.4.2. Gelation process

Gellan gum undergoes gel transition during heating and cooling of GG solutions
in the presence of enzymatic linkages, salts or pressure, with the gelation process being
classified as a phase transition [92,100]. The GG gelation process can be divided into
three main steps, based on the conformation GG adopts (Figure 7). First, GG is hydrated
at temperatures >80°C, yielding low viscosity solutions and ensuring proper GG
dissolution, with a coil shape [94,99]. Upon cooling in the transition zone (ranging from
30-50°C), a shift occurs transforming single-coil strands into a double helix
configuration, which is stabilized by interchain hydrogen bonding and Van der Waals
forces in the carboxylate groups of glucuronic acid residues [93,94,100]. Following, at
setting temperatures, the double helices will aggregate into cation induced junction
zones, forming a complex branched 3D network [100]. GGs gelling property is mainly
governed by the type and quantity of cations, pH, temperature and polymer
concentration [100]. Indeed, GG gels can be formed in pH ranges from 3.5 to 8. However,
it has been shown that lower overall net charge at low pH values diminishes electrostatic
repulsion between negatively charged chains and yields stronger gels [92]. Furthermore,
GG undergoes gelation in the presence of monovalent, divalent and trivalent cations.
Divalent cations appear to form stronger gels at lower concentrations than monovalent
cations. The aggregation effect induced by monovalent cations appears to revolve around
the screening of electrostatic repulsion between ionized carboxylate groups in GGs
backbone, whereas for divalent cations, a chemical bond occurs between salt ions and
two carboxylate groups in the glucuronate moiety, on top of the screening effect [96].
The presence of divalent cations during cooling also increases the total number of salt
bridges, improving gelling properties. Moreover, gel strength is intensified with
increases in polymer percentage. In addition, incorporation of sucrose or fructose into
the GG matrix can also boost overall gel strength, reduce the necessary ion concentration

and improve optical clarity [92].

W

Helix to branched \\‘
network E

—_—

Coil shape Helix Network

Figure 7. Schematic representation of the GG gelation process; Adapted from [94].
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1.4.3. Applications

Conventionally, GG was predominantly used in the food industry due to its
gelling, optical clarity and flavor release properties. The inherent thermal and acidic
stability over the pH range of most food products also made it attractive for products that
require rougher processing conditions [91,98,100,101]. Indeed, GG was incorporated
into jams, jellies, fillings, dairy products, fabricated foods and a wide array of other
confectionary and bakery products. Depending on the product, it acted as bulking,
structuring, texturizing and thickening agent. Additionally, it could be used as a stabilizer
and water-binding addictive, diminishing moisture fluctuations and inhibiting syneresis
and was widely used to replace starches, which caused a blunting effect on food flavor
[00—92,100]. Nowadays, it is also used as a preservative food additive, functioning as a
hurdle and minimizing the deterioration of minimally processed food products. To this
effect, GG has been incorporated into edible coatings and active packaging materials
[102—106]. GG gels are also applied in cosmetics and dental care industries, as they
function as emulsion stabilizers and suspenders in shampoos, and self-care products.
The shear thinning rheology of these gels are also responsible for enhanced lubrication
feel in lotions and creams. Similar to food, it is responsible for flavor release in toothpaste
formulations [90,107].

Recently, biomedical, pharmaceutical and biotechnological applications were
found for GG since it is a natural, biocompatible, biodegradable and abundant polymer.
Moreover, its anionic nature means that it can be suitable for in situ gelling systems. It
also possesses extraordinary mucoadhesive characteristics, with a structure rich in
functional groups, readily physically or chemically modified [108—111]. In biotechnology,
GG gels have been employed as an agar substitute to produce culture media for
microorganisms and plants [91,92]. Incorporation of GG in pre-existing systems can also
increase removal of uranium and nickel from contaminated bodies of water [112,113].
Similarly, a GG-based photothermal evaporator can promote desalination of polluted or
regular seawater [114]. Moreover, GG beads can encapsulate enzymes or cells to promote
degradation of environmental pollutants [115-117] or stimulate biosynthesis of
economically valuable goods [118—120].

GG-based materials have also been heavily explored in the formulation of drug
delivery systems. Indeed, due to such strong mucoadhesive features, GG has been mostly
targeted towards routes of administration where a mucous membrane is present, in
particular, the oral, nasal and ocular route. All of these routes are quite difficult to target,
since they either degrade both drug and delivery system in harsh stomach conditions, are
readily eliminated by the mucociliary clearance system or are expelled by rapid lid blink

and tear turnover, respectively, limiting residence times and biodistribution [121—125].
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However, in situ GG gelling systems can be administered to resist these clearance

mechanisms in ocular and nasal cavities. In regards to oral administration, GG gels have

high acidic stability and are not as affected by first pass metabolism, reaching intestinal

targets. Nonetheless, if upper gastrointestinal delivery is the goal, several GG floating

beads systems, incorporating effervescent materials or low density oils, have also been

reported that remain at the stomach and exert desired function. Some of these systems

are summarized in Table 3.

Table 3. Oral, ophthalmic and nasal GG-based drug delivery formulations and their application in the pharmaceutical

fields; Adapted from [97].

Formulation Drug Application
Oral formulations
GG beads Theophylline Phosphodiesterase inhibitor

In situ gelling system

In situ floating gelling system

Immediate release tablets

GG tablets

GG beads coated with chitosan

Oil filled GG buoyant beads blended by Carbopol
934 or HPMC

Microcapsules of GG and egg albumin

Acrylamide-grafted GG tablets

Carboxymethyl GG beads

Propranolol hydrochloride
Cephalexin

Metformin hydrochloride
Amoxicillin

Glipizide

Rifabutin

Theophylline
Paracetamol

Amoxicillin
Metoclopramide
Metronidazole
Amoxicillin
Clarithromycin
Diltiazem-resin complex
Metformin hydrochloride

Metformin

Beta-blocker

Antibiotic

Antidiabetic

Antibiotic

Type 2 diabetes mellitus
Antibiotic
Phosphodiesterase inhibitor
Analgesic, antipyretic
Antibiotic

Antidiabetic
Antibacterial

Antibiotic

Antibiotic
Antihypertensive
Antidiabetic

Antidiabetic

Ophthalmic formulations

In situ ophthalmic solution

Sezolamide, dorzolamide
Pilocarpine
Timolol maleate

Indomethacin
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Carteolol hydrochloride Anti-glaucoma
Pefloxacin mesylate Antibiotic
Piroxicam Anti-inflammatory

Gatifloxacin sesquihydrate ~ Antibiotic

Timolol maleate Anti-glaucoma
Gatifloxacin Bacterial conjunctivitis
Matrine

In situ ophthalmic nanoemulsion Terbinafine hydrochloride Fungal keratitis

Ocular insert Ciprofloxacin Bacterial conjunctivitis
hydrochloride

Sustained delivery ophthalmic system Methylprednisolone

Soluble bioadhesive ocular insert Gentamicin Antibiotic for veterinary use

Albumin nanoparticles with GG for ophthalmic Pilocarpine Anti-glaucoma

use

Nasal formulations

In situ nasal gel Fluorescein dextran Epithelial uptake testing
Scopolamine Nausea, motion sickness
hydrobromide
Momethasone furoate Anti-inflammatory
Dimenhydrinate Motion sickness

Intranasal microparticles Metoclopramide Antiemetic

GG microspheres Sildenafil citrate Erectile dysfunction

Over the last years, GG has also been investigated in tissue engineering in virtue
of its biocompatibility, biodegradability and structural similarity to native
glycosaminoglycans [96]. However, bare GG has weak mechanical strength, poor bone
induction and smooth gel surface, thereby, lacking binding sites for cells. Incorporation
of polymers, nanoparticles, demineralized bone powder or adhesion signaling peptides
into GG biomaterials can tailor these composites to mimic the extracellular matrix,
matching the mechanical properties of native tissue [126—130]. Moreover, GG hydrogels
are characterized as superabsorbent materials that can absorb excess exudate and
provide moisture to lesions [131]. Indeed, these GG scaffolds have been used as wound
dressings, in cartilage repair and in bone defects. To further aid recovery, these scaffolds

can also be loaded with cells [132], growth factors [133] and antibacterial agents [134].
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Our research group demonstrated the suitability of GG to function as a
chromatography matrix, since it is porous, hydrophilic, with high binding capacity and
low unspecific adsorption [135]. Additionally, we have also shown that GG microspheres
crosslinked with divalent cations can successfully capture soluble proteins and pDNA
directly from complex lysates of Komagataella pastoris and Escherichia coli,

respectively [136,137].
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Chapter 2 - Objectives

The capture of proteins from lysates using microparticles has been successfully
documented in the literature. Our research group demonstrated the aptness of nickel-
and magnesium-crosslinked GG microspheres to capture soluble catechol-O-
methyltransferase. Further reports focus several other systems for the capture of
cytokines, antibodies and growth factors. However, to date and to the best of our
knowledge, there is no adsorption GG-based scheme for the capture of membrane

proteins.

In this manner, the goal of this work is the capture of the highly relevant membrane
protein, STEAP1, using GG microspheres reinforced with divalent ions. This major

objective was sectioned in three main portions, aiming to:

1. Produce GG microspheres through a water-in-oil emulsification method and
crosslinking with an appropriate divalent cation.

2. Assess the proper formation of GG microspheres and confirm the incorporation
of crosslinker, through semiotic microscopy, scanning electron microscopy
(SEM), energy dispersive X-ray spectroscopy (EDX) and Fourier-transformed
infrared spectroscopy (FTIR).

3. Application of GG microspheres batch method to capture STEAP1 from a
complex Komagataella pastoris lysate.

4. Optimize relevant operational and environmental parameters, namely, detergent
solubilization, total protein content per batch, microsphere ratios and elution

profiles.
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Chapter 3 - Experimental

3.1. Materials

Ultrapure reagent-grade water utilized in all solutions was obtained from a Milli-
Q system from Millipore/Waters. Gellan Gum (Gelzan™, Gelrite®), glass beads,
bromophenol blue, 2-(N-Morpholino)ethanesulfonic acid (MES) hydrate, MES sodium
salt, lysozyme and deoxyribonuclease I (DNase) were purchased from Sigma-Aldrich Co.
(St. Louis, MO, USA). Tris-base, tween-20, glycine, imidazole, sodium chloride (NaCl),
nickel chloride hexahydrate (NiCl,.6H,O) and methanol were obtained from
ThermoFischer Scientific (Waltham, MA, USA). Calcium Chloride dihydrate
(CaCl,.2H,0) and sodium dodecyl sulfate (SDS) were acquired from PanReac Applichem
(Darmstadt, Germany). Bis-Acrylamide/Acrylamide 40% and NZYColour Protein
Marker II were obtained from GRiSP Research Solutions (Oporto, Portugal) and
NZYTech (Lisbon, Portugal), respectively. B-mercaptoethanol and N,N,N’,N’-
Tetramethylethylenediamine (TEMED) were acquired from Merck (Darmstadt,

Germany). All other reagents and supplies were of analytical grade.

3.2. Gellan microspheres production

Gellan Gum microspheres were formulated through a water-in-oil (W/O)
emulsion technique formerly optimized by our group through a design of experiments
approach [138]. Briefly, 20 mL of a 1.41% GG solution was heated to 90°C, at 300 rpm
for 15 min, to ensure polymer dissolution. Then, the GG solution was transferred to a
syringe and was extruded dropwise. The syringe was coupled with a 21G needle and
attached to a syringe pump (Harvard Apparatus, UK). The flow rate was fixed at 75
pL/min and the solution was dripped from a height of approximately 20 cm into a 100%
vegetable cooking oil, previously heated to 100°C and constant stirring rate of 750 rpm.
Following, the microspheres were crosslinked with either Ca2* or Ni2*, by the addition of
a 200 mM solution to the emulsions at room temperature for a total of 30 min,
maintaining 750 rpm. Next, non-utilized oil and crosslinker fractions were removed in a
vacuum filtration system with 11  um pore size filter paper (VWR, USA), and
microspheres were washed with 70% ethanol. Finally, GG microspheres were dried with

water and stored in 10 mM MES buffer pH 6.2, at 4 °C until the completion of batch runs.
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3.3. Gellan microspheres characterization

3.3.1. Semi-Optical Microscopy analysis

Average diameter of GG microspheres was calculated through semi-optical
microscopy. Therefore, microspheres in a hydrated state were seated into microscope
slides and visualized at 10x magnification. Six different images (n = 6) consisting of a

total of 46 measurements were obtained and the mean diameter was assessed.

3.3.2. Scanning Electron Microscopy (SEM) analysis

GG microspheres surface morphology was evaluated through SEM, using a
Hitachi S-3400 N microscope (Tokyo, Japan). The microspheres were placed and
carefully distributed onto an aluminum support with a carbon base and frozen at -20 -C.
Then, several magnifications were explored to acquire representative images, with a

backscattered electron (BSE) 3D detector.

3.3.3. Energy Dispersive X-ray Spectroscopy (EDX) analysis

The elemental composition of formulated microspheres was assessed by energy
dispersive X-ray spectroscopy to identify major chemical components and to confirm the
incorporation of crosslinker ions. Hence, microspheres still frozen, post SEM snapshot

acquisitions, were analyzed via a QUANTAX 400 detector (Bruker, USA).

3.3.4. Fourier-Transformed Infrared Spectroscopy (FTIR) analysis

FTIR was conducted to gauge the suitable formation of GG microspheres and to
ensure divalent ion crosslinking. In order to determine these conditions, samples were
lyophilized, and spectra were acquired using a FTIR spectrophotometer (Nicolet iS10,
ThermoFischer Scientific) for both GG powder and GG microspheres. Spectra were
collected operating in ATR mode with an average of 120 scans on wavenumbers ranging
from 400-4000 cm, at a resolution of 32 cm, and the equipment was managed in the
OMNIC Spectra software (ThermoFischer Scientific).

3.4. Mini-bioreactor production of recombinant human
STEAP1

The production of recombinant human STEAP1 was performed as described by
Duarte and coworkers [49]. In brief, Komagataella pastoris X-33 Mut* were selected at
30°C on YPD plates. Then, a single colony was transferred to Erlenmeyer shaker flasks
containing 100 mL of BMGH medium. Pre-fermentation culture was grown overnight at
30°C and 250 rpm, until optical density reached a value between 5-6. Next, an

appropriate volume was collected in an equivalent amount to an ODeoonm 0f 0.5 and was
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placed into 750 mL reactor vessels with 250 mL of BSM medium supplemented with
SMT and Zeocin™. STEAP1 biosynthesis process was divided into 3 main stages. In the
first stage, a standard batch took place until full depletion of glycerol, which is detected
by a sharp rise in dissolved oxygen. Second, in order to improve biomass levels, a glycerol
fed-batch phase was carried out for 2h. The fed-batch was coupled with a 1h transition
phase, characterized by the injection of methanol into the feed to accustom fermenter
culture to a new carbon source. Finally, performing a methanol feed strategy induced the
AOX promoter and stimulated the expression of recombinant human STEAP1

(rhSTEAP1). The cells were separated by centrifugation for 10 min at 1500g and 4-C.

3.4.1. STEAP1 recovery

In order to extract STEAP1, pelleted cells were resuspended in lysis buffer (50
mM Tris, 150 mM NaCl, pH 7.8 supplemented with a protease inhibitor cocktail).
Lysozyme (1 mg/mL) was added to the mix, and enzymatic digestion took place at room
temperature for 15 min. Then, the mix was added to a falcon containing glass beads in a
ratio of 1:2:2 (1g biomass, 2 mL of lysis buffer and 2g of beads). Partially digested cells
were further mechanically lysed through seven 1 min vortex cycles, interleaved by 1 min
incubations on ice. Next, both cell debris and beads were separated by a 5 min 500g
centrifugation at 4°C. The protein pellet was resuspended in lysis buffer supplemented
with DNase (1 mg/mL) and centrifuged at 16000g for 30 min at 4°C. Following discard
of the supernatant, the pellet was resuspended in the binding buffer correspondent to

the following batch method capture step.

3.5. Batch method for the STEAP1 capture
The batch method employed for the capture of rhSTEAP1 was adapted from the

batch described by Gomes and coworkers for the capture of the soluble isoform of
catechol-O-methyltransferase [136]. First of all, GG microspheres were equilibrated with
the proper buffer for the capture step. The batch itself was represented by three main
stages: Binding, Washing and Elution. The binding or capture step was initiated by the
addition of 6 mL of diluted lysate to an appropriate volume of microspheres, ranging
from 20 to 35 mL. This step was carried out for 4h, at 4°C under gentle tube agitation,
followed by a centrifugation at 500g for 8 min and recovery of the supernatant. Ensuing
washing and elution steps followed the same workflow with a total cycle length of 1h. The
batch was applied to calcium- and nickel-crosslinked GG microspheres. For calcium, an
ionic exchange strategy was chosen, by manipulation of pH and ionic strength (ranging
from 6.2 to 11 and 0 mM to 500 mM NacCl, respectively) to recover STEAP1. In regards
to nickel, an affinity strategy mimicking Immobilized Metal Affinity Chromatography
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(IMAC) was used, wherein STEAP1 would bind to the microspheres through its 6xHis-
Tag and be eluted by several increasing imidazole concentrations, ranging from 5 mM to
500 mM. Fractions recovered from each stage were concentrated and desalted with
Vivaspin concentrators (10,000 MWCO) and stored at 4°C until further purity or

immunoreactivity analysis.

3.6. Co-Immunoprecipitation

Clarified and pre-purified samples recovered from the batch method were
coupled with a Co-Immunoprecipitation (Co-IP) polishing step. Co-IP was performed
following manufacturer's protocol for Protein A/G PLUS-Agarose Immunoprecipitation
Reagent (sc-2003, Santa Cruz Biotechnology, Dallas, TX, USA) with slight modifications.
Succinctly, samples containing STEAP1 were incubated for 1h at 4°C with anti-STEAP1
mouse monoclonal antibody (B-4, Santa Cruz Biotechnology, Dallas, TX, USA). Then, an
appropriate volume of agarose beads was added and overnight incubation under
constant stirring was conducted. The formed conjugated complexes were recovered by
centrifugation at 1000g for 5 min at 4°C. After discarding the supernatant and washing
the conjugates with PBS, the pelleted complexes were resuspended in electrophoresis
loading buffer (refer to section 3.7). The agarose beads were removed from the antibody-
STEAP1 complexes by the combinatory effect of sample boiling at 100°C and 5% (v/v) B-

mercaptoethanol .

3.7. SDS-PAGE and Western Blot
Reducing SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) was performed

according to the Laemmli method [139]. Briefly, samples recovered from batch runs were
boiled for 5 min at 100°C and resolved in duplicate 12.5% SDS-PAGE gels at 120V. One
gel was stained with Coomassie blue, whereas the other was transferred into a PVDF
membrane (GE Healthcare,Wauwatosa, WI, USA) at 750 mA for 90 min at 4°C. A 5%
non-fat milk solution was used to block the membranes for 1 h, followed by overnight
incubation with anti-STEAP1 mouse monoclonal antibody 1:300. The next day,
membranes were incubated for 2 h with goat anti-mouse IgG-HRP 1:5000 (sc-2005,
Santa Cruz Biotechnology, Dallas, TX, USA), and STEAP1 was detected with ChemiDoc™
MP Imaging System after incubation with ECL substrate (Bio-Rad, Hercules, CA, USA).
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3.8. Total protein quantification

The total protein content in the lysates and samples was quantified by Pierce BCA
Protein Assay Kit (ThermoFischer Scientific), following manufacturer's protocol with
slight modifications. Briefly, 19 uL of water, 1 uL of sample and 80 uL of working reagent
(50:1; A:B) were added to a 96 well microplate, in triplicate. The volume in the wells was
homogenized by gentle shaking of the microplate and was incubated in the dark at 37°C
for 30 mins. Subsequently, absorbance values were read at 562 nm in an xMarkTM
Microplate Absorbance Spectrophotometer (Bio-Rad, USA). Calibration curves were

built for MES and Tris buffer, using Bovine Serum Albumin (BSA) as standard, with

concentrations ranging from o to 1.2 mg/mL (MES - Figure 8 ; Tris - Figure 9).
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Figure 8. Standard curve of BSA concentration vs absorbance at 562 nm for MES buffer.

05
0.45 .
0.4

035 .

