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Summary

Encapsulation of pancreatic islets in immunoprotective alginate hydrogel microspheres
represents a promising alternative to current therapies for type 1 diabetes. By
providing a semipermeable barrier, this strategy protects the graft from immediate
immune attack and eliminates the need for immunosuppression with its inherent health
risks. However, no clinical trial has yet succeeded in maintaining the long-term
function of grafted islets. Several challenges associated with alginate microsphere
encapsulation have been identified, including hydrogel instability and pericapsular
fibrotic overgrowth (PFO), which may lead to graft failure. While foreign body
reactions to biomaterials are well-documented and begin with protein adsorption, the
specific proteins that adsorb to alginate microspheres and their role in PFO

development remain to be elucidated.

One primary objective of this thesis was to develop alginate microbeads with sustained
efficacy for cell encapsulation therapy in the treatment of type 1 diabetes. This
involved formulating and characterising alginate microbeads with high stability and
minimal PFO. Stable microbeads were achieved using intermediate guluronate (G)
alginate and chemically modified alginate with sulfate groups. Importantly, these
microbeads demonstrated minimal PFO in C57BL/6J mice compared to high G
microbeads used in previous clinical trials. Additionally, a human whole blood model
revealed no significant increases in complement activation or cytokine induction for all
microbeads compared to a saline control. Furthermore, the immunoprotective
capabilities of both high G and sulfated alginate beads were demonstrated through
encapsulated rat islets transplanted into diabetic C57BL/6J mice, which exhibited
glucose-responsive islets for the study duration of 120 days. The evaluation of
intermediate G alginate beads was obstructed due to precipitate of hydroxyapatite,

however maintained normoglycemia for 50 days in the same mouse model.

We also hypothesised that investigating the adsorbed proteins on specific alginate
microspheres could provide valuable insights into the different host responses observed
for these microspheres. To gain these insights, we developed a novel mass spectrometry

iv



(MS)-based proteomics approach for in-depth protein profiling of the materials, which
included high G alginate and sulfated alginate microbeads, along with poly-r-lysine-
coated microbeads. Incubation in lepirudin-anticoagulated human plasma enabled the
investigation of acute-phase proteins within the complement and coagulation systems,
which are critical in biomaterial-mediated host responses. Importantly, sulfated
alginate microbeads were highly enriched with complement inhibitors (e.g. factor H
and C1 inhibitor) and coagulation factors (e.g. factor XII and antithrombin). In
addition, several proteins with potential anti-fibrotic effects, such as matrix
metalloproteinases and fibrinolytic factors (e.g. factor XII and plasma kallikrein) were
found. This conforms to the low-inflammatory and anti-fibrotic profile of sulfated
alginate microbeads. High G alginate microbeads were enriched with moderate levels
of complement inhibitors, conforming to a low-inflammatory but fibrotic profile. In
contrast, the pro-inflammatory poly-L-lysine-coated microbeads, known to be prone to
PFO, displayed increased binding of complement activating factors such as C3 and

properdin.

In summary, this research has demonstrated alginate microbeads that hold promise
for the future treatment of type 1 diabetes. It has provided new tools and knowledge
to further our understanding of initial protein adsorption and its role in the

development of PFO on alginate microspheres.
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1 Introduction

1.1 Background

Islet transplantation holds great promise as a treatment for type 1 diabetes, a disease
which causes significant morbidity worldwide. However, current clinical practice faces
challenges from graft rejection, impairing islet function. Long-term immunosuppressive
medication is therefore necessary for sustained graft function, although it carries the
risk of infections and cancer. Encapsulation of therapeutic cells within semipermeable
biomaterials offers a viable strategy to protect the graft from the host immune system
while permitting the diffusion of nutrients, oxygen, and secreted hormones such as
insulin through the membrane. This approach may thus facilitate long-term graft
survival and eliminate the need for immunosuppressive therapy. The field of
biomaterials has recently made strides in optimising hydrogel-based materials for islet
cell transplantation, and for various applications in tissue engineering and drug
delivery. Alginate hydrogel microspheres have been extensively researched as
immunoisolating materials in cell therapy, due to their general biocompatible
characteristics and cell-friendly crosslinking conditions. However, a persistent obstacle
in using alginate microspheres for cell encapsulation is pericapsular fibrotic overgrowth
(PFO). This involves the overgrowth of host cells on the microsphere surface as part
of a foreign body response, disrupting nutrient and oxygen exchange and thereby
limiting graft viability. Understanding the interactions at the host—biomaterial
interface is, however, not a trivial task. Both the causal factors leading to PFO on
alginate hydrogel microbeads as well as the mechanisms by which certain alginate-
based materials resist or mitigate fibrosis remain poorly understood. Protein
adsorption to the biomaterial surface occurs immediately after implantation and plays
a pivotal role in the interaction between the material and cells or tissues, ultimately
governing the subsequent host responses. Consequently, characterising protein
adsorption on biomaterials may prove critical in our understanding of host—biomaterial
interactions and in the development of new biomaterials. Indeed, recent studies have
revealed the role of adsorbed proteins in modulating inflammatory responses. However,

there is a notable knowledge gap regarding the protein adsorption profiles of alginate



hydrogel microspheres. Addressing this gap could significantly advance the design of
high-performing, non-fibrotic alginate materials for cell encapsulation therapies. Hence,
the present work has focused on the production of novel alginate hydrogel materials
with reduced host responses. Firstly, the work herein entailed a detailed
characterisation of various alginate formulations with respect to their physicochemical
and inflammatory properties, as well as PFO. Furthermore, we investigated protein
adsorption both in vitro and in vivo, including in-depth proteomic profiling of alginate
microspheres eliciting different host responses. Lastly, we evaluated the efficacy of
alginate materials as immune barriers, along with their ability to support transplanted
islet function in wvivo. These investigations have revealed alginate microbeads with
minimal PFO, which are promising for cell encapsulation therapy in the treatment of

type 1 diabetes.

1.2 Diabetes

Diabetes, also known as diabetes mellitus, is a group of metabolic diseases
characterised by hyperglycaemia resulting from impaired insulin production, insulin
resistance, or both [1]. The majority of diabetes cases can be divided into two main
categories, namely type 1 and type 2 diabetes. An estimated 5-10% of diabetics suffer
from type 1 diabetes while type 2 diabetes constitutes approximately 90-95% of cases.
Type 1 diabetes results from a cellular-mediated autoimmune destruction of the
pancreatic islet cells (3-cells) responsible for insulin production. This leads to complete
absence or inadequate levels of insulin necessary for maintaining normoglycemia,
thereby requiring treatment through exogenous insulin administration [2]. Type 2
diabetes involves insulin resistance and relative insulin deficiency. Since autoimmune
B-cell destruction is absent, insulin treatment is not always essential. Management can
range from lifestyle changes to medications or insulin [3]. Despite advances, managing
type 1 diabetes remains a significant challenge due to long-term complications resulting
from hyperglycaemia as well as acute and recurring episodes of hypoglycaemia [1, 2].
Diabetes and the complications that follow constitute a significant cause of morbidity
and mortality worldwide. Persistent hyperglycaemia is associated with long-term
damage and dysfunction of multiple organs, including the eyes, kidneys, nerves, heart,

and blood vessels, as well as a notable reduction in life expectancy [1, 4]. Given the



estimated global diabetes prevalence of 10.5% in the adult population (aged 20-79
years), representing 536.6 million individuals (2021; [5]), there is a clear need for novel

therapeutic interventions to mitigate this significant health and economic burden.

1.2.1 Transplantation therapies for diabetes

Whole-organ pancreas and islet transplantations are primarily performed on type 1
diabetes patients, particularly those with recurrent severe hypoglycaemia or kidney
failure that requires transplantation [4, 6]. While whole-pancreas transplants are highly
effective in achieving insulin independence, they come with significant surgical risks,
making the less invasive procedure of islet transplantation a more attractive alternative
[7]. Recent years have brought significant advancements in clinical islet
transplantation, leading to high success rates in normalising glycaemic control,
although this often requires multiple pancreas donors. It offers long-term clinical
outcomes similar to whole-pancreas transplantation, with insulin independence
observed in 50-70% of patients after 5 years [4]. In another significant milestone, the
U.S. Food and Drug Administration recently approved [8] the first allogeneic
pancreatic islet cellular therapy (Lantidra) derived from deceased donors, for treating
type 1 diabetes. This approval enhances the accessibility of islet transplantation for
diabetic patients, albeit limited to the U.S. at present. Despite the efficacy of
traditional transplantation treatments, their widespread use is restricted by a shortage
in donors and the need for lifelong immunosuppression [9]. While allogeneic islets
remain the clinical gold standard, their scarcity fails to meet patient demand.
Alternative sources like stem cell-derived -cells offer a potential solution [10, 11] to
satisfy this demand, although concerns regarding efficacy, safety, and regulation still
persist [9]. Cell encapsulation represents a viable strategy for islet transplantation by
providing an immune barrier, thereby eliminating the need for immunosuppression [12,
13]. Despite the potential of cell encapsulation therapy in the treatment of diabetes,

its long-term efficacy has yet to be achieved.



1.3 Immunoisolation in cell therapy

In cell-based therapies, the concept of immunoisolation involves restoring lost or
impaired functions by protecting grafted tissue or cells from the host immune system
using biocompatible materials. The transplanted cells are encapsulated in a semi-
permeable membrane that allows for free diffusion of oxygen, nutrients, and effector
molecules, while preventing the ingress of immune cells and molecules that may be
detrimental to the therapeutic cells [14, 15] (Figure 1). Key considerations for
developing an implantable device encompass the type of encapsulation material, the
device size, and the site of implantation. Encapsulation devices are generally classified
as macro-, micro-, or nanoscale and can be implanted into intravascular or

extravascular sites in the body [16, 17].

Immune system

Nutrients
Oxygen

Proteins

Waste products

Semipermeable
membrane

Figure 1. The principle of immunoisolation. Using a semipermeable membrane, this technique allows
for the exchange of nutrients, oxygen, therapeutic proteins (e.g. insulin), and waste products, while
protecting the transplanted cells from the host immune system. Adapted from [18, 19] and partly

includes artwork from BioRender.

Similar to whole-organ transplants, transplanted tissues or cells (allo- or xenograft)
are identified as foreign by the host immune system, triggering a response that may
ultimately destroy the graft if left unprotected. Prolonged graft function is achieved

by immunosuppressive therapy to modulate the immune system. However, the non-



specific nature of these medications can compromise the patient’s overall immunity,
increasing the likelihood of infections, cancer, and other malignancies [4, 20]. Thus,
immunoisolation therapy presents a promising solution not only for circumventing the
challenges of graft rejection, but also for eliminating the need and side effects of
immunosuppression. Immunoisolation devices can be used to transplant cells for
treating a variety of human diseases. Pancreatic islet transplants for treating type 1
diabetes is a key area of research, where these devices may potentially provide
protection to encapsulated islet cells against autoimmunity and allo- or xenograft
rejection [9]. In particular, microencapsulation in alginate-based hydrogel microspheres
has been widely explored as a potential treatment modality [13, 21, 22]. This is
attributed to their biocompatibility and capability to form hydrogels under
physiological conditions conducive to cell function. Several clinical trials have
established the safety of transplanting human islets in alginate microspheres [23-27].
However, long-term graft survival remains to be achieved, with fibrosis identified as
one significant challenge [23, 24]. Recent advancements in producing low-fibrotic
alginate microspheres have shown promise in pre-clinical studies for long-term

immunoprotection of transplanted islets in mice and non-human primates [22, 28-30].

1.4 Biomaterials

Biomaterials serve as a cornerstone in the development of new medical technologies
and therapies, aiming to replace, restore, or enhance the function of impaired tissues
or organs [31, 32]. A biomaterial may be defined as “a substance that has been
engineered to take a form which, alone or as part of a complex system, is used to
direct, by control of interactions with components of living systems, the course of any
therapeutic or diagnostic procedure, in human or veterinary medicine” [33].
Biomaterials may either be natural or synthetic, encompassing a range of materials
such as metals, polymers (e.g. alginate), ceramics, and composites [34]. Given their
diversity, biomaterials can be tailored for specific applications, whether it be drug
delivery, tissue engineering, or implantable devices. Some examples include heart
valves, hip replacements, ocular lenses, and materials employed in dentistry and
surgery [33, 34]. Notably, a biomaterial of particular interest in the context of the

current work is alginate hydrogel microspheres for cell encapsulation therapy. The



performance of biomaterials is highly influenced by the host response after
implantation, emphasising the necessity for in-depth knowledge and management of

host—material interactions to ensure successful integration and long-term efficacy.

1.4.1 The concept of biocompatibility

Biocompatibility is a widely used term in the field of biomaterials science, referring to
the interactions between foreign materials and the body. Despite its common usage,
the precise definition and underlying mechanisms of biocompatibility remain an
ongoing subject of discussion [35-38]. Historically, the conception of biocompatibility
has generally been limited to the inertness of long-term implantable devices,
specifically their ability to cause no harm to the surrounding tissues. Consequently,
the selection and development of biomaterials have adhered to certain standards,
including non-toxicity, non-immunogenicity, and non-carcinogenicity, among others
[35, 39]. With the expanding use of biomaterials in diverse and complex applications,
our understanding of biocompatibility has evolved and continues to evolve with time
[35]. Many definitions have been offered for biocompatibility over the years. The most
commonly cited among these is: “the ability of a material to perform with an
appropriate host response in a specific application” [37, 40, 41]. Although this
definition is accurate, it fails to shed light on the intrinsic aspects of biocompatibility,
including its mechanisms, testing, or enhancement. Accordingly, the term exhibits
considerable variance in usage and interpretation. For instance, an uncomplicated
foreign body reaction with a thin fibrous capsule surrounding the implant is considered
today to be the hallmark of a “biocompatible” biomaterial [39]. However, in
encapsulated cell therapy, this fibrotic formation is detrimental and can lead to graft
failure, thereby rendering the therapy ineffective. Thus, for this specific application

true biocompatibility includes the absence of fibrosis.

1.4.2 Inflammation, the foreign body reaction, and protein adsorption

The innate immune response, encompassing acute and chronic inflammation as well as
the foreign body reaction, typically occurs within the initial 14 days after the
implantation of a biomaterial [42, 43]. The extent of the response depends on the

location and procedure of the implantation, and the biomaterial properties [44]. Acute



inflammation, which persists from minutes to days, is generally characterised by the
exudation of fluid and plasma proteins as well as the predominant recruitment of
neutrophils, as well as monocytes, to the implantation site [43-45]. Chronic
inflammation is caused by sustained inflammatory stimuli and is marked by the
presence of macrophages and lymphocytes, including the proliferation of blood vessels
and connective tissue [43, 44]. Initiated by the adsorption of plasma proteins, the
foreign body reaction includes monocyte/macrophage adhesion, macrophage fusion to
form foreign body giant cells, and crosstalk between macrophages/foreign body giant
cells and inflammatory/wound healing cells [42]. In general, inflammatory responses
involve the cellular secretion of chemical factors like cytokines (small proteins), which
modulate cell recruitment and activity [44]. The foreign body reaction is characterised
by the presence of foreign-body giant cells and the components of granulation tissue
(e.g. macrophages, fibroblasts, and capillaries) [43]. Fibrosis represents the end-stage
of the inflammatory and wound healing responses after biomaterial implantation [42,
43], wherein myofibroblasts and fibrocytes have been shown to have central roles in

collagenous fibrous encapsulation [43].

Following biomaterial implantation, injury to vascularised connective tissue occurs
with ensuing blood-material interactions and provisional matrix formation [42]. The
provisional matrix is the initial thrombus or blood clot at the host—biomaterial
interface, which involves the activation of the intrinsic and extrinsic coagulation
systems, as well as the complement, fibrinolytic, and kallikrein—kinin systems, and
platelets [42, 46]. The different cascade systems are in tight crosstalk with platelets
and leukocytes during clotting and inflammation [42, 46]. Platelets play a critical role
in maintaining haemostasis, and their activation is closely associated with
inflammatory responses, including complement activation and the release of
chemoattractants (e.g. growth factors) that recruit immune cells to the site of injury
[42, 47]. The immediate adsorption of blood proteins to a biomaterial surface plays a
critical role in determining the subsequent host responses [42, 46, 48]. Protein
adsorption is a complex and dynamic process wherein the adsorption and desorption
to the biomaterial depends on the properties of the surface [49-51], the proteins, and
the surrounding solution, as well as the exposure time [48, 52]. The competitive

displacement of surface-adsorbed proteins by other proteins with higher binding



affinities is commonly referred to as the Vroman effect [53, 54], providing a dynamic
surface for the interacting host cells that facilitate wound healing and foreign body
responses [42]. Importantly, the types, concentrations, and conformations of the
surface-adsorbed proteins modulate these cellular events [42]. The adsorption of
proteins to a biomaterial surface may result in conformational changes that affect their
bioactivity [46]. The complement (e.g. C3, IgG) and contact/coagulation (e.g. factor
[F]XII) systems, which are critical in biomaterial-mediated host responses, are
examples of protein cascades that are activated through conformational changes upon

binding to nonself surfaces [46].

1.4.83 The complement and coagulation systems

The complement system, an integral component of the innate immune system,
comprises an intricate network of soluble and cell-surface bound proteins that enable
the recognition and elimination of foreign intruders [55, 56]. The primary role of the
coagulation system is to initiate haemostasis following vascular injury [57, 58]. The
complement and coagulation systems are finely orchestrated to form two distinct
multi-component protein networks, both of which engage in the sequential activation
of zymogens to form active proteinases during inflammatory and thrombotic events,
respectively, and are known to have several crossover points [58, 59]. In the following,

the complement and coagulation systems will be further detailed.

The complement system [55, 56] is activated through three distinct routes, namely the
classical, lectin, and alternative pathways (Figure 2). The classical pathway is
initiated by Clq recognition of pathogen- or damage-associated pattern recognition
molecules, such as IgG, IgM, and C-reactive protein (CRP), on foreign or self surfaces.
Clq with its associated proteases Clr and Cls constitute the C1 complex, which
cleaves C2 and C4 and forms the classical C3-convertase (C4b2a). In the lectin
pathway, mannose-binding lectin (MBL), ficolins (FCN), and collectins (COLEC)
recognise specific carbohydrate patterns and assemble with MBL-associated serine
proteases (MASPs), which also result in the formation of C4b2a. C4b2a cleaves C3
and generates the active fragments C3a and C3b. In the alternative pathway, surface
deposited C3b form the alternative C3-convertase (C3bBb) in the presence of
complement factor B (CFB) and D (CFD). This generates more C3b and amplifies the
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complement response. Properdin (CFP) is a central protein in the alternative pathway
with several roles, including recognising target surfaces, recruiting fluid-phase C3b to
enable de novo assembly of C3bBbP, and stabilising surface-deposited alternative C3-
convertases (C3bBbP). A low-grade complement activity is maintained in solution
(“tick-over”), involving hydrolysed C3 (C3[H20]), CFB, and CFD, which form the
fluid-phase C3-convertase (C3[H20]Bb). The increased surface deposition of C3b by
the alternative pathway leads to the formation of convertases that contain an
additional C3b molecule (C4b2a3b or C3bBb3b[P]), and a shift in the substrate
specificity from C3 to C5 occurs. These C5-convertases cleave C5 into Cha and Chb.
Both Cbha and C3a (anaphylatoxins) serve as potent chemoattractants that guide
immune cells towards sites of complement activation, subsequently promoting
phagocytosis of opsonised, e.g. with Clq or C3b, components. C5b initiates the
assembly of the terminal complement complex (TCC; C5b-9) by associating with C6,
C7, C8, and several C9, which can be membrane inserted or released to the fluid-phase
in its soluble form (sTCC) by associating with vitronectin (VTN) and clusterin (CLU).
Complement-independent cleavage of C3 and C5 by proteases thrombin and plasmin
has also been described in the literature [56], although the physiological relevance is

debated [60, 61].

Soluble, as well as cell-bound (not shown), complement regulators act at different
stages to modulate the severity, propagation, and terminal endpoints of complement.
At the level of initiation, C1 inhibitor (C1-INH) inhibits the proteases of the classical
(Clr, Cls) and lectin (MASPs) pathways. C4b-binding protein (C4BP) acts on the
classical C3-convertase (C4b2a), accelerating its decay and functioning as a cofactor
for factor I (CFI) in the inactivation of C4b which restricts further convertase
formation. In the alternative pathway, activation is mainly controlled by factor H
(CFH). CFH acts on alternative C3-convertases, either competitively removing Bb
from the C3bBb complex (decay acceleration) or serving as a cofactor for CFI-mediated
inactivation of C3b (iC3b). VIN and CLU regulates TCC by preventing its assembly.
Lastly, carboxypeptidase-N (CPN) degrades C3a and Cba to their desArg-forms,

thereby impairing proinflammatory signalling.
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Figure 2. The complement system [55, 56].

The coagulation system is activated through two mechanisms, namely the extrinsic
pathway and the intrinsic (contact activation) pathway. The extrinsic pathway
consists of the transmembrane receptor tissue factor (TF), found on perivascular and
epithelial cells, as well as activated monocytes, and plasma factor (F)VII [62, 63]. The
contact system [57, 64, 65] is initiated by FXII, which is activated (FXIIa) when it
comes into contact with negatively charged surfaces. FXIla converts plasma
prekallikrein (PPK) to plasma kallikrein (PK), which in turn activates FXII, creating

a positive feedback loop for FXII activation. This activates both the proinflammatory
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kallikrein—kinin system (not shown) and the intrinsic pathway of coagulation
(Figure 3). The intrinsic pathway is propagated through FXIIa-mediated cleavage
and activation of FXI to generate FXIa. Subsequently, FXIa initiates a series of
sequential cleavage events leading to the downstream activation of FIX, FVIII, FX,
and FV (activated factors denoted with a), which result in the cleavage of prothrombin
(FTI) to thrombin (FIla). Finally, thrombin converts fibrinogen to fibrin and thereby
facilitates clot formation. Inhibitors of the coagulation cascade, involved at different
levels (outlined in Figure 3), include CI-INH, antithrombin (AT3), heparin cofactor
2 (HCF?2), tissue factor pathway inhibitor (TFPI), vitamin K-dependent protein C
(PROC) and its cofactor vitamin K-dependent protein S (PROS), and protein Z-
dependent protease inhibitor (ZPI).

cofactor

o ROS
(PROC

C1-INH ZPI

@ PD cofactor

FVlila
FIXa

Thrombin

Antithrombin

Figure 3. The contact system and the intrinsic pathway of coagulation, initiated by FXII [57, 64-66].

11



1.5 Alginate

1.5.1 Sources and applications

Alginate is a naturally occurring polysaccharide primarily found in marine brown algae
(Phaeophycea) and comprises up to 40% of the dry matter [67]. The polymer serves as
a structural component, located in the intercellular matrix as a gel containing various
cations, providing strength and flexibility to the plant tissue [67, 68]. Specific bacteria
within the Azotobacter and Pseudomonas genera produce alginates as
exopolysaccharides, which exhibit structural differences from algae-derived alginates
[69, 70]. At present, commercial alginates are produced solely from brown seaweeds,
including the genera Laminaria, Macrocystis, Saccharina, Lessonia, Durvillaea,
Ecklonia and Ascophyllum [71]. The physicochemical properties of alginate, including
water retention, gel formation, viscosity enhancement, and stabilisation, have made it
a widely utilised material in various industries such as food, agriculture, cosmetics,
pharmaceuticals, and biomedicine [68, 72]. In the biomedical field, alginate has shown
great utility and potential as a biomaterial due to its biocompatibility and gelation
characteristics, finding applications in cell encapsulation, tissue engineering, wound

healing, and drug delivery [73, 74].

1.5.2 Chemical composition, structure, and molecular weight

Alginates are unbranched polymers consisting of (1—4)-linked B-p-mannuronate (M)
and its C5 epimer, a-i-guluronate (G) (Figure 4 A). The M and G residues are
distributed along the polymer chain in a block-wise pattern, forming homopolymeric
M-blocks and G-blocks interspersed with regions of strictly alternating sequence,
known as MG-blocks [75] (Figure 4 B). The M residues exist in a ‘C;, ring
conformation (-COOH and all —OH except —OH[2] are equatorial) while the
epimerisation at C5 for the G residues renders the carboxylic acid group axial, leading
to a transition to the 'C, conformation [76-78]. These conformational differences result
in the formation of four possible glycosidic linkages, including di-equatorial (MM),
equatorial-axial (MG), axial-equatorial (GM) and di-axial (GG) (Figure 4 C). The
structure and, in turn, the functional properties of alginate are determined by the M/G

ratio and the distribution of the uronic acid groups [79].
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Figure 4. Alginate chemical structure. A) Haworth formula of the two monomers, 8-p-mannuronate
(M) and a-r-guluronate(G). B) Block compositions in alginate, including G-, M-, and MG-blocks. C)
Chair conformations in alginate chain (*C; for M and 'Cy for G). Ring protons not shown. Adapted from

18].

Due to the extended conformation of the alginate polymer, solutions containing
alginate generally exhibit high viscosity [80]. Alginate is a polyelectrolyte which is
typically obtained in its water-soluble sodium form [81]. The polymer is negatively
charged at neutral pH due to the unprotonated carboxylate (-COO") groups, as the
pKa-values for the M and G monomers are 3.38 and 3.65, respectively, with the
effective pKa of the alginate polymer only varying slightly from these values [67, 80].

Given the heterogeneous block-like structure of alginate, its compositional
characterisation requires information beyond the frequency of monomers (M/G). High-
resolution 'H and "*C nuclear magnetic resonance (NMR) spectroscopy is commonly
employed for detailed analysis of the composition and sequence of alginates, yielding
average frequencies of monads (F; and Fy), diads (Fgg, Fyg, Fem and Fyy), and triads
(Feeer Fumm, Fumes Feoms Fuces Fomm, Fuem and Feyg) [82, 83]. The obtained data
allow for the determination of the average G-block length (Ngwq) [82]. In addition,
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enzymatic digestion using specific alginate lyases, followed by analysis of block
structure through high-performance liquid chromatography (HPLC), has provided
further insight into the presence of extensively long G-blocks in seaweed alginates [84].
Alginates are non-uniform polymers of high molecular weight, typically ranging from
10° to 10° Da, which corresponds to about 500 to 5000 uronic acid residues per chain
[85]. Accordingly, the molecular weight of alginate is given as an average over the
whole distribution of molecular weights, such as the number average molecular weight
(M,,) or weight average molecular weight (M,,) [86]. The molecular weight distribution
of alginates can be characterised using size exclusion chromatography with inline

multi-angle laser light scattering (SEC-MALLS) [87].

The composition of alginate is dependent on the specific algae species, parts of the
plant, as well as growth and seasonal conditions [88, 89]. Following the biosynthesis of
alginate, which is initially produced as homopolymeric M chains, the G residues are
introduced into the polymer chain by alginate C-5 epimerases through the conversion
of M residues [90]. Alginate epimerases have been found in brown algae and alginate-
producing bacteria, primarily Azotobacter and Pseudomonas species [91]. The most
thoroughly studied epimerases are the AlgE1-7 from A. wvinelandii, which exhibit
different epimerisation patterns, ranging from generating contiguous G-blocks to
strictly alternating sequences [91-93]. Consequently, this allows for the enzymatic
modification of alginate composition ¢n vitro by utilising one or multiple epimerases to

tailor alginates with specific characteristics [94, 95].

1.5.3 Ion binding and crosslinking

The predominant utilisation of alginate is attributed to its ability to form hydrogels
in the presence of specific divalent cations, e.g. calcium or barium [79]. The affinity of
alginate towards alkaline earth metals increases in the order Mg?" << Ca?" < Sr** <
Ba?* [96]. The ion-binding selectivity is largely dictated by alginate composition, which
increases with the G-block content, whereas M-blocks and MG-blocks exhibit lower
selectivity [96-98]. In detail, G-blocks bind Ca?", Sr?", and Ba*', with increasing
affinity; M-blocks bind Ba’"; and MG-blocks bind Ca*" [97, 99]. The mechanism of
alginate gelation, specifically the crosslinking between alginate and calcium, has been

described in an “egg box” model (Figure 5), initially proposed by Grant et al. [100]
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and subsequently refined [101-103]. In this model, the di-axial linkages in G-blocks
create cavities (junction zomes) conducive for ion binding, facilitating cooperative
association between consecutive pairs of G residues in opposing polymer chains [100-
103]. It has also been proposed that the presence of excess calcium ions enable lateral
associations of the G-block junction zones [104]. While the association of G-blocks are
pivotal in alginate hydrogel formation, calcium alginate gels have been suggested to
be supported by secondary junction zones with MG-blocks, including GG/MG and
MG/MG junctions [105, 106].

A

B
,O(’)C y OH i Ca?*
-7 OH e
5 /| o0 ° .
o “OH ee
OH “ooc

Figure 5. Ton binding and crosslinking of alginate in hydrogel formation. A) Calcium binding of two

consecutive G residues in a G-block. B) Alginate crosslinking by calcium as described by the egg box

model. Adapted from [97, 100].