=)
w
®

y =0.0344x+0.0271
0.25 ® R*=0.9796

Absorbance
=]
%]

0.15

0.05

0®
0 2 - 6 8 10 12

[BSA] (ug/pL)

Figure 9. Standard curve of BSA concentration vs absorbance at 562 nm for Tris buffer.
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Chapter 4 — Results and Discussion

4.1. GG microspheres production

Emulsion-based techniques have become a prevalent production method for
microspheres and microcapsules for a variety of applications. They can be divided into
water-in-oil (W/0), oil-in-water (O/W) or more intricate systems, such as W/O/W or
O/W/0O, among others [140]. W/O emulsions occur when blending two immiscible
liquids, an oil phase with an aqueous phase, which usually is the polymeric solution.
Often, the aqueous solution is dispersed in the continuous organic phase. Upon reaching
equilibrium, gel formation is initiated by either cooling, addition of ions, acids, bases or
cross-linking agents [140,141]. O/W emulsions function in the same manner, but the
dispersed and continuous phases are reversed. After curing, beads are recovered and
washed. Emulsion methods produce microspheres with “large” diameters and large size
distribution. On the other hand, these techniques are quite advantageous for industrial
applications, as they are easy to scale-up [141]. As previously discussed, the GG gelation
process is dependent on cooling and introduction of multivalent cations to induce helical
aggregation and subsequent flocking to junction zones, to form the higher structured
branched 3D network [94,100]. GG gelation requirements seem to merge seamlessly
with the emulsion methodology.

Here, GG microspheres were produced by a W/O emulsification method, which
had been previously optimized by our research group to yield microspheres with the
lowest mean diameter possible (Figure 10; [138]), as described in section 3.2. These GG
microspheres were reinforced with 2 different ions. First, nickel was selected since our
research group had determined this divalent ion granted the best capture and
purification for the soluble COMT, through a similar batch approach [136]. Second,
calcium was selected because it is the most used GG crosslinker in the literature, with
proven results in drug delivery [142], bioremediation [116] and biosynthesis [118,119].
Since nickel-crosslinked GG microspheres had already been extensively characterized by
our group in previous work, they were excluded from further characterization. In
contrast, calcium-crosslinked microspheres produced through W/O emulsion were
characterized through semi-optical microscopy, SEM, EDX and FTIR to assess size,

morphology and chemical composition, respectively.
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Figure 10. Schematic Representation of GG microspheres production through W/O emulsion.

4.2. GG microspheres characterization

4.2.1 Semi-optical microscopy analysis of GG microspheres

Gellan gum microspheres were analyzed through semi-optical microscopy in
order to assess the mean diameter. So, six images (n = 6) were acquired with a total of
46 measurements for calcium-crosslinked GG microspheres. Representative snapshots
can be found in Figure 11 and measurements are displayed in Table 4. The mean
diameter obtained for calcium-crosslinked GG microspheres was of 330.37 £11.38 um,
whereas nickel-crosslinked GG microspheres had previously been described with a mean
diameter of 239.06 + 5.43 um [136]. Both values are lower than microspheres produced
through the standard ionotropic gelation method, which can often produce beads in the
mm range [109,143]. This result is relevant, since with a decrease in size, it is expected
an increase of surface contact area, which could benefit the adsorption capacity of GG
microspheres [88]. Abbas and Marihal reported calcium-crosslinked GG beads with sizes
between 24.86 + 1.34 um and 52.42 + 1.03 um produced through a similar W/O emulsion
approach. However, their purpose was the nasal administration of Almotriptan, and
intranasal delivery requires lower size particles, which is why they employed 1800 rpm
in the extrusion process [142]. In this work, going lower in size could be detrimental due
to colloidal instability [89], which could compromise the adsorption protein profiles of
GG adsorbent microspheres. Furthermore, from the get-go nickel-crosslinked GG
microspheres have nearly 100 um less in total size, which could mean they have higher

potential to capture STEAP1 in the batch method, due to increase in specific surface area.
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Figure 11. Representative snapshots of calcium-crosslinked GG microspheres obtained through semi-optical

microscopy.

Table 4. Measurement and mean diameter obtained for calcium-crosslinked GG microspheres.

Snapshot Measurements (um) Average Diameter (um)
1 305.04 417.9 332.79
234.79 408.77
316.31 313.94
2 262.03 412.06 336.63
219.4 388.01
412.32 325.98
3 388.73 358.53 350.75
245.68 369.99
318.71 507.78
366.53 156.94
443.87
4 262.94 328.43 323.18
406.04 250.02
305.84 302.48
406.52
5 363.32 396.33 323.09
536.6 404.31
418.37 359.51
207.05 204.25
148.4 231.12
284.73
6 244.46 351.61 315.78
255.98 392.02
391.75 287.67
286.96
Total 330.37 £+ 11.38
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4.2.2 SEM analysis of GG microspheres

The morphology and geometry of GG microspheres was determined by SEM.
Snapshots collected for calcium-crosslinked GG microspheres are represented in Figure
12. Snapshots for nickel-crosslinked GG microspheres were adapted from [136] and are

illustrated in Figure 13. Both types of microspheres present a consistent and uniform

structure with spherical shape. In regards to calcium-crosslinked GG microspheres, at

Figure 12. SEM images of calcium-crosslinked GG microspheres at X100 magnification (A) and x200 magnification

(B).

Figure 13. SEM images of nickel-crosslinked GG microspheres at x100 magnification (A) and x200 magnification (B);
Adapted from [136].

first glance (x100 magnification; Figure 12. A) it appears that the microspheres are
slightly rugous, however when taking a closer look at x200 magnification, it becomes
evident that the surface is in fact smooth with no apparent pores, cavities or cracks. In
turn, nickel-crosslinked GG microspheres present obvious rugosity and some cavities.
Our group has already reported the morphology of magnesium- and copper-crosslinked
GG microspheres and their morphology is closer to that of the nickel-GG microspheres,

which might suggest a differential effect of calcium ions for GG topology [136,137].
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Similar to calcium-crosslinked beads, nickel-crosslinked GG microspheres are also
lacking in large pores, which suggest that STEAP1 binding in batch runs should occur
almost exclusively at the surface of microspheres. Moreover, as opposed to GG beads
produced by Bhattacharya and collaborators [144] and by Patil and coworkers [145]
through ionotropic gelation, GG microspheres produced through W/O emulsion are
absent of sharp edges, which reduces the possibility of occurrence of the “egg-beater
effect”, during batch runs [83]. In contrast, morphology of GG microspheres produced
by Abbas and Marihal through W/O emulsion is in accordance with presented results in

Figures 12 and 13 [142].

4.2.3 EDX analysis of GG microspheres

In sequence to SEM analysis, GG microspheres were subjected to EDX in order
to uncover the main elemental composition of GG formulations and to confirm the
success of the crosslinking step. Obtained results are listed in Table 5, being expressed
in normalized concentration by weight percentage (C norm. [wt%]) and in atomic

concentration by atomic percentage of each element (C atom. [at%]).

Table 5. Elemental Composition of GG microspheres through EDX.

Element Calcium-crosslinked GG microspheres Nickel-crosslinked GG microspheres
C norm. [wt%] C atom. [at%] C norm. [wt%] C atom. [at%]
Carbon 31.87 38.72 39.19 47.13
Oxygen 66.54 60.70 57.73 52.12
Calcium 1.59 0.58 -
Nickel - - 3.08 0.76
Total 100.0 100.0 100.0 100.0
Ref. - [136]

GG is composed of repeating carbohydrate units (-D-glucose, 3-D-glucuronic
acid and a-L-rhamnose) [96,97], so it is not a surprise that >95% of its constitution is
carbon and oxygen. Both types of microspheres incorporated the crosslinking ions,
confirming success of the crosslinking stage, however nickel-crosslinked GG
microspheres seem to have nearly a two fold higher ion% (C norm. [wt%] : 1.59% vs
3.08%; calcium vs nickel). Interestingly, when comparing calcium-, nickel-, magnesium-
and copper-crosslinked GG microspheres produced through the same W/O emulsion by
weight normalized crosslinker percentage, it appears that transition metals ions are
integrated at higher percentages than alkaline earth metals in the following order:

Copper > Nickel > Calcium > Magnesium (9.33 > 3.08 > 1.59 > 1.04) [136,137]. The
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higher %uptake of crosslinker can result in tighter and more compact network gels,
which in turn, might justify the smaller mean diameter observed for nickel-crosslinked

GG microspheres [109].

4.2.4 FTIR analysis of GG microspheres

FTIR analysis was conducted to evaluate the chemical profile of GG after
microsphere formulation and to detect the interaction between GG and crosslinker ions.
As aresult, FTIR spectra were obtained for both GG powder and calcium-crosslinked GG
microspheres and are represented in Figure 14. The GG powder spectrum showed
characteristic peaks at 3333 cm, assigned to the stretching of the hydroxyl groups (-OH)
from glucopyranose rings. Furthermore, the peak at 2912 ¢cm™ is attributed to -CH
vibrations. Both peaks at 1605 cm™ and 1400 cm™, correspond to carboxylate anions
(COO). The peak at 1026 cm™ is related to hydroxylic C-O stretching [108,146]. The
calcium-crosslinked GG microspheres spectrum exhibited analogous peaks with slight
variations in absorbance. For instance, the rise of a peak at 1743 cm™ and the
disappearance of the peak at 1400 cm™ is indicative of an interaction between the
carboxyl groups from GG with calcium ions. This finding is in line with the theoretical
gelation process, wherein divalent cations form chemical bonds with two carboxylate
groups in the glucuronate moiety [96]. Further, absorbance loss of the peak at 3333cm™
might suggest that calcium can also bind in the glucopyranose rings of glucose. It appears
that multiple points of GG are involved in the coordination and binding of calcium ions
and the differences in FTIR spectra seem to verify EDX findings and corroborates the

incorporation of calcium as a crosslinker in gellan.
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Figure 14. FTIR Spectra (Absorbance vs Wavenumber) of calcium-crosslinked GG microspheres (A) and GG powder

(B).

4.3. Batch method for the capture of STEAP1

The batch method consists of three main sequential steps: Binding, Washing and
Elution. To capture STEAP1 through the batch method, we planned to take advantage of
the high STEAP1 isoelectric point of ~9.2 (Compute pI — Expasy; SIB) to isolate it from
the rest of the Komagataella pastoris proteome with an average isoelectric point of 6.46
(Proteome-pl database; [147]). The listed Komagataella pastoris strain in the Proteome-
pI database is strain GS115, and although we used Komagataella pastoris X33 Mut* we
did not expect major changes in overall proteome pl, since X33 is derived from strain
GS115 [148]. The initial batch approach for both calcium- and nickel-crosslinked
microspheres was an ionic exchange strategy. The initial binding step was designed at
pH 6.2, wherein GG would always present a negative charge (pKa = 3.5; [149]) and
STEAP1 would present a net positive charge and adsorption would take place mostly by
electrostatic attraction, by incubation at 4°C for 4h. Then, a centrifugation step of 500g
8 min would be conducted to recover the supernatant, representing the protein fractions
that did not bind to GG microspheres. Subsequently, 10 mM Tris buffer at pH 8 would
be added and incubation for 1 h would take place. Since the average plI of K. pastoris is
6.46, at pH 8 it was expected for a great deal of impurities to be removed from the bound

protein fraction. Next, at pH 9.2 or pH >9.2 a clarified and partially purified STEAP1
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fraction would be recovered either by charge neutralization or charge repulsion,
respectively. Indeed, this strategy was employed in our Initial Batch and can be seen in
Figure 15. Curiously, in all batch steps there was no STEAP1 migration in SDS-PAGE gels
and only large molecular weight bands >245 kDa were observed. This is in contrast to
initial control lysates, which distribute STEAP1 mostly in ~63 kDa, but also in ~48 kDa
and ~35 kDa [73], and since the GG microspheres were the only new component added,
we can only assume that STEAP1 had a tendency to form complexes with GG
microspheres, and in turn, potentially aggregate. Tsuji had previously reported that
sample boiling previous to Western blot for other membrane proteins (DMT1 and
ferroportin 1) resulted in aggregation and in similar large molecular weight bands [150].
To discard this option, samples were injected into SDS-PAGE gels without boiling by
leaving them at room temperature for 5 min (Figure 16). As can be seen, the lysate that
was boiled at 100 °C for 5 mins presents STEAP1 at ~63 kDa, whereas the samples from
the batch method present the same large molecular weight bands, with or without
boiling, which suggests that this phenomenon occurs during the batch runs, and it is not
dependent on temperature aggregation when preparing the samples for analysis by
Western-Blot. Nevertheless, to improve STEAP1 stability during batch runs a series of

optimizations were in order.
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Figure 15. SDS-PAGE and Western-blot of the recovered supernatants from the initial batch for both calcium and nickel crosslinked
microspheres (35 mL GG microspheres for both ions represented). MW — molecular weight; | — Sample that did not bind to GG microspheres
at 10 MM MES pH 6.2; 1l — Wash step with 10 mM Tris pH 8; 111 — Elution step with 10 mM Tris pH 9.2; IV — Elution Step with 10 mM
Tris pH 11; Arrows indicate STEAP1 complexes.
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Figure 16. Western-blot of a representative control lysate and of the recovered supernatants from the
initial batch for calcium crosslinked microspheres (35 mL GG); | — Sample that did not bind to GG
microspheres at 10 mM MES pH 6.2; Il — Wash step with 10 mM Tris pH 8; |1l — Elution step with
10 mM Tris pH 9.2; IV — Elution Step with 10 mM Tris pH 11.

4.3.1 Optimizations of the STEAP1 batch method

Solubilization of membrane proteins is essential for appropriate stabilization and
conformation [151,152]. In this manner, a handful of mild nonionic detergents that our
group had previously tested for STEAP1 solubilization were selected (unpublished data).
These nonionic detergents were chosen because they are non-denaturant and retain
biological function and native conformation of membrane proteins, as opposed to
zwitterionic and ionic detergents which are harsher and can lead do deactivation or
denaturation of membrane proteins, respectively [151,153]. So, after the cell recovery
process described in the experimental section, pelleted lysate acquired after the 16000g
centrifugation was resuspended in 10 mM MES buffer at pH 6.2 with addition of 0.1%
(v/v) of either of 5-Cyclohexyl-1-Pentyl-B-D-Maltoside (CYMAL-5), n-Decyl-B-D-
Maltoside (DM), Nonidet P-40 (NP-40) or Genapol X-100 (GEN). Results are depicted
in Figure 17.A, and it is clear that DM solubilized STEAP1 showed the highest band
signal. By signal intensity, CYMAL-5 is better than NP-40, which subsequently is better
than GEN in STEAP1 solubilization. This indicates that Maltoside-based detergents are
better at solubilizing the target protein. In fact, the differential performance between
CYMAL-5 and DM could be attributed to different Critical Micellar Concentrations
(CMC). For DM this value equates to 0.087%, while for CYMAL it is equal to 0.12%
(Anatrace D322 and C325; CMC in water). The fact that we were working at 0.1% (v/v),
above DMs CMC, definitely benefited it from a solubilization standpoint. Furthermore,

it is not good practice to include excessive amounts of detergent in purification steps, as
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this can influence subsequent biointeraction and structural characterization protocols.
For instance, detergents present in protein samples can interact with dyes in thermofluor
assays [154]. Therefore, DM was considered the best detergent for solubility purposes

and was included at 0.1% (v/v) in all buffers for subsequent batch runs.

1 W «——— SsTEAP1 (63 kDa)

1:4 1:6 1:8 1:10

1:12 1:14 1:16 1:20

Figure 17. Detergent Screening for STEAP1 solubilization; lysates were resuspended in 10 mM MES pH 6.2 with
addition of 0.1% of CYMAL-5, DM, GEN or NP-40; control represents unsolubilized lysate sample (A) and Initial
batch lysate dilution screening following a simple three step sequence per dilution: Binding — 10 mM MES pH 6.2;
Washing — 10 mM Tris pH 8; Elution — 10 mM Tris pH 11 (B).

When planning the Initial Batch, the initial lysate dilution of 1:4 was adapted
from Gomes and coworkers [136]. However, in the present work, the production was
done in a bioreactor, which yields 4-5x more total protein concentration, with an average
of ~43 mg/mL. And since large molecular weight bands exceeding 245 kDa were found,
it was necessary to evaluate if the initial lysate concentration was too high and led to
aggregation. Thus, a shortened batch was carried out with a total of 3 steps with the
following conditions: Binding — 10 mM MES pH 6.2; Washing — 10 mM Tris pH 8;
Elution — 10 mM Tris pH 11. This 3 steps batch was applied to varying lysate dilutions
from 1:4 to 1:20 (~10.75 to ~2.15 mg/mL of total protein concentration). The results are
depicted in Figure 17.B. Indeed, similar to the Initial Batch a dilution of 1:4 forms large
molecular weight complexes and is inadequate to proper analysis. Starting from 1:6 (~7
mg/mL) forward, some migration of STEAP1 was observed to the ~63 kDa molecular

weight matching the control lysate. Moreover, these large complexes are present
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throughout the whole dilution range, even at 1:20 (~2.15 mg/mL). This is odd, since a
1:20 dilution should be dilute enough to not cause such meaningful aggregation. In light
of this information, we began to suspect that aggregation could play a part in the
formation of the large molecular weight complexes but was not the main cause. Indeed,
these results seem to indicate the formation of a polysaccharide-protein interaction.
Nevertheless, since a dilution of 1:6 is sufficient to migrate STEAP1 to the appropriate
molecular weight in Western Blots and since it allows us to process the highest amount
of protein per batch run (~7 mg/mL), this was selected as the appropriate starting
protein concentration. Application of parameters determined from both the detergent
and lysate dilution screenings in combination in an Optimization Batch can be seen in
Figure 18. When applying optimized parameters, the great majority of STEAP1 was
bound to the microspheres at pH 6.2 in 10 mM MES buffer, with minimal losses in the
washing step at pH 8 in 10 mM Tris. The clarified STEAP1 fraction was eluted at pH 9.2
in 10 mM Tris (line III), by charge neutralization. However, charge neutralization was
not enough to recover all of STEAP1, since a smaller fraction was only recovered at pH
11 in 10 mM Tris (line IV), by charge repulsion. Moreover, up until this point 2 distinct
microsphere ratios were being tested. On one side, a ratio of 20 mL GG microspheres to
6 mL binding buffer and on the other, 35 mL GG microspheres to 6 mL binding buffer.
It becomes clear when analyzing the data that the samples recovered from the batch with
35 mL of calcium-crosslinked GG microspheres exhibit much stronger signal and better
binding results. For this reason, this condition was selected for further batch analysis.
Moreover, STEAP1 was found divided between ~35, ~48 and ~63 kDa. However, this is
not a concern, since it has previously been reported that the small aggregates at ~48 and
~63 kDa are derived from the upstream production steps [73]. Kim and coworkers went
as far as to refer to them as the dimeric and trimeric STEAP1 [23]. Another relevant
observation is that although complexation was diminished, it is still present, and it seems

to mimic the intensity of total STEAP1 concentration in each batch step.
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Figure 18. SDS-PAGE and Western-blot of the recovered supernatants from the Optimization Batch for calcium-crosslinked GG
microspheres (20 and 35 mL GG microspheres); | — Sample that did not bind to GG microspheres at 10 mM MES pH 6.2; Il — Wash step
with 10 mM Tris pH 8; 111 — Elution step with 10 mM Tris pH 9.2; IV — Elution Step with 10 mM Tris pH 11.

4.3.2. Affinity strategy for STEAP1 capture

In the Optimization Batch, similar results were observed for both types of
microspheres (Appendix 1), so it would be redundant to carry out the same approach for
both calcium- and nickel-crosslinked GG microspheres. As an alternative, nickel-
crosslinked GG microspheres were used in an affinity strategy to capture STEAP1
through its His-Tag, mimicking interaction mechanisms of a traditional IMAC column,
wherein addition of imidazole to the elution buffers would act as a competing agent to
the Histidine residues and promote STEAP1 desorption. In this assay, pH was fixed at
the pI of ~9.2, to eliminate as much as possible any electrostatic interaction. As
previously discussed, some degree of complexation was still present even after the
optimization of batch parameters. Therefore, a moderate amount of salt was added to
the batch buffers, in an attempt to stimulate a slight salting-in effect to promote the
stabilization of STEAP1. A similar salt stabilization methodology was previously reported
for Rhodopsin, a structurally similar transmembrane protein [155]. Furthermore, the
introduction of salt would also assist in blocking electrostatic interactions in the binding
step. Internal data acquired from the purification of STEAP1 in a nickel IMAC column
following an imidazole stepwise profile (10 mM; 50 mM; 175 mM; 300 mM and 500 mM
of imidazole) demonstrated that STEAP1 would be eluted at 175 mM imidazole and
higher (unpublished data). Taking this into consideration, a four-step affinity batch was
constructed with a binding step consisting of 10 mM Tris pH 9.2 supplemented with 150
mM NaCl and 5 mM imidazole. This small imidazole concentration was added to prevent

binding of host proteins with a large amount of exposed histidine residues [156]. Next,
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three consecutive elution steps were included with increasing amounts of imidazole
concentration, specifically, 175, 300 and 500 mM imidazole. Results from the four-step
affinity batch are displayed in Figure 19. It appears that the great majority of STEAP1
was bound to the nickel-crosslinked GG microspheres through an affinity approach, and
alike to the IMAC profile, STEAP1 starts eluting at 175 mM imidazole. Though, 175 mM
imidazole appears to not be enough to elute all of STEAP1 since the target protein is

distributed evenly throughout all elution steps of 175, 300 and 500 mM imidazole.
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Figure 19. SDS-PAGE and Western-blot of the recovered supernatants from the four-step affinity batch with nickel-
crosslinked GG microspheres; | — Sample that did not bind to GG microspheres at 10 mM Tris pH 9.2 with 150 mM NaCl
and 5 mM imidazole; Il — Wash step with 10 mM Tris pH 9.2 with 150 mM NaCl and 175 mM imidazole; 111 — Elution step
with 10 mM Tris pH 9.2 with 150 mM NaCl and 300 mM imidazole; IV — Elution step with 10 mM tris pH 9.2 with 150
mM NaCl and 500 mM imidazole.

Furthermore, when looking at SDS-PAGE lanes II-1V, there is still quite a high density
of endogenous host proteins being bound through the affinity approach, which was not
expected. In order to address both issues, a three-step condensed batch was developed
with the following scheme: Binding — 10 mM Tris pH 9.2 with 150 mM NaCl and 5 mM
imidazole; Washing — 10 mM Tris pH 9.2 with 150 mM NaCl and 50 mM imidazole;
Elution — 10 mM Tris pH 9.2 with 150 mM NaCl and 500 mM imidazole. With these
conditions, it was expected to still bind all of STEAP1, wash non-specific bound
endogenous impurities with 50 mM imidazole and then elute all of STEAP1 in a single
step with 500 mM imidazole, which was the highest imidazole concentration in the four-
step affinity batch. Results from the condensed batch are highlighted in Figure 20. In
resemblance to the previous four-step batch, nearly all of STEAP1 was bound. However,
at a 50 mM imidazole concentration over half of STEAP1 was being eluted, which is quite

a distinct profile than what is observed in an IMAC column. This suggest that a 3.5x lower
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concentration of imidazole is sufficient to elute STEAP1 in a system with adsorbent GG
microspheres as opposed to the packaging material in a HisTrap™ FF Crude column. In
addition, this step was not able to fully recuperate the target protein, as quite a great deal
of STEAP1 is still recovered with 500 mM imidazole. However, the complexation seems
to be nearly completely eliminated in the affinity strategy. Nonetheless, some
degradation was observed for the first time in all batch runs, represented by the bands
obtained at ~17 kDa. The combinatory effect of not being able to recuperate pre-purified
STEAP1 in a single step and the occurrence of large degradation of samples lead us to

exclude the affinity strategy from further purification assays.
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Figure 20. SDS-PAGE and Western-blot of the recovered supernatants from affinity batch with nickel-
crosslinked GG microspheres; | — Sample that did not bind to GG microspheres at 10 mM Tris pH 9.2 with
150 mM NaCl and 5 mM imidazole; 1l — Wash step with 10 mM Tris pH 9.2 with 150 mM NaCl and 50
mM imidazole; 111 — Elution step with 10 mM Tris pH 9.2 with 150 mM NaCl and 500 mM imidazole.

4.3.3. Ionic strategy for STEAP1 capture

The ionic strategy using calcium-crosslinked GG microspheres displayed in the
Optimization Batch was further developed. Similar to the affinity strategy, a moderate
amount of salt was added to buffers to promote the salting-in effect. However, instead of
a fixed amount of 150 mM NaCl in each step, NaCl levels were controlled in a manner
that allowed the streamline of the batch process, mimicking the stepwise elution profile
of a standard ion exchange chromatography. Indeed, in the Optimization Batch, it was
observed that the majority of STEAP1 eluted at pH 9.2 (Figure 18). However, there was

still a fraction that was only eluted at pH 11, by charge repulsion. In order to recover all
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of STEAP1 in a single step, a slightly modified batch was developed. Here, binding took
place with 10 mM MES pH 6.2, without salt. Next, a single washing step at pH 8 with 100
mM NaCl in 10 mM Tris buffer was performed, and lastly, two elution steps at pH 11, one
with 100 mM NaCl and another with 500 mM NaCl in 10 mM Tris. This would allow us
to analyze if pH is the driving force of the STEAP1 elution or if it is not enough, requiring
higher salt amounts. Results are displayed in Figure 21. Similar to the Optimization

Batch, most of STEAP1 is bound to the GG microspheres and a very minimal loss is
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Figure 21. SDS-PAGE and Western-blot of the recovered supernatants from the ionic exchange batch for
calcium-crosslinked GG microspheres; | — Sample that did not bind to GG microspheres at 10 mM MES
pH 6.2; Il — Wash step with 10 mM Tris pH 8 and 100 mM NaCl; 111 — Elution step with 10 mM Tris pH
11 and 100 mM NaCl; IV — Elution Step with 10 mM Tris pH 11 and 500 mM NacCl.

observed in the washing step even with the addition of 100 mM NaCl. The major portion
of STEAP1 was eluted at pH 11 with 100 mM NaCl (line III), and since this concentration
of salt had very little effect in the washing step, it can be safely assumed that elution is
primarily dependent upon the charge modification of STEAP1 when transposing the
isoelectric point. Still, a smaller STEAP1 fraction was only eluted under stronger salt
influence (500 mM NaCl; line IV). In light of these new findings, slight changes were
made to establish the four-step ionic batch with a single elution step. In this new
configuration, the elution step at pH 11 with 100 mM NaCl in 10 mM Tris, was replaced
by another washing step at pH 8 with 200 mM NaCl in 10 mM Tris, in an attempt to
further clarify the protein fraction and then elute all of STEAP1 in a single elution step at
pH 11 with 500 mM NaCl. Results from the four-step ionic batch can be seen in Figure
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22.A. The profile for the binding and first washing step led to the same results, as these
conditions were not modified. As expected, most of STEAP1 was recovered in the singular
elution step at pH 11 + 500 mM NaCl. However, substantial losses were observed for the
newly added washing step with 200 mM NaCl (line III). Furthermore, this highlights the
difference that increasing NaCl concentrations can make, since the previous washing
step (line II) barely resulted in any STEAP1 loss. Additionally, both the previous ionic
batch (Figure 21) and the four-step ionic batch (Figure 22) also present much less
complexation than the Optimization Batch, most definitely related to the stabilization of
STEAP1 by NaCl. Furthermore, although this batch configuration allows us to recover a
“cleaner” STEAP1 fraction at pH 11 + 500 mM NaCl, the losses at pH 8 + 200 mM NacCl
can significantly affect the recovery levels. Thus, we accepted a loss in sample
clarification and purification, in order to retain a higher %recovery, and tried to condense
the batch into three steps, to recover as much STEAP1 as possible in a single step, by
eliminating the washing step at pH 8 + 200 mM NaCl. However, mixed results were
observed (Figure 22.B). For the first time in all batch runs, full STEAP1 binding was
observed, and no losses were detected in the washing step. However, STEAP1 was found
fully complexed in the elution step (Figure 22.B; line IV), even with all the optimizations

made to the ionic batch strategy.

A SDS-PAGE Western-Blot B Western-Blot

245

100
75

63

— : STEAP1
> 245 - Complex
~ STEAP1

(~63 kDa) 100
75

48 63

35 48

35
25

25

Figure 22. SDS-PAGE and Western-blot of the recovered supernatants from the ionic exchange batch for calcium-
crosslinked GG microspheres for both a four-step batch (A) and Condensed batch (B) (35 mL GG microspheres); | — Sample
that did not bind to GG microspheres at 10 mM MES pH 6.2; Il — Wash step with 10 mM Tris pH 8 and 100 mM NaCl; 111
— Elution step with 10 mM Tris pH 8 and 200 mM NacCl; IV — Elution Step with 10 mM Tris pH 11 and 500 mM NacCl.

During the supernatant recovery after intra-steps centrifugations, it was observed
that a portion of GG microspheres did not sediment fully and was recovered with the
protein fractions. In fact, to get around this phenomenon stronger centrifugation cycles
at 500g 8 min were used, as opposed to those described in the batch capture of COMT

(100g for 3 min) [136], in an attempt to compact the microspheres and reduce GG
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recovery. However, we were unable to identify process conditions that completely
separated GG microspheres from the target protein without severely compromising
batch recovery levels. Indeed, GG has a molecular weight of ~500 kDa [96], and we
suspect that the formation of STEAP1-GG complexes was responsible for such high
molecular weight bands in the membranes. As previously described from the SEM
snapshots, GG microspheres are lacking in pores, cavities or cracks, which means than
any binding that occurs, probably will be located in the surface area of GG. There is a
possibility that the anti-STEAP1 antibody detects the STEAP1 molecules tightly bound to
the polysaccharide, and they are reported in the high molecular weight bands >245 kDa.
Further, from the FTIR spectra changes depicted in Figure 14, it appears that each GG
monomer can bind several cationic moieties, which might exacerbate this detection.
Moreover, a key consideration is that these STEAP1-GG complexes seem to originate
outside the scope of electrostatic interactions, as at pH 11 + 500 mM NaCl, the
electrostatic repulsion aided by the salt concentration should be enough to disrupt
simple ionic interactions. Also, no component was added to the system which could
promote covalent bonds. STEAP1 has been predicted to function as a transmembrane
ionic channel, modulating the transport and concentration of small ions, calcium
included [17,157]. We speculate that STEAP1 truly functions as a membrane calcium
channel, and the formation of these strong complexes is mediated by some latent affinity
for the calcium crosslinker. In regards to the nickel-crosslinked GG microspheres, nickel
cellular uptake has been shown to be calcium dependent, with evidence suggesting that
nickel crosses the plasma membrane through calcium channels [158], which might also
justify the formation of STEAP1-GG complexes for these microspheres. Furthermore,
STEAP1 has been associated with the Divalent Metal Transporter 1 (DMT1) in the
transferrin-bound Fe uptake pathway and its heme redox potential was suitable for the
reduction of metal complexes in vivo [20,23]. DMT1 is a known nickel transporter, and
it has also been discovered that iron and nickel share and compete for absorptive
pathways [159]. Perhaps the STEAP1-DMT1 relation can be extended beyond iron uptake

to other metals, nickel included.

To assess the strength of the affinity-mediated STEAP1-GG complexation, fully
complexed samples were coupled with a Co-IP polishing step. This technique was chosen
since it is highly specific and selective in the detection of physical protein interactions
[160]. The findings in Figure 23 indicate that the antibody-STEAP1 interaction is
stronger than STEAP1-GG, since STEAP1 was recovered in its monomeric form (~35
kDa). This suggests that the immunoconjugates were formed, avoiding the STEAP1-GG
complexes. When analyzing the SDS-PAGE, a STEAP1 fraction with a high purity degree
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can be observed, although a major unidentified band was found between ~63 and ~75
kDa, which most likely corresponds to a highly overexpressed endogenous protein.
Furthermore, coupling recombinant human STEAP1 lysates samples with Co-IP seems
to be able to resolve the aggregation issues derived from the upstream stage (conversion
of the ~63 kDa in control lysate to ~35 kDa monomeric form). Likewise, our Co-IP
findings are very similar to those reported for the native STEAP1 purification workflow
of hydrophobic interaction chromatography coupled with Co-IP for lysates derived from
LNCaP cells [72]. This also suggests that recombinant human STEAP1 clarified and
purified by the batch method with GG microspheres coupled with Co-IP retains native

conformation.
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Figure 23. SDS-PAGE and Western-Blot of the entire purification workflow: the initial total protein content in
K.pastoris lysate, the clarified sample from calcium-crosslinked GG batch and the purified co-immunoprecipitated
STEAP1

Recapitulating the presented results, we can conclude that the batch method has great
potential to be used as a clarification and primary capture step for STEAP1. Even in the
worst case scenario, where STEAP1 is recovered in a completely complexed state from
the GG batch method, these protein fractions can be coupled with Co-IP to obtain a
samples with a high degree of purity.
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Chapter 5 - Conclusions and future

perspectives

PCa incidence is rapidly increasing, being predicted to become the most frequent
cancer in males in the next decade, largely due to a “Westernized” lifestyle associated
with high country developmental indexes. STEAP1 is overexpressed in PCa with a
multifaceted role in the initiation and progression of PCa, with biological pathways still
poorly understood or undiscovered. Currently, there are three main protein structure
determination techniques: X-ray crystallography, NMR spectroscopy, and Cryo-EM.
NMR spectroscopy is best suited for proteins under ~20 kDa (can determine structures
up to ~35 kDa, in specific cases), while cryo-EM has been shown to not be able to
determine the full STEAP1 structure, as the most flexible regions in the protein structure
do not produce enough electron density. In regards to structure prediction metrics,
AlphaFold produces a STEAP1 model with an overall confidence score of ~82.8%
(AlphaFold2). The AlphaFold project was the highest rated prediction software in the
latest Critical Assessment of protein Structure Prediction, which means even the best
protein prediction Al cannot yet reach the necessary 90% confidence score to consider
the structure trustworthy. As it stands, X-ray crystallography seems to be the most
appropriate choice for full STEAP1 structure determination, to undertake functional and
structural studies. However, this technique requires large amounts of purified protein,
which current sequential chromatographic steps aren’t yielding. Further, the current
purification landscape is quite complex and expensive. Therefore, the batch adsorption
technique rises as a simple, fast, and low-cost alternative to the purification of STEAP1
with the advantage of being easily scaled up. Moreover, hydrogel beads have been
appointed as an ideal matrix for batch adsorption. Indeed, GG is an anionic
heteropolysaccharide that can form strong gels in the presence of divalent cations and is
resistant to harsh processing conditions. Thus, the main objective of this work was to
demonstrate for the first time, to the best of our knowledge, the suitability of GG
microspheres to capture, clarify and purify STEAP1, a membrane protein, and yield high

concentration fractions.

In order to achieve this goal, GG microspheres were produced through a W/O
emulsion and crosslinked with two types of divalent cations: calcium and nickel. Both
formulations resulted in microspheres with spherical shape and consistent structure,
with lack of pores or ruptures. However, nickel-crosslinked GG microspheres presented

significant rugosity as opposed to calcium-crosslinked GG microspheres. The
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crosslinking and chemical integrity were evaluated by EDX and FTIR, ensuring correct
microspheres production. Another key difference between both types of microspheres
was that the nickel ion had a larger percentage of integration, which could justify why
nickel-crosslinked GG microspheres were smaller in size, by the formation of a tighter
and more compact network. Initially, both types of microspheres were employed in the
batch method to capture STEAP1 from a Komagataella pastoris Mut X33+ lysate through
an ionic strategy, which was based on the interaction of negative charged GG chains with
positively charged STEAP1. However, it was noticed that STEAP1 formed strong
complexes with GG evidenced by large molecular weight bands. To reduce complexation
several relevant batch parameters were optimized. First, it was found that STEAP1 was
best solubilized in 0.1% (v/v) DM detergent. Next, the ideal initial lysate concentration
was found to be ~7 mg of total protein/mL (1:6 dilution) and the microsphere to buffer
ratio was found to be best at 35 mL GG microspheres to 6 mL buffer. Applying optimized
parameters led to similar elution profiles for calcium- and nickel-crosslinked GG
microspheres. For this reason, nickel-crosslinked microspheres were applied in an
affinity strategy, since nickel resins have been well documented to have strong affinity
towards histidine residues, alike the His-Tag present in STEAP1. Surprisingly, all of
STEAP1 can be captured through an affinity strategy towards the nickel ions crosslinking
the GG backbone. However, STEAP1 captured in the batch method was much more
sensitive to imidazole concentrations when compared to a standard IMAC, since it
required 3.5x lower imidazole concentrations to prompt elution. Furthermore, since it
was not possible to recover STEAP1 in a single step and a substantial degree of
degradation was observed for this strategy it was excluded from further analysis. In
regards to the ionic strategy, calcium-crosslinked GG microspheres were able to fully
capture STEAP1 in a single step, with minimal losses in washing steps. Though, when
employing a three-step batch method, it was observed the return of the complexes even
with all the previous optimizations. Nevertheless, coupling the GG batch complexed
samples with a Co-Immunoprecipitation polishing step, yields purified monomeric
STEAP1 (~35 kDa). In this manner, we were able to attain the main objective,
demonstrating the efficacy of a simple GG batch method to capture, clarify and purify
STEAP1, when coupled with a Co-IP polishing step. Moreover, the formation of
complexes seems to be STEAP1-specific, which means that similar batches can be applied

to other membrane proteins.

The major limitation of this work was that the analysis was completely conducted
in a qualitative approach. Indeed, the formation of STEAP1-GG complexes and the fact

that GG microspheres were recovered with the protein fractions compromised
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quantification. It is a known fact that reducing sugars skew protein quantification results
derived from BCA or Lowry assay. Since GG is constituted by glucose monomers, these
methods were automatically excluded, as to not present unreliable and false positive
results. The Bradford assay is affected by detergents and for this reason was also
excluded as a possibility. This leaves immunoquantification protocols, such as enzyme
linked immunosorbent assay, as the last alternative. Yet, these methods are notoriously
expensive, when compared to standard spectrophotometric assays. Since tackling the
downstream processing costs was a secondary goal, it is imperative to develop an
inexpensive colorimetric STEAP1-specific quantification method. Indeed, our research
group has already planned the development of such a method, by the detection of
STEAP1 iron reduction by the ferrozine reagent. The resultant absorbance will be
correlated with STEAP1 concentration and hopefully we can implement this method in
the future to assess the STEAP1 concentration from GG batch fractions and compare with

the results present in the literature.

In future work, it is also relevant to assess the nature of such strong complexes.
One option would be to explore different GG coatings, and their effect on complex
formation. Alternatively, the addition of a fluorescent tag in STEAP1 in conjunction with
fluorescence microscopy analysis in samples from different time points in the batch
could also be beneficial for enlightening this phenomenon. Moreover, the uncertainty on
whether the GG-STEAP1 complexes will develop fully or partially, makes this purification
workflow not entirely reproducible. This effect will also most likely restrict the GG batch
method to the Co-immunoprecipitation polishing step, since this technique was
responsible for the disruption of the complexes. In future research, the addition of
STEAP1 stabilizing agents in the batch buffers should be explored to tackle this issue.
Additionally, the reusability of GG microspheres should be assessed. That is, how many
batch runs are possible for each GG microspheres formulation stage. This factor will be
very relevant when assessing the feasibility of larger scale purification systems based on
the GG batch method.
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Chapter 7 — Appendices

Appendix 1 — Optimization batch capture comparison for
nickel- and calcium-crosslinked GG microspheres

The differential capture performance for nickel- and calcium-crosslinked microspheres
for the ionic exchange strategy was assessed according to the Optimization Batch
conditions outlined in section 4.3.1, following the optimized parameters for detergent
solubilization, lysate concentration and microsphere to buffer ratios. However, instead
of the typical 35 mL GG microspheres to 6 mL buffer, the following comparison was
conducted under reduced ratios of 6 mL GG microspheres to 1 mL buffer. The results
from the Comparison Batch can be seen Figure 1. The capture and elution profiles were
very similar for both types of microspheres. However, calcium-crosslinked GG

microspheres appear to have had less complexation than their nickel counterpart.

Nickel-crosslinked GG microspheres Calcium-crosslinked GG microspheres
SDS-PAGE Western-Blot SDS-PAGE Western-Blot
Mw L | I [ I\ srenen | 1] 11 v | Il n \% STEAP1
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Figure 1. SDS-PAGE and Western-blot of the recovered supernatants from the Comparison Batch for nickel- and calcium-crosslinked GG
microspheres; L — control lysate; | — Sample that did not bind to GG microspheres at 10 mM MES pH 6.2; 11 — Washing step with 10 mM Tris
pH 8; 111 — Elution step with 10 mM Tris pH 9.2; IV — Elution Step with 10 mM Tris pH 11.