1.5.4 Alginate hydrogel microspheres

The terms microcapsules, microbeads, and microspheres are often used interchangeably
in the literature. In this thesis microcapsules refer to encapsulation systems consisting
of two or more polymers which have a surface coating (e.g. polycation); microbeads
denote uncoated continuous hydrogels; and microspheres serves as the collective term.
Alginate hydrogel microbeads are usually prepared by dripping an alginate solution
into a gelling solution (diffusion gelation), e.g. by electrostatic droplet generation [107].
In cell encapsulation, the same procedure is followed, with cells incorporated into the
alginate solution prior to gelation. The hydrogel properties are largely influenced by
the composition of alginate (M/G content and distribution) [97, 108, 109] and the
gelling ions used [78, 99]. Alginate hydrogels are typically characterised by their
mechanical properties, including elastic modulus (Young’s modulus; E), which is used
as a measure for gel strength. Gel strength depends on the number and length of
crosslinks, increasing with the number and average length of G-blocks [94],

concentration of alginate [109] and gelling ions [99, 109], and molecular weight up to
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a certain point [109]. Using strontium and barium as gelling ions results in stronger
gels compared to calcium [97, 99, 109, 110]. Moreover, increased gel strength is
observed for calcium-crosslinked gels of epimerised alginates with extended MG-blocks

95, 105, 111].

Alginate hydrogels are prone to swelling under physiological conditions due to the
presence of non-gelling ions (e.g. sodium) and chelating compounds (e.g. phosphate,
citrate), which destabilise the crosslinking zones within the hydrogel network. [109,
110]. The swelling potential of alginate hydrogels is primarily dictated by the difference
in concentration of mobile ions within and external to the hydrogel network [109]. As
the alginate molecule carries fixed negative charges, the requirement of
electroneutrality according to the Donnan equilibrium [112] results in an increased
concentration of mobile ions within the gel, which leads to water influx [113]. The
degree of swelling will be dependent on the integrity of the crosslinking zones in the
gel, and if compromised, it may lead to increased swelling and possibly dissolution
[109, 113]. The chemical composition of alginate and the type of gelling ions have a
significant effect on the swelling properties of alginate hydrogels [99, 109, 114]. Utilising
alginates with high G content, and employing strontium or barium ions instead of
calcium ions for crosslinking, leads to the formation of more stable hydrogels [99].
Calcium-crosslinked gels of epimerised alginates containing substantial amounts of
MG-blocks have also been shown to be highly stable under physiological conditions
[115].

The permeability of alginate hydrogels is influenced by factors such as alginate
composition [109, 115], as well as the type and concentration of gelling ions [99].
Previous studies have demonstrated the permeability of alginate hydrogel microbeads
to IgG to be dependent on alginate composition and type and concentration of gelling
ion [99, 115]. Traditionally, modulating the permeability of alginate microspheres has
been achieved through coating with polycations such as poly-i-lysine (PLL) [116, 117],
although these coatings have been shown to be highly inflammatory [118, 119].
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1.5.5 Biological responses towards alginate materials

Alginate and alginate hydrogels are in general recognised as biologically inert.
However, there are conflicting reports regarding the immunogenicity of different
alginate compositions (M/G content). Earlier in wvitro studies have reported that
alginates with a high M content, typically around 90% (i.e. poly-M), are
immunostimulatory [120-123]. High M alginate in solution has been shown to stimulate
the production of proinflammatory cytokines (IL-1, TNF-a, IL-6) in human monocytes
in contrast to high G alginate [120], wherein the stimulation of TNF-a by high M
alginate was shown to increase with the molecular weight [122]. The
immunostimulating properties of high M alginate in cell activation has further been
demonstrated to involve surface receptor CD14 [121, 123] and toll-like receptors
(TLR2, TLR4) [123]. Interestingly, mannuronan (100% M alginate) has been shown
to not induce an inflammatory response in monocytes in vitro [124]. Antibodies against
high M alginate microcapsules have been detected post-implantation in mice, but not
with high G alginate microcapsules. However, in rats, no antibody responses were
observed for any microcapsule type [125]. On the other hand, a transient inflammatory
response, along with the presence of antibodies against high G alginate microcapsules,
has been documented in a diabetic patient transplanted with encapsulated human

islets [124].

With respect to foreign body reactions against implanted alginate hydrogel
microspheres, previous studies have shown through different mouse models that
microbeads comprising low to intermediate G alginates provoke minimal fibrosis [21,
126, 127]. In contrast, high G alginate microbeads have been widely reported to
produce fibrosis in mice [21, 126], non-human primates [22], and humans [23, 24].
Alginate microcapsules with polycationic coating (e.g. poly-i-lysine, poly-L-ornithine)
have been the subject of extensive research over the years, including clinical trials [25-
27]. These microcapsules have been well-documented to be highly inflammatory [118,
119, 128, 129] and to produce significant cellular overgrowth [22; 118, 126, 130-133].
The inflammatory properties of alginate microspheres have been demonstrated in
numerous studies using a human whole blood assay [119, 128, 129, 134], wherein poly-
L-lysine-alginate microcapsules provoke significant complement and cytokine responses

while the uncoated alginate microbeads overall exhibit low responses [119, 129]. In the
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work of @rning et al. it was shown that the inflammatory cytokine induction was
dependent of the potential of alginate microcapsules to activate complement C3 and
was further connected to monocyte/neutrophile adhesion through CD11b/CD18 [128].
Inhibiting CD11b/CD18 diminished both cell adhesion and cytokine induction. The
potential of microbeads/microcapsules to induce coagulation activation has further
been demonstrated [135]. Of note, dependent on the material properties, either the
FXII-dependent or the monocyte TF-dependent coagulation pathway could be

activated.

In recent times, strategies for producing minimally fibrotic alginate microbeads have
involved various chemical modifications of alginate [28, 30]. The effects of alginate
composition and microsphere formulation on inflammatory and fibrotic responses will

be explored in greater detail in the general discussion of this thesis.

1.5.6 Sulfated alginate

Chemical modification of alginate enables the introduction of new functional groups,
such as sulfate groups, which can alter the inherent properties of the polymer. Sulfation
of alginate can be performed by using chlorosulfonic acid [136, 137] or sulfuric acid
and carbodiimide chemistry [138], wherein the sulfate groups (-SO,*) are chemically
introduced at C2 and/or C3 by the substitution of hydroxyl groups on the M and G
residues comprising the alginate [137]. The degree of substitution (DS) is typically
determined by high-resolution inductively coupled plasma mass spectrometry (HR-
ICP-MS) as detailed by Arlov et al. [137]. Chemical sulfation may result in some degree
of depolymerisation as a consequence of acid hydrolysis [138-140]. At high DS (>0.5)
the sulfate groups obstruct the gelation properties of the alginate, likely through steric
hindrance and intramolecular repulsive forces that alter ion binding. Therefore, larger
fractions of non-modified alginate are typically included in the hydrogel formulations
to ensure stable hydrogels are formed [140]. On the other hand, sulfation increases the
negative charge density of the alginate, which may promote additional electrostatic

interactions with proteins [141].

The structural and functional properties of sulfated alginate have been associated with

those of heparin and heparan sulfate [137, 141]. Heparin and heparan sulfate are
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sulfated glycosaminoglycans (GAGs) that interact with a wide range of proteins in the
regulation of different biological processes, including wound healing and immunological
responses [142]. Heparin, well-recognised for its anticoagulant properties, has been a
clinical staple for several decades [143]. GAGs are ubiquitously expressed, which are
abundant on cell surfaces, inside the cell, and in the extracellular matrix (ECM) [144].
GAGs exhibit notable structural diversity, facilitating interactions with a plethora of
biological molecules, many of which are promising for use in novel biomaterials.
However, this structural variability also poses challenges for their characterisation and
application [145]. Sulfated alginates could potentially serve as well-characterised
functional analogues of heparin/heparan sulfate, offering structural customisability
through specific enzymatic epimerisation and tuning of sulfation degree [137]. Sulfated
alginate has been suggested for use in tissue engineering of cartilage [140], in delivery
systems for small molecules [146], and as a coating for alginate-PLL capsules in islet

transplantation [147].

In solution, sulfated alginates have been reported to exhibit anticoagulant properties
in vitro [136, 139, 148], where the anticoagulant activity was shown to increase with
polymer concentration [136, 139, 148] and sulfation degree [139]. However, the precise
mechanisms underlying this anticoagulant effect remain to be elucidated [141]. Sulfated
alginate has also been shown to stimulate coagulation at low doses [148]. Moreover,
sulfated alginates have been shown to inhibit the formation of TCC in complement-
stimulated plasma, as well as bind hepatocyte growth factor (HGF) in a manner similar
to heparin [137]. When incorporated into alginate hydrogels, microbeads with sulfated
alginate have demonstrated insignificant induction of TCC and moderate coagulation
activation in human whole blood, in addition to a pronounced binding of factor H
[134]. Tt was also shown to significantly reduce cytokine responses when used as a
coating on proinflammatory microcapsules [134]. The binding of several heparin-
binding growth factors to sulfated alginate hydrogels has also been reported [138].
Given the anti-inflammatory properties and potentially favourable protein interactions
of sulfated alginate, its inclusion into alginate hydrogel microbeads may hold promise
for enhancing cell encapsulation therapies, particularly in mitigating adverse host

responses associated with such biomaterials.
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1.6 Methods for characterising inflammatory and host responses

As previously highlighted, the biological responses towards alginate microspheres used
in cell transplantation therapy are critical for the long-term therapeutic efficacy.
Pericapsular fibrotic overgrowth is a significant hurdle that ultimately leads to graft
failure. Hence, detailed assessment of relevant microspheres both in vitro and in vivo
is essential to identify materials demonstrating low inflammatory and fibrotic
responses. The human whole blood assay [149] is a clinically relevant human ez vivo
model that serves as a valuable tool for investigating the potential of microspheres in
inducing inflammatory mediators. It provides the possibility of assessing a broad panel
of microspheres under the same conditions [119, 128, 150]. An inherent strength of the
model is the physiological relevance provided by the use of lepirudin” as an
anticoagulant (specific thrombin inhibitor), as opposed to other anticoagulants (e.g.
EDTA, citrate, heparin) that inhibit or interfere with the complement and coagulation
systems [149, 150]. This anticoagulation strategy allows for the interactions between
immune cells and functional effector proteins, including the complement system,
coagulation components upstream of thrombin, and the fibrinolytic system.
Accordingly, the model yields readouts such as complement (e.g. TCC) and
coagulation activation products (e.g. prothrombin fragment 1+2; PTF1.2), cytokines,

cell-surface receptors, adsorbed proteins, and cell adhesion [128, 150, 151].

The investigation of specific proteins adsorbed to alginate microspheres can be
performed using fluorescently labelled antibodies and confocal laser scanning
microscopy (CLSM) [28, 29, 119, 128, 129, 134]. Utilising lepirudin-anticoagulated
plasma permits the analysis of the proteolytically active protein cascades of
complement and, in part, coagulation [119, 149]. CLSM represents a straightforward
approach, providing high-resolution imaging that enables the detection, localisation,
and quantification of target proteins in vitro and in wvivo [28, 29, 128, 129]. While
central for protein adsorption analyses, other methods have emerged for high-
throughput analysis of a significantly broader spectrum of proteins in a single
experiment. In this regard, mass spectrometry (MS)-based proteomics represents a

powerful tool for in-depth protein profiling of biomaterials [48, 52]. High sensitivity

“ Recombinant hirudin-derivative.
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and resolution enable the detection and quantification of low-abundance proteins.
Furthermore, the technique allows for pathway analysis (e.g. Ingenuity® Pathway
Analysis) to elucidate the biological context and functional interplay between proteins

in different biological processes.

Ex vivo and in vitro models are invaluable in the assessment of the inflammatory
potentials of different alginate-based microspheres, which facilitate the identification
of promising candidates for further evaluation. In vivo testing using animal models is
needed to assess fibrotic responses. Rodent models have long served as the gold
standard for evaluating alginate microspheres, yet notable variations exist among these
models with respect to fibrotic tissue development [21, 130]. In general, rats and mice
produce limited fibrosis compared to non-human primates and humans [22], making
the differentiation of various materials challenging. However, the immunocompetent
mouse strain C57BL/6J has been shown to exhibit fibrotic responses similar to larger

animal models [22], thus serving as a relevant model in this context.

1.7 Methods for characterising the function of encapsulated islets

Diabetic rodent models are commonly utilised for investigating the ability of alginate
microspheres to support transplanted islet function and their performance as immune
barriers [12, 21]. One widely used approach involves inducing diabetes in mice through
streptozotocin (STZ) administration [21, 29, 152], e.g. by intraperitoneal injection,
prior to graft transplantation. STZ selectively targets and destroys the insulin-
producing B-cells within the pancreas, resulting in insulin deficiency and
hyperglycaemia [153]. Encapsulated islet function and efficacy can be evaluated in mice
using various parameters, including blood glucose concentration, serum C-peptide
concentration, and oral glucose tolerance testing (OGTT) [152, 154]. Following islet
transplantation, blood glucose concentrations are consistently monitored in the
recipient, e.g. using a glucometer, to assess the islets’ ability to restore normoglycemia.
A non-fasting blood glucose concentration of 250 mg/dL has been suggested as a
suitable threshold for hyperglycaemia in mice [152, 155]. Assessing the serum
concentration of C-peptide, a by-product of insulin production, provides an indicative

measure of insulin secretion from the encapsulated islet graft and can be quantified

21



using enzyme-linked immunosorbent assay (ELISA). OGTT evaluates glucose
metabolism, which can identify impaired glucose tolerance or diabetes. Mice are
typically fasted to ensure stable baseline measurements and consistent changes in
glucose levels during tolerance testing [156]. A standardised glucose solution is
administered orally, and blood glucose levels are measured at specific time points for
a duration of usually 2 h. A typical OGTT response involves a rapid rise in blood
glucose after glucose intake, followed by a gradual return to normal levels [156]. To
study encapsulated graft function, immunodeficient nude mice are often employed to
avoid immune rejection responses that may interfere with the performance of the graft.
This approach contrasts with using immunocompetent mice, such as C57BL/6J,
wherein the immune barrier function of the encapsulating material is assessed in
addition to graft performance. For in vitro assessments of islet function, islet viability
can be measured pre- and post-transplantation using a live/dead assay, where live and
dead encapsulated cells are distinguished by staining with specific fluorescent dyes
(typically green and red, respectively) and visualised by fluorescence microscopy [157].
Glucose stimulated insulin secretion (GSIS) is commonly used to assess the glucose
responsiveness of insulin-producing B-cells pre- and post-transplantation [157].
Encapsulated islets are traditionally exposed to two glucose solutions, one with
relatively low concentration (typically 1-3 mM) and one with high concentration
(typically 10-28 mM) of glucose [158]. The resulting insulin secretion profiles, which
can be quantified using ELISA, provide insight into the functionality of the

encapsulated islets.

1.8 Ethical considerations using animal models

The use of animal models adheres to ethical guidelines set by local animal ethics
committees, ensuring strict compliance with the 3R principle (Replacement,
Reduction, and Refinement) for animal welfare [159]. In the current work, experiments
were conducted in Norway and the U.S. employing specific mouse models. In Norway,
experiments followed national guidelines for the care and use of laboratory animals
and were approved by the Norwegian Food Safety Authority. In the U.S., the use of
animals in research is governed by federal regulations issued by the National Institutes

of Health (NIH) Office of Laboratory Animal Welfare and the U.S. Department of
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Agriculture (USDA). Surgical procedures and post-operative care adhered to approved
protocols from the University of Illinois Chicago (UIC) Institutional Animal Care and
Use Committee (IACUC) in compliance with NIH and USDA.

In general, the requirement for replacement, reduction and refinement in animal
experimentation, results in fewer animals being used, preference for using non-animal
methods, and in procedures that minimise pain and distress [159]. In biomaterial and
diabetes research, animal experimentation is important to explore potential
therapeutic interventions. To ensure the welfare of the laboratory animals, humane
endpoints need to be defined and implemented. A humane endpoint is the point at
which pain or distress in an experimental animal is prevented, terminated, or relieved.
Humane endpoints can be considered as possible refinement alternatives for those
experiments that result in unrelieved or severe animal pain and distress, including
death [160]. For rodent models, specific physical indicators (e.g. bodyweight loss,
hunched back, facial grimacing, reduced alertness, abnormal breathing) represent
typical humane endpoints. Other important factors related to ensuring animal welfare
encompass consistent welfare assessments and appropriate social housing and

environmental enrichment [161].
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2 Scope of the thesis

The overall aim of the current work was to provide insight into the causal factors of

pericapsular fibrotic overgrowth (PFO) for alginate microspheres and develop well-

characterised, biocompatible (i.e. non-fibrotic) materials with long-term efficacy in cell

encapsulation therapy of type 1 diabetes.

Specific aims:

ii.

iii.

iv.

Assess the current and future perspectives of alginate microspheres in
encapsulated pancreatic islet therapy for type 1 diabetes, highlighting key
challenges, such as PFO, and advancements for long-term therapeutic efficacy.
Investigate the effects of different alginates, including chemical compositions
and sulfated alginate, and gelling ions, on empty alginate microbeads through
the assessment of physicochemical properties, inflammatory potentials, and
PFO.

Characterise protein adsorption profiles of empty alginate microspheres with
distinct inflammatory and PFO potentials through mass spectrometry-based
proteomics and functional analysis in human whole blood, using lepirudin as an
anticoagulant to enable the study of active protein cascades.

Evaluate the immunoprotection and functional performance of encapsulated rat
islets in pre-assessed alginate materials, exhibiting in vivo stability and minimal

PFO, by transplantation into diabetic mice.
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3 Summary of papers

This thesis comprises four papers on alginate hydrogel microspheres as an
immunoisolating material in cell therapy, with an emphasis on type 1 diabetes
treatment. Paper I provides a review of immunoprotective alginate-based
microspheres in pancreatic islet transplantation. It addresses critical microsphere
properties necessary for sustained graft function and outlines strategies to overcome
current challenges, including pericapsular fibrotic overgrowth (PFO). In Paper II, we
performed an in vivo screening study of various microbead formulations, identifying
several promising candidates exhibiting minimal PFO. Specific microbeads were
evaluated with respect to long-term efficacy, physicochemical and inflammatory
properties, and protein deposition. Paper III presents a novel quantitative MS-based
proteomics approach to elucidate protein adsorption profiles of alginate hydrogel
microspheres, providing insight into host—material interactions relevant to PFO.
Lastly, Paper IV examines the immunoprotection and functional performance of

encapsulated rat pancreatic islets transplanted into diabetic mice.

Paper 1

Current and Future Perspectives on Alginate Encapsulated Pancreatic Islet

The encapsulation of pancreatic islets within immunoprotective microspheres presents
a promising alternative to conventional therapies for type 1 diabetes, potentially
offering a functional cure for the disease. This strategy not only provides a
semipermeable barrier that safeguards the graft from immediate immune attack, but
also negates the need for immunosuppression and its associated health risks.
Encapsulation in alginate hydrogel microspheres is one of the most studied approaches
for the immune isolation of pancreatic islets. Several clinical trials have established the
safety of transplanting human islets in alginate-based microspheres. Nevertheless,
challenges persist in developing microspheres that sustain graft function in the long
term. Key microsphere properties associated with these challenges include stability,
permeability, and biocompatibility (i.e. absence of fibrosis). Through careful selection
of alginate type (e.g. M/G content and sequential structure), gelling ions (e.g. calcium

vs barium), and washing procedures, microspheres can be produced that remain stable
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under physiological conditions. While the necessary permeability for microspheres to
serve as an immune barrier is unclear, the primary objective appears to be preventing
cell-to-cell contact between the graft and host. Traditionally, polycation coatings have
been applied to control the stability and permeability of alginate microspheres;
however, their proinflammatory properties are linked to PFO. While newer non-
polycationic microsphere developments aim to mitigate PFO, it persists as an ongoing
issue with underlying mechanisms that are not yet fully understood. PFO obstructs
graft function by limiting the supply of oxygen and nutrients to the encapsulated cells.
Alginate microspheres with a high G content are known to promote PFO, while
microspheres with lower G content remain free of PFO yet show limited stability,
restricting their immediate use for encapsulation. The latest research has shown that
chemical modifications of alginate as well as an increase in microsphere size can
mitigate PFO. The limited supply of insulin-producing tissue presents another
significant hurdle in islet transplantation. However, advances in deriving insulin-
producing cells from human stem cells offer promising potential for obtaining
therapeutic cells from human sources. Collectively, recent progress in both microsphere
development and stem cell technology cultivates a positive outlook for the future of

encapsulated islet transplantation.

Paper 11
Pericapsular fibrotic overgrowth mitigated in immunocompetent mice through

microbead formulations based on sulfated or intermediate G alginates

In encapsulated cell transplantation, maintaining graft function relies on both
microsphere stability in vivo and the mitigation of PFO. Accordingly, this study
explored different alginate microbead formulations as potential immunoisolation
materials, focusing on these parameters. Microbead formulations included variations
of intermediate G alginate or sulfated alginate and/or high G alginate. Using an in
vitro stability assay, large differences were observed depending on the type of alginate
and gelling ions used (calcium and/or barium, or only strontium), wherein microbeads
of intermediate G alginate showed the lowest stability overall. Gelation with calcium

and a low concentration of barium, instead of using a high barium concentration, was
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determined to be an effective trade-off between stability and biocompatibility” and was
thus used in most microbead formulations evaluated for PFO. A screening panel of 11
microbead formulations was assessed in vivo (14-35 days) using an immunocompetent
mouse model (C57BL/6JRj), yielding multiple promising candidates. Two candidates
were chosen for long-term in vivo evaluation: one composed of intermediate G alginate
(IntG) and the other a combination of sulfated alginate with high G alginate (1:4 ratio;
HiG+SA(80/20)"), both gelled in calcium and barium. IntG and HiG+SA(80/20)
exhibited maintained stability (13% and 5% swelling, respectively) and minimal PFO
(4% and 7%, respectively) after 112 days. Of note, IntG showed high recovery rates
upon explantation, while for HiIG+SA(80/20) it was lower and more variable, both in
the short and long term. In the short term (14 days), high G alginate (HiG) showed a
notable 64% PFO, serving as a positive control. Conversely, IntG and HiG+SA(80/20)
showed 1% and 7% PFO, respectively. Additionally, microbeads comprising a mixture
of intermediate G alginate with smaller fractions of high G alginate displayed PFO as
low as 0-1%, pointing towards compositional flexibility with respect to PFO. Neither
our evaluations of material stiffness in microbeads and gel cylinders, nor the use of
different gelling ions, uncovered a clear link to PFO. The protein deposition on
explanted microbeads was investigated by CLSM. Minimal deposition of complement
C3c was observed for all microbeads with the exception of poly-L-lysine-containing
microcapsules (AP), serving as a proinflammatory control. Fibrin(ogen) deposition was
positively associated with PFO, with greater deposition on fibrotic HiG microbeads
compared to the minimally fibrotic IntG and HiG+SA(80/20). Lastly, the
inflammatory potential of the microbeads was assessed using a human whole blood
assay, including complement, coagulation, and cytokines. The responses of the
microbeads were low overall. Distinctively, the microbeads containing sulfated
alginate, including HiG+SA(80/20), activated coagulation and showed insignificant
complement responses compared to baseline. AP microcapsules displayed significant
complement and cytokine responses, coinciding with in vivo C3 deposition and PFO

development. Conclusively, microbeads containing intermediate G alginate or sulfated

“ In this context, referring to the potential toxicity of high barium concentrations.

 This microbead type is denoted as SA in Paper III and IV.
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alginate, including IntG and HiG+4SA(80/20), show great potential for long-term

therapeutic applications of cell encapsulation.

Paper III

MS-proteomics provides insight into the host responses towards alginate microspheres

Protein adsorption to biomaterial surfaces is considered a determining factor for the
host response, and thus plays a central role for the success of implanted biomaterials.
This work employed LC-MS/MS-based proteomics to identify plasma proteins
adsorbed to alginate hydrogel microspheres relevant for cell therapy. Microspheres
previously reported (Paper II) to exhibit different inflammatory and fibrotic
responses were examined, including high G alginate (HiG; low-inflammatory and
fibrotic), high G alginate mixed with sulfated alginate (SA; low-inflammatory and anti-
fibrotic), and high G alginate coated with poly-L-lysine (AP; proinflammatory and
highly fibrotic). Importantly, the use of lepirudin-anticoagulated human plasma
enabled the investigation of acute-phase proteins within the complement and
coagulation systems, which are critical in biomaterial-mediated host responses. The
biological significance of the identified acute-phase proteins was assessed through
functional analysis of complement and coagulation activation in human whole blood
(hWB). In support, the binding of initial complement and coagulation factors was
verified by CLSM. The microspheres were incubated in pooled (N = 7) plasma for 24
h, and the adsorbed proteins were isolated into E- (eluted proteins) and T-fractions
(residual proteins tryptically digested from the microspheres) to differentiate between
weaker and stronger bound proteins, respectively. The LC-MS/MS analyses resulted
in the high-confidence identification and quantification of 236 differentially adsorbed
plasma proteins. Cluster analysis revealed distinct protein signatures for the
microspheres, wherein numerous low-abundance plasma proteins were significantly and
selectively enriched. The number of significantly enriched proteins on HiG, SA, and
AP (across E-/T-fractions) compared to plasma were 106, 128, and 88, respectively.
The proteins uniquely enriched on each microsphere type were predominantly

hydrophilic, where most of the acidic proteins” were identified in the E-fractions and

* Net negative charge at physiological pH.
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the basic proteins® in the T-fractions. The inclusion of sulfated alginate in the
microbead formulation (20% sulfated alginate mixed with 80% high G alginate; namely
SA) resulted in an overall increase in adsorbed proteins compared to HiG, including
several uniquely enriched heparin-binding proteins with potential anti-fibrotic effects
(e.g. specific matrix metalloproteinases: MMP2, MMP9). Furthermore, SA exhibited
a marked enrichment of fibrinolysis-promoting factors (e.g. factor (F)XII, plasma
kallikrein), potentially supporting an anti-fibrotic profile. Ingenuity® Pathway Analysis
identified the acute-phase response and the complement and coagulation systems
among the top enriched canonical pathways. The levels of adsorbed complement and
coagulation activators and inhibitors were distinct for the different microspheres,
which was reflected in the functional hWB analyses. SA induced an insignificant
terminal complement response in hWB, conforming to the extensive enrichment of
complement inhibitors, such as C1 inhibitor and factor H, as revealed by proteomic
analysis. Additionally, SA showed a moderate coagulation response in hWB,
corresponding to the highly enriched coagulation factors, such as FXII, antithrombin-
III, and heparin cofactor 2. HiG exhibited low terminal complement activation in hWB,
conforming to the moderate enrichment of complement inhibitors. AP displayed
significant terminal complement activation in hWB, conforming to the prominent
enrichment of complement activators, such as C3 and properdin, and overall low levels
of inhibitors. CLSM investigations of deposited complement (Clg, C3c) and
coagulation (FXII) proteins were in agreement with the proteomics analyses. In brief,
HiG and SA showed an extensive surface deposition of the classical complement protein
Clq as opposed to the downstream complement C3c (conversion product of C3),
whereas AP showed the opposite trend. FXII was deposited on all microspheres, with
the highest abundance on SA. In summary, this work presents a novel approach for
proteomic profiling of alginate-based hydrogel microspheres, providing insights into
host—material interactions at the protein level with potential relevance to PFO. These
findings highlight MS-based proteomics as a valuable supplement to existing in vitro
and in wvivo methods for designing anti-inflammatory, non-fibrotic alginate

microspheres for cell encapsulation therapies.