Note: The lysate band in the western-blot membrane for nickel-crosslinked GG microspheres (between MW and line I; not displayed) was
“hiding” the signal from the batch samples, so we had to cover it. In turn, this caused the line I in the membrane to also be slightly hidden.
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Chapter 8 — Annexes

Annex 1 - Gellan gum microspheres and their applications

in the biomedical industry

D. Gomest23, J.P. Batista-Silvat, J. Barroca-Ferreirat23, D. Costa,
A. Sousa*, L.A. Passarinha 234"

ICICS-UBI - Health Sciences Research Centre, University of Beira Interior, 6201-506,
Covilh3, Portugal

2UCIBIO-Applied Molecular Biosciences Unit, Department of Chemistry, NOVA School
of Science and Technology, Universidade NOVA de Lisboa, Caparica 2829-516, Portugal

3Associate Laboratory i4HB - Institute for Health and Bioeconomy, NOVA School of
Science and Technology, Universidade NOVA, 2819-516 Caparica, Portugal

4Laboratorio de Farmaco-Toxicologia-UBIMedical, Universidade da Beira Interior,
Covilha, Portugal

*Corresponding authors:

L.A. Passarinha

Postal address: UCIBIO — Applied Molecular Biosciences Unit, Department of
Chemistry, NOVA School of Science and Technology, Universidade NOVA de
Lisboa, 2819-516 Caparica, Portugal.

Phone: +351 275 329 002

Fax: +351 275 329 099
E-mail: lpassarinha@fcsaude.ubi.pt

A. Sousa

Postal adress: CICS-UBI - Health Sciences Research Centre, University of Beira Interior,
6201-506, Covilha, Portugal

Phone: +351 275 329 002
E-mail: angela@fcsaude.ubi.pt

65



Isolation of STEAP1 using GG microspheres

Abstract

Gellan gum is a natural anionic exopolysaccharide composed of a tetrasaccharide
structure of glucose, glucuronic acid, and rhamnose units. It is available in two forms,
high acyl, and low acyl gellan gum, and has been used to produce different types of
materials, from hydrogels to microspheres. The growing interest in gellan gum
microspheres in pharmaceutical and biomedical research confirms their potential use as
an effective matrix for drug delivery systems and tissue engineering. Among the well-
known gellan gum properties the biocompatibility, mucoadhesive capacity, gelling,
malleability, and versatile texture remain the most attractive. This chapter gives an
overview of the characteristics and methods for gellan gum microspheres’ production, as
well as, a comprehensive discussion on both microspheres' applicability in the

biomedical field and on current efforts of its suitable translation to industry.
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1. Introduction

Natural polymers, such as polysaccharides, have become increasingly important over
the last decade due to their wide range of industrial applications, ranging from food (1,
2) to medicine (3, 4). Specifically, microbial polysaccharides are ubiquitous in nature,
nontoxic, biodegradable, environment friendly, and continue active at extreme
conditions of temperature, pH, and salinity. Due to their superior properties, they are
excellent alternatives to replace synthetic and other natural gums. In fact, their inherent
biocompatibility and apparent non-toxicity allow natural polymers to be used in a variety
of medical applications, such as scaffolds or matrices in tissue engineering, drug delivery
methods, and wound dressings. These characteristics make them more appealing when
compared to polysaccharides derived from microalgae or plants (5, 6). These water-
soluble polymers can be ionic or non-ionic and are composed of long monosaccharide
unit chains linked by glycosidic bonds. Among the heteropolysaccharides, Xanthan Gum
and Gellan Gum (GG) are the most studied in terms of food, cosmetics, pharmaceutic
and biomedicine (7-10).

Gellan Gum is a linear, anionic exopolysaccharide, mainly produced by
Sphingomonas paucimobilis (11) and Sphingomoas elodea (12), being composed of a
tetrasaccharide repeating unit. This unit consists of two residues of -D-glucose, one of
B-D-glucuronate and one of a-L-rhamnose, which corresponds to 60% of glucose, 20%
of rhamnose, and 20% of glucuronate (12, 13). In its native form, GG presents L-glyceryl
substituents on O, and an acetyl group at O¢ of the same glucose residue. This gellan
form is known as high acyl GG, but after commercial production, GG can be transformed
into a deacetylated or low acyl gum. This conversion occurs by hydrolyzation of L-
glyceryl and acetyl groups when GG is exposed to high temperatures and alkaline

treatment, as represented in Figure 1 (14, 15).

H,C O
l 5 / Native Gellan Gum Deacetylated Gellan Gum

¢
I
O

CH,0H CHZOH CH,OH

o o
High temperatures
Alkaline treatment
OH OH

CHZOH

OH h L Glucose Glucoronate Glucose Rhamnose | "
Glucose Glucoronate Glucose Rhamnose |

Gel characteristics: soft, elastic and thermoreversible Gel characteristics: harder (tougher, rigid), brittle gels

Figure 1. Influence of alkaline treatment and high temperatures on gellan gum chemical structure and its gel
performance.
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As other natural polymers, GG suffers from sol-gel transitions when its solution is
heated and then cooled (16). Through this physical manipulation molecules of GG
changed from a roughly coiled shape to highly ordered double helices. In this way, first,
gellan molecules will look like random coil polymers, when dispersed in water and
heated. These coils will establish hydrogen bonds and van der Waals forces with the
proximate chain, creating double-helical structures on cooling. In second, the double
helices aggregate and form the cation-mediated junction zone in the presence of gel-
promoting cations. These cross-linkages will lead to the construction of strong gel
channels, once the ions decrease the repulsive forces between the same electrostatic
charges from the gellan molecule (13, 17). The hydrogel conformation and structure are
affected by polymer concentration, temperature and aqueous environment, due to the
type and concentration of ions present in the solution (7, 13). Gellan gum major
properties include gelling, malleability and versatile texture that allow adjustable gel
elasticity, biocompatibility, biodegradability and excellent thermal and acid stability (12,
13). Therefore, this polysaccharide is being explored and applied in a wide range of
industries, namely in food, biotechnological, cosmetics, pharmaceutical and biomedical
(3, 14). On this way, this book chapter presents and discusses general application areas
of GG, different methods employed for GG microspheres production, as well as the
microspheres applicability in the biomedical field and the endeavours or attempts

towards translation to the industry.

2. Gellan gum applications

Gellan Gum has been widely applied in the food industry as a thickening and gelling
agent. In 1992, GG was approved by the FDA to be used as a food additive, and for that
reason, this is the most well-known application of GG. However, this polymer has also
been explored in the cosmetic industry, among others, by its incorporation in lotions,
creams, toothpaste (personal care) as a stabilizer and suspending agent due to its unique
properties. The main industries, applications, and functions of GG are presented in Table

1.
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Table 1. Main applications and functions of GG according to the different types of industry.

Industry Main Applications/Products Functions References
Beverages; Confectionary and bakery . .
) Bulking, gelling and
products; Dairy products; o
. . . binding agent;
Films/coatings; Jam and Jellies; .
o Emulsifier;
Food Pasteurization process; Pet and . (15, 18)
. . . Stabilizer;
fabricated foods; Pie fillings and .
. Texturizer;
puddings; Water-based desserts and .
. Thickener;
aspic;
Adherence;
. Ophthalmic and Nasal formulations; Delivery (sustained- 3,7)
Pharmaceutical .
Oral drug delivery; release) and
encapsulating agent;
. Creams; Face masks; Haircare Stabilizer;
Cosmetics ) . (14)
products; Lotion; Toothpaste Suspending agent;
Encapsulating agent;
. . Surgery; Tissue Engineering; Wound Injectable carrier;
Biomedical ) . (13)
healing Scar formation
prevention;
. L ; Gellifier;
Microbiological media; ) (7,14)
. . Capturing agent;
Biotechnology Plant tissue culture; . (19-21)
o Chromatographic
Recovery of therapeutic biomolecules ) (22)
matrix;

For the food industry, GG adds structure to confectionary and bakery products,
shortens the setting time of starch jellies, and prevents moisture fluctuations in sugary
foods (15, 18). Typically, the GG concentration required to produce the aforementioned
products corresponds to one-fifth of the agar used (18). GG can also be applied to replace
pectin in jam and gelatin in water-based gels at low concentrations (about 0.4 %). In
addition, GG is used to provide a structural consistency by partially replacing starches in
pie fillings and puddings, as well as to give shape to fabricated food (pet food, fruit pieces,
or meat chunks), because gellan gum does not melt during pasteurization, allowing the
preservation of the product organoleptic characteristics. Nowadays, GG can be
considered an outstanding multifunctional agent, based on the applications discussed
above, since it is resistant to a variety of environmental conditions (7, 14, 18).

For biomedical and pharmaceutical industries, GG has been blended with several
polymers and used in gene therapy (23), as biocides in the prevention of spreading of
microbial infections (24), in scaffolds for bone and cartilage regeneration (25, 26), in
wound healing cell adhesion (27, 28), and as a pharmaceutical excipient for nasal (29,

30), ocular (31), gastric (32), and colonic drug delivery (33). Moreover, GG can be used
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in the manufacture of easy-to-swallow solid dosage forms such as gels and coated tablets,
as well as in oral drug delivery as a disintegrating agent in instantaneous release tablets
(3, 14). Besides acting as a disintegrating agent, hydrocolloid beads based on GG are
easily used for controlled, nonstop, or slow release of a variety of drugs by modifying the
rate of active ingredient release (77, 13). Gellan gum can also be used to regulate the
bioavailability of ophthalmic solutions, allowing a longer residence time in tear fluid than
typical saline solutions.

In the last decades, GG has been used in tissue engineering for cartilage
reconstruction due to its mechanical properties, as well as in 3D scaffolds via the
production of polycaprolactone-based blends (12). Recently, GG has been investigated
as an injectable carrier for autologous cells, such as bone marrow cells or chondrocytes,
due to its ability to gel inside the body and efficiently adapt to the deficiency site to
renovate the cartilage. As a result of its biocompatibility and non-toxicity, gellan can be
incorporated in wound dressing designed to prevent postsurgical adhesion and scar
formation (3, 14). Besides these characteristics, GG also presents important properties
for its use in chromatography as hydrophilicity, porosity, high binding capacity, and
negative charge to establish ionic interactions with charged biomolecules (17, 22).

Considering that the GG market is expected to grow from 43.92 million dollars
(2018) to 54.47 million dollars in 2025 (34), we can claim that this polysaccharide has
gained importance among several industries. Furthermore, its unique properties,
versatility, stability, biocompatibility, and biodegradability, the wide range of
applications, as well as, the great and increasing number of patents filing suggest that
GG has been adopted as one of the most important commercialized bacterial

exopolysaccharides.

3. Methodologies for the microspheres production

Microparticles, microspheres, or microcapsules are usually applied as drug delivery
systems due to their great structural and functional advantages, which allow acceptable
drug administration through numerous routes (35). Microspheres with an average
particle size ranging from 1-1000 pm can be characterized as either a homogenous or
heterogeneous structure, depending on the processing from a variety of synthetic and
natural materials by applying different strategies. Figure 2 depicts some methods for the

microspheres formulation.
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Figure 2. Typical methods for microspheres formulation.

The selection of the method for the preparation of the microspheres depends
mainly on the polymer nature, drug characteristics, therapy duration, and
reproducibility. When preparing microspheres, some factors as particle size
requirement, polymer/drug ratio, stability, and morphology are important to control
(36). The most important and applied methods for the GG microspheres formulation
consist of emulsification, ionotropic gelation, and spray drying, as represented in Figure

3.
(A) Emulsification Technique

Washing
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(B) Ionotropic Gelation Method (C) spray Drying Method
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Figure 9. Most used methods for the GG microspheres formulation.
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In general, the emulsification technique is used to prepare natural polymer-based
carriers such as proteins and carbohydrates. Usually, the respective polymers are
dissolved or dispersed in an aqueous medium before being dispersed in a non-aqueous
medium, such as oil. This dissolution and addition order leads to the formation of a two-
phase system, in which droplets of one liquid are dispersed into droplets of another (37).
An oil-in-water (O/W) emulsion contains oil droplets dispersed in an aqueous phase,
whereas a water-in-oil (W/0O) emulsion contains water droplets dispersed in an oil phase
(38) usually formed by agitation. For the GG microparticles preparation, it can either be
applied an O/W emulsion (39) or a W/O emulsion (20, 40). This technique is very useful
for industrial applications because it can be easily scaled up, but the emulsions are
produced with a wide distribution of sizes and due to the strong shear conditions the
incorporation of sensitive active molecules in a formulation can be difficult. The particles
formed can then be crosslinked by an ionic, chemical or enzymatic method, where the
most applied in GG microparticles is the crosslinking with calcium chloride (40).
Furthermore, while temperature-dependent hydrogels have several advantages,
including a fast gelation process in an aqueous environment, the high-water content
results in potential dissolution and poor mechanical integrity. Thermal gelation and
chemical crosslinking with glutaraldehyde or formaldehyde have been combined to
produce stable particles in order to mitigate these drawbacks (41). For instance, Oliveira
and co-workers applied a dual crosslinking with a trivalent cation and glutaraldehyde to
modulate the mechanical properties of gellan/starch hydrogels (42).

Another common method applied for the GG microspheres production is
ionotropic gelation due to its low cost, easiness, simplicity, and nontoxicity. It is based
on the ability of polyelectrolytes to crosslink in the presence of counter ions to form
hydrogel particles known as microspheres (43). As result, biomolecules can be loaded
into these microspheres while still retaining their three-dimensional structure (44-47).
Microspheres are spherical crosslinked hydrophilic polymeric entities capable of
extensive gelation and swelling in simulated biological fluids, with drug release
controlled by polymer relaxation. External and internal gelation are two types of
ionotropic gelation. The main difference between these methods is the position of
crosslinking ion used (external gelation — crosslinking ion is positioned externally and
consequently the gelling kinetic is not diffusion-controlled, internal gelation -
crosslinking ion is incorporated within the polymer solution) (48).

More recently, the spray-drying process has been used to convert particle
suspensions into dry powder. It is a one-step process that can be used continuously (49).
This method has been applied to form microparticles based on GG as a suitable nasal

delivery system, once it is simple and reproducible (50, 51). Spray drying begins with the
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polymer dissolution in a suitable volatile organic solvent, such as acetone or
dichloromethane. Small droplets or a fine mist are formed when the dispersion is
atomized by a stream of hot air. The evaporation step removes the respective solvent,
resulting in the formation of microspheres. The cyclone module separates
microparticles, which are then vacuum dried. This process has several advantages,
including the ability to operate under aseptic conditions, the ability to quickly perform
the process, the possibility of size/diameter microsphere control, and a homogeneous
porous distribution (51, 52). Despite numerous advantages, some drawbacks emerged
and are related to a low yield of microspheres and the fact that the high temperature used
during the atomization process causes the inactivation of temperature-sensitive

bioactive compounds (37).

4. Gellan gum-based microspheres applications
4.1. Delivery systems

Since the beginning of the 215t century, microsphere-based drug delivery systems
have attracted great attention, since they offer numerous advantages based on their
structural and functional abilities, over conventional drug delivery systems (such as
tablets, capsules, sachets, and suspensions) (35). These “novel” systems provide
controlled, sustained, and targeted delivery of drugs, minimizing fluctuations of plasma
drug concentration, reducing dosing frequency and dose dumping, thereby improving
patient compliance. Furthermore, they enhance the biological half-life performance of
several drugs, solving physiological instability and bioavailability issues. Moreover, they
exhibit more reproducible drug absorption, can mask both the taste and smell of
pharmaceuticals, protect the drug from harsh physiological conditions and avoid first
pass metabolism (35, 53-55). In fact, microspheres have proven to be a potent drug
delivery system for specific tissue distribution due to the lower frequency of clearance by
immune cells, allowing for prolonged retention time and drug release, when compared
to highly researched systems, such as nanoparticles. Additionally, due to the greater size
of microspheres, they can entrap larger amounts of the drug, favouring a more prolonged
and constant therapeutic effect (35, 53-56).

Recently, natural hydrophilic polymers attracted the attention of researchers as they
have extreme potential in the field of controlled drug delivery, due to their natural
abundance, hydrophilicity (which allows swelling properties), excellent biocompatibility,
cost-effective production methods, biodegradability, and sustainability (56-58). Among
naturally occurring biodegradable polymers, GG has stood out for drug delivery

applications in the form of microspheres. GG is an anionic heteropolysaccharide
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possessing all the aforementioned characteristics, as well as adequate gelling properties
and astonishing mucoadhesive capacity, surpassing those of commonly used polymers,
such as chitosan (58, 59). Furthermore, GG structure is rich in functional groups
(carboxyl and hydroxyl) that can be physically or chemically modified, in order to tailor
drug release rate to the desired profiles (58).

When devising a GG-based drug delivery system, there are several parameters that
need to be considered in order to obtain the desired particle size and distribution, drug
entrapment efficiency, swelling properties, mucoadhesion and drug release rate.
Typically, the most common methods for GG microsphere formulation for drug delivery
applications are ionotropic gelation and W/O emulsion. In order to achieve desired
microsphere characteristics through these methods, it is essential to regulate polymer
concentration, crosslinker levels, crosslinking time and drug: polymer ratio (60). Fine
tune control of these variables has been exhaustively reported towards the successful
controlled release of several therapeutic agents, such as anti-inflammatory (58, 59, 61),
antibiotics (62), triptan drug (63), antioxidant compounds (33), B-blockers (64),
hypoglycemic agents (65), anti-fibrinolytic agents (66), among others. Furthermore,
polymer and crosslinker concentration seem to play a key role in drug release kinetics.
The GG microsphere release can be expressed as a complex system depending on the
extent and rate of GG swelling, rate of drug diffusion from the GG matrix and the GG
microsphere dissolution/erosion. The general tendency is that an increase in polymer
concentration will result in the improvement of the swelling capacity, resulting in a
diminished drug diffusion and leading to a delay on GG matrix erosion (60). Also, an
increase in crosslinker concentration can be able to delay the GG erosion, by the
formation of a denser and more compact polymer network, resulting in a more prolonged
release of the therapeutic compound (57).

Recently, Dhanka and coworkers developed Methotrexate loaded GG microparticles
(MTX-GG MPs) for drug delivery applications through a simple W/O emulsion solvent
diffusion method with homogenization (56). The prepared MTX-GG MPs were spherical
with a rough surface and a mean size of 4.22 um. Additionally, the Encapsulation
Efficiency (EE) of MTX-GG MPs was found to be up to 84.8%, highlighting the desirable
EE. The MTX-GG MPs were able to produce a sustained and controlled release for over
24h, releasing 84% of total MTX. Furthermore, the microsphere system was
biocompatible with Lg29 fibroblast cells and hemocompatible with human red blood
cells (56). The authors underlined the future applicability of the in vivo MTX-GG MPs
injection. Notwithstanding, GG-based systems, owing to their excellent mucoadhesive
and in situ gelation features, have been mostly explored in routes of administration

where a mucous membrane is present, in particular, the oral and nasal route. In fact, this
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just accentuates the versatility and potential of GG microspheres as a controlled release

drug delivery system.

4.1.1 Nasal Formulations

Traditionally, the nasal cavity was mostly used for the treatment of local diseases,
such as rhinitis, nasal congestion, and allergic symptoms (62, 63). In the past few years,
the nasal route has grown in popularity as a convenient and suitable route with many
therapeutic advantages for the systemic delivery of drugs. These advantages include, but
are not limited to, a large surface area, the porosity of the endothelial basement
membrane minimizing the physical barrier aspect and the presence of a highly
vascularized epithelial layer, which in turn, enhances blood flow (63). Furthermore, it
avoids liver first pass metabolism, harsh gastrointestinal tract (GIT) conditions (pH and
enzymatic degradation), allowing thusly improved patient compliance (62). Moreover,
the nasal route is non-invasive and has been shown to bypass the blood-brain barrier,
directly targeting the central nervous system (50). The major drawback of nasal drug
delivery is the rapid and efficient nasal mucociliary clearance. This system is in place to
protect the respiratory system from damage/toxicity from inhaled substances. In fact, it
has been reported that the half-life of clearance can be near 15 minutes (67). This
mechanism severely limits the drug absorption, and, by consequence, a very low nasal
bioavailability is observed (68).

To circumvent this issue, mucoadhesive microsphere drug delivery systems arise
as a promising tool to control the rate of nasal clearance and improve drug absorption.
Naturally, GG-based microspheres have been employed to overcome these constraints.
Nasal administration of dry powdered GG microspheres results in rapid swelling of
microspheres as they absorb water from the nasal mucosa. In addition, GG microspheres
interact with cations present in the nasal fluid, promoting an in situ gelation, forming a
highly viscous gel (60, 63). As the nasal mucosa gets dehydrated due to moisture uptake
by GG microspheres, a process of cell shrinkage occurs, providing temporary physical
separation of the tight junction, which in response, increases the drug absorption rate
(63). Therefore, the formed GG gel can reduce mucociliary clearance, leading to a high
retention time of formulations, favouring a controlled and prolonged release of the target
drug (60, 63, 69).

Almotriptan malate loaded GG microspheres (ALM-GG MPs) have been
formulated by W/O emulsification cross-linking technique (with CaCl. as the cross-
linking agent) for the acute treatment of migraines (63). A design of experiments tool
was employed to obtain an optimized formulation, which exhibited microsphere yield

and drug incorporation efficiency of 93.16% and 91.65%, respectively. The produced
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microspheres had a mean size of 24.86 um and were found to be spherical in shape with
a smooth surface, lacking in pores or ruptures. Such structure had previously been
reported as ideal to minimize clearance time and obtain a good deposition pattern in the
nasal cavity (63). The ALM-GG MPs were negatively charged, due to the anionic
character of GG. This characteristic is desirable since anionic polymers have been proven
to be more effective in bioadhesive endeavours over polycations or non-ionic polymers.
This morphology resulted in the adhesion of 95.48% of the formulations onto a strip of
sheep nasal mucosa. This large mucoadhesion resulted in an in vitro controlled release
of ALM throughout 8 h. Furthermore, storage stability tests revealed that ALM-GG MPs
do not undergo degradation upon storage, making them a suitable carrier for the nasal
administration of ALM (63).

Mahajan and colleagues reported the preparation of a novel GG microspheres
system for the intranasal delivery of Ondansetron, through a standard spray-drying
method (67). The prepared microspheres ranged from 9.5-11.5 um and possessed a
spherical shape with smooth surface morphology. The most prominent formulation
encapsulated 94.03% of total drug content, exhibited large mucoadhesive capacity and
sustained the in vitro release of Ondansetron beyond 5 h (67). The in vivo performance
of GG microspheres was tested at a later time and compared to an oral and intravenous
formulation (70). The results show that Ondansetron peak concentration was
significantly higher than that exhibited by the oral route. In addition, in vivo
performance of GG microspheres demonstrated enhanced bioavailability in comparison
to oral administration (AUCo-240 44.04 and AUCo-240 26.54, respectively) and comparable
to that after intravenous administration, although slightly lower. Nonetheless, Mahajan
and colleagues were able to show that Ondansetron loaded GG microspheres are able to
astonishingly improve drug bioavailability and prolong residence time on the nasal cavity
(70). This research group have also employed the spray-drying method for the
formulation of GG microspheres for the nasal delivery of metoclopramide (51). The
aforementioned GG microspheres exhibited very similar parameters as those loaded with
Ondansetron, also yielding controlled release for over 5 h. Likewise, histopathological
studies revealed that GG microspheres do not cause any detrimental effect or toxic
response in the nasal mucosal cavity even when the exposure time is prolonged (51).

Gangane and his team have been leading the charge in the development of
Donepezil Hydrochloride loaded GG microspheres for the management of Alzheimer’s
symptoms (69). They reported the formulation of a drug delivery system through a W/O
emulsion cross-linking (with CaCl.) method, for the intranasal delivery of Donepezil. GG
microspheres ranged from 14.3 pm to 18.3 um, which is in the ideal size range for nasal

administration (69, 71, 72). Entrapment efficiency was as high as 53.6% and
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formulations swelled rapidly in Simulated Nasal Fluid, which in turn, resulted in good
mucoadhesion power upon a cut of goat nasal mucosa. The optimal formulation was able
to sustain the controlled release of Donepezil for over 5 h, both in vitro and ex vivo
experiments (69). Furthermore, GG microspheres were proven to show no damaging
traits over the goat nasal mucosa. More recently, Gangane and his group were able to
improve upon the GG microspheres system previously described, by employing a spray
drying formulation technique (50). Donepezil loaded GG microspheres prepared
through a spray drying technique were shown to be able to ensnare 86.48% of the total
drug amount and significantly improve upon mucoadhesion potency (50). In addition,
ex vivo permeation was found to be adequate (84.92%) after 4 h. The formulation was
stable following 6 months of storage, as particle size, swelling capacity and
mucoadhesion potential remained constant throughout this period. To sum up, GG
microspheres appear to be a promising drug delivery vehicle for the intranasal

administration towards the management and therapy of Alzheimer’s related symptoms.

4.1.2. Oral Formulations

The oral route has been for a long time considered the most convenient and safe
way of delivering therapeutic agents. The ease of administration, flexibility of
formulations and enhanced patient compliance, confers to this pathway a great potential
for drug delivery (60). Also, the large surface area (>300 m2) lined with viscous mucosa
opens the way for strong bioadhesion and subsequent drug absorption, resulting in
efficacious drug concentrations in systemic circulation for prolonged time intervals,
boosting therapeutic effect (73). Conversely, conventional oral dosage formulations can
suffer from high first pass metabolism, minimizing bioavailability, as well as either low
gastric retention time or rapid gastric release, resulting in local toxicity. Coupled with
this, the drug can also suffer enzymatic degradation upon reaching the lower GIT,
severely hindering its main effect (60, 73). Due to attributes of GG formulations, several
attempts have been made with the intent of formulating and optimizing GG
microspheres for oral drug delivery, by the adjustment of key process parameters (Table
2). Although general trends can be observed, it seems that drug related properties (i.e.,
polarity and solubility), the target site of delivery, type and degree of crosslinking, as well
as drug to polymer affinities and drug to crosslinker interactions might be able to alter
the entrapment efficiency and drug release kinetics.

Gellan Gum microspheres loaded with tranexamic acid (TA) have been prepared
by a simple sol-gel transition induced by ionic crosslinking with aluminum (66).
Spherical TA-GG microparticles (EE ranging from 71.15% to 89.12%) presented a very

low cumulative release of only around 10% in acidic media (pH 1.2) after 2 h. Upon
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switching to an alkaline media (pH 7.4), the release rate was increased, resulting in
controlled TA release for over 8 h. This data was in agreement with swelling data,
meaning that GG microspheres swelled rapidly in pH 7.4 and remained somewhat
unphased in acidic media (66). This behavior can indicate that GG microspheres have
the ability to transverse gastric fluid largely unscathed and reach the intestinal portion
of the GIT, where site-specific drug release could be achieved. The in wvivo
pharmacokinetic evaluation revealed that GG microspheres were able to double
circulation time in rabbits, as the elimination rate constant was approximately halved,
along with significantly improving bioavailability (66). These results are very similar to
those reported by Allam and coworkers for Metformin (MT) loaded in GG microbeads
(74). As a matter of fact, the MT-GG microspheres formulation F5 performance was
compared to commercially available MT extended-release tablets and MT immediate-
release tablets, in healthy human volunteers. MT-GG-F5 exhibited the lowest elimination
rate constant, the highest bioavailability (AUC,-., (mg) of 246.74 + 26.81) and the highest
biological half-life, exceeding the marketed products. In fact, t,/. was 5 fold that of an
average MT oral solution (74).

Recently, quercetin loaded GG microspheres were developed by ionotropic
gelation in an attempt to improve quercetin intestinal stability and anticancer activity
(75). Quercetin incorporation efficiencies ranged from 58.56-93.71%, increasing with the
improvement in crosslinker (CaCl.) concentration. Swelling and drug release profiles
followed the trend of TA and MT containing GG microspheres, exhibiting pH-dependent
behaviour, sustaining quercetin release for over 32 h (75). Furthermore, GG
microspheres were able to enhance the chemical stability of quercetin in Simulated
Gastric Fluid (SGF) and Simulated Intestinal Fluid (SIF) in comparison with free
quercetin (remaining quercetin in SGF after 8 h: 99.37% vs 57.49% and SIF after 48 h:

50.47% vs 24.59%) (75).
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Table 2. Impact of process variables on EE and Drug Release Profile.

Delivery Production Model Drug Main findings Reference
System Method
High polymer concentration (1% to 2%) led to
increase in particle size and circularity and
Ionotropic enhanced EE; Low Al3* concentration (3%) (59)
Gelation with Ketoprofen  benefited drug EE; Drug release was pH-
Al3+ crosslinking dependent and GG microspheres severely
reduced release rate vs free drug.
Between metal ions, Mg2* and Ba2* significantly
Ionotropic decreased the drug solubility; EE of GG beads is
Gelation with higher in the presence of transition elements (76)
MgCl., BaCls, Azathioprine (Cu2*and Zn2*) than to alkaline earth metal ions;
CaCls, CuCl. and EE tends to increase with a decrease in the pH of
ZnCl2 the ionotropic medium.
Increase in crosslinker concentration (up to 5%)
caused an improvement in EE, while variations in
W/0O Emulsion curing time and pH did not impact EE (77)
' oG Crosslinking Rifampicin  significantly; Increase in drug:polymer ratio had
Microspheres with Ca2* a negative effect on EE; Drug release was pH-
sensitive and was similar to marketed
formulation.
EE was high at low pH of the ionotropic solution,
low agitation and low drug quantity; GG beads
Ionotropic Diclofenac  produced with low pH of the ionotropic medium
Gelation with Sodium and low drug:polymer ratio demonstrated a more (78)
Ca2* controlled drug release profile, whereas agitation
crosslinking did not influence significantly the drug release
profile.
Increase in drug loading and pH of ionotropic
medium significantly enhanced EE, as well as an
Tonotropic increase in particle size; Drug release rates were (79)
Gelation with Cephalexin  high when the % of drug loading is more
Ca2+ and Zn2* accentuated; GG Beads prepared in basic pH
crosslinking media were able to sustain a slow cephalexin
release.
Higher GG concentration led to an increase in EE
W/O Emulsion and decrease in drug release (sustained release (65)
Sodium Crosslinking Metformin  for 8 h);Increase in Ca2* % and crosslinking time
Alginate: GG with Ca2+ HCl had a negative effect in EE, although high Ca2* %
Microspheres can also decrease the rate of drug release.
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In turn, 5-Fluorouracil loaded gellan gum-ethyl cellulose (5-FU GG-EC)
microspheres were produced by a simple O/W emulsion technique by dripping 5-FU GG-
EC emulsion into a counter ion solution comprised of calcium chloride and zinc sulfate
(80). As GG and EC concentration increased, so did entrapment efficiency, particle size
and sustained drug release, spanning over 12 h. Cytotoxicity analysis on HT-29 human
colon cancer cell lines indicated that the designed formulations decreased cell viability
gradually and continuously, enhancing the anticancer activity of 5-FU, reducing systemic
toxicity and unwanted side effects (80). Considering that quercetin has been shown to
synergistically induce sensitivity to 5-FU through p53 modulation in colorectal cancer
cells (81), a combinatorial approach of delivery of quercetin loaded GG microspheres,
followed by 5-FU GG-EC microspheres could significantly enhance site-specific
therapeutic effect in colorectal cancer. Not only quercetin, but other polyphenols can be
employed in the proposed strategy. Resveratrol plays a chemopreventive role on
colorectal cancer and it has been shown that 5-FU resistant colorectal cancer cells are
more susceptible to the effect of 5-FU when Resveratrol is employed in a combined
formulation (82). Prezotti and collaborators have explored the colon-targeted delivery of
Resveratrol employing GG:Pectin microspheres (33). GG:P (4:1) microbeads, produced
through ionotropic gelation, were able to encapsulate 75.7%+0.8% of Resveratrol and
minimize release in acidic media, seeing as only 17.6% of the drug was released after 120
min. Upon reaching enteric pH (6.8), GG:P microparticles were shown to control the
drug release upwards of 48 h without burst effects (33). The encapsulation of Resveratrol
in the GG:P microsystem was biocompatible with Caco-2 and HT29-MX intestinal cell
lines, besides substantially reducing drug permeation in an in vitro triple co-culture cell
model, mimicking the human intestinal epithelium, phenomenon that may favour the
accumulation of Resveratrol in the colon (33).

Several attempts have been made in order to develop GG-based systems to
encapsulate a variety of drugs for delivery to the upper portion of the GIT. However, low
drug incorporation, reduced floating time, extended floating lag time and burst release
have been serious challenges (83). So, GG drug delivery systems with the addition of low
density oil (84), modified surfaces (85) and incorporation of effervescent materials (86)
have been designed in order to deal with the drawbacks described above. GG
microspheres, loaded with acetohydroxamic acid and calcium carbonate with a chitosan
coating, were developed with the stomach site-specific delivery in mind for the treatment
of Helicobacter pylori infections (86). Formulated microspheres showed adequate drug
EE, which increased with high polymer concentrations, and presented an exceptional
floating ability with a floating lag time as low as 4.89 min. Upon contact with an acidic

medium, the calcium carbonate effervesced, releasing carbon dioxide, which imparted
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the microspheres with buoyancy (86). The overall bulk density of GG formulations
became lower than that of the gastric fluid and without affecting gastric emptying rate,
they remained buoyant in the stomach (53), which allowed for controlled release of
acetohydroxamic acid for over 8 h. Furthermore, the in vivo floating efficiency was
appropriate, and microbeads were able to achieve complete growth inhibition of H.
pylori after only 12 h (86). On the other hand, a blend of Sodium Alginate and GG with
an EC coating was prepared to provide gastroretentive delivery of Amoxicillin for H.
pylori treatment (85). Immediately after exposure to SGF, entrapped calcium ions leak
out of microspheres, leaving small cavities on the network surface, resulting in a buoyant
in situ porous microballon system, which in combination with the small size of
formulations, allowed for buoyancy efficiency upwards of 98%. The in wvivo
mucoadhesion was approximately 80% and gastrorentetive drug release from SA:GG-EC
formulations was found to be exceptional, considering that the total drug concentration
from formulated microspheres was nearly 7-fold higher than plain amoxicillin in rats
gastric mucosa. In addition, buoyant formulations showed 100% bacterial clearance in
gerbils post 3 days of the administration, unlike plain amoxicillin (85). The
mucoadhesion potency and in vitro growth inhibition are in line with previously reported
Amoxicillin loaded GG microspheres coated with 1% chitosan (62).

The conjugation of different polymers with individual properties that can act
synergistically in the final formulation, whether it be blends, coatings, or
InterPenetrating Networks (IPN), can impart steric bulkiness to the polymers which
provide protection to the matrix and alters dissolution/erosion rates, resulting in
sustained drug release (64, 83, 87). In addition, the large free matrix volume present
contributes to easy and high drug loading onto the microspheres (58, 88). Several GG-
based structures have been developed with these advantages in mind. A drug delivery
system based on GG/pectin blend was found to be efficacious in encapsulation of
ketoprofen and, consequently, the sustained release for a total of 6 h (58). Also, GG
microspheres coated with chitosan presented much higher drug encapsulation and
controlled release when compared to GG blank microspheres (44). Furthermore,
GG/Xanthan Gum microspheres obtained through an emulsion technique have been
added to a Collagen/Gelatin/Hydroxyethyl Cellulose porous matrix (89). The
incorporation of the microspheres modulated the porosity, density and swelling
properties of the Collagen/Gelatin/Hydroxyethyl Cellulose sponges (89). The
abovementioned strategy could be employed in a combinatory tissue engineering and
drug delivery perspective. The sponge could be used as a primary hydrogel-like wound
healing agent, while the microspheres deliver anti-inflammatory and anti-bacterial/anti-

viral drugs. In fact, a similar tactic was employed for the delivery of Stavudine, a drug
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highly utilized in the treatment of HIV infection (90). Stavudine loaded Eudragit RSPO
microspheres, prepared by a solvent evaporation procedure, were further embedded in
GG microbeads by a simple ionotropic gelation method. Drug entrapment efficiency
from composite microbeads was 6.5 times higher than to GG microsphere models. The
in vitro drug release analysis indicated that embedded microspheres were able to
considerably slow the release rate and sustain it for at least 9 h. The GG matrix acts as a
secondary carrier to the diffusion of Stavudine from the core of Eudragit RSPO, thusly
resulting in an enhanced gradual and continuous effect (90).

Jana and collaborators described the preparation of Aceclofenac loaded
unsaturated esterified Alginate/GG microspheres. Briefly, a uniform dispersion
containing Sodium Alginate, GG and Aceclofenac was extruded dropwise into a counter-
ion solution containing maleic anhydride, aluminum chloride or both compounds (61).
As soon as the dispersion is extruded into the counter-ion solution, maleic anhydride-
induced esterification takes place, resulting in covalently crosslinked gels, carrying
unsaturated substituents (i.e., maleate semi-esters) on the polysaccharide backbone.
This chemical composition can be the reason to produce stronger gels and reduce the
drug release rate. This behavior was observed by these authors, as the optimal
formulation F10 (1% (w/v) SA; 1% (w/v) GG; 1% (w/v) Aceclofenac; 3% (w/v) maleic
anhydride) encapsulated 98.46+0.40% of Aceclofenac and slowed the release rate
noticeably, sustaining it for 6 h, far surpassing the results observed by standard
ionotropic gelation with Aluminium (61)- Furthermore, after release from Fi10
microspheres in plasma, the Aceclofenac absorption was sustained for over 7 h in white
rabbits and exhibited potent anti-inflammatory activity in carrageenan-induced rats for
a prolonged time, as it significantly inhibited paw swelling, far exceeding pure
Aceclofenac (61). More recently, Jana and coworkers reported a novel IPN for the
Aceclofenac delivery. The microspheres were prepared through a dual crosslinking
method by extruding a blend of GG/Polyvinyl alcohol into a mixture of zinc and
glutaraldehyde (91). Dually crosslinked GG/PVA IPN with a polymer ratio (1:1)
entrapped 91.26+1.38% of the active agent and showed a sustained and controlled
release of approximately 68% at the 6 h mark. The IPN formation was crucial,
considering that the GG microspheres model exhibited burst release of Aceclofenac in
phosphate buffer (91). The application of a dual crosslink scheme had been previously
attempted for the oral delivery of Diltiazem HCI (88). Diltiazem was bound to a cation
exchange resin, forming a drug-resin complex. The resinate was then entrapped within
GG/Egg Albumin microcapsules, produced by either ionotropic gelation or by a covalent
crosslinking method with calcium and glutaraldehyde. Although the dual crosslinked

IPN microbeads were less efficient in the loading of Diltiazem, the larger extent of
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crosslinking resulted in a more controlled swelling and in turn drug release pattern. In
fact, GG-ALB IPNs, produced through ionotropic gelation with only calcium
crosslinking, were capable of releasing the drug up to 9 h, whereas dual crosslinking IPNs
extended this time up to 15 h (88).

The development of GG/PVA IPNs for the Carvedilol controlled release has also
been reported for the treatment of hypertension (64). Briefly, GG, PVA and Carvedilol
were mixed to get a uniform suspension. This solid-in-water suspension was emulsified
into light liquid paraffin with 0.5% Span 80. Then, glutaraldehyde was added to form the
final IPNs. Carvedilol was encapsulated up to 87% in the IPN matrix. The IPN tensile
strength was nearly 6-fold higher than bare GG, highlighting the enhanced mechanical
properties of composite microspheres. Both an increase in GG and glutaraldehyde
concentration led to a decrease in swelling and total in vitro drug release, the latter being
maintained up to 12 h (64). In addition, GG based IPNs have also been explored for other
anti-hypertensive drugs. Mundargi and coworkers reported the loading of Atenolol onto
Thermo-Responsive Semi-Interpenetrating Network Microspheres of GG-Poly(N-
isopropylacrylamide) (92). These formulations exhibited higher swelling at 25 °C than
37 °C, and consequently, the Atenolol release was also fast at 25 °C, owing to the fact that
a mixture of diffusion and swelling were the responsible mechanisms for drug release. It
seems that Poly(N-isopropylacrylamide) has the propensity for transition from a swollen
state to a collapsed state above 32 °C. This feature was shown to be able to work as an
“on-off” cycle, by changing the temperature from 25 °C to 37 °C. The semi-IPN was able
to sustain the release of Atenolol beyond 12 h and given the fact that drug delivery rates
can be freely altered by a slight change in temperature. This Semi-IPN Microspheres of
GG-Poly(N-isopropylacrylamide) can be viewed as a temperature-responsive delivery
system of emergent potential (92).