* Net positive charge at physiological pH.
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Paper IV
Function of encapsulated rat islets in sulfated and intermediate G alginate in diabetic

immunocompetent and immunodeficient mice

Continuing the research primarily outlined in Paper II, with relevance also drawn
from Paper I and III, the present work investigated the in vivo performance of insulin-
producing rat islets encapsulated in beads with either sulfated alginate (SA) or
intermediate G alginate (IntG), measured against the widely-studied high G alginate
beads (HiG). As a strategy to optimise PFO mitigation, the bead design for this study
was scaled up to about 1 mm, which is notably larger than the conventional microbead
size of around 0.5 mm. As a first step, empty beads were implanted into
immunocompetent (C57BL/6J) mice for 14 and 56 days, which yielded fibrotic
outcomes similar to those reported in our original study (Paper II). Across both time
points, SA and IntG consistently showed minimal PFO with average values of 1-3%
and 2%, respectively, in contrast to HiG with 13-29% PFO. Furthermore, the overall
recovery rates of the beads were high upon explantation. In the subsequent step, we
assessed the function of encapsulated rat islets transplanted into streptozotocin-
induced diabetic C57BL/6J and immunocompromised (nude) mice. Conducted in two
phases, the transplantation studies first assessed SA and HiG using both mouse models,
followed by IntG and HiG. In C57BL/6J mice, SA and HiG both sustained islet-graft
function for the duration of the study (120 days), exhibiting comparable outcomes
overall. Throughout this period, the encapsulated islets maintained normoglycemia,
and the bodyweights of the mice remained stable. At the end of the study, oral glucose
tolerance testing (OGTT) demonstrated glucose-responsive islets. Additionally,
measured serum C-peptide concentrations at 8334432 pmol/L and 648+117 pmol/L
for SA and HiG, respectively, further indicated functional islets. Upon retrieval 120
days post-transplantation, the recovery rates of the beads were high overall. SA and
HiG encapsulated islets showed low levels of PFO at 2+3% and 6+1% and high cell
viabilities at 89+22% and 974+12%, respectively. For the nude mice experiments,
including both the first (SA and HiG) and second phases (IntG and HiG), along with
the second phase using C57BL/6J mice (IntG and HiG), the presence of precipitates
in the islet-containing beads precluded optical assessments. In subsequent analyses,
the precipitates were identified as hydroxyapatite (Cas(PO4)sOH) resulting from salts

present in the culture medium. Initial hydroxyapatite formed in beads during islet
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culture pre-transplantation and progressed in vivo. Islet function was likely affected
by the precipitate, indicated by the differing outcomes of the HiG control used for
both SA and IntG. In the first phase, HiG sustained graft function for the whole
duration of the 120-day study in C57BL/6J mice, whereas in the second phase (with
precipitates) HiG displayed reduced graft function after 50 days in the same mouse
model. Moreover, lower initial islet viabilities in the second phase may have further
confounded the results. Nevertheless, IntG encapsulated islets maintained
normoglycemia in C57BL/6J mice for about 50 days during the 83-day study period.
At the end of the study, OGTT indicated glucose responsive islets and measured C-
peptide concentrations suggested limited graft function with 239+165 pmol/L and
2194124 pmol/L for IntG and HiG, respectively. In conclusion, our findings
demonstrate the potential of both sulfated alginate and intermediate G alginate as
immunoprotective encapsulation materials for pancreatic islet transplantation in the
treatment of type 1 diabetes, as indicated by the restored glycaemic control in diabetic

mice over time.
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4 General discussion

This thesis explores the use of alginate hydrogel microspheres as immunoisolating
materials, focusing particularly on their potential for treating type 1 diabetes. Despite
extensive research, clinical success for islet transplantation using alginate microspheres
has yet to be achieved, with pericapsular fibrotic overgrowth (PFO) posing as one of
the primary challenges. Accordingly, the work herein has investigated the host
responses following biomaterial implantation, as a means to formulate
immunocompatible alginate materials that ensure long-term therapeutic efficacy. To
summarise, Paper I highlights the advances and existing challenges of using alginate
microspheres for pancreatic cell-encapsulation therapy. Paper II presents the impact
of various chemical compositions and gelling ions on the performance of empty alginate
microbeads in vitro and in vive. Paper III introduces a novel MS-based methodology
for detecting and quantifying plasma proteins adsorbed to alginate microspheres
exhibiting different host responses. Lastly, Paper IV describes the functional
performance of encapsulated rat islets in diabetic mice using stable, low-fibrotic
alginate beads. The discussion of this thesis is organised around central themes of the
research, encompassing hydrogel bead stability, permeability, mechanical properties,
PFO, protein adsorption, and the use of alginate beads in cell therapy of diabetes. A
key novelty of the current work is the application of chemically sulfated alginate for
cell encapsulation as well as characterising alginate microspheres by MS-based

proteomics to elucidate host responses.

Hydrogel beads — physicochemical properties

Stability

In cell encapsulation therapy, the integrity of the microbead is paramount, as it serves
as the foundation for achieving therapeutic efficacy through a stable immune barrier
(Paper I). Alginate hydrogels, however, are susceptible to destabilisation due to ion
exchange or chelation of the gelling ions [99, 162]. Compromised microbead stability,
whether through fragmentation, leakage, or dissolution, can induce immune responses

that are detrimental to the encapsulated cells [151]. In the work herein, microbead
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stability was assessed both in vitro using a saline-based assay (Paper II) and in vivo
by implantation into mice (Paper II and IV). We explored various alginate
formulations: high G, intermediate G, and sulfated alginates, alone or in specific
combination, which were gelled with either calcium (50 mM), barium (20 mM),
strontium (20 mM), or calcium with barium (50 mM, 1 mM). Using strontium or
barium significantly stabilised the microbeads +in witro, with high barium
concentrations primarily providing the most stability, as previously reported [99].
However, we selected a low concentration of barium with calcium for further
evaluations in wvivo, balancing adequate stability against potential barium toxicity
[163].

In contrast to previous reports of poor in wivo stability for intermediate G alginate
beads [126], the work herein found them generally less stable in vitro (Paper II) but
not markedly different in stability from high G alginate beads in vivo (Paper II and
IV). As opposed to the in vitro saline assay, the in vivo environment contains both
destabilising (e.g. sodium, chelators) and stabilising compounds (e.g. calcium) [109].
Importantly, we included a low concentration (2 mM) of calcium in the solutions used
for washing and handling the beads, in addition to using limited volumes, to ensure
their stability. As a potential strategy to increase the stability of the intermediate G
alginate microbeads, we incorporated smaller fractions of high G alginate with varying
molecular weights or increased the polymer concentration; both of which slightly

improved stability (Paper II).

The stability of sulfated alginate microbeads in wvitro was generally higher than or
similar to that of high G alginate microbeads, as shown in Paper II. This is in
accordance with previous studies [140], which reported that sulfated alginate
microbeads (similar formulation to this work) exhibited greater gelling ion retention
compared to high G alginate microbeads, thereby likely moderating non-gelling ion
influx and minimising subsequent swelling. In vivo stability was in general high for all
alginate beads tested, gelled with either strontium or a mixture of calcium and barium,
showing no notable changes over time (Paper II and IV). It should be noted that in
Paper II, the recovery rates for empty sulfated alginate microbeads, particularly those

with 40% sulfated alginate, were generally lower and more variable than for other
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microbeads post-implantation, the reason for which remains elusive. However, to sum
up, alginate beads containing either intermediate G or sulfated alginate, gelled with
calcium and a low concentration of barium, demonstrate adequate stability for use as

immunoisolation materials in cell encapsulation therapy, as indicated in Paper IV.

Permeability

Permeability is a critical determinant in the success of immunoisolation, governing the
diffusion of nutrients, therapeutic products, and gas exchange (Paper I). Although
not directly assessed in the current work, the functional permeability of beads
consisting of either intermediate G or sulfated alginate was demonstrated through
sustained blood glucose correction in diabetic immunocompetent mice (Paper IV).
These alginate materials successfully provided immune protection for the transplanted
grafts while allowing free insulin diffusion through the hydrogel network to maintain
normoglycemia. The precise permeability requirements for microspheres to function as
immune barriers remain unclear. The ingress of immune molecules such as
inflammatory cytokines and immunoglobulins may have detrimental effects on
encapsulated islets [21, 164, 165]. However, previous studies have shown that islets
encapsulated in alginate microbeads can be protected from immune rejection for up to
a year in allogeneic mouse models, despite the influx of cytokines (IL1-8, IFN-y) [21].
At the least, the prevention of cell-to-cell contact between the graft and the host is

essential (Paper I), as shown in Paper IV and by others [21, 22, 166].

Mechanical properties

To preserve the function of transplanted cells, the immunoisolating material must
exhibit a specific level of mechanical stiffness and toughness. While not explicitly
defined, this mechanical resistance is crucial for hydrogel microspheres used in cell
encapsulation to withstand the stress, such as compression and shearing forces, during
manipulation, transplantation, and in vivo application [151, 167]. In Paper II, we
examined the stiffness of hydrogel cylinders and microbeads consisting of either high
G, intermediate G or a mixture of high G and sulfated alginate. The stiffness of
hydrogel cylinders and microbeads was assessed using Young’s modulus and force

output at defined strain, respectively, revealing consistent relative trends. At equal
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polymer concentrations, high G alginate hydrogels demonstrated the greatest stiffness
overall, and intermediate G alginate the lowest, as expected. This is due to the presence
of more and longer G-blocks in high G alginate, responsible for the crosslinking of the
hydrogel network, known to directly influence gel stiffness [94, 97, 108, 109]. Sulfated
alginate hydrogels consisting of 20% chemically sulfated (DS ~ 0.8) high G alginate
and 80% high G alginate, exhibited slightly lower gel stiffness than high G alginate
alone. However, as the sulfated alginate constituted only a subfraction of the bead
formulation, the effect on gel stiffness is minor. This corresponds to previous reports
[140]. Taken together (Paper II and IV), the hydrogel beads containing intermediate
G or sulfated alginate exhibited no structural damage under in wvitro or in wvivo
conditions, underscoring their mechanical robustness and potential applicability in cell

encapsulation therapy.

Pericapsular fibrotic overgrowth

As outlined in Paper I, PFO poses a significant challenge to the use of alginate
microspheres in cell therapy. Despite their generally recognised biocompatibility, the
specific design of alginate-based microspheres dictates the onset of PFO and
consequently the sustained function of encapsulated cells in vivo [22, 151]. Although
the foreign body response to biomaterials is well described [42-44], the underlying
mechanisms of PFO for alginate microbeads are yet to be elucidated. Numerous studies
have demonstrated the involvement of complement activation on biomaterial surfaces
in promoting inflammatory cellular responses [119, 128, 129, 168-171], including fibrosis
[168]. The pronounced PFO response of poly-i-lysine (PLL)-coated alginate
microbeads [118, 130-132, 172] can be attributed to surface deposited complement C3
[119, 128, 129, 134], leading to leukocyte adhesion and subsequent induction of
proinflammatory cytokines [119, 128, 129]. In Paper II, PLL-coated alginate
microbeads were included as a positive proinflammatory control, showing significant
complement activation in human whole blood. While prior studies have solely
demonstrated C3 deposition on PLL-coated alginate microbeads in vitro [119, 128, 129,
134], the work herein (Paper II) verified this phenomenon in wvivo following
implantation in immunocompetent mice, accompanied by an extensive PFO response

observed after only 2 days. In contrast, limited in vivo C3 deposition was observed for
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fibrotic high G alginate microbeads at 14 days, and for minimally fibrotic intermediate

G or sulfated alginate microbeads at both 14 and 112 days.

High G alginate

As discussed in Paper I, the underlying cause of PFO for high G alginate microbeads
remains undetermined. Their low inflammatory potential [119, 128, 134] was further
corroborated in Paper II and III, notably showing minimal induction of terminal
complement complex (TCC) in human whole blood. Initially valued for their superior
hydrogel stability over lower G alginate hydrogels [13, 99] and lower inflammatory
cytokine induction in primary human monocytes in vitro [120, 122], high G alginate
microbeads with encapsulated islets were tested in humans [23, 24] but without success.
The fibrotic response of high G alginate beads has been well documented using specific
mouse strains [21, 126], non-human primates [22] and humans [23, 24]. Therefore, it
was included in the current work as a positive control for PFO using the fibrosis

responsive C57BL/6J(Rj) mouse model (Paper II and IV).

Intermediate G alginate

Using beads made of intermediate G alginate offers a straightforward approach, given
that this unmodified alginate is readily available and has demonstrated minimal PFO
in prior studies [21, 126, 127], although stability issues have been reported [99, 126].
The current work (Paper II and IV) reaffirmed the minimal PFO response of
intermediate G alginate beads, which in addition showed high in vivo stability through
specific formulation and handling. This included using a mixture of calcium (50 mM)
and barium (1 mM) or solely strontium (20 mM) for gelation, as well as incorporating
a physiological concentration (2 mM) of calcium in the washing and handling solutions.
Moreover, the microbeads’ low inflammatory potential was shown through a minimal
TCC response in human whole blood (Paper II). Another aspect explored was the
potential enhancement of stability for intermediate G alginate microbeads by
incorporating a small fraction of high G alginate of various molecular weights (Paper
II). Intriguingly, these microbeads were essentially PFO-free, similar to those
containing purely intermediate G alginate. However, microbeads with very low

molecular weight high G alginate displayed a moderate increase in PFO. Importantly,
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this establishes a degree of versatility in microbead formulation using unmodified
alginates with different G content to achieve microbeads with minimal PFO and

increased stability, a finding not previously reported.

Sulfated alginate

As presented in Paper IT and IV, the inclusion of a small fraction of sulfated alginate
into high G alginate beads resulted in minimal PFO. The prominent anti-fibrotic
properties of sulfated alginate have also been demonstrated in mice receiving alginate-
encapsulated xenotransplants of human pluripotent stem cell (hPSC)-derived
hepatocytes [173], which poses even greater challenges with respect to xenogeneic
immune reactions. In the work herein, the rationale for employing sulfated alginate as
an immunoisolating material for cell therapy originated from its documented anti-
inflammatory properties, previously assessed using complement-stimulated plasma
[137] and human whole blood [134]. Incorporating sulfated alginate into alginate
microspheres, either in the microbead formulation or as a second coating on PLL-
containing microcapsules, significantly reduced inflammatory cytokine responses and
increased the binding of complement inhibitor factor H [134], which will be addressed
in the following section. Sulfated alginate microbeads exhibit a complement inert
nature with insignificant induction of TCC, as well as exhibiting a moderate

coagulation response [134], which was confirmed in Paper II and III.

Effect of size, stiffness, and gelling ions with regard to PFO

Exploring a different aspect, the work by Veiseh and co-workers revealed that the size
of microspheres influence PFO development [29]. Increasing the size of alginate
hydrogel spheres to 1.5 mm and above was shown to largely prevent PFO in C57BL/6
mice up to 180 days and in non-human primates up to 14 or 28 days. In Paper II, we
investigated various formulations of microbeads within the 500 pm size range. This
presented the materials with a greater challenge with respect to PFO. Notably,
microbeads of intermediate G or sulfated alginate displayed minimal PFO up to 112
days, highlighting their potential as cell encapsulating materials. In the follow-up study
(Paper IV), where the functional performance of encapsulated rat islets was

examined, larger-sized beads of about 1000 pm were utilised to balance PFO mitigation

37



against potential size-dependent diffusion limitations. The effect of the size increase
was evident, as our positive PFO control, consisting of high G alginate, showed
significantly less PFO than its smaller-sized counterpart (Paper II). Consequently,
high G alginate beads sustained transplanted islet function in C57BL/6J mice for the
entire study duration of 120 days, paralleling the performance of the minimally fibrotic
sulfated alginate beads (Paper IV). However, it should be noted that in the study by
Veiseh et al. [29], rat islet grafts encapsulated in larger-sized (1.5 mm) high-G alginate
beads failed after approximately 140 days in C57BL/6 mice, although significant PFO

was not observed.

As explored in Paper II, material stiffness could be a potential factor in PFO
development. Existing research indicates that hydrogel stiffness can influence cell
behaviour [174-176], where stiffer hydrogels (gelatine-methacrylate) have been shown
to promote proinflammatory M1 macrophage phenotypes in vitro and increased fibrosis
in vivo [176]. To investigate this, we characterised the material stiffness of various
alginate hydrogel formulations (Paper II), as described above. In brief, high G
alginate hydrogels (prone to PFO) exhibited significantly greater stiffness than the
corresponding intermediate G alginate hydrogels (minimally prone to PFO). Reducing
the concentration of high G alginate hydrogels to match the stiffness to that of
intermediate G alginate led to a significant increase in the PFO response for implanted
microbeads. Conversely, increasing the concentration, and thus stiffness [109], of
intermediate G alginate microbeads slightly exacerbated PFO. These observations
suggest that factors other than gel stiffness are likely more crucial in the development
of PFO for the alginate microbeads. This aligns with studies highlighting size and

geometry [29] and chemical composition [28] as more significant determinants of PFO.

There is limited and somewhat inconsistent data concerning the role of gelling ions in
PFO for alginate microspheres. The study by Duvivier-Kali et al. [21] found that high
M and high G microbeads gelled with calcium (100 mM) exhibited slightly increased
PFO compared to those with barium (10 mM) in BALB/c and NOD mice after 30
days. The use of calcium in the gelation of alginate hydrogels for biomedical
applications has been questioned due to its role as a second messenger in immune cell

signalling [177]. Immunostimulatory effects have been reported when using calcium
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compared to barium for crosslinking alginate hydrogels, including increased cytokine
(IL-1B) secretion from surrounding tissue after subcutaneous injection into C57BL/6J
mice [177]. It should be noted that in all the referenced studies comparing calcium and
barium, the concentration of calcium was significantly higher. However, the study by
Tam et al. reported that PFO was independent of the type of gelling ions used,
including calcium (100 mM) or barium (10 mM), for intermediate G or high G alginate
microbeads implanted into C57BL/6J mice for 2 days [126]. In the work herein (Paper
II-IV), the alginate beads were predominantly gelled using a mixture of calcium (50
mM) and barium (1 mM). The use of strontium (20 mM) was briefly explored in the
screening study of Paper II, as one patent has described its use to inhibit cellular
overgrowth on alginate hydrogels [178]. The type of gelling ions used did not influence
PFO for intermediate G alginate microbeads. However, for microbeads with 40%
sulfated alginate, a slight reduction in both PFO and inflammatory responses (TCC,
cytokines) was observed when gelled in strontium. Still, the work herein demonstrates
that the chemical composition of alginate seems to be the key determinant of the PFO

outcome for alginate hydrogel microbeads.

Elucidating host responses through protein adsorption

The generally low complement-activating potential of high G alginate microbeads, as
shown previously [119, 134] and herein (Paper II and III), consequently raises the
question of other influential determinants of PFO for this material. In Paper II,
surface deposition of fibrin(ogen) on microbeads after implantation in mice was
observed to coincide with PFO. Specifically, fibrotic high G alginate microbeads
displayed significantly more fibrin(ogen) than minimally fibrotic intermediate G or
sulfated alginate microbeads. Considering the possible role of distinct protein
deposition in PFO development, a comprehensive examination of protein adsorption
profiles was performed for microbeads with different inflammatory and PFO responses,

which constitutes the work of Paper III.

Protein adsorption to alginate microspheres has traditionally been studied using
immunostaining combined with CLSM [28, 29, 119, 128, 129, 134]. While valuable for

investigating specific proteins, this approach possesses inherent limitations. In
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contrast, MS-based proteomics offers a broader and more sensitive quantitative
assessment, capturing a wider spectrum of adsorbed proteins [48; 52]. Only a few
proteomic analyses have addressed the adsorption of plasma or serum proteins to
hydrogels [171, 179, 180], and alginate-based hydrogels or microspheres have yet to be
explored. A significant portion of the work in this thesis was thus dedicated to
developing a novel MS-based proteomics approach to characterise physiologically
relevant protein adsorption profiles of alginate hydrogel microspheres (Paper III). A
noteworthy aspect of the work in Paper III as well as Paper II (CLSM studies) is
the use of lepirudin-plasma. This enables the investigation of proteolytically active
acute-phase proteins of complement and coagulation (upstream of thrombin), which
are pivotal in the host responses towards biomaterials [42, 46]. While the choice of
medium in protein adsorption studies depends on the specific research objective, many
studies utilise plasma anticoagulated with agents (e.g. heparin) that disrupt these

protein cascades or serum that lacks coagulation factors.

In Paper III, enriched proteins conformed to the complement and coagulation
inducing potentials of the materials, specifically high G, sulfated, and PLL-coated
alginate microbeads. Since protein adsorption is not necessarily indicative of a
biological response due to the conformational-dependent bioactivity of acute-phase
effectors [46, 55], the proteomics data was interpreted alongside functional whole blood
analyses of downstream complement (T'CC) and coagulation (prothrombin fragment
142; PTF1.2) activation. The surface binding of specific factors within these cascade
systems (complement Clq and C3c, and coagulation factor XII) were further verified
by CLSM. Together, this multifaceted approach offers detailed insight into the host—
material interactions. Indeed, the subtle differences in the low inflammatory potentials
of high G alginate and sulfated alginate microbeads (Paper II and III) can be
explained by the differential enrichment of complement inhibitors. As shown in Paper
IIT, sulfated alginate microbeads notably enriched all the inhibitors of the complement
cascade, particularly factor H, and uniquely enriched both C4-binding protein and
carboxypeptidase-N (catalytic subunit). High G alginate microbeads were moderately
enriched with some complement inhibitors, including C1 inhibitor and factor H. In
contrast, PLL-coated alginate microbeads adsorbed minimal to no complement

inhibitors, while showing the highest enrichment of complement activators like C3 and
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properdin. Adsorbed complement activators and inhibitors on biomaterials have been

suggested to be strong indicators for the biological outcome [50, 181, 182].

Intriguingly, the proteomics and CLSM analyses revealed an extensive enrichment of
complement Clq (classical pathway) for both high G alginate and sulfated alginate
microbeads, a previously unreported finding to our knowledge. However, this does not
result in significant downstream complement activation, as indicated by the low TCC
response in human whole blood (Paper II and IIT). Thus, if an initial complement
activation occurs, which is conformation-driven, it is likely subdued. This is supported
by enriched inhibitors like C1 inhibitor and low C3 levels revealed by MS-proteomics
(Paper III), and minimal C3c deposition shown both in vitro (Paper II and III) and
in vivo (Paper II) by CLSM analyses. Furthermore, as detailed in Paper III, cluster
analysis of the adsorbed proteins could indicate a potential inactivation of C1 complex
(Clq/Cr/Cs) based on the grouping of C1 inhibitor with the Clg-associated proteases.
Still, the complement inhibitors enriched on the microbeads could be, at least in part,
directly bound to the biomaterial surface, as complement inhibitors like C1 inhibitor
and factor H can bind directly to polyanions such as sialic acid and sulfated GAGs,

including heparin [183, 184], which has been likened to sulfated alginate [137, 141].

The host response is susceptible to influence from the coagulation system, whether
directly mediated through the contact pathway or through crosstalk with the
complement system [59]. In Paper II and III, sulfated alginate microbeads showed
the most pronounced coagulation response among the microspheres, albeit moderate,
followed by PLL-coated alginate microbeads and subsequently high G alginate
microbeads. However, the proteomics analysis (Paper III) revealed significant
enrichment of coagulation inhibitors for sulfated alginate microbeads, including
antithrombin, heparin cofactor 2 and C1 inhibitor, suggesting a tight regulation of this
activation. Furthermore, the limited fibrin(ogen) deposition observed in vivo (Paper
IT) could potentially be indicative of this regulation, considering fibrin clot formation
being a downstream effect of coagulation [59]. The enrichment of intrinsic pathway
proteins on sulfated alginate microbeads, including factor XII, indicate activation
through the contact system. High G alginate microbeads displayed a similar

coagulation profile although at lower protein abundances. Distinctively, central
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intrinsic pathway proteins were not detected on PLL-coated alginate microbeads. This
points towards tissue factor-dependent activation of coagulation, which is closely

linked to complement activation, corroborating earlier findings [135].

As previously noted, the work in Paper II revealed a positive association of surface
deposited fibrin(ogen) and PFO for microbeads implanted in mice. Fibrin(ogen)
deposition has been demonstrated to modulate phagocytic cell recruitment in both
mice [185] and humans [186]. This proinflammatory response has been shown to be
mediated through the interaction with integrin receptor CD11b/CD18, also known as
Mac-1 or complement receptor 3, on leukocytes [187]. In Paper II, the fibrin(ogen)
deposition on minimally fibrotic sulfated alginate and intermediate G alginate
microbeads was significantly lower than for fibrotic high G alginate microbeads after
14 days in vivo. While these levels remained consistent for sulfated alginate microbeads
in the long term (112 days), an increase was observed for intermediate G alginate
microbeads, with both maintaining minimal PFO. In Paper III, the proteomic profile
of sulfated alginate microbeads may indicate an inherent potential for fibrinolysis, as
specific pro-fibrinolytic factors (involving activation of plasminogen to plasmin) were
found to be highly enriched, including factor XII and plasma kallikrein. Through its
primary mechanism involving the plasmin-mediated degradation of fibrin clots during
wound healing processes [188], fibrinolysis could be a key factor for the anti-fibrotic

effect of sulfated alginate.

Several heparin-binding proteins, some with reported anti-fibrotic effects [189-193],
were uniquely or most enriched on sulfated alginate microbeads. As detailed in Paper
III, this included the matrix metalloproteinases MMP2 and MMP9, along with their
regulators TIMP1 and TIMP2 [189, 190], which were differentially adsorbed to sulfated
alginate and high G alginate microbeads. Interestingly, various proinflammatory
cytokines and chemoattractants were predominantly or exclusively enriched on both
high G alginate and PLL-coated alginate microbeads compared to sulfated alginate
microbeads. Given the preceding observations, the proteomics data offers
comprehensive detail into the proteins interacting with these materials, potentially
clarifying the distinct biological responses they induce, such as the fibrotic potentials

of high G alginate and sulfated alginate microbeads.
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Alginate beads for immunoisolation in cell therapy of diabetes

Through detailed assessments of the physicochemical properties of alginate hydrogel
microspheres and understanding their biological implications, we pave the way for
enhancing their efficacy as immunoisolation materials in cell therapy. This captures
the principal point of Paper I. In the work herein (Paper II and III), we evaluated
various alginate microbead formulations, focusing on their stability, mechanical
properties, and potential to induce complement and coagulation in human whole blood.
Fibrotic responses and in vivo protein deposition were assessed in immunocompetent
mice, and protein profiling was achieved through CLSM and MS-based proteomics.
From our investigations, two candidate materials were selected for further evaluation
as immunoisolation materials. The work of Paper IV demonstrates that beads with
sulfated alginate or intermediate G alginate, which were stable in vivo and exhibited
minimal PFO (Paper II and IV), supported the viability and function of encapsulated
rat islets in streptozotocin (STZ)-induced diabetic C57BL/6J mice. Sulfated alginate
beads sustained islet-graft function throughout the 120-day study, exhibiting
maintained normoglycemia, glucose-responsive islets, and high serum C-peptide levels
and cell viability at the end of the study. Intermediate G alginate-encapsulated islets
sustained normoglycemia for about 50 days within an 83-day study. Notably, the
results were confounded by precipitation of hydroxyapatite inside the beads,
originating from the islet culture media, likely being the cause of the limited graft
function observed at the end of the study. Nevertheless, our findings highlight the
promise of both sulfated and intermediate G alginates as encapsulation materials for
pancreatic islet transplantation to treat type 1 diabetes, demonstrated by the restored

glycaemic control using a well-established mouse model.

In the animal experiments involving STZ-induced diabetes (Paper IV), particularly
with nude mice, several animals experienced health complications resulting in a
concerning number being euthanised or found deceased (nude mice: n = 8/19;
C57BL/6J mice: n = 2/20). The surgical procedure and the beads themselves are
unlikely causes, as evidenced by the absence of adverse effects in C57BL/6J mice
(N = 80) following empty bead implantation. However, the higher vulnerability of
immunocompromised nude mice, combined with the stress of diabetes induction and

known adverse effects of STZ [194], could potentially contribute to the observed
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mortality rate. Despite frequent welfare assessments and implemented humane
endpoints, future studies should redefine the humane endpoints for more immediate
interventions to reduce potential suffering and death. For instance, by lowering the
bodyweight loss threshold (e.g. to 15%) for euthanasia and performing careful pre-
transplantation assessments of STZ-treated mice to exclude compromised animals.
Revision of the diabetes induction protocol may be warranted to minimise potential
toxic side effects, e.g. through STZ dose adjustments [194] or using repeated low doses

of STZ instead of one single high dose [195].

Renowned for their contributions to the field of cell encapsulation therapy using
alginate spheres for the treatment of diabetes, Veiseh and colleagues at Massachusetts
Institute of Technology (MIT) have achieved noteworthy advancements. Their
development of low-fibrotic alginate formulations (such as Z1-Y15) has proven
successful in pre-clinical studies of long-term immunoprotection of transplanted
pancreatic islets, employing models of immunocompetent mice and non-human
primates [22, 28, 29]. In parallel, the current work indicates that sulfated alginate and
intermediate G alginate beads may offer similar therapeutic potential. However,
additional studies involving non-human primates are essential to validate minimal
PFO and ensure the long-term functionality of encapsulated islets prior to clinical

translation.

Intermediate G alginate beads, representing a simple, unmodified microbead
formulation, have shown minimal PFO and therapeutic efficacy in sustaining islet
function, as evidenced by prolonged diabetic correction in mice herein (Paper IV)
and corroborated by previous studies on similar alginates [21, 127]. While stability
concerns have been raised [99, 126], the reasons for not advancing this type of alginate
to pre-clinical assessments in diabetic non-human primates remain unclear. Sulfated
alginate beads, representing a novel microbead formulation, have in the current work
shown long-term glycaemic restoration in diabetic mice (Paper IV). Furthermore,
their efficacy has been demonstrated in immunocompetent mice transplanted with
encapsulated hPSC-derived hepatocytes, leading to a significant reduction in PFO
under the added complexity of xenogeneic conditions [173]. While targeted at treating

acute liver failure [173], these results substantiate the potent anti-fibrotic and
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immunoprotective properties of sulfated alginate beads and their ability to support the

function and viability of human stem cell-derived hepatocytes in vivo.

Recent advancements in the generation of functional islets from human stem cells hold
significant promise, potentially paving the way for a new era in the field of islet
transplantation [10]. With encouraging prospects, clinical trials in patients with type
1 diabetes are currently ongoing [11]. Alginate, recognised for its hydrogel-forming
properties under physiological conditions and porous network facilitating nutrient and
waste exchange, serves as a suitable matrix for encapsulating hPSC-derived cells
during differentiation [196]. Earlier studies have demonstrated the ability of alginate
microbeads to maintain long-term viability and morphological integrity of hPSC-
derived pancreatic progenitors in vitro, albeit maturation into insulin-producing cells
was not achieved [197]. A recent study found that alginate encapsulation enhanced the
differentiation of hPSC-derived pancreatic progenitors in witro, reshaping their
proteome towards an islet-like signature, presumably through integrin-mediated
intracellular signalling [196]. Alginate encapsulation has demonstrated the protection
of human stem cell-derived insulin-producing cells against immune rejection in mice
[198]. Accordingly, alginate beads may prove beneficial not only for immunoprotection
but also for the function of pancreatic islet cells, with sulfated alginate, as well as

intermediate G alginate, representing particularly promising encapsulation materials.
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5 Concluding remarks

Despite considerable progress in cell encapsulation research, the optimisation of
alginate microbeads remains a critical prerequisite for their clinical implementation as
immunoisolation materials. Previous clinical trials with alginate-encapsulated human
islets, including high G alginate microbeads without a polycation coating [23, 24], have
been unsuccessful due to graft failure attributable to pericapsular fibrotic overgrowth
(PFO). In the present work, we aimed to develop and examine stable, minimally
fibrotic alginate microbeads, explore a novel MS-based proteomics characterisation
method to elucidate host responses, and evaluate the functional properties of the beads

in a diabetic mouse model.