Moreover, extended release composite microbeads of tamarind seed gum (TSG)-
hydrolyzed-polymethacrylamide-g-GG  (h-Pmaa-g-GG) have been prepared by
ionotropic gelation for the oral delivery of Diclofenac sodium (87). The grafting of h-
Pmaa into the GG backbone generated several ionotropical crosslinking sites, which
resulted in an extensively crosslinked IPN after the addition of calcium chloride. This
finding was essential, since the optimized formulation derived from a 32 full factorial
design, was obtained with an increase in crosslinker concentration and a decrease in the
h-Pmaa-g-GG:TSG ratio. The optimized formulation presented a drug EE of 93.25% and
was able to lengthen drug release to a total of 10 h (87). It seems that the
polymethacrylamide grafting on GG and the IPN formation allowed for improved

performance over formerly related bare GG microbeads for Diclofenac delivery (78).
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Additionally, a blend of whey protein isolate (WPI) and GG was investigated with the
purpose of encapsulating flaxseed oil and flaxseed protein hydrolysate (FPH) through an
O/W emulsion method (93). The amphiphilic character of proteins led them to the O/W
interface, while the polar character of GG guided it towards the external surface, coating
the microspheres. The microbeads remained stable at different salt concentrations of
calcium chloride, not releasing any of the oil droplets (93). The in vitro digestion process
was evaluated using simulated buccal (salivary) media, SGF and SIF. The microspheres
were impervious to SGF, since no changes in size distribution and morphology were seen.
However, they were degraded in the SIF due to the presence of pancreatin and bile
extract, releasing flaxseed oil and FPH. The composite microspheres are in this manner
appropriate for the small intestine site-specific delivery of bioactive compounds,
assuring their functionality (93).

4.2. Tissue Engineering

Versatile properties of GG place this polymer in the spotlight for several Tissue
Engineering (TE) fields. Particularly, different polymeric systems reinforced with GG-
based microparticles arise as new approaches for application in cell encapsulation,
creating larger surface area and mechanically improved systems, which are capable to
deliver biomolecules, drugs, or cells into the injured spot. Furthermore, the non-
cytotoxicity, semi-permeability, and immune protection given by these systems
strengthen the promising character of their use in feasible biomedical approaches. In this
topic, several clinical applications of GG microparticles will be explored.

Wang and coworkers designed a novel GG hydrogel-based microspherical cell
carrier, fabricated via W/O emulsion process followed by consecutive oxidation-
reduction crosslinking treatments (94). Then, a covalent coating with gelatin layers was
applied to microspheres as surface-modifying ligands, to create binding affinity for
human anchorage-dependent cells (ADCs). The final construct was made of a variety of
gellatin-grafter-GG microspherical cell carriers (TriG) which can be accurately
manipulated concerning their injectability, which permits to retain the advantages of
hydrogel material and to enhance their cell affinity (94). Here, a common ADC model of
human dermal fibroblasts (HDFs) and human fetal osteoblasts (hFOBs) properly
attached and grew onto the surfaces of TriG, indicating a clear beneficial structure for
the formation of new tissue with improved integrity and mechanical sustainability (94).
Additionally, these findings suggest that TriG microspheres can assist therapeutic ADCs
adhesion, proliferation, and differentiation, to further have an important role in clinical
regenerative medicine for musculoskeletal, wound healing, and skin regeneration fields.

Moreover, GG-based hydrogels have been developed for tissue engineering strategies

to be applied as Nucleus Pulposus (NP) substitutes in the regeneration of Intervertebral
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Disc (IVD). Pereira and coworkers developed an innovative strategy based on the
reinforcement of hydrogel matrix with GG microparticles under mild temperature and
non-toxic conditions coupled to the absence of harsh reagents (95). In fact, the
incorporation of these microparticles drastically improved the mechanical performance
of the hydrogel disc (95). Similarly, these GG microparticles had the capacity to
encapsulate cells or biomolecules, with a consistent distribution all over the hydrogel
matrix, and to enhance its biological performance and tailor the degradation rate (95).
Furthermore, the developed GG-loaded microparticles formulation revealed to be
nontoxic to cells, which reinforces its role as a suitable strategy for developing substitutes
for efficient regeneration of NP.

In turn, Ku and collaborators fabricated novel bioactive and biodegradable
microspheres composed of Collagen I, GG, and $-TCP, by W/O emulsion method, for use
as bone graft scaffold materials for bone tissue engineering applications (96). As bone
repair materials, these constructs should provide appropriate mechanical properties and
preserve the function of the target bone tissues. Indeed, the composite Collagen I/GG/[3-
TCP microspheres displayed a proper spheric surface and size, improved mechanical
strength, and an excellent rate of biocompatibility (96). Despite preliminary and
requiring a more detailed evaluation, this study clearly highlights the potential use of
Collagen I/GG/B-TCP microspheres in bone regeneration.

Rosellini and coworkers developed a novel formulation of Gelatin/GG microparticles
to be used as a cell carrier injectable scaffold in cardiac tissue engineering, particularly,
for the repair and regeneration of infarcted myocardium (97). These microparticles were
produced by W/O emulsion using phosphatidylcholine as a surfactant and calcium ions
as crosslinker (97). Interestingly, this Gelatin/GG-based formulation was capable of
mimicking the interactions that occur between proteins and polysaccharides and are
found in the extracellular matrix of human natural tissues, which indicates enhanced cell
compatibility (97). Furthermore, its degradation rate was compatible with the expected
kinetic of cardiac tissue regeneration, offering enough support to cell growth. Also, its
viscosity was suitable for injection, once it was verified increased retention of
microparticles at the injection site (97). Additionally, at a biological level and in the
presence of Gelatin/GG microparticles, cardiac progenitor cells preferentially adhere to
the smallest to form stem cells-typical spherical aggregates, then maintaining cellular
viability, integrity, and growth capacity (97). Altogether, these results suggest that
gelatin/GG-based microparticles could have a promising character to be used as
injectable scaffolds for myocardial regeneration, although in vivo models trials might be

needed to confirm their appropriateness for tissue engineering.
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On the other hand, Hsu and his team purposed a GG-based transarterial
chemoembolization agent for liver cancer (40). In this experiment, GG was the substrate
for developing a drug-carrier, being prepared into microspheres by using the W/O
emulsification method, which was further merged the nano-sized drug delivery system
with short-chain hyaluronic acid-histidine, polyethyleneimine-histidine, and
doxorubicin nanoparticles to prepare a multifunctional complex (sHH/PH/Dox) (40).
The GG-based sHH/PH/Dox nanoparticles were revealed to be suitable for long-acting
vascular embolization with excellent biocompatibility (40). Likewise, this construct
promptly improved the stability of the therapeutic agent doxorubicin and simultaneously
increased the availability of the drug and its affinity towards cancer cells (40). This
standpoint was further proved upon the analysis of the embolization behavior of GG-
sHH/PH/Dox nanoparticles. Indeed, around completely ischemic necrotic tissues, these
compounds achieved embolization efficacy, which indicates a promising application in
the treatment of liver cancer or prostatomegaly as an embolization agent.

More recently, Zhang and coworkers constructed a novel type of biodegradable
hydrogel extremely effective in preventing wound infection (98). This wound dressing
material was developed by embedding drug-loaded GG microspheres within a hydrogel,
previously assembled by Schiff base-mediated crosslinking between oxidized GG and
carboxymethyl chitosan (98). The addition of GG microspheres, besides improving the
mechanical properties of the construct, did not affect its swelling ability nor increased
the crosslink density (98). These characteristics were favorable to a highly stable
mechanical structure and confirmed the capacity for absorbing wound exudate and
providing oxygen and nutrients to cells throughout the wound healing process (98).
Moreover, GG-based microspheres greatly contributed to the release of antibacterial
drugs, such as tetracycline hydrochloride, and silver sulfadiazine, in a sustained profile
and with delayed-release properties, unveiling an exceptional long-term antibacterial
activity against E. coli and S. aureus (98). These results support the idea that this
bioactive composite hydrogel can be employed as a promising injectable scaffold for a
wide variety of applications, aiming to promote wound regeneration and drug delivery

under an anti-bacterial environment.

4.3. Capture strategies of therapeutic biomolecules

The biopharmaceutical market is one of the largest industrial sectors and has a huge
positive impact on society, with a predicted global market of nearly 500 billion dollars in
2026 (99). Biopharmaceuticals correspond to any biologically synthesized molecule
applied to treat or manage disorders and account for more than 30% of drugs in the drug

pipeline (100), with hundreds of approved products on the market. Biopharmaceutical
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products include monoclonal antibodies, recombinant growth factors, purified proteins,

recombinant proteins, recombinant hormones, vaccines, recombinant enzymes,
synthetic immunomodulators, cell and gene therapies, between other products. Proteins

play an important role in clinical practice, once they can be used as a therapeutic target
or applied in a specific treatment for a variety of pathologies. Nevertheless, human
proteins with a great pharmaceutical value are very hard to obtain from their natural
sources, being recombinant technology a very powerful tool for their production under
higher amounts and low costs. In fact, the recombinant protein industry has expanded
rapidly, and more than 130 recombinant proteins were approved by FDA for clinical use.
However, over 170 recombinant proteins are produced and used in medicine around the
world (101). On the other hand, non-viral vectors, such as plasmid DNA (pDNA), are
being studied and considered in several ongoing clinical trials for gene therapy or DNA
vaccine applications. pDNA vectors are particularly valuable in terms of safety since they
cannot revert to virulent forms and the stability of pDNA eases its storage and shipping.
Moreover, these vectors are simple to manufacture by changing nucleic acid sequences,
and so, large-scale production and isolation are possible with a reduced processing time.
Thus, the biotechnological platform for pDNA production is a highly cost-effective
procedure (102).

The typical biopharmaceutical manufacturing follows a similar pattern of unit
operations divided into two categories: upstream and downstream. Upstream unit
operations usually include cell culture and harvest steps, while downstream unit
operations include clarification, purification with multiple chromatographies, filtration,
and diafiltration steps. Chromatography has been widely applied in biomolecules
purification, since it allows the exploration of different properties of the target molecule,
like charge, size, hydrophobicity and recognition of a specific ligand (103). Nevertheless,
some of the applied chromatographic strategies cannot manage ‘dirty’/complex samples,
since colloidal impurities commonly plug the packed-bed columns (104). The
combination of a previous clarification step, using a more cost-effective technique (105,
106), with a chromatographic step can ensure the required final purity, simplify the
downstream process as well as reduce the costs and the sample manipulation. The batch
method has been applied for studying the purification or clarification of a crude lysate
sample, applying cell beads (107), and is also suited for beaded materials, like gel beads
(105). Therefore, GG becomes a great polymer to be explored as a chromatographic
matrix or in capture strategies due to its porosity, hydrophilicity, high binding capacity,
and ability to form gels.

Gomes and co-workers applied GG microspheres produced by a W/O emulsion,

previously optimized by a design of experiments tool (20), and reinforced with several
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metal ions to further application in batch methods, as alternatives to chromatographic
procedures, (as presented in Figure 4 (A)). Different applications were explored with
these GG microspheres. First, the direct capture of the human soluble catechol-O-
methyltransferase (hSCOMT), an important biopharmaceutical target associated with
some human dementias, from complex K. pastoris lysates, was accomplished by
establishing two different strategies (19). The GG microspheres were reinforced with
nickel ions, presenting a spherical shape with a size of 239 pm. By mimicking an
immobilized metal affinity chromatography (IMAC) approach and manipulating pH and
ionic strength the recovered hSCOMT bioactivity was about 200% with a purification
degree of 77%. In the other strategy, gellan microspheres were crosslinked with
magnesium ions, once it is known to be a cofactor of hSCOMT, thereby suggesting a
natural affinity for the protein. The magnesium-crosslinked microspheres with about
300 um diameter recovered hSCOMT with 19% of bioactivity and a purification degree
of 0.73%. These findings suggest that the application of GG microspheres in a simple
batch method for the direct capture of the hSCOMT from the K. pastoris lysate is a
viable, useful, rapid, and cost-effective alternative technique to traditional clarification
methods (19).

Given the interesting results and versatility of the GG microspheres in the protein
capture study, the same authors explore the microspheres applicability in the direct
capture of a pDNA vaccine, encoding HPV E7 oncoprotein (pDNA-E7), from an
Escherichia coli (E. coli) complex lysate (21), (Figure 4 (B)). Two capture approaches
were studied to take advantage of divalent copper cations used in the microspheres
reinforcement and the amino groups added by the polyethyleneimine (PEI) used in the
GG microspheres functionalization. Both GG microsphere formulations presented a
spherical shape with a size range of 250-370 um. Copper-crosslinked microspheres
captured 15.61% of pDNA (=15 fold more pDNA than in Escherichia coli lysate) with
2.42% of purity, while the copper-crosslinked microspheres functionalized with PEI
improved pDNA recovery to 88.09%, with 3.18% of purity. The GG microspheres
demonstrated that they can be applied in pDNA capture from crude E. coli lysates,
without the need of using organic solvents, once they allowed to clarify and increase the
pDNA recovery yield of the final sample (21).

Overall, the biotechnological industry, and in particular the isolation of therapeutic
biomolecules, is a recent promising area for innovation in the design of GG. Moreover,
the methods applied in these studies are simple, fast, cost-effective, which are advantages

for a successful scale-up.
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Figure 4. Schematic representation of the GG production and application to capture therapeutic biomolecules; (A)
hSCOMT and (B) pDNA vaccine [adapted from (19, 21)].

5. Conclusions and Future Perspectives

Gellan gum has sparked significant research interest in a variety of fields, including
biomedical and clinical applications, over the last few decades. Gellan gum has a wide
range of properties, including easy bio-fabrication, tunable mechanical, cell adhesion,
biocompatibility, biodegradability, gelling ability, simple functionalization, and
mucoadhesion. Indeed, it is an ideal candidate for the administration and controlled
release of therapeutic agents, as well as a material suitable for regenerative medicine and
tissue engineering. Nonetheless, in physiological conditions, GG presents poor
mechanical strength and stability, leading researchers to combine GG with other
polymers to improve the GG physicochemical properties.

This chapter provides readers with information on the general applications of GG
and more extensively the contemporary biomedical applications of GG microspheres,
mainly in drug delivery systems, tissue engineering, and recovery of therapeutic
biomolecules. We have also addressed the most commonly applied methods for GG
microspheres production that are usually chosen taking into consideration the required
function. These methods resulted in satisfactory yields of microspheres in terms of size
and sphericity, however, some challenges remain to be solved. The main challenge
consists of microspheres' large-scale production, where the key factor will be the strict
control over the microsphere’s geometrical features. This is an important question that
needs to be addressed in a near future to instigate translation of microspheres
applicability from the lab to the industry. In addition, GG microspheres have proven to
be a potent drug delivery system for local delivery since they can entrap larger amounts
of the drug, favouring a more prolonged and constant therapeutic effect, reducing the

dosing frequency and therefore improving patient compliance. The great variety of
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studies as well as the steadily increasing number of researchers engaged in using GG-
based microspheres in the biomedical field, due to their unique properties, have
suggested that GG potential will be even more significant in the future. For example, GG-
based microspheres can be a promising drug delivery vehicle for intranasal and oral
administration, as well as, for tissue engineering due to their unique characteristics such
as biocompatibility, non-toxicity, stability, and biodegradability. In addition, the
application of GG microspheres as a clarification step to recover therapeutic
biomolecules shows once more the great versatility of GG. This specific application has
been explored recently and can be extended to other recombinant therapeutic
biomolecules as a simple, fast, economic, useful and environmentally friendly way to
clarify complex samples without resorting to organic solvents. All these applications
strengthen the great versatility of GG mentioned throughout this chapter. The
characterization and study of GG microspheres for application in the biomedical field
will allow the understanding of crucial aspects of its use in drug delivery, tissue
engineering, and the capture of therapeutic biomolecules. This knowledge will provide
guidance for its scale-up and possible application in the biomedical industry, in
particular, providing a starting point for the in vivo studies, followed by the clinical trials.

Finally, research in this field will undoubtedly result in many more advanced
products that could be beneficial to humans in different areas in the future. Microspheres
are beginning to represent a promising use in biomedical applications, being several

companies already exploiting them in the pharmaceutical and health care industry.
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Abstract

The present work demonstrates the potential of calcium- and nickel-crosslinked gellan
gum microspheres to capture the Six-Transmembrane Epithelial Antigen of the Prostate
1 (STEAP1) directly from complex Komagataella pastoris mini-bioreactor lysates in a
simple batch method. Calcium-crosslinked microspheres were applied in an ionic
exchange strategy, by manipulation of pH and ionic strength, whereas nickel-crosslinked
microspheres were applied in an affinity strategy, mirroring a standard immobilized
metal affinity chromatography. Both batch methods were optimized in regard to
detergent solubilization, lysate concentrations, microsphere ratios and elution profiles.
The most promising results were obtained for the ionic strategy, being able to completely
bind STEAP1 in lysate samples at pH 6.2 in 10 mM MES buffer. The target protein was
eluted in a complexed state at pH 11 with 500 mM NaCl in 10 mM Tris buffer, in a single
step with minimal losses. Coupling the batch clarified sample with a Co-
immunoprecipitation polishing step yields a sample of monomeric STEAP1 with a high
degree of purity. Herein and for the first time, we demonstrate the potential of a gellan
batch method to function as a clarification and primary capture method towards
STEAP1, a membrane protein, simplifying and reducing the costs of standard

purification workflows.

Keywords: STEAP1; Gellan Gum microspheres; Batch method; Capture; Co-

immunoprecipitation
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1. Introduction

Prostate cancer (PCa) is the second most frequently occurring cancer in males
worldwide. According to Globocan, PCa is predicted to rise and become the most
prevalent malignancy in males in 2040 with upwards of 2.4 million new cases per year
(Sung et al., 2021). Indeed, PCa is diagnosed through the levels of prostate-specific
antigen (PSA). However, PSA often fails to distinguish between PCa and benign prostatic
hyperplasia or prostatitis, giving rise to false positives (I. M. Gomes, Arinto, et al., 2014;
Hubert et al., 1999). Current treatment options, such as, prostatectomy, androgen
ablation, radiation and chemotherapy seem to work for early stage PCa. Nevertheless,
when PCa progresses to an androgen-independent metastatic phase or in the case of
biochemical recurrence, these treatments become largely ineffective and low overall
survivability is observed, making new approaches an imperative necessity (W. J. Chen et
al., 2021; Thlaseh-Catalano et al., 2013).

The Six-Transmembrane Epithelial Antigen of the Prostate 1 (STEAP1), first
discovered in 1999 (Hubert et al., 1999), is a membrane protein overexpressed in PCa,
while being mostly absent from other tissues or vital organs (I. M. Gomes et al., 2012;
Hubert et al., 1999). Due to the secondary structure of STEAP1 and localization at the
cell surface in tight- and gap-junctions it has been suggested to function as a
transmembrane channel, transporting ions and small molecules, while also playing a role
in cell adhesion and intercellular communication (W. J. Chen et al., 2021; Esmaeili et al.,
2018; 1. M. Gomes et al., 2012; Yamamoto et al., 2013). Further, when associated in
heterotrimers with other STEAP family members, it seems to have metaloredutase
functions, being involved in the reduction and uptake of iron and copper (Kim et al.,
2016; Ohgami et al., 2006; Oosterheert & Gros, 2020). Moreover, STEAP1 has been
linked with oxidative stress responses and elevated levels of reactive oxygen species,
which in turn, activate redox-sensitive and pro-invasive genes (Grunewald et al., 2012).
Also, STEAP1 overexpression has been suggested to be a driving force for tumor
initiation and progression (I. M. Gomes, Arinto, et al., 2014). Overall, STEAP1 seems to
enhance tumor proliferation and aggressiveness, making it a potential PCa biomarker
and therapeutic target. Indeed, STEAP1 has been appointed as a tumor-associated
antigen that can function as a target for immunotherapy. In fact, [39Zr]Zr-DFO-
MSTP2109A anti-STEAP1 antibody proved to be well tolerated and adequate for positron
emission tomography bioimaging in PCa, being able to track changes in STEAP1
expression, and consequently, tracking the progression of PCa (Carrasquillo et al., 2019;
Doran et al., 2014; O’Donoghue et al., 2019). Further, the conjugation of anti-STEAP1
antibodies with monomethyl auristatin E, a potent antimitotic agent, has shown

potential in reducing tumor volume and delaying castration-resistant PCa (Boswell et
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al., 2011; Danila et al., 2019; Williams et al., 2016). Another emerging strategy is the
priming of cytotoxic T lymphocytes with STEAP1-derived epitopes for enhanced immune
response. This approach has been associated with higher T cell infiltration in the tumor
microenvironment (Krupa et al., 2011), reduced metastases (Schober et al., 2020) and
tumor inhibition (X. Chen et al.,, 2019). Although promising, the development of
immunotherapies is in its early days, and the efficacy is modest, being only a matter of
time until the immunosuppressive nature of the tumor microenvironment rejects these
therapeutics. It has also been shown that STEAP1 directly contributes to this
immunosuppression (Zhao et al., 2021). Furthermore, although a STEAP1 structure has
been deposited in the Protein Data Bank (PDB; https://www.rcsb.org/; Accessed in
28/09/2022) with the accession code 6Y9B (Oosterheert & Gros, 2020), it is incomplete,
lacking both N- and C-terminals. Indeed, several sites have been predicted in both these
domains for post translational modifications (PTM) (I. M. Gomes, Santos, et al., 2014).
PTMs have also been proposed as one of the major differences between non-neoplastic
PNT1A and neoplastic LNCaP cells, the latter being far more stable (I. M. Gomes, Santos,
et al., 2014). Thus, a complete crystallized STEAP1 structure is mandatory, both for in
silico modeling, as well as to potentially increase the effectiveness of current
immunotherapy approaches through better structural understanding. However, current
purification approaches are scarce and seem to be mostly based on sequential
chromatographic steps of immobilized metal affinity chromatography (IMAC) and size
exclusion chromatography (SEC) (Kim et al., 2016; Oosterheert & Gros, 2020). This
purification workflow has shown promise in the crystallization of other membrane
proteins (Low et al., 2013). For instance, stable crystals were obtained from lysine-
specific permease (Nji et al., 2014) and CdsD (Merilainen & Wierenga, 2014) extracts
purified by IMAC and SEC in preliminary X-ray diffraction studies. Nonetheless, in the
case of STEAP1, this approach appears to not be yielding enough protein concentration
for crystallization studies, prompting the development of new isolation bioprocesses.
Gellan Gum (GG) is a natural linear anionic exopolysaccharide secreted by
Sphingomonas paucimobilis, which consists of four repeating carbohydrates, including
two [-D-glucoses, one a-L-rhamnose, and one [-D-glucuronic acid (Thangavelu
Muthukumar, 2019; Zia et al.,, 2018). Due to its properties of biocompatibility,
biodegradability, hydrophilicity, mucoadhesive features and good gelling capacity, GG
has found remarkable success in the fields of food (Danalache et al., 2016), tissue
engineering (Vieira et al., 2019), bioremediation (Park et al., 2021), biosynthesis (Lyu et
al., 2019) and drug delivery (Villarreal-Otalvaro & Coburn, 2021). Indeed, GG-based
materials have been shown to promote strong adsorption of small drug molecules

(Racovita et al., 2016). Recently, our research group demonstrated that GG microspheres
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can efficiently capture soluble catechol-O-methyltransferase (COMT) (D. Gomes,
Gongalves, et al., 2021) and plasmid DNA (D. Gomes, Costa, et al., 2021). Current
microsphere-based methods being developed for protein capture are mostly based on
magnetic microspheres, which quickly enhance complexity and cost of bioprocesses
(Koubkova et al., 2014; Lei et al., 2021, 2022; Zhou et al., 2020). Contrarily, GG
microspheres are cost-effective and production methods are easier to scale up (Mahajan
& Gattani, 2009). Further and until now, protein capture mediated through
microparticles seems to be solely restricted to soluble proteins. Certainly, the difficulties
associated with membrane protein purification, such as loss of stability and natural
conformation, act as a deterrent for new capture procedures (Lin & Guidotti, 2009). In
fact, out of 195858 structures deposited in PDB, only 10229 correspond to membrane
proteins (Accessed on 28/09/2022). Nonetheless, membrane proteins play a pivotal role
in biological processes and emerging capture and purification strategies should be
explored towards structural determination.

Considering the necessity for novel bioprocesses and the efficacy previously
demonstrated by GG microspheres in the capture of other biomolecules, the main
purpose of the present work was to explore the potential of GG microspheres to capture
recombinant human STEAP1, a highly relevant membrane protein from Komagataella
pastoris lysates, through a simple batch method. To achieve this, GG microspheres were
reinforced with calcium and nickel ions, and two different approaches were studied. For
calcium-crosslinked GG an ionic exchange strategy was conducted by the manipulation
of pH and ionic strength. For nickel-crosslinked GG an affinity approach was performed,

mirroring IMAC.

105



Isolation of STEAP1 using GG microspheres

2. Experimental

2.1 Materials

Ultrapure reagent-grade water was obtained from a Milli-Q system from
Millipore/Waters. Gellan Gum (Gelzan™, Gelrite®), glass beads, lysozyme,
deoxyribonuclease I (DNase), bromophenol blue, MES hydrate and MES sodium salt
were acquired from Sigma-Aldrich Co. (St. Louis, MO, USA). Tris-base, tween-20,
glycine, imidazole, sodium chloride (NaCl), nickel chloride hexahydrate (NiCl,.6H,O)
and methanol were purchased from ThermoFischer Scientific (Waltham, MA, USA).
Calcium Chloride dihydrate (CaCl..2H,O) and sodium dodecyl sulfate (SDS) were
obtained from PanReac Applichem (Darmstadt, Germany). B-mercaptoethanol and
N,N,N’,N’-Tetramethylethylenediamine (TEMED) were acquired from Merck
(Darmstadt, Germany). Bis-Acrylamide/Acrylamide 40% and NZYColour Protein
Marker II were obtained from GRiSP Research Solutions (Oporto, Portugal) and
NZYTech (Lisbon, Portugal), respectively. All other reagents and supplies were of

analytical grade.

2.2 Methods

2.2.1 Gellan microspheres production

GG microspheres were produced through a water-in-oil (W/0O) emulsion method,
previously optimized by our research group through a design of experiments approach
(Coelho et al., 2019). Briefly, we dissolved a 1.41% GG solution at 90 -C and 300 rpm for
15 min. Then, the GG solution was extruded drop by drop from a syringe with a 21G
needle attached to a syringe pump (Harvard Apparatus, UK). The flow rate was set to 75
pL/min and the solution was dripped from a height of approximately 20 cm into 100%
vegetable cooking oil previously heated to 100 °C under strong agitation. Next, the
microspheres were reinforced with either Ca2* or Ni2*, by the addition of a 200 mM
crosslinker solution to the emulsions at 750 rpm and room temperature during 30 min.
Subsequently, excess o0il was removed with 70% ethanol in a vacuum filtration system
with 11 um pore size filter paper (VWR, USA). Finally, GG microspheres were dried with
water and stored in 10 mM MES buffer pH 6.2, at 4 -C, until they were used in capture

trials.
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2.2.2 Gellan microspheres characterization

2.2.2.1 Semi-optical microscopy

First, the average diameter of GG microspheres was assessed through semi-
optical microscopy. So, microspheres were seated into microscope slides and visualized
at 10x magnification. Six different images (n = 6) with a total of 46 measurements were

obtained and the mean diameter was assessed.

2.2.2.2 Scanning electron microscopy (SEM)

Surface morphology of GG microspheres was evaluated through SEM, using a
Hitachi S-3400 N microscope (Tokyo, Japan). The microspheres were distributed onto
an aluminum support with a carbon base and frozen at -20 °C. Then, several
representative images were taken using different magnifications, with a backscattered
electron (BSE) 3D detector.

2.2.2.3 Elemental Analysis and Chemical Composition

To shed light on the elemental composition of produced microspheres, and
confirm the incorporation of calcium, energy dispersive X-ray spectroscopy (EDX) was
conducted. Still frozen, post SEM snapshot acquisitions, microspheres were analyzed via
a QUANTAX 400 detector (Bruker, USA).

2.2.2.4 Fourier-transformed Infrared Spectroscopy (FTIR)

FTIR was utilized to gauge the appropriate formation of GG microspheres and to
ensure divalent ion crosslinking. For this, samples were lyophilized, and spectra were
acquired using a FTIR spectrophotometer (Nicolet iS10, ThermoFischer Scientific) for
both GG powder and GG microspheres. The equipment was managed in the OMNIC
Spectra software (ThermoFischer Scientific), and spectra were collected operating in
ATR mode with an average of 120 scans on wavenumbers ranging from 400-4000 cm™,

at a resolution of 32 cm™.
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2.2.3 Mini-bioreactor production and recovery of STEAP1

The production and lysis of recombinant STEAP1 was performed as described by
Duarte and coworkers (Duarte et al., 2021). Briefly, Komagataella pastoris X-33 Mut*
were selected on yeast peptone dextrose (YPD) plates, at 30 °C. Then, a single colony was
chosen and transferred to shaker flasks with 100 mL of Buffered minimal glycerol
medium (BMGH) and grown overnight at 30°C and 250 rpm until ODesoonm reached a
value between 5-6. Then, an appropriate volume was collected so that the initial
fermentation ODsoonm Was equivalent to 0.5 and was deposited into 750 mL vessels from
a mini bioreactors platform with 250 mL of basal salt medium (BSM) supplemented with
Zeocin™ and a trace metal solution (SMT). The STEAP1 biosynthesis was divided into 3
main stages. First, a standard batch occurred until depletion of glycerol, detected by a
sharp increase in dissolved oxygen. After, a glycerol fed-batch phase was carried out for
2h, in order to improve biomass levels, followed by a 1h transition phase where methanol
was introduced to the feed to prepare the culture for a new carbon source. The third stage
consists of a methanol feed strategy inducing the AOX promoter in the cells and
stimulating the expression of His-tagged recombinant human STEAP1 (rhSTEAP1).
Finally, the cells were retrieved by centrifugation for 10 min at 1500g and 4-C.

To recover STEAP1, K. Pastoris cells were resuspended in lysis buffer (50 mM
Tris, 150 mM NacCl, pH 7.8) supplemented with a protease inhibitor cocktail (Hoffmann-
La Roche, Basel, Switzerland). Lysozyme (1 mg/mL) was added to the mix at room
temperature for 15 min. After enzymatic digestion, the mixture was transferred to a
falcon with glass beads in a ratio of 1:2:2, respectively, 1 g biomass, 2 mL of lysis buffer
and 2 g of beads. Subsequently, mechanical lysis was executed through seven vortex
cycles, interposed by 1 min intervals on ice. Next, the cell fragments and glass beads were
separated by a 5 min 500g centrifugation at 4°C. The pellet was resuspended in lysis
buffer supplemented with DNase (1 mg/mL) and centrifuged at 16000g for 30 min at
4°C. The supernatant was discarded, and the pellet was resuspended in the appropriate
binding buffer for the batch method capture step. The total protein content in the lysates
was quantified by Pierce BCA Protein Assay Kit (ThermoFischer Scientific) following

manufacturer's instructions.
2.2.4 Batch method for the STEAP1 capture
The employed batch method was adapted from the batch described by Gomes and

coworkers for the capture of COMT (D. Gomes, Gongalves, et al., 2021). First, GG

microspheres were equilibrated with an appropriate buffer for the capture step. Then,
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the batch consisted in three main stages: Binding, Washing and Elution. The binding or
capture step was initiated by the addition of the lysate in an appropriate dilution to the
microspheres. This step was carried out for a total of 4h, at 4°C under gentle tube
agitation. This was followed by a centrifugation at 500g for 8 min and recovery of the
supernatant. The washing and elution steps follow the same profile with adequate buffers
during 1h. The batch was applied to GG microspheres crosslinked with calcium or nickel
ions. For calcium, an ionic exchange strategy was chosen, by manipulation of pH, ranging
from 6.2 to 11, and ionic strength, by manipulation of NaCl concentrations ranging from
0 to 500 mM, in order to recover STEAP1. For nickel, an affinity method similar to
Immobilized metal affinity chromatography was used, where STEAP1 was bound to the
microspheres through its His-Tag and eluted by varying imidazole concentrations,
ranging from 5 to 500 mM in total concentration. The recovered fractions were
concentrated and desalted with Vivaspin concentrators (10000 MWCO) and stored at

4°C until further purity or immunoreactivity analysis.

2.2.5 Co-Immunoprecipitation

The clarified sample from the batch method was coupled with a final polishing
Co-Immunoprecipitation (Co-IP) step. Co-IP was performed following manufacturer's
protocol for Protein A/G PLUS-Agarose Immunoprecipitation Reagent (sc-2003, Santa
Cruz Biotechnology, Dallas, TX, USA) with slight modifications. Succinctly, STEAP1
clarified samples were incubated for 1 h at 4°C with anti-STEAP1 mouse monoclonal
antibody (B-4, Santa Cruz Biotechnology, Dallas, TX, USA), followed by overnight
incubation with agarose beads with constant stirring. Conjugated complexes were
recuperated by centrifugation at 1000g for 5 min at 4°C. Supernatant was discarded, the
complexes were washed with PBS and then resuspended in electrophoresis loading
buffer (refer to section 2.2.6). The agarose beads were separated from the antibody-
STEAP1 complexes by the combinatory effect of sample boiling at 100°C and 5% (v/v) -

mercaptoethanol.

2.2.6 SDS-PAGE and Western Blot

Reducing SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed
according to the Laemmli method (Laemmli, 1970). In essence, samples from the batch
method were boiled for 5 min at 100°C and resolved in two 12.5% SDS-PAGE gels at 120
V. Then, one gel was stained by Coomassie blue solution, while the other was transferred
into a PVDF membrane (GE Healthcare,Wauwatosa, WI, USA) at 750 mA for 90 min at
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4 °C. The membranes were blocked in 5% non-fat milk and incubated overnight with
anti-STEAP1 mouse monoclonal antibody 1:300. Afterwards, following a 2 h incubation
with goat anti-mouse IgG-HRP 1:5000 (sc-2005, Santa Cruz Biotechnology, Dallas, TX,
USA), STEAP1 immunoreactivity was analyzed with ChemiDoc™ MP Imaging System
after incubation with ECL substrate (Bio-Rad, Hercules, CA, USA).
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3.Results

3.1 Characterization of gellan gum microspheres

GG microspheres produced through W/O emulsion were crosslinked with
calcium and nickel ions. Calcium was chosen as it is the most widely used crosslinker for
GG microspheres by researchers, with proven efficacy in drug delivery (Abbas & Marihal,
2014), immobilization of cells and enzymes (Fan et al., 2017; Lyu et al., 2019) and
degradation of pollutants (Park et al., 2021). Nickel was selected since our research group
had previously demonstrated this ion yielded the best capture and purification results
for COMT, through a similar GG batch method (D. Gomes, Gongalves, et al., 2021).
Indeed, because nickel-crosslinked GG microspheres had already been described
elsewhere, they were excluded from further characterization. Calcium-crosslinked GG
microspheres were characterized in regard to size, morphology, and elemental
composition, through semi-optical microscopy, SEM, EDX and FTIR.

The mean diameter for calcium-crosslinked GG microspheres was attained

through the average of six (n = 6) snapshots from semi-optical microscopy. The obtained

b ¢

LME/CO-UBI 15.0kV 10.6mm x100 BSE3D 4/1/2022 500um LME/CO-UBI 15.0kV 9.7mm x200 BSE3D 4/1/2022 200um

Figure 1. Semi-optical snapshots of calcium-crosslinked GG microspheres (A, B) and SEM images of calcium-crosslinked
GG microspheres at x100 magnification (C) and x200 magnification (D).
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mean diameter was of 330.37 + 11.38 um. Nickel-crosslinked GG microspheres had been
previously described with a mean diameter of 239.06 + 5.43 um (D. Gomes, Gongalves,
et al., 2021). Representative snapshots can be seen in (Fig. 1). Further, the morphology
and geometry of calcium-crosslinked microspheres was assessed through SEM. The
microspheres present a consistent and uniform structure with spherical shape. At first
glance, it appears that some rugosity is present, however examining the surface at x200
magnification, it becomes clear that the surface is smooth with no apparent pores,
cavities or cracks (Fig. 1D). This result is opposite to what has been observed for GG
microspheres crosslinked with magnesium, nickel and copper, where clear rugosity and
cavities can be seen in the surface of the microspheres (D. Gomes, Costa, et al., 2021; D.
Gomes, Gongalves, et al., 2021). Following SEM, microspheres were analyzed by EDX to
unveil the main elemental composition. A summary of the results can be found in Table
1. As previously mentioned, GG is mainly comprised of carbohydrates, which validates
that the major chemical elements in the microspheres are carbon and oxygen. Further,
calcium was detected at an appreciable level in calcium-crosslinked GG microspheres,
confirming appropriate crosslinking. When compared to nickel-crosslinked GG
microspheres, the normalized ion percentage levels seem to differ nearly two-fold.
Indeed, when comparing copper-, magnesium-, nickel- and calcium-crosslinked
microspheres by crosslinker percentage, it seems that transition metals are incorporated
in higher degrees than alkaline earth metals (D. Gomes, Costa, et al., 2021; D. Gomes,
Gongalves, et al.,, 2021). This stronger crosslinker concentration can induce the
formation of a tighter mesh network, resulting in more compact microspheres, which can
justify why nickel-crosslinked microspheres are smaller than calcium-crosslinked

microspheres (Babu et al., 2010).

Table 1. Elemental Composition of GG microspheres through EDX.

Element Calcium-crosslinked GG Nickel-crosslinked GG
microspheres microspheres
C norm. [wt%] C atom. [at%] C norm. [wt%] C atom. [at%]

Carbon 31.87 38.72 39.19 47.13
Oxygen 66.54 60.70 57.73 52.12
Calcium 1.59 0.58 - -

Nickel - - 3.08 0.76
Total 100.0 100.0 100.0 100.0

Ref. - (D. Gomes, Gongalves, et al., 2021)
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Then, FTIR analysis was performed to evaluate the chemical integrity of GG after
microsphere assembly, as well as to detect the chemical interactions between GG and
calcium. The recorded FTIR spectra for both GG powder and calcium-crosslinked GG
microspheres can be seen in Fig. 2. The spectrum of GG powder showed characteristic
peaks at 3333 cm™, due to the stretching of hydroxyl groups (-OH) from glucopyranose
rings. The peak at 2912 cm™ is assigned to -CH vibrations (Agnihotri & Aminabhavi,
2005; Dhanka et al., 2018). Further peaks at 1605 cm™ and 1400 cm, correspond to the
presence of carboxylate anions (COO-). The peak at 1026 cm™ is linked to hydroxylic C-
O stretching (Agnihotri & Aminabhavi, 2005; Dhanka et al., 2018). The spectrum for
calcium-crosslinked GG microspheres displays similar peaks, although with slight
variations in absorbance. Indeed, the rise of a peak at 1743 cm™ and the disappearance
of the peak at 1400 cm™ suggests an interaction between the carboxyl groups from GG
with calcium ions. Further, the quenching of the peaks at 3333cm™ and 1026 cm™ might
suggest that calcium could also bind in the glucopyranose rings of glucose and to the
negatively charged components of glucuronic acid, respectively. It appears that all
subunits of GG are involved in the coordination of calcium binding and this change in

FTIR spectra corroborates EDX results, confirming calcium crosslinking.
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Figure 2. FTIR Spectra (Absorbance vs Wavenumber) of calcium-crosslinked GG microspheres (A) and GG powder (B).
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3.2 Optimization of the batch method for the capture of STEAP1

As previously mentioned, the batch method employed follows a simple sequence
of binding, washing and elution steps. It was intended to take advantage of the high
predicted STEAP1 isoelectric point of ~9.2 (Compute pl - Expasy;
https://web.expasy.org/compute_pi/) to separate it from the remainder K. pastoris
proteome with an average isoelectric point of 6.46 (Proteome-plI database; (Kozlowski,
2017)). Although K. pastoris X33 Mut* were used for STEAP1 production, instead of the
listed K. pastoris strain GS115 in the Proteome-plI database, no significant changes were
expected in isoelectric point since X33 is derived from GS115 (Blanchard et al., 2008).
So, the explored initial strategy was ionic exchange, based solely on pH manipulation for
both microspheres, where it was intended to bind STEAP1 to GG microspheres at pH 6.2
in 10 mM MES buffer, wash off most impurities at pH 8 in 10 mM Tris buffer and then
start eluting STEAP1 at pH 9.2 or higher in 10 mM Tris buffer, either by charge
neutralization or charge repulsion. However, as can be seen in Fig. 3, protein samples
recuperated from the initial batch with both microsphere crosslinkers presented an
elevated molecular weight of >245 kDa. Indeed, it appears that STEAP1 tended to form
complexes with GG microspheres, and in turn, potentially aggregate. It had been
previously reported that sample boiling prior to Western Blot for other transmembrane
proteins resulted in similar large molecular weight complexes in immunoreactive assays
(Tsuji, 2020). To evaluate this condition, batch samples were left at room temperature,
whereas their equivalent counterparts were boiled at 100 °C for 5 min prior to detection,

however no change was detected for either condition (data not shown). Therefore, a

Calcium-crosslinked GG microspheres Nickel-crosslinked GG microspheres
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Figure 3. SDS-PAGE and Western-blot of the recovered supernatants from the initial batch for both calcium and nickel crosslinked microspheres (35
mL GG microspheres for both ions represented). MW — molecular weight; | — Sample that did not bind to GG microspheres at 10 mM MES pH 6.2; 11
— Washing step with 10 mM Tris pH 8; 111 — Elution step with 10 mM Tris pH 9.2; IV — Elution Step with 10 mM Tris pH 11; Arrows indicate STEAP1
complexes.
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series of optimizations were conducted to improve protein stability and solubility,
namely, detergent solubilization, initial lysate concentration screening and microspheres
volume ratios.