The incorporation of sulfated alginate into high G alginate microbeads resulted in a
significant mitigation of PFO in immunocompetent mice, yielding stable microbeads
with minimal cellular deposition. Furthermore, these beads were demonstrated to
provide long-term immune protection and sustain the function of transplanted rat
islets in diabetic mice. Concurrently, alginate microbeads formulated with intermediate
G alginate exhibited minimal PFO in the immunocompetent mouse model, consistent
with prior findings [126, 127], and were stable in vivo. The beads were further shown
to sustain islet function over an extended duration in diabetic mice. Bead stability was
enhanced by using the gelling ions calcium with low-concentration barium or solely
strontium, as opposed to calcium alone. This stability was further maintained by
utilising physiological calcium concentrations in the washing and handling solutions,
along with limited volume usage. A certain level of flexibility in microbead formulation
was established by incorporating subfractions of high G alginate into intermediate G
alginate microbeads, which yielded minimally fibrotic microbeads with slightly

improved stability.

In a novel contribution to the field, the current work has demonstrated through the
use of MS-based proteomics, that alginate microbeads exhibiting different
inflammatory and PFO responses display distinct protein adsorption profiles. Sulfated

alginate microbeads showed a prominent enrichment of complement and coagulation
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inhibitors, conforming to an anti-inflammatory and minimally fibrotic profile. This
bead type was also found to enrich heparin-binding and profibrinolytic proteins with
potential anti-fibrotic effects. High G alginate microbeads enriched moderate levels of
inhibitors, conforming to a low-inflammatory but fibrotic profile. For poly-r-lysine-
coated alginate microbeads that served as a control, the abundant enrichment of
complement activators in combination with low levels of inhibitors is consistent with

a proinflammatory and highly fibrotic profile.

Utilising MS-based proteomics as a supplement to established in wvitro and in vivo
methods provide a deeper understanding of the host—material interactions, especially
for biocompatibility assessments of clinically relevant biomaterials. While the PFO
development for alginate beads exhibits complexity, the research presented in this
thesis has given new insight on specific protein interactions with alginate microbeads.
To ensure the success of clinical translation, thorough assessments of both
physicochemical and biological characteristics of the materials remain imperative. In
light of recent innovations in both bead design and stem cell technology, the outlook
for encapsulated cell therapy is becoming more favourable. In conclusion, the work
herein has shed light on potential PFO factors in alginate microspheres while also
producing well-characterised, minimally fibrotic materials that show promise for cell

encapsulation therapy of type 1 diabetes.
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Transplantation of pancreatic islets in immune protective capsules holds the promise as a functional cure for type 1 diabetes, also
about 40 years after the first proof of principal study. The concept is simple in using semipermeable capsules that allow the ingress
of oxygen and nutrients, but limit the access of the immune system. Encapsulated human islets have been evaluated in four small
clinical trials where the procedure has been evaluated as safe, but lacking long-term efficacy. Host reactions toward the biomaterials
used in the capsules may be one parameter limiting the long-term function of the graft in humans. The present article briefly dis-
cusses important capsule properties such as stability, permeability and biocompatibility, as well as possible strategies to overcome
current challenges. Also, recent progress in capsule development as well as the production of insulin-producing cells from
human stem cells that gives promising perspectives for the transplantation of encapsulated insulin-producing tissue is briefly
discussed. STEM CELLS TRANSLATIONAL MEDICINE 2017;6:1053-1058

Transplantation of pancreatic islets in immune protective capsules holds the promise as a functional cure for type 1 diabetes. The pres-
ent article discusses briefly important capsules properties such as stability, permeability, and biocompatibility, and possible strategies
to overcome current challenges. Recent progress in capsule development as well as the production of insulin producing cells from
human stem cells gives promising perspectives for the transplantation of encapsulated insulin producing tissue.

offer an unlimited source of insulin-producing cells. This is a field of
rapid development, where exciting progress is made in the devel-
opment of insulin-producing cells both in vivo and in vitro [4-6].
Today, pancreatic islets are transplanted with a limited surgical
procedure via injection into the portal vein to the liver. Although
being successful in reducing the need for external insulin and also
in reducing the incidents of hyper- and hypo-glycemic events, the
transplantation of insulin-producing cells requires the need for
immune suppression to avoid graft rejection [7]. The use of
immune suppression is associated with increased risk of infections
and cancer. However, islet transplantation is still considered a bet-
ter alternative for patients with severely unstable blood glucose
and in particular those previously transplanted with, for example,
a kidney. Encapsulation of the pancreatic islets offers an alterna-
tive to immune suppression where the capsules act as semi-
permeable membranes that hinder the immune attack of the

Diabetes is one of the leading causes of both morbidity and mor-
tality worldwide and the number of diabetics are rapidly increas-
ing [1]. Type 1 diabetes, accounting for about 10% of the incidents
of diabetes, is an autoimmune disease where the immune system
attacks the body’s own beta cells that produce the insulin needed
to regulate the blood glucose. The disease is normally treated by
daily insulin injections, however poor regulation of the blood glu-
cose is associated with secondary complications such as cardiovas-
cular disease, nephropathy, and neuropathy [1]. Newer ways of
distributing insulin exist, including infusions and injections; where
continuous glucose monitoring allows tighter control over the
blood glucose. However, an appealing alternative to controlling
the blood glucose is via the transplantation of insulin-producing
cells. Pancreas transplantation from deceased donors is one alter-

native, however this requires major surgery followed by associ-
ated risks. Pancreatic islets, cell clusters containing the endocrine
function of the pancreas, can be isolated from the pancreas
through enzymatic digestion [2, 3]. In the future, stem cells may

transplanted cells (Fig. 1). Importantly, the capsules must allow for
the diffusion of oxygen and nutrients to the encapsulated cells
and also permit the diffusion of insulin out to the surrounding
environment.
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A
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Immune
system
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Figure 1. Immune isolation by encapsulation. Concept illustration of cells in capsule where nutrients and oxygen can diffuse into the cap-
sule and cell products (e.g. insulin) can diffuse out, but effectors of the immune system is excluded (A) and picture of encapsulated human
islets (B) stained by calcein and ethidium homodimer to visualize living and dead cells, respectively. The photomicrograph is a cross-section
obtained using confocal microscopy. Bead diameter is approximately 500 um. Picture is printed from [8].

The immune protection of pancreatic islets by using capsules
was first demonstrated in rats by Lim and Sun [9]. Capsules are
advantageous over larger devices in that they provide rapid diffu-
sion of nutrients as well as oxygen. In addition, the use of capsules
reduces the risk of graft failure due to the distribution of cells in
numerous devices, limiting the mechanical failure to only the
affected device containing a limited portion of the transplanted
graft. Also, the ease of transplantation by laparoscopy is attractive
[10]. The capsules are normally injected into the peritoneal cavity,
where the encapsulated cells get the access to nutrients and oxy-
gen from the surrounding fluids.

Many different variations of capsules and capsule materials have
been suggested for the immune isolation of pancreatic islets as
reviewed in [11]. Of polymers, agarose, chitosan, gelatin, polyeth-
ylene glycol, methacrylic acid, 2-hydroxyethyl methacrylate have
been used, however the vast majority is based on alginate [11].
Alginate is a structural polysaccharide found in seaweed that is
nontoxic, exhibiting a low immunogenic profile [12]. It has the
unique property of forming a gel at physiological conditions with
divalent ions, such as calcium. The encapsulation is performed by
dripping a mixture of alginate and islets into a solution of divalent
ions, where the droplet is immediately fixed at the surface. The
gelation proceeds throughout the droplet, resulting in a gel bead
with entrapped islets that are kept viable and functional. In the
original encapsulation procedure, the gel bead was further coated
with a layer of polycation [9]. Poly-L-lysine (PLL) [9, 13], poly-L-
ornithine (PLO) [14] and poly-methylene co-guanidine [15] form
stable complexes with alginate at the surface of the gel beads.
The inner core of the gel beads can further be liquefied by using
chelating compounds (e.g., citrate or EDTA), leaving the outer

Table 1. Overview of capsules used in encapsulated human islet
transplantations to diabetic recipients

Capsule composition Number of patients References
Alginate-poly-L-lysine-alginate 1 [19]
Alginate-poly-L-ornithine-alginate 4 [20, 21]
Barium-alginate 4 [25]
Calcium/Barium-alginate 1 [26]

© 2017 The Authors STEM CELLS TRANSLATIONAL MEDICINE published by
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shell as the capsule structure. Both capsule stability and perme-
ability can to a great extent be controlled by the polycation expo-
sure [13, 16-18]. Alginate-PLL based capsules were the first to be
tested in clinical trials of encapsulated human islets in 1994 [19]
and alginate-PLO based capsules have been tested more recently
[20, 21] (Table 1). However, the pro-inflammatory properties of
polycations have been linked to a fibrotic response toward the
capsules upon transplantation, also after the addition of a second
coating layer of alginate [22]. The attachment of host cells on the
surface of the capsules is believed to limit the diffusion of oxygen
and nutrients to the encapsulated islets and lead to nonfunction-
ing grafts [23, 24]. Hence, newer capsule developments are based
on using the alginate solely without the polycation layer. Progress
in newer capsule designs has led to two additional encapsulated
human islet transplantations to diabetic recipients (Table 1) [25,
26]. Although the studies conclude with a safe procedure, the effi-
cacy of the transplanted graft has been limited. Hence, challenges
still remain in making capsules that support graft function.

The challenges of supporting graft function may be linked to
some capsule properties that are believed to be of major impor-
tance. This includes (a) stability, as the capsules need to protect
the graft over a prolonged period of time, (b) permeability to
allow the diffusion of nutrients and oxygen and limit the access of
the immune system and (c) biocompatibility, that in this setting is
mostly connected to avoiding a fibrotic response (Fig. 2). A thor-
ough review on capsule properties is given in [27].

Stable alginate beads without a polycation layer can be made
by careful selection of alginate and gelling ion. Alginate is com-
posed of B-pD-Mannuronic acid (M) and its C5 epimer a-L-Gulur-
onic acid (G) that is 1->4 linked via glycosidic linkages. The M and
G monomers are found in M-blocks, G-blocks, and MG-blocks of
various lengths. The sequential arrangement of M and G, together
with the molecular weight, determines to a great extent the prop-
erties of the alginate, and consequently the properties of the gel
beads [28]. Originally, alginate beads were made by gelation with
calcium ions. Calcium is historically known to cross-link G-blocks
in the alginate, however, recent results show that also MG-blocks
participate in the cross-linking with calcium [29]. Hence, alginates
with a high content of G, situated in either G-blocks or MG-
blocks, form relatively stable beads with calcium. However, upon
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Important capsule properties are stability, permeability and biocompatibility. These properties are interconnected as the capsule

permeability will increase with capsule destabilization through swelling and this may lead to loss of immune protection. The attachment of
cells on the capsule surface leads to limited access of nutrients and oxygen for the encapsulated cells.

the removal of polycation followed a need to increase the stability
of the alginate beads. Alginate beads are vulnerable toward desta-
bilization by the depletion of calcium ions at physiological condi-
tions due to chelating compounds such as phosphates, and also
by the exchange with sodium ions. More stable calcium-alginate
beads can be made by enzymatic modification of the alginate to
contain solely G- and MG-blocks [30]. Though, more commonly
used is the addition of barium ions to the gelling solution that
also may result in more stable beads. Barium ions bind strongly to
the G-blocks in the alginate and to some extent to the M-blocks
[31], and incorporate shorter G-blocks in the cross-links upon
gelation compared to calcium [32]. In fact, the addition of 1 mM
barium ions to a solution of 50 mM calcium ions has a great
impact on the stability of alginate beads made of alginate with a
high content of G-blocks [31]. Such Ca/Ba-alginate beads have
been shown to protect human islets in a diabetic mouse model
for up to 220 days [33]. When transplanted to a diabetic patient,
positive c-peptide was detected until 3 months post-
transplantation [26]. Also, higher barium ion concentrations (e.g.,
10 mM and 20 mM) have been used for encapsulation, without
the use of calcium [24, 25, 34]. Using higher barium concentration
poses the risk of leakage of potential toxic barium ions to the
recipients. The accumulation of barium in blood and femur bone
in mice has been linked to increased barium concentrations in
implanted alginate beads [35]. Hence, care should be made for
clinical transplantation regarding the selection of alginate and gel-
ling ions, as well as washing procedures.

Polycation containing capsules were shown to limit the
ingress of the antibodies as well as the larger cytokines (e.g., TNF-
a) and the permeability can be tuned based on the polycation
type and exposure time [17]. However, for the permeability of
small cytokines, nitric oxide, and free radicals, both from the islets
as well as from the host, it is challenging to limit the diffusion
through the capsules by pore size as the absolute request of the
capsules is to allow the diffusion of glucose and insulin, as well as

www.StemCellsTM.com

some of the larger proteins, like transferrin [14]. Alginate beads,
without the polycation, are more open structures that do not
exclude the cytokines or complement factors. It is not known
what permeability is needed for the capsules to function as an
immune barrier, but it may seem like the most important function
of immune isolation lies in the avoidance of cell-to-cell contact
between the graft and the host, as there are now several reports
of the function of both allo- and xeno grafts in alginate beads
without a polycation coating in mouse models [33, 34, 36, 37].
Alginate beads of different permeability toward antibodies (e.g.,
1gG) can be made with the selection of alginate composition and
gelling ions [30, 31], and barium gelled alginate beads are shown
to protect transplanted allograft in mice despite antibody
response of IgG and IgM [38].

In small animal models, for example, mice and rats, the algi-
nate beads are in general shown to promote minimal fibrotic
overgrowth. However, there may still be a problem connected to
the fibrosis of alginate beads in larger animal models such as
monkeys and humans. Although not promoting any detectable
inflammatory responses in human blood [39, 40], the two clinical
transplantations of human islets in Ba-alginate and Ca/Ba-alginate
beads [25, 26] may indicate a continued problem of fibrosis, even
when omitting the polycation. Fibrosis is also seen in one immune
competent mouse strain (C57BI6 mice), which is consequently
used for the evaluation of capsule biocompatibility where also dif-
ferences between alginate beads can be observed [41-43]. In this
strain of mice, alginate beads with a high G content have been
shown to promote fibrosis, whereas for alginate beads with a
lower G content fibrosis was not observed, regardless of the gel-
ling ions used [43]. However, the low stability of the beads consist-
ing of alginate with a low G content limits the immediate use of
these alginates for encapsulation. This challenge may be met by
enzymatically tailored alginates that can be made very stable with
a low G content [30]. Very recently, a positive effect on fibrosis
has been shown by using chemically modified alginate in the
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alginate beads in a mixture with nonmodified alginate [44]. Posi-
tive effects on limiting fibrosis were seen with structurally diverse
chemical substituents. As the alginates were substituted on the
carboxylic groups, the removal of charge upon substitution is one
general effect, resulting in a lower charge density of the alginate.
However, the differences in responses for the varying substituents
clearly show that the type of molecule matters for the response.
Very recent results also show a dependency of size, as larger algi-
nate beads of about 1.5 mm in diameter had a significantly lower
fibrotic response than the conventional size of about 0.5 mm in
diameter [24]. Less fibrosis on larger capsules was shown both in
C57BI6 mice and in monkeys. Although no negative effect on islet
function was reported as a result of increasing capsule size, ques-
tions remain regarding a possible limited oxygen supply for the
encapsulated islets in general as well as with increasing capsule
size.

THE INNER LIFE OF THE CAPSULE—OXYGEN SUPPLY AND
MICROENVIRONMENT

Although no difference has been detected on the transcriptome
of microencapsulated islets versus nonencapsulated islets [45],
concerns have been raised regarding the islets’ access to oxygen
and nutrients. The oxygen concentration in alginate microcapsules
has been estimated to be constant up to about 200 pm into the
capsule [46]. Hence, the ideal capsule size for maximum oxygen
access would be less than 400 pum. The spherical shape and large
surface to volume ratio, makes microcapsules attractive for the
access of oxygen and nutrients compared to larger devices and
devices of other geometries. Islets in their natural habitat are
highly vascularized. Hence, lack of vascularization and potential
hypoxia is also an issue without capsules, however with capsules
the potential ingrowth of blood vessels into the islets is physically
hindered by the capsule. For short-term (acute) hypoxia in vitro,
no difference on viability or function was seen for encapsulated
versus nonencapsulated human islets [47]. However, culture of
encapsulated islets under low oxygen conditions shows loss of via-
ble tissue and necrotic cores [48]. To counteract the lowering of
oxygen tension, perfluorocarbon emulsion [48]and CaO, [49]
have been suggested as coencapsulated sources of oxygen.
Although the need for increased oxygen supply is debated for
microencapsulated pancreatic islets, indeed, positive effects have
been seen on islet viability in a clinical transplantation of a macro-
device, where oxygen was infused to the encapsulated islets on a
daily basis [50]. Also, pretreatment of the transplantation site to
induce vascularization has been shown to increase the function of
the graft without capsules [51], and strategies for increased vascu-
larization to the graft are being pursued [52, 53].

A bottleneck in islet transplantation has been the access to
enough insulin-producing tissue, where also porcine islets have
been suggested as a potential source [54]. Recent break-through
in stem cell differentiation toward insulin-producing cells as well
as induced pluripotent stem cells (iPSC), gives promising perspec-
tives of obtaining cells from human sources. Functional beta cells
have been produced in vitro from human embryonic stem cells
(hESC) [5, 6], and very recently from iPSCs from diabetic patients
[55]. With cells form human sources, and potentially from the
patients’ own cells, it is assumed that the host immune response
toward the graft will be largely eliminated. However, as type 1 dia-
betes is an ongoing autoimmune disease, capsules may still be
needed to avoid the destruction of the new beta cells from the
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immune system. For the encapsulation of stem cell derived tis-
sue, there is no obvious reason to change the design criteria of
the capsules, except for a possible change in criteria for capsule
permeability. ViaCyte is currently in Phase 1/2 clinical trial to
test the safety and efficacy of their macroencapsulated pancre-
atic progenitors derived from hESCs. The ViaCyte team has
shown the development of pancreatic islet like tissue in their
macrodevice in mice [4], where micro vessels were formed
around and partly into the device. This is one of the first
embryonic stem cell derived therapies to be tested in the clinic.
For the recently shown full differentiation in vitro [5, 6], the
differentiation protocols are complex with respect to culture
conditions as clusters and suspensions and varying glucose and
oxygen levels have been used in addition to various growth
factors [5, 6]. A positive effect of encapsulation has been
shown for the development of neonatal porcine islets into
mature islets upon culture in serum-containing media [56]. This
may be partly due to the hindering of aggregation of clusters
upon culture, as has also been shown for human pancreatic
progenitors when cultured in alginate beads [57]. hESC have
been differentiated to definitive endoderm in alginate capsules
[58]. For pancreatic progenitors, no effect on differentiation
was seen when extracellular matrix (ECM) components (pro-
teins and peptides) were added to the capsule composition
[57]. Although no effect was seen in the previous study, the
design of the capsule microenvironment to mimic the natural
microenvironment has drawn recent attention [59]and positive
effects have been shown on beta cell lines [60] as well as on
human islets [61]. The use of heparan sulfate in the differentia-
tion protocol of pancreatic islets [S]is interesting in this per-
spective as this is a natural component of the ECM. Sulfated
alginate mimics the structure of heparan sulfate and the func-
tion related to the binding of growth factors [62, 63] may be
an interesting alternative to chemical modification of alginate
capsules, both related to the microenvironment for the encap-
sulated cells as well as for the reduction of fibrosis [64].

CONCLUSION

In conclusion, transplantation of human islets in alginate-based
capsules have been clinically evaluated in four small trials and are
in general recognized as safe. However, limited graft function has
been connected to the observed fibrosis on the capsules limiting
the access of oxygen and nutrients to the encapsulated islets.
Although the problem of fibrosis has been reduced as a function
of avoiding the polycation in the capsules, fibrosis seems to still
be a problem. The mechanisms of fibrosis on alginate beads are
still not elucidated. However, very recent positive findings regard-
ing increased size of capsules and chemical modifications of the
alginate where reduced fibrosis is seen also in monkeys, make an
optimistic view of the future of encapsulated islet transplantation.
Importantly, the very recent developments of insulin-producing
cells from stem cells, gives the transplantation of encapsulated
insulin-producing tissue a very promising outlook both long-term
and in the near future. As type 1 diabetes is an autoimmune dis-
ease, the capsules may still be needed regardless of cell source for
a protection of the graft from the destruction from the recipient’s
own immune system.
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Cell encapsulation in alginate microbeads is a promising approach to provide immune isolation in cell
therapy without immunosuppression. However, the efficacy is hampered by pericapsular fibrotic over-
growth (PFO), causing encapsulated cells to lose function. Stability of the microbeads is important to
maintain immune isolation in the long-term. Here, we report alginate microbeads with minimal PFO in
immunocompetent C57BL/6]JRj mice. Microbead formulations included either alginate with an intermedi-
ate (47 %) guluronate (G) content (IntG) or sulfated alginate (SA), gelled in Ca%*/Ba2* or Sr?*, A screening
panel of eleven microbead formulations were evaluated for PFO, yielding multiple promising microbeads.
Two candidate formulations were evaluated for 112 days in vivo, exhibiting maintained stability and min-
imal PFO. Microbeads investigated in a human whole blood assay revealed low cytokine and complement
responses, while SA microbeads activated coagulation. Protein deposition on microbeads explanted from
mice investigated by confocal laser scanning microscopy (CLSM) showed minimal deposition of comple-
ment C3. Fibrinogen was positively associated with PFO, with a high deposition on microbeads of high
G (68 %) alginate compared to IntG and SA microbeads. Overall, stable microbeads containing IntG or SA
may serve in long-term therapeutic applications of cell encapsulation.

Statement of significance

Alginate-based hydrogels in the format of micrometer size beads is a promising approach for the im-
munoisolation of cells in cell therapy. Clinical trials in type 1 diabetes have so far had limited success
due to fibrotic responses that hinder the diffusion of nutrients and oxygen to the encapsulated cells, re-
sulting in graft failure. In this study, minimal fibrotic response towards micrometer size alginate beads
was achieved by chemical modification of alginate with sulfate groups. Also, the use of alginate with in-
termediate guluronic acid content resulted in minimally fibrotic microbeads. Fibrinogen deposition was
revealed to be a good indicator of fibrosis. This study points to both new microsphere developments and
novel insight in the mechanisms behind the fibrotic responses.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Cell therapy may provide a functional cure for conditions such
as type 1 diabetes or acute liver failure. Encapsulation is a strategy
to circumvent or mitigate the need for immunosuppressive treat-
ment by isolating the graft from the host immune system. In order
to provide long-term efficacy and mitigate the loss of function of
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vivo conditions and to be tolerated by the host immune system
with respect to pericapsular fibrotic overgrowth (PFO) [1,2].

Alginate is the most commonly used material for cell encapsu-
lation. It is a kelp-derived linear polysaccharide, which consists of
(1,4)-linked B-p-mannuronic (M) acid and «-L-guluronic acid (G)
residues, found in blocks of various lengths and amounts as G-
, M- and MG-blocks. Alginates form ionically crosslinked hydro-
gels under physiological conditions and are generally well toler-
ated without provoking harmful reactions in the host. Transplan-
tation of alginate microencapsulated cells is considered safe, but
the functional performance has been hampered by PFO [3,4], caus-
ing loss of function in encapsulated cells by depriving them of nu-
trients and oxygen. In brief, the establishment of PFO follows the
same sequence as in wound healing processes, beginning with pro-
tein adherence to the biomaterial surface followed by population
of immune cells (neutrophiles, monocytes/macrophages and lym-
phocytes) [2,5,6]. At later stages fibroblasts are recruited, and the
result of the process is a fibrous cap enclosing the microspheres.
Accordingly, mitigating PFO is key to the use of microspheres in
cell therapy. Advances to mitigate PFO has included size increase
of microspheres [7] and chemical modifications of alginate [8-10].
While these findings hold promise for the future of alginate as
a cell-encapsulation material, there is a need to explore several
strategies to expand our understanding, and in the end create ro-
bust and persistently PFO-free materials.

The association between PFO and alginate microsphere com-
position have been thoroughly described in animal models [9,11-
13]. Microsphere composition affects the inflammatory potential as
demonstrated through a human whole blood model [14-16], where
complement reactivity has been linked to PFO [17]. Microspheres
with a polycation layer, e.g., poly-L-lysine, are known as microcap-
sules and have been shown to induce PFO in mice [13]. Further-
more, poly-L-lysine microcapsules (AP) are complement reactive
and produce a cytokine response in human blood [16,18]. In con-
trast, alginate microspheres without a polycation layer, known as
alginate microbeads, are less complement reactive with lower in-
flammatory cytokine responses [16,18]. Alginates with a high con-
tent of G, crosslinked with Ca2* and small amounts of Ba?*, form
stable microbeads [19-21]. However, these microbeads induce PFO
in C57BL/6] mice, non-human primates, and humans [4,9]. Using
alginate with a lower content of G reduces PFO significantly [11],
but also the microbead stability [11,19]. Thus, one challenge is to
maintain stability while reducing PFO. Here we explore the poten-
tial of alginate materials, both unmodified or modified by sulfation.
The use of sulfated alginate in alginate microbeads has previously
shown reduced inflammatory potential, when compared to un-
modified alginate in a human whole blood model [22]. The current
study examines different approaches to meet both stability and im-
mune tolerability requirements needed for a functional device. As
smaller alginate microbeads have been shown to be more prone to
fibrosis [7], we chose beads in a size range of approximately 400-
500 pm as a strategy to challenge our materials. For microbead sta-
bility, crosslinking was performed either with Ca2*/Ba?t or Sr2+.
Additionally, alginates with a high G content were mixed into in-
termediate G formulations to explore if we could increase sta-
bility while preserving a low-fibrotic material. The PFO response
and protein adsorption on retrieved materials from a C57BL/6]Rj
mouse model, stability in vitro and in vivo, and the inflammatory
outcome in a human whole blood model was further examined.
The current work is the first to document the use of sulfated al-
ginate in microbeads aimed at cell encapsulation with a minimal
fibrotic response in vivo. Our study also shows that sufficiently sta-
ble microbeads can be produced from alginate with an intermedi-
ate G content, contrary to what has been shown previously [11];
crosslinking with calcium and a low concentration of barium as
opposed to higher barium concentrations [23] reduces exposure to
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toxic barium ions [21]. Furthermore, our low-fibrotic microbeads
elicited low inflammatory responses in human whole blood. Addi-
tionally, we document a possible link between the deposition of
fibrinogen in vivo and PFO on alginate microbeads that is depen-
dent on the composition of the microbeads. In conclusion, alginate
microbeads based on formulations with sulfated or intermediate G
alginate are promising for use in long-term cell encapsulation for
therapeutic purposes.

2. Materials and methods
2.1. Chemicals and reagents

2.1.1. Alginates

Ultra-pure (UP) alginates were acquired from Novamatrix
(Sandvika, Norway), including low viscosity high G (LVG), medium
viscosity high G (MVG), low viscosity high M (LVM) and very low
viscosity high G (VLVG) alginates. Low molecular weight high G
alginate (GLVSU) was obtained from Protan (Drammen, Norway).
Chemical compositions determined by '"H-NMR [24,25] and weight
average molecular weights (Mw) measured by SEC MALLS [26] of
the alginates are included in Table 1. Chemical modification of UP-
MVG-alginate by sulfation was performed as previously described
[27], using 2.91 % (v/v) chlorosulfonic acid (99 %, Sigma-Aldrich,
St. Louis, MO, USA) in formamide (Merck, Whitehouse Station, NJ,
USA) for 2.5 h at 60°C, resulting in the substitution of hydroxyl- by
sulfate groups. The degree of substitution for sulfated alginates was
estimated to 0.76 and 0.83 [27] with Mw 149 and 162 kDa [28], re-
spectively. Sulfated alginate was purified using a Millistak+® CR40
activated carbon filter provided by Millipore (Billerica, MA, USA).

2.2. Preparation of alginate microspheres

All solutions for animal experiments and the human whole
blood assay were made with sterile endotoxin and pyrogen free
water provided by Fresenius Kabi AG (Bad Homburg, Germany).
Alginates were dissolved in 0.3 M mannitol (VWR International
BVBA, Leuven, Belgium) to concentrations of 0.7 %, 1.8 % or 2.8 %
(w/v). Microspheres of approximately 350-550 pm were produced
using an in-house built electrostatic droplet generator operated at
6-8 kV. Alginate solutions were supplied to the droplet generator
using a 10 mL syringe fitted in a syringe pump (Cole-Parmer In-
strument Company LLC., Vernon Hills, IL, USA), with flow rates be-
tween 5-10 mL/h. The alginate solutions were extruded through a
0.35 mm nozzle. Alginate droplets were collected in a bath con-
taining gelling solution either with 50 mM CaCl, (Sigma-Aldrich,
St. Louis, MO, USA) with 1 mM BaCl, (Merck KGaA, Darmstadt,
Germany) or 20 mM SrCl, (Merck KGaA, Darmstadt, Germany).
To produce AP microcapsules, alginate microbeads were gelled in
50 mM CaCl, prior to incubation (10 min) in 0.1 % poly-L-lysine
(Mw = 15-30 kDa, Sigma-Aldrich, St. Louis, MO, USA) dissolved in
0.9 % NaCl (VWR International BVBA, Leuven, Belgium). All gelling
solutions contained 150 mM mannitol and 10 mM HEPES (PanReac
AppliChem GmbH, Darmstadt, Germany) and were adjusted to pH
7.3-7.4. Alginate microspheres were gelled for 5 min, timed after
production ceased. For microspheres to be implanted in mice and
analyzed in the human whole blood assay, each batch of micro-
spheres was rinsed twice in 40 mL washing solution (WS) contain-
ing 0.9 % NaCl, 2 mM CaCl, and 10 mM HEPES at pH 7.3-7.4. AP
microcapsules were washed exclusively in 0.9 % NaCl after gelation.
Microspheres were aliquoted into samples of approximately 0.5 mL
microspheres and 0.5 mL WS and were stored at 4 °C. For animal
experiments, each aliquot of microspheres was washed twice with
1.0 mL and left in 0.5 mL WS. Diameters (n = 30) of microspheres
were determined pre-implantation, and post-explantation, from all
mice, by microscopy: Nikon Eclipse TS100 with objective CFI Plan
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Chemical compositions given as fractions of G (F¢) and M (Fy), duplets (Fcc, Fum, Fumojom) and triplets (Foemmce: Fmom, Fece), and
estimates of G-block length (Ng.1) and weight average molecular weights (Mw) of alginates.

Alginate Fg Fyn Feo Fum Fuic/om Feommce Fuom Fece Ng. 1 Mw (kDa)
UP-LVG 0.68 0.32 0.57 0.21 0.11 0.04 0.07 0.53 16 237
UP-MVG 0.66 0.34 0.55 0.22 0.12 0.05 0.09 0.50 13 235
UP-LVM 0.47 0.53 0.29 0.34 0.06 0.06 0.14 0.23 5 235
GLVSU 0.67 0.33 0.55 0.22 0.11 0.04 0.08 0.51 15 67
UP-VLVG 0.69 031 0.57 0.19 0.12 0.05 0.08 0.51 1 32

Table 2

Microsphere compositions and alginate concentrations, including measured endotoxin levels for alginate solutions. A selection of mi-
crobeads was produced as mixtures of different alginates to a total concentration of 1.8 % (w/v). Concentration of ions for crosslink-
ing: Ca*/Ba%t (50 mM, 1 mM), Sr2* (20 mM), and Ca®* (50 mM).*Positive control for PFO.**Selected candidate microbeads for fur-
ther PFO studies, including long-term.***Positive control for protein deposition (C3c), as well as TCC and cytokine induction (whole

blood assay).
Microsphere Material(s) Concentration(s) % (w/v) Ions EU/g alginate
HiG* UP-LVG 1.80 Ca®*[Ba** 6.6-14.2
IntG** UP-LVM 1.80 Ca?*[Ba** 4.3-13.6
HiG-+SA (80/20)* UP-LVG | UP-MVG-sulfated 1.44 / 0.36 Ca?*[Ba%* 15.4-26.9
IntG-Sr UP-LVM 1.80 Srz+ 13.6
IntG (2.8%) UP-LVM 2.80 Ca?*[Ba** 25.5
IntG+HiG UP-LVM | UP-LVG 1.15 [ 0.65 Ca?*[Ba** 34
IntG+L-HiG UP-LVM | GLVSU 1.15 / 0.65 Ca?*[Ba2+ 165.1
IntG+VL-HiG UP-LVM /[ UP-VLVG 1.15 / 0.65 Ca?*[Ba** NA
HiG+SA (60/40) UP-LVG | UP-MVG-sulfated 1.08 / 0.72 Ca?*[Ba%* 17.2
HiG-+SA (60/40)-Sr UP-LVG | UP-MVG-sulfated 1.08 / 0.72 Sr2+ 17.2
HiG (0.7%) UP-LVG 0.70 Ca?*+[Ba?* 8.6
AP+ UP-LVG | Poly-L-lysine 1.80 /0.1 Ca?t 6.6-14.2 | NA

Fluor 4x/0.13 Phl DL (Nikon, Tokyo, Japan, software NIS Elements
v. 4.51, build 1145) and Zeiss LSM 800 with objective EC Plan-
Neofluar 2.5x/0.085 M27 (Carl Zeiss Microlmaging GmbH, Gottin-
gen, Germany, software Image]J v. 2.1.0/1.53c, National Institutes of
Health, New York, USA). For the whole blood assay, each aliquot
of microspheres (0.5 mL) was washed twice in 1.0 mL 0.9 % NaCl,
thereafter added NaCl to a total volume of 10.2 mL and aliquoted
as 0.5 mL samples containing each 0.05 mL microspheres. Imme-
diately thereafter, 0.4 mL of the saline solution was retracted re-
sulting in a total volume of 0.1 mL for each sample. Endotoxin
concentrations of alginate solutions used to produce microspheres
were measured using Limulus Amebocyte Lysate (LAL) QCL-1000
(Lonza Group AG, Basel, Switzerland, 50 647U, lot no: 0000561043)
and Pierce™ chromogenic endotoxin quant kit (Thermo Scientific,
Meridian R.D, Rockford, USA, A39552, lot no: 0H60k04800). Types
and concentrations of alginate, and endotoxin levels in the alginate
solutions made to produce microspheres are given in Table 2.

2.3. Physicochemical properties of alginate hydrogels

2.3.1. In vitro stability assay of microbeads

Size stability of alginate microbeads was assessed in a saline
treatment assay [29]. After removal of gelling solution, 0.5 mL of
microbeads were exposed to six consecutive treatments (1 h) in
3.0 mL 0.9 % (w/v) NaCl solution, with three parallels. Microsphere
diameters (n = 30) were determined by microscopy (Nikon Eclipse
TS100).

2.3.2. Gel strength of alginate gel cylinders and compression of
alginate microbeads

Alginate gel cylinders were prepared using an internal gelation
protocol [30]. Alginate gel cylinders were prepared with alginate
concentrations of 0.7 % (w/v) for HiG (0.7 %) and 1.8 % (w/v) for
all other alginate gel cylinders. 15 mM CaCO3 (Specialty Minerals
Inc., Adams, MA, USA) and 30 mM glucono-§-lactone (GDL, Sigma-
Aldrich, St. Louis, MO, USA) was used for internal gelation for 20 h.

174

Gel cylinders were saturated in 50 mM CaCl, with 1 mM BaCl,,
150 mM mannitol and 10 mM HEPES (pH 7.3-7.4) for 24 h.

Alginate gel cylinders were uniaxially compressed on a Sta-
ble Micro Systems TA.XTplusC texture analyzer (Godalming, Sur-
rey, UK) with Exponent Connect software v. 7.0.3.0 (Hamilton, MA,
USA), using a P/35 cylindrical probe and a 500 g load cell. Force-
deformation curves were recorded using a trigger force of 0.1 g, at
a compression speed of 0.1 mm/s at a temperature of 22 °C. From
the force-deformation curves, the initial slope (~ 1-4 % strain) was
used to calculate Young’s modulus (E). Correction for syneresis was
performed as previously described [31,32].

Microbeads were compressed using a previously described ap-
proach [33]. The same instrument, operating parameters and con-
ditions as for the cylinders were applied, except for the use of
a P/5 cylindrical probe and continuous compression measurement
(button trigger). The force output (g) was obtained at 70 % strain,
which was calculated from the mean diameter of microbeads. In
order to correct for the effect of size discrepancy between mi-
crosphere types the force output was normalized. The mean vol-
ume of microbeads was calculated and divided by the volume of a
sphere of 500 pm and multiplied by the recorded force output.

2.4. Animals

Inbred immunocompetent mice of strain C57BL/6]JRj were ac-
quired from Janvier Labs (Saint Berthevin Cedex, France). All mice
were female, aged 10 weeks at the onset of the experiment with
body weights from 171 g-22.4 g. Mice were housed separately
and provided with nesting materials. Health inspections were con-
ducted twice a week for the duration of the experiment.

2.5. Surgical procedure, implantation and explantation

Mice were anesthetized using 1.5-3.0 % isoflurane (Baxter Inter-
national Inc., Deerfield, IL, USA). The lower abdomen was shaved
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Fig. 1. Representative phase-contrast images of explanted alginate microspheres with assigned pericapsular fibrotic overgrowth (PFO) scores. Scale bar, 100 pm.

and disinfected with 70 % ethanol. An incision was made in the
skin and a 16 GA catheter was inserted intraperitoneally (LP.) in
the lower abdomen. Microspheres suspended in WS were injected
with a 1 mL syringe. After injection, the syringe was refilled with
WS, to a total injected volume of 1 mL to ensure the injection of
leftover microspheres in the catheter. After implantation, the vol-
ume of microspheres remaining in the syringe and catheter was
quantified. The peritoneal membrane and abdominal skin were
sealed with one suture and one to three sutures, respectively. Mice
were locally analgized with sub-cutaneous injections of 50 L (0.5
mg/mL) bupivacaine (AstraZeneca plc, Cambridge, UK).

Upon explantation, mice were anesthetized as described pre-
viously and euthanized by cervical dislocation. Skin covering the
peritoneal cavity was removed and 5 mL WS was injected into the
peritoneal cavity. Mice were gently shaken, and the frontal section
of the peritoneum was excised over a petri dish filled with 15 mL
WS. After thorough rinsing, the remainder of non-attached micro-
spheres were manually recovered.

2.6. Initial volume and recovery of alginate microspheres

Prior to implantation, each sample was transferred to a 1 mL
syringe for assessment of the initial volume of microspheres (af-
ter sedimentation). Following explantation, microsphere volumes
were recorded (1 mL syringes) and their diameters measured by
microscopy as previously described. Recovery estimates were made
accounting for the mean volume change caused by changes in the
diameter of the alginate microspheres.

2.7. Quantification of PFO

Quantification of PFO was performed using brightfield and
phase contrasted image microscopy on a Zeiss LSM 800 with an
EC Plan-Neofluar 2.5x/0.085 M27 objective. Overgrowth coverage
on microspheres was estimated and grouped in intervals of 0-25
%, 25-50 %, 50-75 % and 75-100 %. Representative example images
are given in Fig. 1.

2.8. Protein adsorption on explanted alginate microspheres

Alginate microspheres retrieved from C57BL/6)JRj mice after 2,
14 and 112 days were washed and stained for selected proteins
prior to confocal scanning microscopy (CLSM). In detail, the ex-
plantation solution (20 mL WS) was removed, alginate micro-
spheres were resuspended in 0.5 mL WS, aliquoted to approxi-
mately 50 pL microspheres/tube and finally 0.2 mL WS was added
to each tube prior to storage (4 °C, 0-8 days). Alginate micro-
spheres were subsequently washed (2 x 0.5 mL WS) and stained
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using 125 pg/mL FITC-conjugated (F/P ~ 1.5) polyclonal goat anti-
mouse C3c and fibrinogen (Nordic-MU-bio, Susteren, Netherlands).
As a control for non-specific antibody binding, FITC-conjugated
(F/P ~ 2.8) goat anti-chicken IgY (GeneTex, Irvine, CA, USA) was
used at a concentration of 67 pg/mL, giving comparable FITC-
signals. The staining procedure (1 h) was performed at room tem-
perature under mild rotation. For visualization of cell adsorption
DRAQ5™ (BioLegend Europe BV, London, UK, 1:1000) was added
to the microspheres with 15 min of the staining process remaining.
After staining, microspheres were washed (2 x 0.5 mL WS) and
kept in 0.2 mL WS. Microspheres were analyzed by CLSM (Zeiss
LSM 800), equipped with a C-Apochromat 10x/0.45W objective.
CLSM images were obtained using three separate channels simul-
taneously for visualization of the microspheres (ESID), adsorbed
FITC-labelled antibodies (Diode laser 488 nm, with detection wave-
length 410-617 nm), and adsorbing cells using DRAQ5™ (Diode
laser 640 nm, with detection wavelength 650-700 nm). Images
were captured by optical cross-sections (pinhole = 30 pm) through
the equator of the microspheres and 3D images were constructed
from sections through the entire microsphere using z-stacks and
Image] software v. 2.1.0/1.53c (National Institutes of Health, New
York, USA). CLSM settings were identical for all captured images.
Assessment of protein deposition was based on explanted micro-
spheres that were not overgrown with host cells.

2.9. Inflammatory properties evaluated in human whole blood

2.9.1. Human whole blood model

The human whole blood model first described by Mollnes et al.
(2002) [34], was used following the modifications for microspheres
as described by Rokstad et al. (2011) [18]. Briefly, microspheres (50
L) suspended in 0.9 % NaCl (50 uL, B. Braun, Melsungen, Ger-
many) and the control samples had PBS with CaCl, and MgCl,
(100 pL, Sigma Aldrich, St. Louis, MO, USA) added. Subsequently,
whole blood (500 pL) from healthy donors (N = 5) anticoagu-
lated with lepirudin (Refludan, Celgene Europe Ltd., Switzerland,
50 pg/mL) was added to the samples. Incubation was performed
for 4 h in low activating polypropylene vials under continuous ro-
tation at 37 °C. Positive controls comprised Escherichia coli (1 x 107
particles/mL in 0.9 % NaCl, heat-inactivated strain LE392, American
Type Culture Collection, Manassas, VA, USA), Zymosan (10 ug/vial
in 0.9% NaCl, Sigma Aldrich, St. Louis, MO, USA, Z4250), and BD
vacutainer glass (Belliver Industrial Estate, Plymouth, UK) with 0.9
% NaCl (100 wL). Saline control (0.9 % NaCl, 100 wL) served as
a negative control providing the background activation. Baseline
(0.9 % NaCl, 100 uL) was equal to the saline control but inac-
tivated by EDTA (10 mM final concentration) immediately upon
blood addition. After incubation, EDTA (10 mM final concentration)
was added to each sample, followed by centrifugation (3000 rpm,
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15 min, 4 °C) and harvesting of plasma. Plasma was stored at -
20 °C for further analysis of activation of complement (terminal
complement complex), coagulation (prothrombin fragment F1+42)
and cytokines.

2.9.2. Complement activation

Complement activation was assessed through the level of solu-
ble terminal complement complex (sTCC) using the enzyme-linked
immunosorbent assay (ELISA) kit for the Human Terminal Comple-
ment Complex (Hycult Biotech, Uden, Netherlands). The assay was
performed in accordance with the provided protocol, using the fol-
lowing dilution factors for the plasma harvested from the given
samples: Baseline (1:50), saline control and microspheres (1:100),
E. coli and glass (1:200), and zymosan (1:400). Absorbance was
measured at 450 nm with a spectrophotometer (POLARstar Omega,
BMG Labtech, Ortenberg, Germany).

2.9.3. Coagulation activation

Activation of coagulation was determined by the level of pro-
thrombin fragment F142 (PTF1.2), a cleavage product formed
upon activation of prothrombin to thrombin. PTF1.2 was mea-
sured by ELISA kit Enzygnost® F1+2, monoclonal (Siemens Health-
care Diagnostics, Marburg, Germany). Analysis was performed fol-
lowing the producer’s protocol, except increasing the dilution of
plasma for the respective samples: Baseline (1:10), saline control
(1:10/20), microspheres (1:20/50/100/1000), E. coli (1:1000), glass
(1:100/1000), and zymosan (1:500). Absorbance was measured at
450 nm, with a reference wavelength of 650 nm.

2.9.4. Cytokine induction

Plasma samples were analyzed using the multiplex assay Bio-
plex™ Pro Human Cytokine Assay (Bio-Rad Laboratories, Inc.)
for selected cytokines: interleukin-18 (IL-18), interleukin-6 (IL-6),
interleukin-8 (IL-8), interleukin-10 (IL-10), tumor necrosis factor-c
(TNF-a), and monocyte chemoattractant protein 1 (MCP-1). Analy-
ses were performed in accordance with the provided protocol, us-
ing half of the recommended amount of magnetic beads coated
with capture antibodies. Analyte concentrations were quantified
using a Bio-Plex 200 Reader (Bio-Rad Laboratories Inc.).

2.10. Statistical methods

Statistical differences in fibrinogen deposition between algi-
nate microbeads were determined by Brown-Forsythe and Welch
ANOVA with Dunnett’s multiple comparison test, on the account
of unequal standard deviations. The data were assumed to not be
normally distributed due to low sample numbers (n = 9-18) and
were therefore log-transformed prior to analysis. Differences were
considered significant at p < 0.05.

In the whole blood assay, repeated measures one-way ANOVA
with Dunnett’s multiple comparison test was performed to define
statistical differences between the baseline, saline control and HiG,
to other investigated microspheres. The data were log-transformed
prior to analysis due to low sample numbers (N = 5). Statistical
significance was set to p < 0.05.

2.11. Ethics

The use of human whole blood for basal experiments was ap-
proved by the Regional Ethic Committee at the Norwegian Univer-
sity of Science and Technology under the approval 2009/2245. An-
imal experiments were in accordance with national guidelines for
the care and use of laboratory animals and approved by the Nor-
wegian Food Safety Authority.
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3. Results

3.1. Formation of stable alginate microbeads by the selection of
gelling ions

Here, we explored strategies to stabilize alginate microbeads
by using gelling ions Ba2* and Sr?* that crosslink strongly to G-
blocks, alone or in combination with Ca2+ [19]. Investigated gelling
ions included Ca?t (50 mM), Ca2t/Ba?* (50 mM, 1 mM), SrZ+
(20 mM) and Ba?t (20 mM). All microbeads were stabilized to a
greater degree when using Sr* or Ba2t as gelling ion compared
to Ca?* alone, as illustrated by the reduced diameter increase af-
ter six consecutive saline treatments (Fig. 2B). In addition, using a
low concentration of Ba2* (1 mM) in the gelling solution in com-
bination with Ca%* (50 mM) stabilized the microbeads to approx-
imately the same extent as Ba?* alone. As expected, the effect of
changing the gelling ions was more pronounced for alginate with
a high content of G (HiG), where an increase in diameter of 28
% or less was recorded for Sr-, Ba- and Ca/Ba-microbeads com-
pared to 97 % increase for Ca-microbeads. However, microbeads
containing sulfated alginate (HiG+SA (80/20)), as well as the mi-
crobeads with a lower G content (IntG), were also stabilized by
the change in gelling ions, and particularly by Ba2*. The diam-
eter increase for IntG gelled with Ba?t or Ca?t/Ba’* was 53 %
and 46 %, respectively, after six saline treatments, compared to 80
% for Sr2+ and 110 % for Ca%*. The microbeads HiG+SA (80/20)
showed the highest stability with 73 % increase in diameter with
Ca?* as gelling ion, 19 % increase for Ca/Ba-microbeads, 32 % for
Sr-microbeads and 9 % for Ba-microbeads. The initial sizes of the
microbeads were predominantly in the size range between 400-
450 pm. IntG Ca-microbeads were smaller with a size of 354 + 12
pm and HiG+SA (80/20) Ba-microbeads were larger with a size of
487 + 16 um (Fig. 2A). A detailed overview of the recorded mi-
crobead diameters from the stability assay can be found in supple-
mentary Fig. S1.

Material stiffness has been shown as a contributing factor to
PFO in other hydrogel systems [35]. Therefore, we characterized
a selection of materials for their compression resistance to inves-
tigate this relationship. As an approximate indicator of hydrogel
stiffness, we measured the force output resulting from uniaxial
compression of individual microspheres to 70 % strain. The mea-
surement of material stiffness can be challenging for microspheres
due to equipment sensitivity and the change in contact area upon
compression. Therefore, we also determined the Young's moduli of
gel cylinders with the same polymer composition, made by inter-
nal gelation with subsequent saturation in Ca?*/Ba? (50 mM, 1
mM). Although their modes of production were slightly different,
the trends in the data for cylinders and microbeads correlated well
(Fig. 2C). As expected, the Young's modulus (E) of gel cylinders cor-
related positively with the G-content of the alginates. The Young's
modulus of HiG (40.1 &+ 2.4 kPa) was four times higher than IntG
(11.2 £ 0.9 kPa) (Fig. 2C, left). Since HiG alginate microbeads are
stiffer than IntG and lead to fibrosis in C57BL6/] mice, monkeys
and humans [3,9], it was of interest to investigate if softer HiG al-
ginate microbeads would lead to a different fibrotic outcome. As
a reduction in alginate concentration is known to reduce gel stiff-
ness [31,32], gels of HiG alginate with similar mechanical proper-
ties to IntG gels were made by reducing the alginate concentra-
tion to 0.7 % (w/v) with E equal to 7.3 + 0.9 kPa. Substituting 20 %
dry weight of HiG alginate with sulfated alginate (HiG+SA (80/20))
reduced the Young's modulus considerably (22.6 + 1.5 kPa) com-
pared to HiG. Compression measurements were also performed
on microbeads corresponding to the composition of the cylinders
(Fig. 2C, right). The force (g) from the microbeads at 70 % strain
displayed a trend similar to that of the cylinders. HiG microbeads
yielded the highest force (2.0 & 0.9 g), followed by HiG+SA (80/20)
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Fig. 2. Size and size stability of microbeads produced with different gelling ions, and Young’s modulus (kPa) and force output (g) at 70 % strain of alginate gel cylinders
and microbeads, respectively. (A) Initial diameters of microbeads HiG, IntG and HiG+SA (80/20). (B) Relative diameter increase for microbeads HiG, IntG and HiG+SA (80/20)
after six consecutive saline treatments. (C) Gel strength measured for gel cylinders given as Young's modulus (E.corr, left) and for microbeads force (g) at 70 % strain,
normalized for microbead diameter (Force norm., right). All measurements are given as the mean + SD. Compression studies were performed on alginate gel cylinders
(N = 12)/microbeads (N = 31-38) HiG, HiG (0.7 %), IntG and HiG+SA (80/20) saturated/gelled in Ca?*/Ba?* (50 mM, 1 mM).

(1.6 £ 0.5 g) and IntG (0.3 + 0.1 g). The 0.7 % HiG microbead was
not possible to measure, as it was too soft to give measurements
above noise.

3.2. Evaluation of microbead formulations in mice reveals microbeads
of intermediate G and sulfated alginate largely free of PFO

3.2.1. Short-term screening study of alginate microbeads shows
several candidates largely free of PFO

Alginate microbeads of various formulations were screened for
PFO after implantation in C57BL/6]JRj mice after 14-35 days (Fig. 3).
The panel of microbeads investigated included eleven alginate for-
mulations with optimized stability using Ca?*/Ba2t or Sr2t as
gelling ions (Table 2). Microbeads consisted of intermediate G
(IntG), sulfated (SA), and/or high G alginate (HiG). Microbeads
comparable to the HiG microbead in this study have previously
been found to produce PFO [9]. The HiG microbead was therefore
included as a control.

Explanted microbeads containing either entirely or 64 % IntG
or fractions (20 or 40 %) of SA exhibited a substantial reduction in
PFO compared to microbeads of HiG alginate. PFO grading above
25 % (Fig. 1) is summed up as a total PFO score (%) in the fol-
lowing section. PFO was 54-68 % for HiG-category microbeads, 0-
19 % for IntG-category microbeads and 1-7 % for SA-category mi-
crobeads (Fig. 3A). Surprisingly, reducing the concentration of HiG
alginate from 1.8 % to 0.7 % (w/v) gave similar total PFO but a 2.5-
fold increase in the high grade (75-100 % cell coverage) PFO cat-
egory. For microbeads containing IntG, inclusion of 36 % of either
high-Mw (IntG+HiG) or low-Mw HiG (IntG-L-HiG) gave minimal
PFO (0-1 % PFO), similar to the pure IntG microbeads (2 % PFO).
Intriguingly, higher endotoxin levels in IntG+L-HiG did not result
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in PFO. Contrastingly, higher PFO was seen for IntG with very low-
Mw HiG (IntG+VL-HiG) with 19 % PFO. IntG microbeads with a
higher alginate concentration (IntG (2.8 %)) produced more PFO (8
%) compared to the 1.8 % IntG microbeads. For the SA-containing
microbeads, increasing the percentage of SA relative to HiG from
20 % to 40 % increased PFO from 1 % (HiG+SA (80/20)) to 7 %
(HiG+SA (60/40)). By using Sr2t as gelling ion, the PFO was re-
duced to 2 % for the higher content of sulfated alginate (HiG-SA
(60/40)-Sr). No effect of Sr2t as gelling ion was seen on the PFO
of IntG microbeads, relative to Ca2t/Ba%*. Overall, lower recovery
rates were seen for microbeads containing SA, regardless of the
high size stability. Changing the gelling ions (Ca?t/Ba* vs. Sr?*)
had minimal effect on recovery rates (Fig. 3B) and size stability in
vivo (Fig. 3C) for alginate microbeads containing either IntG or SA
alginate. Based on these observations, two candidate microbeads
with minimal PFO, namely IntG and HiG+SA (80/20), were chosen
for further evaluation.

3.2.2. Long term evaluation of candidate microbeads, IntG and
HiG+SA (80/20), shows limited PFO

Two microsphere designs that predominantly were free of PFO,
were chosen for extended evaluations. The number of animals was
increased for a 14-day evaluation and a long-term evaluation for
112 days was included (Fig. 4). After 14 days in vivo, microbead
types containing intermediate G, IntG, or sulfated alginate, HiG+SA
(80/20), remained largely free of PFO with 99 and 93 % within the
minimal PFO score (0-25 %), respectively (Fig. 4A). Comparably low
PFO was found in the 112-day groups for the same microbeads
(Fig. 4A). Only a marginal increase in PFO was found on IntG with
96 % of microbeads within 0-25 % PFO, whereas no increase in PFO
was found on HiG+SA (80/20). The recovery of HiG+SA (80/20) mi-
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Fig. 3. In vivo screening of alginate microbeads explanted from C57BL/6JRj mice after 14-35 days. Microbeads were gelled in Ca?*/Ba%* (50 mM, 1 mM), or in Sr2* (20 mM)
which are denoted by -Sr. (A) Pie charts depict the average degree of PFO for each microsphere formulation. The pie sections represent the average percentage of microbeads
assessed in each category, where the white pie sections depict minimal cell coverage on microbeads (< 25 % PFO) and gray to black pie sections depict a pronounced cell
coverage on the categorized microbeads (> 25 % PFO). (B) Recovered volume of microbeads, given as the mean + SD. (C) Diameter of microbeads (n = 30) pre-implant and
post-explant, given as mean + SD. Number of mice (N) and retrieval time in days (d) for each microsphere formulation: [HiG: N=2, 19d], [HiG (0.7%): N=5, 14d], [IntG: N=2,
19d; N=1, 35d], [IntG (2.8%): N=2, 19d], [IntG-Sr: N=2, 19d; N=1, 35d], [IntG+HiG: N=3, 14d], [IntG+L-HiG: N=6-8, 14d], [IntG+VL-HiG: N=>5, 14d], [HiG+SA (80/20): N=2,
19d; N=1, 35d], [HiG+SA (60/40): N=2, 19d; N=1, 35d] and [HiG+SA (60/40)-Sr: N=2, 19d; N=1, 35d].

crobeads was lower than for IntG (Fig. 4B). For IntG microbeads, a
recovery of 81 & 18 % after 14 days and 85 + 3 % after 112 days
was recorded. HiG+SA (80/20) had variable recovery rates with 57
+ 27 % at 14 days and 62 + 38 % at 112 days. Recovery may re-
flect both microbead stability and residual microbeads left in the
animal. Hence, the mean diameters of explanted microbeads were
measured and compared to initial size (Fig. 4C). IntG microbeads
increased in size with 16 + 2 % after 14 days and 13 + 1 % after
112 days. HiG+SA (80/20) microbeads showed a size increase of 8
+ 1 % after 14 days and 5 & 3 % after 112 days in vivo.

3.3. Fibrinogen deposition on explanted alginate microspheres
coincides with PFO

To further evaluate explanted microspheres, fibrinogen and
complement C3c deposition was assessed by CLSM on alginate mi-
crospheres retrieved from C57BL/6]JRj mice after 14 and 112 days
(Fig. 5). The in vivo fibrinogen and C3c depositions were quanti-
fied on microspheres free of cellular overgrowth to avoid additional
contribution from adhering cells. Microbeads IntG, HiG+SA (80/20),
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HiG and HiG (0.7 %) retrieved at 14 days showed adsorption of fib-
rinogen, with lower amounts of C3c deposition (Fig. 5A). Overall,
the greatest accumulation of fibrinogen was found on the HiG (0.7
%) microbead and secondly HiG. Lower fibrinogen depositions were
observed for IntG and HiG+SA (80/20), albeit with larger varia-
tions for the IntG microbead. After 112 days, deposition of fibrino-
gen remained low for HiG+SA (80/20), while an increase was seen
for IntG (Fig. 5B). Poly-L-lysine coated alginate microcapsules (AP)
were retrieved after 2 days in vivo to avoid complete cell coverage.
Distinctively, AP microcapsules exhibited a clear deposition of C3c
(Fig. 5C).