First, and since solubilization of membrane proteins is of the utmost importance
for proper stabilization and conformation outside the natural lipidic environment
(Kalipatnapu & Chattopadhyay, 2005; Seddon et al., 2004), several mild nonionic
detergents that our group had previously tested for STEAP1 at a 0.1% concentration (data
not shown), were selected for solubilization assays. Following cell lysis and STEAP1
recovery procedure, resulting pellets were resuspended in 10 mM MES buffer at pH 6.2
with either 0.1% (v/v) of 5-Cyclohexyl-1-Pentyl-B-D-Maltoside (CYMAL-5), n-Decyl-f3-
D-Maltoside (DM), Nonidet P-40 (NP-40) or Genapol X-100 (GEN). In Fig 4A, it is
observed that the Maltoside-based detergents were more effective in solubilizing
STEAP1, with DM exhibiting the strongest band intensity. As for GEN and NP-40, very
little difference can be observed from the control sample. In fact, it seems that GEN

actually causes some degradation of STEAP1.
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<—— STEAP1 Complex

<«—— STEAP1 (~63 kDa)

1:12 1:14 1:16 1:20
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Figure 4. Western-blot of the detergent screening for solubilization of STEAP1 (control represents unsolubilized lysate samples) (A)
and recovered supernatants from the Initial batch lysate dilution screening following a simple three step sequence per dilution: Binding
— 10 mM MES pH 6.2; Washing — 10 mM Tris pH 8; Elution — 10 mM Tris pH 11 (B).

In the initial batch a lysate dilution of 1:4 was used, as previously described (D.
Gomes, Goncalves, et al., 2021). However, since this lysate dilution, and therefore total

initial protein concentration, resulted in the formation of large molecular weight bands
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exceeding 245 kDa, it was decided to assess if the total protein concentration was
inducing aggregation events. So, a simplified batch, with only 3 steps consisting of
binding (10 mM MES buffer at pH 6.2), washing (10 mM Tris pH 8) and elution (10 mM
Tris pH 11) steps, was utilized to screen an array of initial lysate dilutions ranging from
1:4 to 1:20. Results are displayed in Fig 4B. Indeed, it seems that 1:4 dilution forms large
molecular weight complexes and compromises analysis. Starting from 1:6 (total protein
concentration of ~7 mg/mL) and forwards some migration of STEAP1 to approximately
63 kDa was observed. Further, the bands at the top of the membranes remain present
even at the most diluted samples of 1:20 (~2.15 total protein in mg/mL). This might
indicate that STEAP1 aggregation is not the main driving force for the formation of these
high molecular weight complexes. Nevertheless, considering the information of both
screenings, from this point forward all batches were performed with an initial lysate
dilution of 1:6, since this dilution degree allows for the clarification of the highest amount
of STEAP1 in each batch run. Also, 0.1% (v/v) DM was included in all buffers in order to
solubilize and maintain STEAP1 stability throughout the batch runs. In fact, just applying
these 2 optimized parameters in conjunction to the initial batch workflow with calcium-
crosslinked GG microspheres, it was possible to bind the great majority of STEAP1 and
start eluting it at pH 9.2, by charge neutralization (Fig. 5). Moreover, up until this point
different microsphere volume ratios were tested. These were 20 mL and 35 mL of GG
microspheres to 6 mL of buffer applied in each batch step. The 35 mL of GG microspheres
exhibited better binding results of our membrane protein target and were selected for
further analysis. The results from the ionic exchange strategy were very similar for
nickel-crosslinked microspheres, in regards to elution profiles and protein content in

each batch step (data not shown).
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Calcium-crosslinked GG microspheres
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Figure 5. SDS-PAGE and Western-blot of the recovered supernatants from the optimized batch for calcium-crosslinked GG
microspheres (35 mL GG microspheres); | — Sample that did not bind to GG microspheres at 10 mM MES pH 6.2; 11 — Washing
step with 10 mM Tris pH 8; I11 — Elution step with 10 mM Tris pH 9.2; IV — Elution Step with 10 mM Tris pH 11.

3.3 Batch method for the capture of STEAP1

3.3.1 Affinity strategy for STEAP1 capture using nickel-crosslinked GG microspheres

Because the results from the ionic exchange strategy yielded equivalent results
for both types of microspheres it would be redundant to develop the same approach for
nickel- and calcium-crosslinked GG microspheres. Instead, nickel-crosslinked GG
microspheres were used to capture STEAP1 through its 6xHis-Tag, simulating IMAC
retention mechanisms, where elution would be prompted by increasing imidazole
concentrations. Previous internal data had demonstrated that STEAP1 in a nickel IMAC
column following an imidazole stepwise elution scheme (10 mM, 50 mM, 175 mM, 300
mM, 500 mM,; elution profile adapted from (Pedro et al., 2018)) started eluting at 175
mM imidazole (data not shown). Therefore, in the present work it was decided to setup
a batch roadmap with fixed pH at 9.2 to eliminate or reduce as much as possible any
electrostatic interaction. The latter optimized batch through lysate dilution, DM
solubilization and microsphere ratio tuning exhibited positive results, yet a large degree

of complexation was still present. To tackle this issue, it was also added a moderate
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amount of salt to the buffers, to promote a slight salting-in effect and promote STEAP1
stabilization. Salt stabilization had been previously demonstrated for Rhodopsin, a
structurally similar transmembrane protein (Reyes-Alcaraz et al., 2011). The affinity
batch was setup with a binding step consisting of 10 mM Tris at pH 9.2 with 150 mM
NaCl and 5 mM imidazole and elution steps with the same amount of salt but with
increasing concentrations of imidazole, corresponding to 175, 300 and 500 mM
imidazole in 10 mM Tris pH 9.2. Following this gradient step mode, STEAP1 seemed to
elute equally in all elution steps, suggesting that our target does in fact start eluting at
175 mM similar to IMAC. However, unlike IMAC, 175 mM imidazole was not enough to
fully elute STEAP1 in a single step (data not shown). To address this elution profile, the
batch was condensed to three steps, where binding would remain equal, followed by a
washing step with 50 mM imidazole to remove any non-specific protein binding that may
have occurred in the microspheres, and then a final elution step with 500 mM imidazole
(the highest concentration from previous batch). Highlighted in Fig. 6, with the
described conditions, most of STEAP1 was captured through an affinity approach.
However, it seems that over half was eluted in the supposed washing step with 50 mM
imidazole. This indicates that a 3.5 times lower imidazole concentration can elute

STEAP1 in a GG batch method as opposed to the necessary 175 mM in IMAC.

Nickel-crosslinked GG microspheres

SDS-PAGE Western-Blot
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Figure 6. SDS-PAGE and Western-blot of the recovered supernatants from affinity batch with nickel-crosslinked GG
microspheres; | — Sample that did not bind to GG microspheres at 10 mM Tris pH 9.2 with 150 mM NaCl and 5 mM imidazole;
Il — Washing step with 10 mM Tris pH 9.2 with 150 mM NaCl and 50 mM imidazole; 111 — Elution step with 10 mM Tris pH
9.2 with 150 mM NaCl and 500 mM imidazole.
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Furthermore, a great deal of degradation (~17 kDa) was observed for the first time in all
batch runs. Due to the degradation and the fact that it was not possible to recover the
majority of STEAP1 in a single step, the samples recovered from nickel-crosslinked GG

microspheres batches were excluded from further purification.

3.3.2 Ionic strategy for STEAP1 capture using calcium-crosslinked GG microspheres

Similar to the affinity strategy, for the ionic batch strategy using calcium-
crosslinked GG microspheres, salt was introduced to attain the same salting-in effect.
However, instead of a fixed concentration of 150 mM, this assay explored the increase of
intra-step NacCl levels in order to streamline the batch method to mimic a standard ionic
exchange chromatography. In the optimization batch, it was noticed that although
STEAP1 eluted mostly at pH 9.2, there was still a fraction of STEAP1 only being eluted at
pH 11 buffer base. To recover as much target protein as possible in a single step, a switch
to a single elution step and the replacement of the previous elution step at pH 9.2 with
an additional washing step were made, in order to enhance the removal of impurities. In
this manner, the ionic exchange batch remained a four-step batch with the conditions
underlined in Fig. 7A. In the binding step, practically all STEAP1 bound to calcium-
crosslinked GG microspheres at pH 6.2 with no salt. Then, the minimal losses that were
observed for the initial wash step at pH 8 with 100 mM NaCl, quickly turned into
substantial losses by the increase to 200 mM NaCl at the same pH level. As intended, the
bulk of STEAP1 was recovered in the final step by charge repulsion induced by the highest
amount of salt. Although a clearer sample was obtained in the end of the four-step batch
system, a significant loss was observed in line III. To tackle this issue, the batch was
condensed into three steps by removing the washing step with 200 mM NaCl and by
concentrating this sample at pH 11 with 500 mM NaCl. However, when swapping to the
condensed batch mixed results were observed. As highlighted in Fig. 7B, while all of
STEAP1 was retained during the binding step and remained bound during the washing
step, target samples returned to a fully complexed state in the elution step, even with all
optimizations previously described. Considering all the results thus far and GGs
molecular weight of 500 kDa (Bacelar et al., 2016), we suspected that STEAP1 was
forming complexes with the microspheres beyond simple ionic interactions. To assess
the strength of this complexation, fully complexed samples were coupled with a Co-
Immunoprecipitation polishing step. Indeed, it appears the antibody-STEAP1
interaction is stronger than GG-STEAP1, since post Co-IP STEAP1 was recovered in its
monomeric form (Fig. 8). SDS-PAGE of Co-IP STEAP1 shows a high degree of purity,

although a major unidentified protein can be seen between ~63 and ~75 kDa.
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Figure 7. SDS-PAGE and Western-blot of the recovered supernatants from the ionic exchange batch for calcium-crosslinked GG microspheres for
both a four-step batch (A) and Condensed batch (B) (35 mL GG microspheres); | — Sample that did not bind to GG microspheres at 10 mM MES
pH 6.2; 1l — Wash step with 10 mM Tris pH 8 and 100 mM NaCl; 111 — Elution step with 10 mM Tris pH 8 and 200 mM NacCl; IV — Elution Step
with 10 mM Tris pH 11 and 500 mM NacCl.

By analysis of the proteome from Komagataella pastoris X-33 reported by Huang and
coworkers (Huang et al., 2011) and by taking into account proximity to the expected
molecular weight and isoelectric point, we were able to identify Ferric and cupric
reductase (FRE2) and Ferrioxamine B (SIT1) as possibilities for this unidentified protein.
Summarizing the presented results, it appears that a simple GG batch can successfully
act as a primary purification step. Even in the worst case scenario, where STEAP1 fully
complexes with GG microspheres, a Co-IP polishing step can be applied to obtain a
purified sample. Further, Co-IP seems to also be able to fix the aggregation issues derived

from upstream stage (~63 kDa in lysate to ~35 kDa monomeric form).
Lysate (Control) GG Batch STEAP1 CO-IP STEAP1

100 kDa
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Figure 8. SDS-PAGE and Western-Blot of the entire purification workflow: the initial total protein content in K.pastoris lysate, the clarified sample
from calcium-crosslinked GG batch and the purified co-immunoprecipitated STEAP1
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4. Discussion

STEAP1 has been appointed as a putative biomarker and therapeutic agent in a plenitude
of cancers, with higher expression levels in PCa. Unlike other STEAP family members (2-
4), STEAP1 does not contain an N-terminal NADPH binding domain. Instead, it has a
long tail that sits in the intracellular domain with undiscovered functions. Further,
STEAP1 has been predicted to play a role in a slew of signaling pathways (Guo et al.,
2020; Huo et al., 2020; Nakamura et al., 2019; Zhang et al., 2020) and we speculate this
STEAP1 disposition could be related to signal transduction. As previously mentioned, it
is imperative to uncover the full STEAP1 structure, in order to explore the role this
protein plays in biological systems. For this, improvements to current bioprocesses are
necessary. Earlier, our research group made strides in optimizing the production of
recombinant human STEAP1 in a mini-bioreactor platform (Duarte et al., 2021). The
produced recombinant protein fractions increased the proliferation of prostate cancer
cell lines, indicating they acquire active confirmation (Duarte et al., 2021). Here, we
tackled the downstream portion in an attempt to improve purification yields, resorting
to a simple batch method with GG microspheres. Both calcium- and nickel-crosslinked
GG microspheres were produced through a previously optimized W/O emulsion,
resulting in average diameters of 330.37 + 11.38 um and 239.06 + 5.43 um, respectively.
These values are lower than those reported for GG microspheres produced by ionotropic
gelation (Babu et al., 2010; Narkar et al., 2010). Indeed, as the size of microspheres
decreases it is expected an improvement in specific surface area, and consequently an
improvement in adsorption capacity (Kawaguchi, 2000). However, no evident change
was observed between calcium and nickel microspheres after the ionic optimization
batch (data not shown). The initial batch strategy was based on a very simple ionic
interaction. In the ionic approach, GG would always present a negative charge (pKa =
3.5; (Cassanelli et al., 2018)) and STEAP1 would bind at pH 6.2 with a positive charge,
and be eluted at >pH 9.2, by electrostatic repulsion. However, in the initial batch only
large molecular weight bands were observed in the immunoreactive assays. At first, it
was suspected that STEAP1 might be getting stuck inside or in certain cavities in GG
microspheres. However, calcium-crosslinked GG microspheres SEM images present a
smooth surface with no apparent pores or cavities. Next, it was suspected that STEAP1
was forming large aggregates. To improve STEAP1 stability during the batch, several
optimizations were initiated. First, a series of non-ionic detergents were applied in the
solubilization of STEAP1. These detergents were selected mainly because they are non-
denaturant and can ensure the biological function of membrane proteins, as opposed to

ionic and zwitterionic detergents which are harsher and often lead do deactivation or
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denaturation of membrane proteins (Kermani, 2021; Seddon et al., 2004). From the
selected detergents, DM presented the best solubilization potential. Similar to most
membrane proteins, STEAP1 is best solubilized by alkyl maltopyranosides. Indeed,
approximately 50% of membrane proteins in the Membrane Proteins of Known 3D
Structure database were solubilized by alkyl maltopyranoside detergents both in the
purification and crystallization phases of structure determination (Stetsenko & Guskov,
2017). Thereafter, the influence of total protein content in the batch was assessed by
screening an assortment of different dilutions from 1:4 to 1:20. Starting from a dilution
of 1:6 (~7 mg/mL) and forwards, some migration was observed to ~63 kDa. This could
suggest that aggregation was in fact a contributing factor, however even at dilutions of
1:20 (~2.15 mg/mL) the presence of large weight aggregates was constant throughout
immunoreactive assays. When applying both DM and 1:6 dilution in the optimized batch
(Fig. 5), it was possible to minimize the large molecular weight complexes. Furthermore,
the remaining complexes were mainly localized at the elution step with pH 9.2, where
the majority of STEAP1 eluted. When the SDS-PAGE of all assays is compared, it is clear
that all lanes are very similar in protein composition. So, if hetero-aggregation was the
cause, it would be expected that other proteins would interfere with antibody detection
of STEAP1. Yet, the intensity of the complexes band seems to mimic the intensity to
which STEAP1 is present in each batch step. In addition, the presence of small STEAP1
aggregates (~48 and ~63 kDa) is not considered a concern, since they have been
previously associated with the recombinant production steps (Duarte et al., 2021). In
fact, Kim and coworkers ventured as far as to call them the dimeric and trimeric STEAP1
(Kim et al., 2016). In order to further reduce the occurrence of complexation, the
addition of salt was carried out to promote a small salting-in effect and stabilize STEAP1.
In the four-step batch (Fig. 7A), only a very modest benefit was observed in the
reduction of complexes. Later, when condensing to a three step batch to minimize
STEAP1 losses, mixed results were observed. Indeed, STEAP1 was fully collected in the
intended elution step without losses, but it came fully complexed. During the intra-step
centrifugation steps and posterior supernatant collection, it was observed that some GG
microspheres did not sediment completely and were recovered in the supernatant. Even
with several optimization studies onto this capture method, it was not possible to identify
a schema that could fully separate the GG microspheres from the target protein. So, we
suspect that GG with 500 kDa was forming complexes with STEAP1 and increasing
amounts of microspheres recovered would prompt higher rates of complexation. Indeed,
these complexes seem to origin outside the scope of standard ionic interactions since
electrostatic repulsion and 500 mM NaCl should have been more than enough to disrupt

these interactions. STEAP1 has been previously predicted to act both as an ionic channel
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and to modulate the concentration of small ions, calcium included (Barroca-Ferreira et
al,, 2018; I. M. Gomes et al., 2012). Perhaps STEAP1 functions as a calcium
transmembrane channel and forms GG-STEAP1 complexes by the mediation of latent
affinity towards the calcium crosslinker. Further, nickel cellular uptake has been shown
to be calcium dependent, with some evidence suggesting that it crosses the plasma
membrane through calcium channels (Munoz & Costa, 2012), which might suggest why
nickel-crosslinked GG microspheres suffered from the same complex formation.
Nevertheless, the sample recovered from the condensed ionic strategy batch was coupled
with a Co-IP polishing step, since this technique is highly specific and selective in the
detection of physical protein interactions (Poetz et al., 2009). Results indicated that the
formation of the antibody-STEAP1 immunoconjugates was stronger than the affinity
between GG-STEAP1 complexes, as the latter complexes were disrupted and STEAP1 was
recovered in its purified monomeric form. Further, our Co-IP results for recombinant
human STEAP1 were very similar to those reported by an hydrophobic interaction
chromatographic step coupled with Co-IP purification workflow, with lysates from
LNCaP cells (Barroca-Ferreira et al., 2021). However, considering the inability to
completely separate GG from STEAP1, the presence of glucose moieties in the GG
backbone and the fact that reducing sugars are a known interference in the BCA protein
quantification assay (Noyes et al., 2014), it was not possible to quantify the recovered
samples. Furthermore, STEAP1 needs to form heterotrimeric ensembles with other
STEAP members to attain metaloreductase activity (Oosterheert & Gros, 2020), making
quantification via an enzymatic iron reduction approach inaccessible, since recombinant
STEAP1 was used in the batch method. Indeed, new approaches that allow the
quantification of the recovered samples should be addressed in future research.

In summary, we developed, for the first time, a simple batch method using GG
microspheres that can be utilized for the capture and purification of membrane proteins.
The ionic batch method is simple, fast, cost-effective and can be applied as a primary
capture step for STEAP1. The complexation observed seems to be STEAP1-specific and
the chemical nature of such strong complexes should be addressed in future research.
Nevertheless, coupling a Co-IP polishing step to the batch method yields STEAP1 with a
high degree of purity and completes the purification workflow. Further, since the average
isoelectric point of membrane proteins seems to be between 8.5 to 9.0 (Tokmakov et al.,
2021), it is safe to assume that this simple ionic GG batch method can be extended to the

capture of other relevant membrane proteins with clinical interest.
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