The adsorption patterns differed between microsphere types.
Fibrinogen was distributed more evenly on the surface of HiG+SA
(80/20) as compared to IntG, which showed a spotted pattern
(Fig. 5D). Similar adsorption patterns were observed for C3c de-
position on the microbeads, overall, with low levels of C3c adsorp-
tion (Fig. 5E, 5A). Quantification of fibrinogen on microspheres re-
trieved after 14 days revealed statistically lower deposition for IntG
(p < 0.0001-0.001) and HiG+SA (80/20) (p < 0.0001) compared to
HiG and HiG (0.7 %) (Fig. 5F). Quantification of complement C3c



A.E. Coron, ].S. Kjesbu, E. Kjernsmo et al.

A

Acta Biomaterialia 137 (2022) 172-185

14 days

[
HiG

IntG

HiG+SA (80/20)

Microbead PFO

1 0-25%

1 25-50 %

B 50-75%

Il 75-100 %

112 days |
B
100 -
8 75
2 [ 14 days
2 50
] [ 112 days
€ 25
0 T T T
HiG IntG HiG+SA (80/20)
C
800
E 600
= 1 Pre-implant
£ 4004 [ Post-explant (14 days)
£
E 200 [ Post-explant (112 days)
0 T T T
HiG IntG HiG+SA (80/20)

Fig. 4. Alginate microbeads IntG and HiG+SA (80/20) with HiG as a positive PFO control, gelled in Ca**/Ba?*(50 mM, 1 mM), explanted from C57BL/6JRj mice after 14
days and 112 days. (A) Pie charts depict the average degree of PFO for each microsphere formulation. The pie sections represent the average percentage of microbeads
assessed in each category, where the white pie sections depict minimal cell coverage on microbeads (< 25 % PFO) and gray to black pie sections depict a pronounced cell
coverage on categorized microbeads (> 25 % PFO). Representative phase contrasted images following explant are shown. Scale bar, 500 pm. (B) Percent volume of implanted
microbeads recovered, given as the mean + SD. (C) Diameters of microbeads (n = 30) pre-implant and post explant, given as the mean + SD. Number of mice and retrieval
time in days (d) for each microsphere design: [IntG: N=7, 14d; N=3, 112d], [HiG+SA (80/20): N=13*, 14d; N=3, 112d] and [HiG: N=6, 14d].*In Fig. 4C: [HiG+SA (80/20):

N=7, 14d].

(Fig. 5G) revealed low adsorption to microbeads, compared to the
AP microcapsule.

3.4. Alginate microbeads show low inflammatory properties in
human whole blood

Alginate microbeads IntG, HiG+SA (80/20) and HiG were eval-
uated for acute inflammatory responses in a human whole blood
assay (Fig. 6), together with a broader panel of microbeads shown
in supplementary Fig. S2. The AP microcapsule was included as
a positive control for TCC and cytokine induction (Fig. 6A, C, D)
[18]. IntG, HiG+SA (80/20) and HiG displayed minimal activation
of complement, measured by the soluble terminal complement
complex (TCC, Fig. 6A and S2 for controls). HiG+SA (80/20) re-
duced TCC induction to be non-significant from baseline, contrast-
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ing HiG and IntG (p < 0.01) and the saline control (p < 0.001).
The TCC levels for the microbeads were lower than the saline
control, albeit not significantly different. In contrast, the TCC re-
sponse for AP microcapsules was significantly elevated above base-
line (p < 0.001), saline control and HiG (p < 0.01). Coagulation ac-
tivation was measured by the level of prothrombin fragment 142
(PTF1.2) (Fig. 6B). All microspheres gave significantly (p < 0.001-
0.05) elevated responses compared to the baseline. HiG+SA (80/20)
induced a marked PTF1.2 response, significantly (p < 0.01) ele-
vated above the saline control and HiG. HiG, IntG and HiG+SA
(80/20) induced overall low cytokine responses. The proinflamma-
tory cytokines (IL-18, IL-6, IL-8 and TNF-«, Fig. 6C) and the anti-
inflammatory cytokine IL-10 (Fig. 6D) induced modest responses,
with no significant difference from the saline control. However, all
microspheres were significantly (p < 0.001-0.05) elevated above
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Fig. 5. Representative CLSM images and intensity quantifications of antibody-FITC incubated microspheres retrieved from C57BL/6]JRj mice. Gelation was performed in
Ca2*/Ba2* (50 mM, 1 mM) for microbeads and Ca2* (50 mM) for microcapsules (AP). Deposition of complement C3c and fibrinogen (Fib), including a control (CTR) for
non-specific antibody binding. Microsphere retrieval after (A) 14 days for IntG (N = 5 mice), HiG+SA (80/20) (N = 6 mice), HiG (N = 5 mice) and HiG (0.7 %) (N = 3 mice),
(B) 112 days for IntG (N = 3 mice) and HiG+SA (80/20) (N = 3 mice), and (C) 2 days for AP (N = 2 mice). Close up 3D-images of (D) fibrinogen (after 14 days) and (E)
C3c deposition (after 14 and 2 days) on explanted microspheres. Scale bar, 200 pm. Relative protein depositions between microspheres were estimated by quantification of
fluorescence intensity, shown as normalized intensity, for (F) fibrinogen (after 14 and 112 days) and (G) C3c (after 14 and 2 days). Quantified controls (not shown) exhibited
minimal binding. Significant values are given as p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), p < 0.0001 (****) between microspheres. Data are expressed as the mean value
of 6-18 microspheres + SD. Images were captured using three separate channels (CH) for detection of transmitted light, FITC (proteins = green) and DRAQS5 (cells = red),
shown in 2D and 3D (z-stacks).

baseline. HiG gave a consistently higher, although non-significant, 4. Discussion

response for the proinflammatory cytokines compared to IntG and

HiG+SA (80/20). As for IL-10, HiG+SA (80/20) was slightly, yet Mitigating PFO on the surface of the material is key to the suc-
not significantly elevated above HiG and IntG. Overall, AP induced cessful application of alginate encapsulated cells in therapy [1,2,9].
a significant (p < 0.0001-0.01) cytokine response above baseline, Herein we have shown two types of microbeads based on interme-
where induction of TNF-a was significantly (p < 0.05) elevated diate G alginate (IntG) or sulfated alginate (HiG+SA (80/20)) with
above HiG. The monocyte chemoattractant (MCP-1) showed no sig- minimal PFO in a mouse (C57BL/6JRj) model, where more than 93
nificant differences between the baseline, saline control and mi- % of the microbeads were free of PFO after 112 days. These mi-

crospheres (Fig. 6E). Positive controls (E. coli, zymosan and glass) crobeads were selected from a panel of alginate microbeads of var-
and microbeads from the screening study that were included in ious compositions and gelling ions, several of which were low in
the whole blood assay are outlined in Fig. S2. PFO. The microbead IntG represents a simple approach, utilizing an

alginate with an intermediate fraction of G (47 %). The microbead
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Fig. 6. Inflammatory responses to microspheres incubated (4 h) in lepirudin-anticoagulated human whole blood. Gelation was performed in Ca?*/ Ba** (50 mM, 1 mM) for
microbeads and Ca2* (50 mM) for microcapsules (AP). (A) Activation of complement determined by soluble terminal complement complex (TCC), (B) coagulation indicated by
prothrombin fragment 1+2 (PTF1.2); positive control (glass) median value = 225 nmol/L, (C) proinflammatory cytokines IL-1p, IL-6, IL-8, and TNF-e, (D) anti-inflammatory
cytokine IL-10, and (E) monocyte chemoattractant MCP-1; positive control (E. coli) median value = 370 pg/mL. The AP microcapsule was included as a control for TCC (A)
and cytokine responses (C, D). Data are expressed in box plots with values from five donors. Significant difference compared to baseline (*), saline control (#) and HiG (§),
where one symbol = p < 0.05, two symbols = p < 0.01, three symbols = p < 0.001, and four symbols = p < 0.0001. Positive controls (E. coli, zymosan and glass) are

included in supplementary Fig. S2.

HiG+SA (80/20) involves modification of alginate by sulfation and
producing microbeads from a mixture of sulfated and unmodi-
fied high G alginate. In the following we discuss these promis-
ing microbeads in the context of existing literature, focusing on
PFO and key parameters such as stability and low inflammatory
potential.

The current work has shown that microbeads of intermediate
G alginate were essentially PFO-free (96 % clean after 112 days)
in immunocompetent mice, and additionally, stable in vivo. Inter-
mediate G alginate microbeads have also been shown by others
to produce low PFO responses [11,23]. However, problems related
to stability have been described [11,19]. Swelling and destabiliza-
tion of alginate hydrogels is linked to osmotic swelling and the
exchange of gelling ions with non-gelling ions [19,21,36,37]. The
intermediate G alginate used in this study had a high content of
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M- and G-blocks relative to MG-blocks (Table 1). The sufficient
size stability can be explained by the binding of gelling ions to
different block structures of alginate, where G-blocks bind SrZ+,
Ca?* and Ba?*, M-blocks bind Ba?* and MG-blocks bind Ca%* [19].
Hence, the stabilization of the microbeads with Ba2* is expected,
although contrasting previously reported intermediate-G alginate
microbeads with higher levels of MG-blocks [21]. In the current
study, no evident ruptures or fragmented microbeads were found
among explanted microbeads containing intermediate G alginate
gelled in Ca?*/Ba%*, and the size did not increase over time (14
vs. 112 days). Microbeads of intermediate G alginate with low MG
content were stabilized by Sr* or Ba?t compared to gelation in
Ca?* alone, as shown by the in vitro stability assay. In general,
gelation utilizing a high concentration of Ba2* (20 mM) produced
the most stable microbeads. However, the microbead stability after
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gelation in Ca2* with a lower concentration of Ba2* (1 mM) was
found to be close to that of microbeads gelled in a high concen-
tration of Ba2+. The use of 20 mM Ba2* in the gelation of alginate
microbeads has been shown to exceed the tolerable intake of bar-
ium in an in vivo mouse model [21]. Microbeads gelled in Ca2+
with a low concentration of Ba?* (1 mM) thus represents a good
compromise between stability and biocompatibility. The stiffness
of alginate hydrogels is correlated with G-content and concentra-
tion of both alginate and gelling ions, due to the formation of G-
block junction zones [32]. In other hydrogel systems, stiffer ma-
terials have been shown to induce macrophages towards a proin-
flammatory phenotype and to result in a thicker fibrotic layer in
vivo compared to softer hydrogels [35]. Although these hydrogels
were within a comparable range of stiffness (5-40 kPa), differ-
ences in chemical characteristics and mouse strains (BALB/c and
C57BL/6]) can influence fibrotic outcome [12]. In other studies, gel
stiffness has been shown to affect cell adhesion to hydrogel sur-
faces [38] and the differentiation of stem cells [39]. In short, stiff-
ness could be discussed as a potential factor in the development
of PFO. By our estimates using uniaxial compression of microbeads
and gel cylinders, the low concentration high G alginate microbead
(HIiG (0.7 %)) had a gel stiffness comparable to intermediate G
microbeads (IntG), and hence lower than HiG (1.8%) microbeads.
However, HiG (0.7%) microbeads still produced severe PFO. On the
other hand, increasing the alginate concentration of intermediate
G alginate from 1.8 % to 2.8 % (w/v) in the microbeads, and con-
sequently increasing the gel stiffness [31,32], produced more PFO.
Hence, these observations suggest that variables aside from gel
stiffness may be more important causative factors of PFO on the
current alginate microbeads. One such factor could be fibrinogen
deposition which is discussed in a later section. It has been hy-
pothesized that swelling could confer positive outcomes in mitigat-
ing PFO [11]. We observed that mixing a fraction of high G alginate
in the IntG-formulation (e.g., IntG+HiG) yielded swelling compara-
ble to high G alginate (HiG) microbeads, but with PFO comparable
to that of the IntG microbead type. This indicates that swelling by
itself does not explain the reduced PFO. Taken together, these find-
ings thus do not support the differences in gel-stiffness or swelling
as key factors in the development of PFO on alginate microbeads.
A previous study on microbeads of high G and intermediate G al-
ginate microbeads gelled in calcium or barium ions showed fibro-
sis to be independent of gelling ions, but dependent on the algi-
nate used [11]. However, calcium ions leaking from alginate gels
have been shown to activate dendritic cells in vitro and induce cy-
tokine production in vivo when implanted in mice [40]. Further-
more, strontium alginate gels have been suggested to provide PFO
free hydrogels [41]. In the current study 50 mM Ca2* and 1 mM
Ba2+ was used as gelling ions, with extensive washing after gel
formation. Hence, limited amounts of calcium ions are expected
to leak out from the gel. Limited leakage of barium ions has pre-
viously been shown from similar microbeads of high G alginate
[21]. Using strontium as gelling ion showed limited effect on fibro-
sis compared to calcium/barium in the current study. However, an
overall lower induction of complement activity and cytokine pro-
duction was seen for the microbeads with sulfated alginate gelled
in strontium (Fig. S2).

Microbeads containing sulfated alginate were stabilized by ionic
crosslinking with Sr2*or Ba*, compared to only Ca2*, as shown
by the in vitro stability studies. While these microbeads showed
promisingly low PFO, the recovery rate was surprisingly low both
with Sr2t or Ca2t/Ba2+ as gelling ions. This was not due to PFO or
adherence to the peritoneal cavity, nor could the in vitro stability
assay explain the findings. One may speculate that the biological
activity of sulfated alginates [42] could impose a different in vivo
stability than what is observed in vitro. Hence, the in vivo stabil-
ity of sulfated alginates needs to be further evaluated. Studies, for
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instance with encapsulated islets would reveal if this observation
was relevant to the function of implanted encapsulated cells.

Intermediate G microbeads showed low levels of inflammatory
cytokines and complement activation in human whole blood, fur-
ther underlining their clinical potential. This is similar to what has
previously been reported for high G alginate microbeads [16,18]. In
contrast, microcapsules containing poly-L-lysine (AP) induce com-
plement activation with C3c deposition on the surface and sub-
sequent induction of cytokines by leukocytes [13,16,18]. Here we
show that in vitro complement activation also coincided with the
in vivo deposition of C3c after intraperitoneal implantation of AP
microcapsules. The deposition of activated C3 has previously been
shown to promote leukocyte adhesion [14] and is likely connected
to the substantial PFO response on the AP microcapsules found
at day 2 (data not shown). This corresponds with previous find-
ings of PFO induced by Poly-L-lysine on microcapsules [12,13]. The
PFO response of alginate microbeads seems to appear later, and
thus could be induced by other pathways than complement. This
is in correspondence with the whole blood findings of the current
work, and also previously concluded by Doloff et al. [6]. However,
the sulfated alginate microbeads displayed low PFO in conjunction
with the lowest complement activation of microbeads. Previously,
sulfated alginate in solution has been shown to reduce comple-
ment activation [27], whereas sulfated alginate microbeads bind
complement factor H [22]. Of note, factor H inhibits complement
activation by preventing the action of the opsonin C3b, firstly, by
acting as a cofactor to factor I (enzymatic factor C3b inactivator),
and secondly, by exerting an inhibitory effect on C3 convertases
which catalyze the formation of activated C3b [43,44]. The bind-
ing of factor H to sulfated alginate microbeads could thus be an
important inherent property contributing to the low complement
activating potential. Thus, we cannot fully exclude the involvement
of complement in PFO in the present study. On the other hand, the
introduction of sulfate groups could potentially interact with other
pathways as discussed below.

Sulfation of alginate results in substitution of hydroxyl groups
with sulfate groups on C2 and/or C3 [27]. Due to the presence
of sulfate groups on 1,4-linked uronic acid polysaccharides, the
structure-function properties of sulfated alginate have been com-
pared to those of heparin [27,42], and promote interactions with
various proteins [22,45]. Heparin is known for its anticoagulatory
effects, and, importantly, its ability to bind Mac-1 (leukocyte in-
tegrin) as well as L and P selectins [46-48]. Hypothetically, sul-
fated alginate might similarly hamper several modes of cellular ad-
hesion that may be involved in PFO. Heparin also interacts with
several proteins of both the complement and coagulation cascades
[48]. Thus, sulfated alginates could possibly interfere with proteins
of both the coagulation cascade and complement system, as dis-
cussed above for factor H [22]. This is further supported by the
sulfated alginate microbeads’ unique ability to potentiate coagu-
lation activation in the human whole blood assay in this study.
Although the mechanisms are not fully understood [42], sulfated
alginate has been shown to inhibit coagulation in high doses and
stimulate coagulation in low doses [49]. Thus, the current finding
could be dependent on the concentration of sulfated alginate. Arlov
& Skjak-Braek postulate that there may be interactions of sulfated
alginate with coagulation cascade proteases or sequestration of co-
agulate precursors such as fibrinogen [42].

The adsorption of fibrinogen to alginate microspheres, in vivo,
was investigated by CLSM. Protein adsorption to biomaterial sur-
faces is regarded as a deciding factor for the activation of inflam-
matory protein cascades, cell adhesion and, accordingly, the in vivo
outcome [5]. Interestingly, in the current work, the deposition of
fibrinogen coincided with the degree of PFO. Intermediate G and
sulfated alginate microbeads displayed both minimal PFO and low
fibrinogen deposition, in contrast to microbeads composed of high
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G alginate. Furthermore, we observed a greater deposition of fib-
rinogen on the low concentration high G alginate microbeads (HiG
(0.7%)) compared to higher concentration high G microbeads (HiG).
This may indicate other factors than the chemical composition of
the alginate as contributors to the PFO observed in this study. It
has been shown that physical properties such as surface struc-
ture can affect fibrosis [50]. Here, a lower concentration of alginate
could contribute to a rougher surface structure [51] and possibly
increased fibrosis. However, further studies are needed to inves-
tigate this aspect. The promising intermediate G and sulfated al-
ginate microbeads differed in their fibrinogen adsorption patterns.
Intermediate G microbeads showed an uneven (spotted) and more
variable distribution of adsorbed fibrinogen that increased with
time. Sulfated alginate microbeads consistently exhibited a low-
grade evenly distributed fibrinogen layer and remained unchanged
over time. The hypothesized sequestration of fibrinogen by sulfated
alginate proposed by Arlov & Skjak-Brek [42] may explain the low
levels of detected fibrinogen on these microbeads. This sequestra-
tion may mask epitopes for cell adhesion on fibrinogen, and ac-
cordingly be relevant to the development of PFO. A limitation with
our study was the use of a polyclonal antibody against fibrinogen
that could bind several epitopes, and not exclusively those involved
in cell adhesion.

Adsorption of fibrinogen has been described as a critical
determinant of subsequent inflammatory cell responses follow-
ing biomaterial implantation, where the accumulation of fib-
rinogen directs the recruitment of phagocytic cells (i.e., mono-
cyte/macrophages and neutrophils) to implant surfaces both in
mice [52] and humans [53]. Numerous recognition sites for cell re-
ceptors have been identified, and the pro-inflammatory function
has largely been ascribed to its interaction with distinct integrin
receptors [54]. Notably, fibrinogen mediates cell adhesion to bio-
materials through the integrin receptor Mac-1 [55], expressed on
leukocytes, macrophages and monocytes. It has been proposed that
mitigating fibrinogen adsorption to implant surfaces may enhance
the biocompatibility [53]. In accordance with previous studies, this
study corroborates the link between deposition of fibrinogen and
cell adhesion to implanted biomaterials.

Several types of microbeads based on intermediate G alginate
or sulfated alginate gelled either with Ca*/Ba2t or Sr?* were
largely free of PFO in this study, indicating a level of flexibil-
ity within the microbead formulations. In recent studies, chemi-
cal modifications of alginate by grafting with triazole-containing
molecules [9] or with zwitterions based on sulfobetaine and car-
boxybetaine [10] has resulted in microbeads that mitigate PFO in
C57BL/6] mice and monkeys or mice, dogs and pigs, respectively.
Safley and collaborators had a positive outcome with respect to
PFO in monkeys using microspheres of intermediate G [23]. In this
study, alginates with a high content of G resulted in PFO, whereas
intermediate G alginate resulted in microbeads with minimal PFO.
Interestingly, intermediate-G alginate microbeads with a smaller
fraction (36 %) of alginate with a high G content also resulted in
microbeads with minimal PFO after 14 days. No clear link between
PFO and the estimated gel stiffness of the materials was found in
the current study, in contrast to what has been shown for other
hydrogel systems [35]. Alginate composition and hydrogel stiffness
can be tailored using epimerized alginates [56]. This may clarify
the intricate relationship between alginate structure and PFO, and
accordingly enable tailoring of microbeads with low PFO responses.
In addition, our observations of the positive association between
fibrinogen deposition and PFO on alginate microbeads may reveal
mechanistic insight to the still underdetermined causes of the PFO
response. The use of intermediate G alginate constitutes a straight-
forward approach to produce fibrosis free microbeads compared to
chemically or enzymatically modified alginates. However, as algi-
nates are a group of linear yet heterogeneous polysaccharides with
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respect to composition and molecular weight, fractions of soluble
high M alginate may induce inflammatory responses [57,58]. For
sulfated alginate, the biological activities such as the effects on co-
agulation should be elucidated for the clinical use of this material.
Future studies will include in vivo function of cells encapsulated
in the microbeads with limited PFO, which will further investigate
the therapeutic efficacy of the microbeads.

Conclusion

This study has shown that microbeads with intermediate G-
or sulfated alginate yield minimal PFO in immunocompetent mice
and demonstrated their potential as long-term implantable bio-
materials. Stable alginate microbeads were produced by ionic
crosslinking with calcium together with barium in low concen-
tration. The microbeads elicited low responses in human whole
blood with respect to complement and inflammatory cytokines.
Distinctively, the microbeads with sulfated alginate activated co-
agulation. Fibrinogen deposition on microspheres explanted from
mice was positively associated with PFO. Microbeads with high G
alginate showed both high degrees of PFO and fibrinogen depo-
sition. Microbeads with intermediate G- or sulfated alginate dis-
played low PFO in conjunction with low fibrinogen deposition. An
overall low deposition of complement C3 was found on all al-
ginate microbeads, whereas a positive association with PFO and
complement response was seen for microcapsules containing poly-
L-lysine. Our study points to the importance of protein deposition
at the biomaterial-host interface which is believed to govern the
fate of the biomaterial. In-depth studies to identify and quantify
proteins adherent to the microsphere surface could provide further
insight into the mechanisms leading to PFO.
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ARTICLE INFO ABSTRACT

Keywords: Protein adsorption to biomaterial surfaces is considered a determining factor for the host response. Here we detail
Alginate hydrogel microspheres the protein adsorption profiles of alginate hydrogel microspheres relevant for cell therapy using mass spec-
Proteomics trometry (MS)-based proteomics. The investigated microspheres include sulfated alginate (SA), high G alginate
ZZ:)‘I; :ii(;rptwn (HiG), and poly-L-lysine coated alginate (AP), which previously have been shown to exhibit different inflam-
Coagulation matory and fibrotic responses. The biological significance was assessed in lepirudin-anticoagulated human whole

blood (hWB) by functional analysis of the acute-phase responses (complement and coagulation). Proteomic
profiling revealed distinct signatures for the microspheres, wherein Ingenuity Pathway Analysis identified com-
plement and coagulation as the top enriched canonical pathways. The levels of complement and coagulation
activators and inhibitors were distinctly different, which was reflected in the functional hWB analyses: SA was
highly enriched with inhibitory factors of complement and coagulation (e.g. C1 inhibitor, factor H, antithrombin-
111, heparin cofactor 2), other heparin-binding proteins and factors promoting fibrinolysis (factor XII, plasma
kallikrein), conforming to an anti-inflammatory and anti-fibrotic profile. HiG enriched moderate levels of com-
plement inhibitors, conforming to a low-inflammatory and pro-fibrotic profile. AP showed the most prominent
enrichment of complement activators (e.g. C3, properdin, C-reactive protein) and low levels of inhibitors, con-
forming to a pro-inflammatory and highly pro-fibrotic profile. In conclusion, the extensive enrichment of
inhibitory acute-phase proteins on SA could be a determining factor for its reduced host response. The interactions
between the plasma proteins and hydrogel surfaces shown herein point to proteomics as an important supplement
to existing in vitro and in vivo methods for designing biocompatible alginate-based hydrogels.

Immune profiling

1. Introduction

The use of alginate hydrogel microspheres for immunoisolation in cell
therapy holds great promise for treating various medical conditions, e.g.
type 1 diabetes or acute liver failure, mitigating the need for systemic
immunosuppressive treatment after graft transplantation [1-3]. How-
ever, implantation of biomaterials may result in acute and chronic in-
flammatory responses that lead to fibrotic tissue development, as part of
the foreign body response [4]. For microspheres used in cell therapy,
pericapsular fibrotic overgrowth (PFO) constitutes a major challenge, in

which immune cells (neutrophils, macrophages) and fibroblasts hinder
the diffusion of nutrients and oxygen, thus compromising the viability
and function of the encapsulated cells [5,6]. Insight into the mechanistic
cues associated with PFO will advance the development of
high-performance, biocompatible materials for cell and tissue trans-
plantation, with further impact on diagnostic sensors and implants. The
initial protein adsorption to implanted biomaterials is considered a
determining factor for the subsequent host responses [4,7,8]. Here, we
investigate the protein adsorption profiles of three types of alginate mi-
crospheres that have previously been used or are promising candidates
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for clinical transplantation [1,9,10], which we recently assessed in terms
of inflammatory and fibrotic potentials using in vitro and in vivo models
[10]. Proteomics could serve as a complementary method to understand
the initial protein adsorption important for the design and selection of
alginate microspheres with reduced host responses.

Alginate hydrogels are ionically crosslinked networks (e.g. with Ca**,
sr?*, Ba®") of linear, anionic polysaccharides that consist of (1,4)-linked
a-L-mannuronate (M) and f-p-guluronate (G) residues. The hydrogel is
formed under physiological conditions, and the high water content
(98-99%) allows for rapid diffusion of nutrients and oxygen to encap-
sulated cells, ensuring cell viability and function. Although generally
regarded as biocompatible, the detailed design of alginate-based micro-
spheres ultimately determines the onset of PFO and the long-term func-
tion of encapsulated cells in vivo [2,5]. Microspheres that are prone to
PFO include the widely studied high G alginate microbeads [1,2,10,11],
where the PFO response is exacerbated by coating with polyamines (e.g.
poly-L-lysine; PLL) [2,12,13]. The prominent PFO response of PLL-coated
microspheres [2,12] can be ascribed to surface-deposited complement
C3, leading to leukocyte adhesion and subsequent induction of
pro-inflammatory cytokines [14-16]. Several studies have demonstrated
the involvement of complement activation/deposition (including com-
plement C3) on biomaterial surfaces in promoting leukocyte activatio-
n/adhesion [14,15,17-20], pro-inflammatory cytokine induction
[14-17] as well as inflammatory cell recruitment or fibrotic tissue for-
mation after implantation [17,19]. Mitigation of the PFO response has
been achieved by modulating microsphere composition using interme-
diate G alginates [10,11,21] or chemically modified alginates [2,10,22,
23]. Alginates modified by chemical sulfation have been shown to
display anti-inflammatory properties [10,24,25] and bind growth factors
[24,26] and anti-complement factor H [25]. In a recent study [10], we
reported minimal PFO for microbeads containing a mixture of sulfated
alginate and high G alginate (SA) using the immunocompetent
C57BL/6JRj mouse model. Contrastingly, PFO was found on high G
alginate microbeads (HiG) and to an even larger extent on PLL-coated
high G alginate microbeads (AP). In detail, the anti-fibrotic SA as well
as the fibrotic HiG induced overall low cytokine and complement re-
sponses in vitro and minimal C3 deposition in vivo. The highly fibrotic AP
induced higher pro-inflammatory cytokine responses and significant
complement activation in vitro and displayed marked C3 deposition in
vivo. Fibrin(ogen) deposition on the microspheres was found to coincide
with PFO, further pointing to distinct protein deposition as a potential
contributing factor to PFO. In the current proteomic study, we further
analyse these microspheres with respect to protein adsorption in human
plasma and link the proteomic findings to the inflammatory and fibrotic
potentials of the different materials.

Mass spectrometry (MS)-based proteomic analysis represents an
efficient and highly sensitive approach to identify protein adsorption
profiles on biomaterial surfaces [7], and thus provides an additional
means to predict biological performance and potentially reduce in vivo
experimentation. To date, there is a limited number of proteomic studies
that have addressed the adsorption of plasma or serum proteins to
hydrogels [20,27,28], and neither of these encompassed alginate-based
hydrogels or microspheres. Previous studies using MS-based prote-
omics have linked protein adsorption to the immune reactivity [20] or
fibrotic tissue development [27] of poly(ethylene glycol) (PEG) hydro-
gels. The latter revealed an initial adsorption of acute-phase proteins for
highly fibrotic PEG hydrogels explanted from mice [27]. More generally,
there are few studies that directly correlate biomaterial protein adsorp-
tion using proteomics with in vivo performance [7,29]. In a collection of
studies (e.g. Refs. [30,31]), Romero-Gavilan and co-workers characterise
distinct protein layers on titanium-based implants using human serum.
The authors correlate the differentially adsorbed proteins (mainly com-
plement related) to the level of fibrotic tissue development and
osseointegration in rabbits. Using the same animal model and
calcium-doped materials, they also found distinct enrichment of proteins
associated with coagulation, inflammation, and osteogenic functions,
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which were linked to the materials’ regenerative potential in vivo [32].
Buck et al. showed that surface functionalisation of poly(ether ether
ketone) (PEEK) implants significantly altered the adsorption of serum
proteins (predominantly acute-phase proteins and apolipoproteins),
where implantation into rats revealed similar levels of osseointegration
despite different macrophage responses in vitro [33]. The protein
adsorption to nanoparticles and its effect on biological performance in
vivo has also been described [34-36].

Protein adsorption is a complex and dynamic process in which pro-
teins attach and detach depending on the properties of the surface,
proteins, and surrounding solution [37,38]. Protein adsorption has been
linked to the biomaterials' chemical properties [39], surface charge [8]
and topography [40]. In addition to non-covalent surface interactions
(e.g. electrostatic, hydrophobic) that can result in conformational
changes potentially affecting the bioactivity of adsorbing proteins, the
proteins may also react with the biomaterial surface as well as
surface-associated proteins. These features are well-recognised for the
complement and coagulation proteins, which are critical components of
the acute-phase responses in host defence [41]. Adsorbed complement
activators and inhibitors have been suggested to be strong indicators for
the biocompatibility of biomaterial surfaces [8,42]. The current study
was designed to preserve the proteolytic cascades of complement and
coagulation by using the anticoagulant lepirudin. This anticoagulant
does not interfere with the complement proteins or coagulation proteins
upstream of thrombin, in contrast to heparin which interferes with both
systems [43,44]. In addition, the anticoagulants citrate and EDTA,
commonly used in studies assessing the binding of plasma proteins to
biomaterials, also interfere with the reactivity of the complement and
coagulation systems by chelating calcium. Lepirudin has been used as an
anticoagulant in several studies on inflammatory responses in whole
blood, including studies on dialysis membranes [45], glucose sensors
[46], polyvinyl chloride surfaces [47], and alginate microspheres
[14-16,48].

Here, we present the first study on LC-MS/MS-based quantitative
profiling of plasma proteins adsorbed to alginate hydrogel microspheres
using a physiologically relevant human plasma model. Three types of
microspheres were selected based on their different PFO responses and
inflammatory potentials known from previous work [10]: HiG (low--
inflammatory and fibrotic), SA (low-inflammatory and anti-fibrotic) and
AP (pro-inflammatory and highly fibrotic). Unique protein signatures
were identified for the different alginate microspheres. Immune profiles
of the microspheres were detailed by combining proteomics and func-
tional studies on initial inflammatory responses, with a particular focus
on the acute-phase proteins of the complement and coagulation systems.
This study represents a novel approach for elucidating proteomic profiles
of alginate-based hydrogels that gives insight into the host-material in-
teractions at the protein level, with potential relevance to PFO.

2. Materials and methods
2.1. Materials

Ultra-pure (UP) sodium alginates (endotoxin <43 EU/g) were from
Novamatrix (Sandvika, Norway). UP-low-viscosity high G (LVG) alginate
(68% guluronate [G], duplet fraction [Fgg] = 0.57, triplet fraction
[Feee] = 0.53, average G-block length [Ng - 1] = 16, weight average
molecular weight [Mw] = 237 kDa) was used as gelling alginate. UP-
medium-viscosity high G (MVG) alginate (66% G, Fgg = 0.55, Fgeg =
0.50, Ng -~ 1 = 13, weight average Mw = 235 kDa) was used to produce
sulfated alginate. Determination of the alginate chemical composition by
H'-NMR [49,50] and molecular weight by SEC-MALLS [51] has previ-
ously been described. Preparation of alginates and alginate microspheres
included analytical grade CaCly, BaCly, NaCl, and formamide from Merck
(Darmstadt, Germany). Poly-i-lysine (PLL) hydrochloride (Mw = 15-30
kDa) and chlorosulfonic acid (99%) were from Sigma-Aldrich (St. Louis,
MO, USA). D(-)-Mannitol was from VWR International BVBA (Leuven,
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Belgium) and non-pyrogenic sterile saline (0.9% NaCl) from B. Braun
(Melsungen, Germany). Sulfated UP-MVG alginate was purified using
Millistak+® CR40 activated carbon filter from Millipore (Billerica, MA,
USA) and endotoxin-tested by QCL-1000™ Endpoint Chromogenic LAL
Assay from Lonza (Walkersville, MD, USA). Human plasma and whole
blood were anticoagulated with lepirudin (Refludan) from Celgene
Europe (Boudry, Switzerland). Proteomic sample preparations employed
the following (chemicals were at least pro analysis): urea, CHAPS hy-
drate, thiourea, DTT, ammonium bicarbonate, iodoacetamide, and
solid-phase extraction disks (Empore C18, 47 mm) from Sigma-Aldrich;
LC/MS grade: methanol, formic acid, acetonitrile, water, and Pierce
trypsin from Thermo Fisher Scientific, USA; chloroform from VWR In-
ternational S.A.S., France. For protein deposition studies by CLSM,
FITC-conjugated polyclonal rabbit anti-human C3c (F0201) and Clq
(F0254), including control antibody polyclonal rabbit-anti-mouse im-
munoglobulins (F0232), were from Dako (Glostrup, Denmark). Uncon-
jugated polyclonal sheep anti-human FXII was from Nordic Diagnostica
Service AB (HTI, Kungsbacka, Sweden), and secondary
CF633-conjugated polyclonal donkey anti-sheep IgG was from
Sigma-Aldrich. In the human whole blood experiment, assays used were
enzyme-linked immunosorbent assay (ELISA) kit for Human Terminal
Complement Complex (TCC) from Hycult Biotech (Uden, Netherlands),
and ELISA kit Enzygnost® F14-2 monoclonal from Siemens Healthcare
Diagnostics (Marburg, Germany). Low-activating polypropylene vials
were from NUNC (Roskilde, Denmark). Glass control (BD vacutainer
glass) was from Belliver Industrial Estate (Plymouth, UK), and PBS with
CaCl, and MgCl, was purchased from Sigma-Aldrich.

2.2. Sulfation of alginate

Alginate was sulfated as previously described [24]. Briefly, chlor-
osulfonic acid was carefully added to a suspension of alginate (3.0 g) and
formamide (120 mL) to a final concentration of 2.91% v/v. The mixture
was incubated at 60 °C under continuous agitation for 2.5 h. Alginate was
precipitated using cold acetone, centrifuged (10 °C, 3600xg, 7 min),
redissolved in Milli-Q water and pH-neutralised. The alginate solution
was dialysed against 100 mM NacCl, four times against Milli-Q water, and
freeze-dried. The sulfur content of the alginate was determined to be
8.5% by high-resolution inductively coupled plasma mass spectrometry
(HR-ICP-MS) at SINTEF, Trondheim, Norway. The degree of sulfation
was estimated to be 0.83, as previously described [24]. Sulfated alginate
was purified using an active carbon filter, and the level of endotoxins
(LAL assay) was measured to 3.126 EU/mL.

2.3. Preparation of alginate microspheres

Three different microspheres were prepared using the same alginate
formulations as in our recent study on PFO [10], comprising unmodified
alginate (HiG), a mixture of 20% sulfated alginate and 80% unmodified
alginate (SA), and unmodified alginate with PLL-coating (AP). Alginate
solutions (5 mL) of 1.8% (w/v) were dripped into a gelling bath containing
either 50 mM CaCl, with 1 mM BaCl, (HiG and SA) or 50 mM CaCl, (AP).
All formulations were made using an electrostatic droplet generator
operated at 7 kV, with a flow rate of 10 mL/h and needle size of 0.4 mm
[52]. All solutions were sterile filtered, and the microspheres were pre-
pared under sterile conditions. Alginate and gelling solutions were dis-
solved in 0.3 M and 0.15 M mannitol, respectively, and pH-adjusted to
7.2-7.3. Alginate microbeads were left for 10 min after the last formed
droplet and washed in 0.9% NaCl (30 mL). AP-microspheres were subse-
quently incubated in 0.1% PLL dissolved in 0.9% NaCl (25 mL, pH = 7.35)
for 10 min, and washed in 0.9% NaCl (30 mL). Each batch of microspheres
was added 0.9% NaCl (50 mL) and aliquoted into samples containing 0.5
mL microspheres. Lastly, each aliquot was washed with 0.9% NaCl (2 x 1
mL) and further aliquoted into samples containing 50 pL microspheres.
Microsphere diameters (mean + SD of n = 30) were measured to 579 + 17
pm (HiG), 565 + 35 pm (SA) and 538 + 34 pm (AP).
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2.4. Proteomic sample preparation

2.4.1. Incubation of microspheres in human lepirudin-plasma

Alginate microspheres (50 pL) were incubated in pooled (N = 7)
lepirudin-plasma (300 pL) for 24 h at 37 °C under rotation, with five
replicates for each type of microsphere. Human blood was anticoagulated
by adding lepirudin (50 pg/mL), centrifuged (1880xg, 15 min), and
harvested plasma stored at -80 °C. Control samples comprised micro-
spheres (50 pL) incubated in 300 pL 0.9% NaCl (saline control) and a
pooled plasma control sample (10 pL). Low-activating polypropylene
vials were used for all samples. Microspheres were washed in 0.9% NaCl
(2 x 500 pL) to remove non-adsorbing proteins. Samples were stored in
0.9% NaCl (100 pL) at 4 °C. The storage solution was removed before
analysis.

2.4.2. Primary elution of adsorbed plasma proteins (E-fraction)

Microspheres and control samples were incubated in 2D-PAGE buffer
(100 pL, 7.0 M Urea, 2.0 M thiourea, 2.5% CHAPS, 25 mM DTT) for 2 h
on a rotary shaker (37 °C, 400 rpm), and eluates were transferred to new
tubes. 2D-buffer incubation was repeated (5 min), and the respective
eluates were pooled. Eluates were stepwise added methanol (800 pL),
chloroform (200 pL) and water (600 pL) with intermittent vortexing, and
then centrifuged (16 000xg, 15 min). The top aqueous layer was
removed, and methanol (800 L) was added, followed by vortexing and
centrifugation (16 000xg, 60 min). The supernatant was removed, and
the pellet with remaining solution was evaporated to dryness. 50 mM
ammonium bicarbonate (Ambic; 100 pL) was added to the pellet, and
samples were vortexed. Supernatants were stepwise added 0.5 M DTT (4
pL, 30 min), 0.2 M iodoacetamide (30 pL, 30 min in the dark), 0.5 M DTT
(8 pL, 20 min), incubated overnight on a rotary shaker (37 °C, 400 rpm)
in 12.5 ng/pL trypsin in 44 mM Ambic (100 pL), and evaporated to
dryness.

2.4.3. On-microsphere trypsination of residual plasma proteins (T-fraction)

Following the primary elution, microspheres were washed in 50 mM
Ambic (200 pL) for 1 h on a rotary shaker (24 °C, 400 rpm) and further
washed in 50 mM Ambic (2 x 200 pL). Microspheres were added 50 mM
Ambic (100 pL) and stepwise treated with DTT/iodoacetamide/DTT as
described above. Samples were washed in 50 mM Ambic (200 and 100
pL, respectively), resuspended in 50 mM Ambic (100 pL), and incubated
overnight on a rotary shaker (37 °C, 400 rpm) in 12.5 ng/pL trypsin in 44
mM Ambic (100 pL). Released tryptic peptides were transferred to new
tubes. Microspheres were washed in 50 mM Ambic (50 pL), and residual
released peptides were pooled with respective samples. Tryptic eluates
were evaporated to dryness.

2.4.4. Preparation of peptides in E- and T-fractions

Dried peptides were reconstituted in 0.1% formic acid in water (60
pL). Stage tip columns consisting of three C-18-filters were prewashed
with methanol (3 x 50 pL), centrifuged (1500xxg, 3 min) for each wash,
equilibrated with 0.1% formic acid in water (3 x 100 pL), and centri-
fuged (1500xg, 2 min) for each equilibration step. Peptide samples were
centrifuged (16 000xg, 25 min), supernatants loaded onto separate stage
tip columns and centrifuged (1500xg, 4 min). Flow-through solutions
were reloaded to stage tip columns and centrifuged (1500xg, 3 min).
Stage tip columns were washed with 0.1% formic acid (2 x 60 pL),
centrifuged (1500xg, 3 min) for each wash, and flow-throughs were
discarded. Peptides were eluted from the stage tip column using 0.1%
formic acid in 70% acetonitrile (2 x 40 pL), centrifuged (1500xg, 1 min)
for each elution, and evaporated to dryness. Dried peptides were
reconstituted in 0.1% formic acid in water (60 pL), vortexed, and agitated
for 1-3 h (4 °C, 900 rpm). Samples were centrifuged (16 000xg, 15 min),
and supernatants (30 pL) were transferred to MS-vials for LC-MS/MS
analysis.
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2.5. Liquid chromatography-tandem mass spectrometry (LC-MS/MS)

LC-MS/MS was performed on an EASY-nLC 1000 UPLC system
(Thermo Scientific) interfaced with an Orbitrap Elite mass spectrometer
(Thermo Scientific) via a Nanospray Flex ion source (Thermo Scientific).
Peptides were injected onto an Acclaim PepMap100C18 trap column (75
pmi.d., 2 cm long, 3 pm, 100 A, Thermo Scientific) and further separated
on an Acclaim PepMap100C18 analytical column (75 pmi.d., 50 cm long,
2 um, 100 A, Thermo Scientific) using a 120-min multi-step gradient (3
min 2%-6% B, 92 min 6%-30% B, 5 min 30%-40% B, 5 min 40%-100%
B and 15 min at 100% B; where B is 0.1% formic acid in acetonitrile and
A is 0.1% formic acid in water) at 250 nL/min. Peptides were analysed in
positive ion mode under data-dependent acquisition using the following
parameters: Electrospray voltage 2.5 kV, CID fragmentation with nor-
malised collision energy 35 and 10 ms activation time. Each MS scan
(400-1600 m/z, 1 m/z isolation width, profile) was acquired at a reso-
lution of 120 000 FWHM in the Orbitrap analyser, followed by rapid MS/
MS scans (2 m/z isolation width, centroid) triggered for the 15 most
intense ions, with a 40 s dynamic exclusion and analysed in the linear ion
trap. Charge exclusion was set to unassigned, and 1.

2.6. Proteomic data analysis

LC-MS/MS data were initially collected from 5 replicates for each
type of alginate microsphere, one saline control and one plasma control.
A selection of samples was re-injected into the LC/MS due to some rep-
licates displaying unsatisfactory chromatographic separation (namely,
few and broad peaks). Initial data analysis (similar to the one described
below) was performed for all collected data, i.e. initial injections and re-
injections. This initial analysis culminated in the heatmap of z-scaled
median transformed label-free quantification (LFQ) values with base 2 of
the sample population, Supplementary Fig. S1. Considering the chro-
matographic quality and grouping of samples, we removed outliers
resulting in the following number of replicates for each microsphere
fraction: 3 (HiGg), 4 (HiGr), 4 (SAp), 2 (SA1), 4 (APg) and 5 (APy); our
analyses and findings are based on these. Preview 2.3.5 (Protein Metrics
Inc. https://www.proteinmetrics.com) was used to determine optimal
search criteria for the raw files. These parameters were plugged into
MaxQuant [53] v 1.5.8.3, which utilises the MaxLFQ algorithm [54]
mapping the spectra over Human canonical proteome including isoforms
(downloaded in March 2017 [55]). The following search parameters
were used: enzyme specified as trypsin with a maximum of 2 missed
cleavages allowed, deamidation of asparagine/glutamine, oxidation of
methionine, N-terminal acetylation as variable- and carbamidomethyla-
tion of cysteine as fixed modification. Mass tolerance for FTMS-MS and
ITMS-MS/MS was set to 20 ppm and 0.5 Da, respectively, with false
discovery rate (FDR) < 0.01 (high confidence) for peptide spectra
matches (PSM), peptide as well as protein group identification. LFQ
values for identified protein groups were log-transformed with base 2.
Filtered technical replicates were collapsed to their median value, each
representing a biological replicate for a set condition. Proteins included
in the final dataset were identified by two or more peptides at a fixed FDR
protein level of 1.0%. The cut-off for logy-transformed LFQ values was set
to 16.0 as per the MS-equipment discovered noise-sensitivity level. Pro-
teins assigned with negative PSM scores, identified only by a site, as well
as duplicates and known contaminants such as keratins, were removed
from the dataset. Protein groups identified in >70% of replicates of at
least one group were retained. For the cluster analysis, log, LFQ values
were z-scaled (except Fig. 1B). The obtained values are relative to the
median of the whole expression profile and scaled to variation reflecting
relative over- and under-expression. Raw file clustering was based on
column-wise Z-scaling. The Euclidean distance between the expression
vector was used for the hierarchical clustering (http://coxdocs.org/do
ku.php?id=perseus:user:activities:MatrixAnalysis:ClusteringPCA:
HierarchicalCluster) using a k-means algorithm for pre-processing and
average linkage for grouping. Median log, LFQ intensities representing
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sample types were presented to Ingenuity® Pathway Analysis (IPA;
QIAGEN Inc., https://www.giagenbioinformatics.com/products/ingen
uity-pathway-analysis [56]) to identify top canonical pathways, using
an intensity threshold of 16.0. Raw files have been deposited to the
ProteomeXchange Consortium [57] via the PRIDE partner repository
with the dataset identifier PXD009135 (https://www.ebi.ac.uk/pride/
archive/projects/PXD009135) and Notur/NorStore Project
NN9036K/NS9036K, respectively.

2.7. Adsorption of plasma proteins to alginate microspheres evaluated by
confocal laser scanning microscopy (CLSM)

Alginate microspheres (50 pL) were incubated in pooled (N = 4)
lepirudin-plasma (300 pL) for 24 h at 37 °C under rotation and subse-
quently washed in 0.9% NaCl (2 x 500 pL). Microspheres were stained
for complement factors C1q (polyclonal rabbit anti-human C1q/FITC, 50
pg/mL), C3c (polyclonal rabbit anti-human C3c/FITC, 50 pg/mL), or
coagulation FXII by unconjugated polyclonal sheep anti-human FXII (50
pg/mL) and secondary staining with polyclonal donkey anti-sheep IgG/
CF633 (20 pg/mL). Controls for non-specific antibody binding were
polyclonal rabbit-anti-mouse immunoglobulins/FITC (50 pg/mL) and
polyclonal donkey anti-sheep IgG/CF633 (20 pg/mL). All incubations
were performed for 30 min (37 °C, under rotation) with subsequent
washing in 0.9% NaCl (2 x 500 pL). Samples were stored in 0.9% NaCl
(200 pL) before analysis and protected from light. Protein deposition was
assessed by CLSM (Zeiss LSM 510 Meta, Carl Zeiss Microlmaging GmbH,
Gottingen, Germany) using a C-Apochromat 10 x /0.45w objective and
pinhole of 30.1 ym. 2D images were captured by optical cross-sections
through the microsphere equator. 3D images were constructed from
sections through the entire microsphere using z-stacks and ImageJ soft-
ware (National Institutes of Health, New York, USA). An argon laser with
an excitation wavelength of 488 nm at 20% laser power, emission at
500-550 nm, and gain 515, were used for FITC-conjugated antibodies. A
helium-neon laser with an excitation wavelength of 633 nm at 50% laser
power, emission over 650 nm, and gain 530, were used for the CF633-
conjugated antibody.

2.8. Complement and coagulation reactivity of microspheres in human
whole blood

Initial complement and coagulation responses to microspheres upon
blood contact were evaluated using lepirudin-anticoagulated human
whole blood, as previously described [44] and with modifications for
microspheres [14]. In brief, aliquoted samples of either microspheres
(50 pL) in 0.9% NaCl (50 pL) or controls (baseline, PBS [background] and
glass) were added 0.9% NaCl (100 pL). All samples were further added
PBS with CaCl, and MgCl; (100 pL). Blood was collected from healthy
donors (N = 5) in low-activating polypropylene vials containing the
anticoagulant lepirudin (50 pg/mL). Samples were incubated in blood
(500 pL) for 4 h (37 °C, continuous rotation), and EDTA was added to a
final concentration of 10 mM to inactivate the complement and coagu-
lation responses. For the baseline sample, EDTA-inactivation was per-
formed prior to blood incubation. Samples were centrifuged (4 °C,
1880xg, 15 min), plasma was harvested and stored at -20 °C before
analysis. Complement activation was measured by the enzyme-linked
immunosorbent assay (ELISA) kit for detecting soluble TCC. The assay
was performed in accordance with the provided protocol. Coagulation
activation was assessed by the level of prothrombin cleavage fragment
F1+2 (PTF1.2) by ELISA kit Enzygnost® F1-+2, monoclonal. Analysis was
performed following the producer's protocol but included modifications
to the plasma dilutions (1:10-1:1000).

2.9. Statistical analyses

In the proteomic analysis, plasma proteins on microspheres were
statistically analysed with R [58], using logy-transformed LFQ values for
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group comparisons. For enrichment against the plasma control, a
one-sample Student's T-test [59] was employed with the assumption that
the null values were 0. Protein groups missing from all microspheres and
identified in the plasma control were categorised as repelled by micro-
spheres with values 0. Values only represented in one group were also set
as 0 in subsequent Benjamini-Hochberg corrections [60]. Only protein
groups with FDR <0.1 were considered for further analysis. Protein hy-
drophobicity and isoelectric points (pI) were calculated using the Pep-
tides software package [61] with the Kyte-Doolittle scale for
hydrophobicity and Bjellgvist scale for pI.

For the human whole blood experiment, repeated measures one-way
ANOVA with Geisser-Greenhouse correction and Tukey's multiple com-
parison test was used to define statistical differences between selected
sample groups. Data were log-transformed before analysis due to low
sample numbers (N = 5). Differences between sample groups were
considered significant at p < 0.05.

2.10. Ethics

The use of blood and plasma from volunteers has been granted by the
Regional Ethics Committee of Mid-Norway under REC Central
(REK2009/2245), following their recommended guidelines.

3. Results

3.1. Proteomic analysis of human plasma proteins adsorbed to alginate
microspheres

Adsorbed plasma proteins were identified by high-resolution LC-MS/
MS as outlined in Fig. 1A. Label-free quantification of peptides (E-/T-
fractions and controls) identified a total of 676 protein groups with
relative protein abundances given as logy LFQ intensity values. Hierar-
chical clustering of quantified proteins revealed distinct protein
adsorption profiles for alginate microspheres HiG, SA, and AP, and the E-
and T-fractions thereof (Fig. 1B). Proteins quantified by replicate analysis
of each microsphere type invariantly clustered together, indicating high
reproducibility of our method. For confident identification of proteins,
the initial dataset was further processed using strict conditions: logy LFQ
value cut-off at 16.0, peptide count of at least 2 for identified proteins and
the removal of peptides assigned with negative PSM-scores, duplicates
and known contaminants. This resulted in a final dataset of 241 confi-
dently identified protein groups (Supplementary Table S1), wherein 236
proteins were identified on the alginate microspheres. In the unfractio-
nated plasma control, 128 proteins were identified and 5 of these pro-
teins were not found on the microspheres. Hence, a total of 113 proteins
were exclusively identified on the microspheres and thus enriched above
their detection level in unfractionated plasma in our LC-MS/MS setup. A
higher number of proteins were identified on microspheres HiG and SA
compared to AP: HiG (167 E-/149 T-proteins), SA (182 E-/139 T-pro-
teins) and AP (120 E-/114 T-proteins). As shown in Fig. 1C, several
adsorbed plasma proteins were uniquely distributed between the E- and
T-fractions. Of the 236 adsorbed proteins, 49 proteins were only identi-
fied in the E-fractions and 34 proteins were only identified in the T-
fractions. It is reasonable to anticipate that the proteins uniquely iden-
tified in the T-fractions represent the proteins that bind most strongly to
the microspheres.

3.2. Enrichment of plasma proteins on alginate microspheres

Plasma proteins identified in the current study were assigned their
reported concentrations in human plasma using the Peptide Atlas (PA; htt
ps://www.proteinatlas.org/humanproteome/blood/proteins+detected
~+in+ms, accessed Nov. 2021) and the Plasma Proteome Database (PPD;
http://www.plasmaproteomedatabase.org, v. 062015 retrieved Oct.
2018). The PA (plasma non-glyco 2017 build [62]) presents protein
concentrations for 3222 proteins quantified by MS-based plasma
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proteomics with estimations from spectral counts. The PPD [63] contains
published plasma and serum concentrations for 1278 proteins quantified
by different methods, wherein plasma protein quantifications by MS
spectral counts were only considered. Of the 241 proteins confidently
identified in our dataset, plasma concentrations for 198 proteins have
been deposited in PA and PPD combined. Proteins that were not reported
in the respective databases were mainly immunoglobulin derived. In
Fig. 2, the quantified proteins in this study are shown alongside their
reported protein concentrations in human plasma. The most abundant
proteins (plasma concentrations >1 pg/mL) were identified both in the
plasma control and on the microspheres, whereas less abundant proteins
(plasma concentrations <1 pg/mL) were selectively identified on the
microspheres. This suggests that distinct subsets of plasma proteins were
significantly enriched on the different alginate microspheres. Among the
113 enriched proteins below the cut-off or not detected in plasma, 32
proteins were exclusively detected in the T-fractions of the microspheres.
The plasma concentrations for 25 of these proteins are reported and in
the range 0.00029-13.0 pg/mL (PA or PPD), reflecting a high degree of
enrichment on the microspheres.

A detailed illustration of the distinct protein adsorption profiles
compared to plasma is included in Fig. 3. As shown in Fig. 3A, the protein
profiles of the microspheres in terms of relative abundance (logz LFQ
values) were different from that of the plasma control. For the majority of
the less abundant proteins in the plasma control, a marked enrichment on
the microspheres is evident. Proteins below the cut-off or not detected in
plasma and quantified on the microspheres are shown in Fig. 3B. Inter-
estingly, among the proteins that were not detected in plasma, many
escaped elution in the first step (E-fraction) but were readily quantified in
the T-fractions, indicating strong and selective binding to the distinct
microsphere types.

The number of significantly enriched proteins relative to plasma for
microspheres HiG, SA, and AP across the E-/T-fractions were 106, 128,
and 88 proteins, respectively (Fig. 4A). SA had the highest number of
uniquely enriched proteins (40), compared to HiG (20) and AP (10).
Further information on their binding strengths could be derived from the
distribution between E- and T-fractions. Interestingly, two proteins were
found to be significantly depleted compared to plasma (not detected in
either E- or T-fractions); coagulation factor XIII A chain (F13Al) was
depleted on all microspheres, and pregnancy zone protein (PZP) was
depleted on AP.

Proteins uniquely identified on either HiG, SA, or AP microspheres
were further analysed with respect to their physicochemical properties:
hydrophobicity/hydrophilicity and charge/isoelectric point (pI)
(Fig. 4B). Overall, most of the uniquely adsorbed proteins were hydro-
philic in nature (GRAVY score below zero). Also, most acidic proteins
(i.e. net negative charge at physiological pH) were found in the E-frac-
tions. In contrast, most basic proteins (i.e. net positive charge at physi-
ological pH) were found in the T-fractions. The latter was especially
evident for HiG, in which most proteins observed in the T-fraction were
basic and could be explained by opposite charge interactions. Much
fewer basic proteins were observed for AP, in agreement with the overall
charge neutralisation offered by poly-i-lysine. The number of acidic
proteins binding to SA was markedly higher than for HiG. This was
somewhat surprising since sulfation increases the number of negatively
charged groups on the microbeads. However, most of these proteins have
previously been reported to bind heparin or heparan sulfate (Fig. 4B,
marked by orange circles). This points to a specific role of the sulfate
groups in binding these proteins and likely also contributes to the higher
number of uniquely identified proteins on SA.

3.3. Different microspheres display distinct adsorption profiles of proteins
in the compl and coagulation pathways

The biological relevance of adsorbed plasma proteins was further
analysed to elucidate potential immune profiles for the different micro-
spheres. Ingenuity® Pathway Analysis (IPA) is presented in Table 1,
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Fig. 1. Proteomic analysis of human plasma proteins adsorbed to alginate microspheres after incubation in lepirudin-plasma (24 h). (A) Workflow of the proteomic
study using liquid chromatography-tandem mass spectrometry (LC-MS/MS). Identification and quantification of plasma proteins adsorbed to alginate microspheres
HiG, SA, and AP, separated into eluted (E)- and on-microsphere trypsinated (T)-fractions. Control samples included saline (SC; microspheres in saline) and plasma (PC;
unfractionated lepirudin-plasma). (B) Heatmap showing identified protein adsorption profiles for the alginate microspheres. Pairwise Pearson's correlation coefficient
was used on the raw dataset to calculate the Euclidean distance for hierarchical clustering of proteins (rows) and samples (columns). Protein abundances are coloured
based on log; label-free quantification (LFQ) intensity values, indicated by a colour scale bar (bottom). Not detected proteins are indicated in grey. (C) Venn diagrams
show 236 differentially adsorbed proteins between microsphere fractions (E vs T) and between microsphere types. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

showing the ten most abundant proteins and top canonical pathways
identified for the microspheres. The most abundant protein of the plasma
control was albumin (ALB), which was also ranked the highest for HiG
and AP, but not for SA (ranked third). Besides ALB, protein abundances
on the microspheres did not correspond to the unfractionated plasma
control, again highlighting the specific protein adsorption to the micro-
spheres. IPA further revealed the top canonical pathways assigned to the
bound plasma proteins, including acute-phase response signalling, the
complement and coagulation systems, and proteins linked to numerous
metabolic pathways such as lipid metabolism (LXR/RXR and FXR/RXR
activation). Specifically, bound proteins showed a high degree of overlap
with complement and coagulation pathways. Several of these proteins
were highly abundant (Table 1) and significantly enriched relative to the
plasma control (Fig. 4). Thus, further investigations were made regarding
the involvement of complement, coagulation, and other potentially
relevant proteins, signifying the immune profiles of HiG, SA, and AP
(Fig. 5).

In Fig. 5A, adsorbed proteins of the complement system are classified
according to their associated pathway (classical, lectin, alternative) or
function [68,69]. Microbeads HiG and SA were specifically enriched with
proteins of the classical and lectin pathways. This was especially evident
for the C1 complex (complement C1q with its associated proteases C1r
and Cls), involved in the initiation of the classical pathway. C1q com-
prises subunits C1QA, C1QB and C1QC, which were 152-197-fold
enriched on HiG (values given relative to plasma control), 13-140-fold
on SA and 2-9-fold on AP, whereas the proteases (C1R, C1S) were only
enriched on HiG (17-27-fold) and SA (65-122-fold). In agreement with
this, the level of Clq surface-recruiting protein serum amyloid
P-component (APCS) was highly pronounced on HiG (>193-fold) and SA
(>230-fold), as well as lower-level enrichment of immunoglobulin G1
(IGHG1) and C-reactive protein (CRP). AP had the highest enrichment of
CRP, being >3-fold above the other microbeads. The proteins comprising
the classical C3 convertase (C4B, C2 [A]), which is activated by the C1
complex, were more prominent on HiG and SA. Proteins of the lectin
pathway, including mannose-binding protein C (MBL2), ficolin-2
(FCN2), collectin-11 (COLEC11) and mannan-binding lectin serine pro-
tease 1 (MASP1), were also identified on HiG and/or SA but below the
detection level in the plasma control. In addition to activators of the
classical and lectin pathways, we observed selective enrichment of in-
hibitors for these pathways on HiG and SA. Plasma protease C1 inhibitor
(C1IN), which inhibits the C1 complex and MASPs, respectively, was
enriched on SA (7-fold) and HiG (2-fold). C4-binding protein
(C4BPA/C4BPB complex), an inhibitor of the classical pathway, was
exclusively enriched on SA (>2-fold). The selective enrichment of pro-
teins from the alternative pathway was, however, not as evident on HiG
and SA as compared to AP. This pathway is the main driving force of
terminal complement activity, involving complement component 3 (C3)
and complement factors B (CFB), D (CFD) and properdin (CFP). C3 plays
a central role in complement activation, acting as a point of convergence
for all three pathways and fuelling the amplification process. CFB and
CFD both contribute to the activity of C3. CFP can serve as a local initi-
ator of the pathway by recruiting C3 to the surface and also plays a vital
role in stabilising the alternative C3 convertase. AP had the highest
enrichment of C3 and CFP, roughly 5-fold above HiG and SA. Notably,
CFP was not detected in plasma and was exclusively enriched in the
T-fractions, indicating strong binding. Crucial inhibitors of C3 activity
include complement factor H (CFH) and I (CFI). CFH was significantly

enriched on SA (>44-fold) and to some extent on HiG (>2-fold), while
below the plasma control for AP. CFI was enriched (~2-fold) on all mi-
crospheres. Complement components of the terminal complex (TCC; C5,
C6, C7, C8, C9) were enriched (2-59-fold) on all microspheres. Inhibitors
of TCC assembly, including clusterin (CLU) and vitronectin (VTN), were
most pronounced on SA (CLU: 40-fold, VTN: >6-fold).
Carboxypeptidase-N (CPN; CPN1/CPN2), which degrades anaphylatox-
ins (C3a, C5a) to their desArg forms, was distinctively enriched (catalytic
subunit CPN1) on SA.

The coagulation protein profiles are summarised in Fig. 5B. Proteins
of the contact activation (intrinsic) pathway [70], including plasma
kallikrein (KLKB1), kininogen-1 (KNG1), coagulation factors XII (F12),
XI (F11) and IX (F9), were all enriched on the microspheres and espe-
cially evident on SA. Here F12, which initiates the pathway, was enriched
>64-fold on SA compared to >3-fold and >4-fold on HiG and AP,
respectively. Proteins of the tissue factor (extrinsic) pathway, including
factor III (F3) and VII (F7), were not detected in the dataset. The common
coagulation proteins, factors X (F10) and V (F5), were distinct for SA and
HiG. Vitamin K-dependent protein C (PROC) that functions as an anti-
coagulant when activated, including its cofactor vitamin K-dependent
protein S (PROS1), were particularly enriched on SA. As part of the
clotting process, prothrombin (factor II) is proteolytically cleaved to form
thrombin (factor Ila) that converts fibrinogen into fibrin. Pro-
thrombin/thrombin (F2) was most enriched on AP (>5-fold), followed by
HiG (2-fold) and SA (<2-fold). Inhibitors of thrombin include
antithrombin-III (AT3), which inhibits several coagulation factors, and
heparin cofactor 2 (HCF2). Notably, SA showed the highest enrichment
of AT3 (>12-fold) and HCF2 (4-fold). Plasmin is generated from the
zymogen plasminogen on the surface of fibrin clots as part of the fibri-
nolytic  system, which has also been implicated in
complement-independent cleavage of C5 and C3 [69]. Plasminogen/-
plasmin (PLG) was exclusively enriched in the T-fraction of AP (4-fold).

Fig. 5C displays adsorbed proteins with various biological functions
that may be relevant to the PFO outcomes of the microspheres. These
proteins include extracellular matrix (ECM)-associated proteins, apoli-
poproteins, monocyte-associated proteins and cytokines or chemo-
attractants. For the ECM proteins, ECM protein 1 (ECM1) was extensively
enriched on SA (>170-fold) and to some extent on HiG (7-fold), and
tenascin-X (TNXB) was distinctively identified on SA. Further, the ECM
degrading proteins: matrix metalloproteinase-2 (MMP2) and -9 (MMP9)
and neutrophil elastase (ELANE; Table S1) were highly enriched and
unique for SA. The tissue inhibitors of metalloproteinase 1 (TIMP1) and 2
(TIMP2), which regulate the MMPs, were exclusively enriched on SA and
HiG. Several apolipoproteins (not all shown; see Table S1 for full list of
proteins) were either unique or most enriched on SA, including apoli-
poprotein E (APOE) and H (APOH). Proteins involved in monocyte
activation by lipopolysaccharide (LPS) include the LPS-binding protein
(LBP) and monocyte differentiation antigen CD14, which were enriched
on all three microspheres. The pro-inflammatory cytokines, including
platelet factor 4 (PF4), PF4 variant 1 (PF4V1) and leukocyte cell-derived
chemotaxin-2 (LECT2), and the chemoattractant azurocidin (AZU1),
were enriched above the detection level in plasma and consistently more
pronounced or exclusive for HiG and AP.

A selection of the identified proteins is presented in a heatmap
(Fig. 5D), showing the relative protein abundances between the three
types of microspheres across the E- and T-fractions. Samples from each
type of microsphere formed distinct clusters, and the largest dissimilarity
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Fig. 3. Enrichment of plasma proteins on alginate microspheres after incubation in human lepirudin-plasma (24 h). Protein abundances, represented as log, LFQ
values, for 241 proteins identified for the microspheres (HiG, SA, AP) and unfractionated plasma control. Microsphere samples comprised separate fractions of eluted
(E) and on-microsphere trypsinated (T) proteins. (A) Quantified proteins in the plasma control ranked according to their detection level (descending order), including
the respective protein profiles of the microspheres. (B) Enriched proteins on the microspheres, which were below the cut-off or not detected in the plasma control.
Proteins are denoted by gene names.
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The upper panel shows the 10 most abundant plasma proteins binding to the different alginate microspheres (E- and T-fractions) with indicated log, LFQ values. The
lower panel shows top canonical pathways (IPA analysis) associated with the proteins identified in each fraction from the microspheres and per cent overlap with each
pathway. LXR = Liver X Receptor, RXR = Retinoid X Receptor, FXR = Farnesoid X Receptor. *Number of proteins assigned to pathway (IPA).

10 most abundant plasma proteins (Logz LFQ values)

Plasma control HiG g HiG SAg SA ¢ APy AP ¢

ALB (31.2) ALB (28.5) ALB (26.7) APCS (26.7) CFH (27.1) ALB(29.6) ALB (29.5)

TF (26.6) APCS (26.4) C3 (26.6) KNG1 (26.7) APOH (27.1) C3 (27.9) C3 (28.9)

IGLC2 (26.4) IGHG1 (26.2) IGHG1 (26.5) ALB (26.5) ALB (26.9) GC (26.4) IGHG1 (26.1)

A2M (26.4) IGLC2 (26.1) C4A (26.2) AT3 (26.3) C3 (26.8) TF (26.2) LTF (25.1)

APOA1 (26.3) TF (26.1) C1QA (26.0) CLU (25.9) C4A (26.8) SERPINAL1 (25.8) CFB (24.7)

FGA (25.8) IGKC (26.0) C1QB (25.4) C4A (25.7) IGHG1 (26.1) APOH (25.7) C9 (24.3)

IGHG1 (25.7) IGHA1 (26.0) LBP (25.4) C3 (25.6) ITIH1 (25.8) CLEC3B (25.6) ANG (24.2)

SERPINA1 (25.6) CP (25.9) SERPINF1 (25.1) IGLC2 (25.5) CFB (25.7) TTR (25.3) GSN (24.0)

GC (25.5) SERPINAL1 (25.9) CFB (25.0) APOH (25.5) FGA (25.6) HPX (24.9) APOH (24.0)

C3 (25.5) GC (25.9) FGA (24.7) IGKC (25.5) ITIH2 (25.1) IGKC (24.5) PLG (23.7)

Top canonical pathways (overlap)

24.4% 26.1% 24.4% 25.6% 21.1% 22.2% 19.4% Acute phase response (180%)
51.4% 62.2% 62.2% 64.9% 59.5% 51.4% 48.6% Complement system (37%)
42.9% 48.6% 54.3% 57.1% 45.7% 42.9% 42.9% Coagulation system (35%)
30.6% 29.8% 25.6% 33.9% 19.0% 26.4% 19.8% LXR/RXR Activation (121%)
29.4% 27.8% 23.0% 29.4% 15.9% 24.6% 18.3% FXR/RXR Activation (126*)

in the immune profiles was found between SA and the two other mi-
crospheres, HiG and AP. From the cluster analysis of adsorbed proteins,
the first level of grouping predominantly separates pro-inflammatory
proteins (upper group, encompassing complement mediators and cyto-
kines) from other proteins (lower group, encompassing complement in-
hibitors and coagulation proteins). Illustratively, proteins of the pro-
inflammatory group are clearly most abundant on AP, and proteins of
the more anti-inflammatory group are more abundant on SA. HiG rep-
resents an intermediate profile between the respective groups. Moreover,
the clustering of IGHG1 with Clq (C1QA, C1QB, C1QC) may indicate
immunoglobulin-mediated classical complement activation for HiG and
SA, whereas the clustering of C1IN with the Clq proteases (C1R, C1S)
may indicate the subsequent inactivation of the classical pathway for
these microbeads.

3.4. Complement and coagulation assessments by CLSM and human whole
blood assay

The deposition of complement and coagulation proteins on the mi-
crospheres was studied by CLSM, and functional responses were assessed
in a human whole blood assay (Fig. 6). The binding of C1q was distinct
for microspheres HiG and SA (Fig. 6A). Complement C3c, a stable C3-
conversion product, was exclusively detected on the surface of AP
(Fig. 6B), in accordance with the proteomics data showing a high and
selective enrichment of C3 and CFP (stabilises C3-convertases) on these
microspheres (Fig. 5A). The binding of FXII was detected for all three
microspheres, accumulated in the order SA > AP > HiG (Fig. 6C). The
non-specific binding of antibodies to the microspheres was negligible
(Fig. 6D). On a general note, the protein depositions at the outer layer of
the microspheres indicate surface binding rather than passive diffusion
into the hydrogels (i.e. absorption). In summary, the CLSM analyses are
in agreement with the MS analyses.

In the human whole blood assay, complement and coagulation reac-
tivity was determined by levels of TCC and prothrombin fragment 1 + 2
(PTF1.2), respectively. Whereas no significant TCC induction was
observed for SA, low induction was observed for HiG (p < 0.01) and a
strong induction for AP (p < 0.001) compared to baseline (Fig. 6E). The
saline control for TCC (not shown) was significantly elevated (p < 0.01)
above baseline and SA, whereas not statistically different from HiG and
AP. Conversely, the activation of coagulation was most pronounced for
SA (p < 0.01), followed by AP and HiG (p < 0.05) compared to baseline
(Fig. 6F). The PTF1.2-response for SA as well as for the positive control
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(glass, not shown) were also significantly (p < 0.01) elevated above the
saline control (not shown).

A graphical summary of proposed complement and coagulation
mechanisms for the three types of alginate microspheres is presented in
Fig. 7, with a basis on elucidated proteomic immune profiles (Fig. 5) and
functional data on complement and coagulation reactivity (Fig. 6). De-
tails are outlined in the figure legend.

4. Discussion

Here, we use high-resolution LC-MS/MS to identify distinct protein
adsorption profiles for three types of alginate microspheres relevant for
immune isolation in cell therapy, which we recently reported exhibit
different inflammatory and PFO responses: HiG (low-inflammatory and
fibrotic), SA (low-inflammatory and anti-fibrotic), and AP (pro-inflam-
matory and highly fibrotic) [10]. A total of 236 proteins were differen-
tially adsorbed to the microspheres, and in-depth analyses of the proteins
revealed unique immune profiles. In detail, the microspheres showed
differences in enriched complement and coagulation factors with inhib-
itory or activating roles. Of specific importance is the prominent
enrichment of inhibitors of complement and coagulation on SA, coin-
ciding with minimal PFO. These findings were supported by functional
assessments in human whole blood (hWB) involving total complement
and coagulation activation. The current work establishes MS-based
quantitative proteomics as a valuable tool, in conjunction with estab-
lished in vitro and in vivo methods, to identify potential drivers of
inflammation and PFO for alginate-based hydrogels. In the following, we
discuss our methodological strategy and the effect of hydro-
phobicity/hydrophilicity and charge/isoelectric point. Further, we
include an in-depth discussion of specific proteins involved in the com-
plement and coagulation cascades that were prominent in the canonical
pathway analysis, as well as other proteins that may be relevant in PFO
development.

The competitive displacement of adhering surface proteins by other
proteins with higher binding affinities is commonly referred to as the
Vroman effect [37,75]. Consequently, the protein adsorption behaviour
of a material depends on the composition of the protein solution and the
exposure time. In the current study, we chose a strategy that preserved
the reactive complement proteins and coagulation factors in human
plasma, which sets an important premise for the subsequent protein
displacements. To distinguish between weaker and stronger bound pro-
teins, we chose to employ a two-step detachment procedure (primary
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Fig. 4. Significantly enriched plasma proteins on alginate microspheres (HiG, SA, AP) after incubation in lepirudin-plasma (24 h). (A) Venn diagrams showing
enriched proteins on the microspheres (E- and T-fractions) compared to the unfractionated plasma control. The statistical significance is given by corrected p-value
(FDR) < 0.1 and enrichment by > 2-fold change. Colour assignments correspond to protein enrichment in the following microsphere fractions: eluted (E)-fraction
(pink), on-microsphere trypsinated (T)-fraction (blue), and both (E + T) fractions (black). Proteins are listed alphabetically using their gene names. (B) Uniquely
enriched proteins are characterised by their hydrophobicity score (x-axis) and isoelectric point (pI) (y-axis). The average hydrophobicity/hydrophilicity of the proteins
was calculated using the Kyte-Doolittle method with GRAVY scoring (-2 [hydrophilic] < 0 < 2 [hydrophobic]). pI was calculated along the primary sequence of the
Erotein using the Bjellgvist scale [61]. Heparin- or heparan sulfate-binding proteins [64-67] are encircled in orange.

elution [E] and secondly on-microsphere trypsination [T]). The T-frac-
tion represents the proteins with the overall strongest binding, which is
supported by the many proteins below the detection level in plasma
selectively identified in the T-fraction. The highly abundant plasma
proteins were predominantly identified in the E-fraction. The enrichment
of proteins from plasma was evident for all the studied microspheres.
However, the number of different proteins was highest on the
anti-fibrotic SA and lowest on the pro-fibrotic AP. This indicates that the
number of proteins by itself is not a driver of the host response, but rather
the type of proteins and their capability to react with the material sur-
face, as will be discussed in later sections.

Hydrogels constitute a unique class of hydrophilic materials,
comprising water-swollen networks of hydrophilic polymers. Their pro-
tein adsorption behaviour is thus not directly comparable to that of other
non-hydrogel hydrophilic materials, such as functionalised solid surfaces
that are more widely described in the literature ([76] and references
therein). The three types of hydrogel microspheres in this study primarily
differ in their functional groups, which also dictate the surface charges.
The alginate (present in all the microspheres) is negatively charged at
physiological pH due to the presence of carboxylate groups (-COO),
while the sulfated alginate (in SA) carries additional negative charges
from the chemically introduced sulfate groups (-SOE') at C2 and/or C3
[24]. Complexation of the alginate hydrogel with poly-i-lysine (PLL; AP),
which contains positively charged amino groups (-NH#) at physiological
pH, decreases the net negative charge at the capsule surface of AP [5].
The number of significantly enriched proteins increased with the nega-
tive charge of the microspheres (SA > HiG > AP) (Fig. 4A), pointing to
charge interactions as important drivers for the observed protein binding.
There was a trend towards a more positive charge of the proteins in the
T-fraction, supporting that opposing charge interactions play an impor-
tant role in promoting the strongest binding to the microspheres. The
high number of negatively charged proteins uniquely binding to the
microspheres may be explained by positively charged surface patches
that could dictate their binding despite an overall net negative charge
[38]. One such example is the known sugar-binder inter-alpha-trypsin
inhibitor heavy chain 1 (ITIH1). This protein contains a positively
charged lysine cluster aligned on top of a p-sheet on the protein surface
(PDB: 6FPY) [77], which might explain the strong association to HiG. The
inclusion of sulfated alginate in the alginate microbeads (SA) resulted in
an overall increase in adsorbed proteins as well as uniquely enriched
proteins in the E-fraction. Notably, the majority (>63%) of the negatively
charged proteins binding to SA have previously been reported to bind
heparin and/or heparan sulfate [64-67]. Heparin and heparan sulfate are
sulfated glycosaminoglycans (GAGs) that interact with a wide range of
proteins in the regulation of different biological processes such as the
immune response or response to wounding [64]. The structure-function
properties of sulfated alginate have been associated with those of hepa-
rin and heparan sulfate [24,78], and sulfated alginate has previously
been shown to bind several heparin-binding proteins [24,26].

Alginate hydrogels have water-swollen, porous structures (~2% [w/
v] polymer concentration) that could allow proteins to penetrate below
the microsphere surface [79]. Coating alginate microbeads with PLL
decreases the pore size of the microspheres [80], which could contribute
to the lower number of proteins on AP. Previous studies on the surface
topography of alginate microspheres using atomic force microscopy
(AFM) revealed similar average surface roughness for Ca- or Ba-alginate
microbeads and alginate-PLL-alginate microspheres [81]. In a recent
AFM study, we showed that the inclusion of oxidized alginate in soft
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alginate hydrogels leads to an increase in surface roughness [82]. Like
oxidized alginate, sulfated alginate also contributes poorly to the ionic
network of the hydrogel [83,84]. Thus, higher surface roughness could
potentially be expected for SA when compared to HiG. However, the
effect of topography as a driver for protein adsorption in the studied
microspheres remains elusive.

Complement is considered a key contributor to biomaterial-induced
host responses [41]. The coagulation cascade may influence the host
response by direct activation through the contact pathway or through
crosstalk with the complement system [71]. Ingenuity pathway analysis
(IPA) identified the acute-phase response and the complement and
coagulation cascades as the top enriched canonical pathways for all three
microspheres. However, the protein adsorption does not necessarily
reflect a biological response, since the acute-phase effectors which
include most of the complement and coagulation proteins depend on
distinct conformational changes to elicit their biological functions [41,
85]. Thus, we interpret the proteomics data (Fig. 5) alongside the func-
tional data in hWB with assessments of total complement and coagula-
tion activation (Fig. 6). In agreement with our findings, initial in vivo
adsorption of acute-phase proteins was also reported for fibrotic PEG
hydrogels explanted from mice [27]. This supports the significance of
active proteolytic cascades in the early phases of the host response and
fibrotic tissue development, as well as the relevance of using lepirudin
plasma in vitro.

In brief, the complement system consists of an intricate network of
effectors and regulators. Driven by conformational changes, complement
activation could be initiated through the alternative, classical, or lectin
pathways. This culminates in the formation of convertases, which in turn
generate the complement effectors, including opsonins (e.g. Cl1q, C3b),
anaphylatoxins (e.g. C3a, C5a), and terminal complement complex (TCC)
[68,69]. The potent biological effects of these effectors are tightly
regulated by inhibitors, consisting of cellular receptors or soluble hu-
moral factors that also bind to GAGs on cell surfaces [68,86,87]. In the
current study, SA showed insignificant terminal complement activation
(TCC formation) in hWB, which represents the functional endpoint of
complement activation. This conforms with the enrichment of comple-
ment inhibitors in the proteomic analysis, including C1 inhibitor (C1IN),
factor H (CFH), C4-binding protein (C4BP), clusterin (CLU), vitronectin
(VIN), and carboxypeptidase-N (CPN). Interestingly, the catalytic sub-
unit of CPN, which serves to mitigate the pro-inflammatory, chemotactic
signalling of the anaphylatoxins C3a and C5a [69], was exclusively
enriched on SA. The abundant enrichment of CFH on SA is intriguing as it
is involved in the inhibition of complement at the level of C3. It is
acknowledged that CFH can bind directly to polyanions such as sulfated
GAGs and sialic acid on host cells [85]. It has also been demonstrated that
C1IN directly binds to heparin [88] which exhibits properties similar to
sulfated alginate. The enrichment of complement inhibitors to SA (con-
taining sulfated alginate) is likely biologically significant, as shown by
the low TCC response and could at least partly be related to a direct
binding of these factors. In addition, low levels of C3 in both proteomics
(enriched >2-fold from plasma) and CLSM analyses, together with a
pronounced enrichment of CFH (>44-fold) for SA, indicates that the
balance of activating and inhibiting proteins is important for the bio-
logical outcome. This is further apparent when comparing to AP, which
showed low levels of the complement inhibitors while the highest
deposition of C3 and properdin (CFP). This further coincides with a
significant TCC response in hWB. The abundant plasma protein C3 is
crucial for downstream complement activation, where CFP serves to
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Fig. 5. Immune profiling of adsorbed plasma proteins on alginate microspheres. Isolated proteins from eluted (E)- and trypsinated-on-microsphere (T)-fractions of the
microspheres (HiG, SA, AP) and the plasma control. (A) Adsorbed proteins of the complement system, (B) coagulation system, and (C) other potentially relevant
proteins grouped with their associated pathway or mechanistic function. Protein abundance is given as log, LFQ values, where a difference of 1 equals a 2-fold change.
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Fig. 6. Evaluation of complement and coagulation proteins and responses on/to alginate microspheres. Detection of complement (C1q, C3c) and coagulation proteins
(FXII) in human plasma by CLSM (A-D) and activation in human whole blood by terminal complement complex (TCC) and prothrombin fragment 1 + 2 (PTF1.2) (E,
F). CLSM images show antibody-stained alginate microspheres HiG, SA, and AP after incubation (24 h) in lepirudin-anticoagulated human plasma. Microspheres were
FITC-stained (green) against complement C1q (A) and C3c (B) and CF633-stained (red) against coagulation FXII (C), and non-specific antibody binding was assessed
(D). Captured images include brightfield (BF), equatorial (2D)-sections and (3D)-projections of z-stacked images. Scale bar: 200 pm. Activation of complement by TCC-
induction (E) and coagulation by PTF1.2 formation (F) was assessed after incubation (4 h) in lepirudin-anticoagulated human whole blood. Controls measured
(median + SEM), but not shown, included positive control for PTF1.2 (glass): 759 954 + 197 581 pmol/L, and saline control: 12.9 + 5.2 AU/mL (TCC) and 401 + 169
pmol/L (PTF1.2). Data are expressed in box plots with values from five donors. Significant values are given as p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) between
indicated sample groups. TO represents the experimental baseline. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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Fig. 7. Proposed mechanisms of complement and coagulation responses on the alginate microspheres based on proteomic and CLSM analyses as well as functional
data from human whole blood (hWB). The complement and coagulation systems are interconnected protein defence systems [71], consisting of sequential activation of
zymogens to active proteinases during inflammatory responses. The complement system is activated by three distinct pathways: classical, lectin and alternative,
which have been thoroughly described elsewhere [68,69]. HiG and SA are significantly enriched with proteins of both the classical (e.g. C1q and APCS) and lectin
pathways (MBL/collectins/ficolins), which may suggest an initial complement activation. However, low levels of C3 indicate a prompt attenuation of this potential
complement response through initial regulators. SA is unique in the high abundance of adsorbed complement inhibitors (C1IN, CFH, CFI, C4BP, CPN, CLU, VIN). HiG
is enriched with fewer inhibitors (C1IN, CFH, CFI, CLU) and to a lesser extent. HiG, and especially SA, exhibit low terminal complement activity (fluid-phase TCC;
sTCC) in hWB, despite being enriched with proteins involved in TCC formation, which suggest inactivation of TCC or adsorption of non-assembled TCC-components.
AP displays pronounced enrichment of CFP and C3, indicating complement initiation and propagation through the alternative pathway. Moreover, enrichment of
prothrombin/thrombin (FII [a]) and plasminogen/plasmin (PLG) also present the additional possibility of a complement-independent activation of C3 and C5. AP is
distinct in the absence or low levels of initial complement inhibitors. This is in accordance with a persisting complement response and subsequent terminal com-
plement activity, shown for these microspheres by the high levels of adsorbed proteins involved in TCC formation and the significant TCC response in hWB. The
coagulation system is activated through two mechanisms: the extrinsic (tissue factor) pathway (not discussed here) and the intrinsic (contact activation) pathway,
which has been described elsewhere [70,72-74]. All the microspheres activate coagulation to some extent, as seen by the functional hWB data. SA has an overall
moderate coagulation reactivity but the highest coagulation (prothrombin fragment 1 + 2) response among the microspheres. Being highly enriched with proteins of
the intrinsic pathway, such as FXII, suggests coagulation activation through the contact system. SA is also enriched with numerous coagulation inhibitors (AT3, HCF2,
C1IN, PROC, ZPI), which likely diminishes this activation. HiG shares a similar coagulation profile to SA in types of enriched proteins, although at significantly lower
abundances and with some variation in adsorbed inhibitors (i.e. PROC, TFPI). Distinctively, AP is enriched with all the contact system proteins, except for C1IN, which
potentially allows for pro-inflammatory signalling by BK. Further enrichments include several coagulation inhibitors (AT3, HCF2, PROC, ZPI, TFPI). AP shows the
highest enrichment of FII(a) yet distinctively lacks central proteins (FX, FV) of the intrinsic pathway. Hence, the observed coagulation reactivity in hWB indicates
tjssue factor-dependent initiation [48], closely linked to complement activation.

stabilise the C3 protein in its active form (C3 convertase) [68]. Thus, the inhibitors, especially antithrombin-III (AT3) and heparin cofactor 2
data indicates that the C3 convertase is built at the surface of AP, with (HCF2). This finding points to a similarity to heparin that mediates its
further downstream activation of the complement cascade leading to the anticoagulation effect through the binding of AT3 [90].
formation of TCC. Previously, we have shown that the binding of C3 to In the following sections, we discuss the proteomics data in connec-
the surface of AP leads to the adhesion of leukocytes in vitro with sub- tion with the previously reported PFO outcomes and focus on the poorly
sequent secretion of pro-inflammatory cytokines [15,16]. In agreement understood differences in PFO between HiG and SA, the former being
with our previous work, the proteomics study by Wang et al. on human prone to PFO as opposed to the latter exhibiting minimal PFO in vivo [10].
serum proteins adsorbed to PEG hydrogels revealed the binding and Their elucidated immune profiles present similar protein identities,
activation of C3, where the inactivation of C3 (incubation in except for a few regulatory proteins, yet they display distinct protein
C3-inactivated serum) led to a reduction in the attachment of human abundances. These subtle differences might tip the balance toward a PFO
monocytes in vitro [20]. response as seen for HiG. In detail, SA was unique in its abundant and
In the functional assay (hWB) herein, HiG induced a low TCC strong association to a multitude of complement inhibitors, which were
response yet significantly elevated above that of SA. The proteomic less prominent on HiG. Importantly, this includes the binding of com-
analysis may provide insight into the subtle differences in inflammatory plement factor H (CFH) that was profoundly more enriched on SA
potentials of the microspheres, showing that the enriched complement compared to HiG and, contrastingly, not enriched on AP. The abundant
inhibitors were significantly less abundant on HiG compared to SA enrichment of CFH is particularly interesting as it serves a protective role
(Fig. 7). Intriguingly, both microspheres showed an extensive enrichment against complement-targeted destruction in the host [68], and CFH
of C1q (classical pathway), as well as being enriched with proteins of the enrichment strategies have previously been used to improve the
lectin pathway, which could indicate an initial complement recognition. biocompatibility of biomaterials [91]. In addition, an extensive enrich-
However, if this recognition leads to complement activation it is likely ment of serum amyloid-P component (APCS) was found on HiG and SA.
subdued at an early stage, in accordance with enriched inhibitors (C1IN), APCS is involved in several aspects of innate immunity, including
lower-level enrichment of C3, minimal C3c deposition verified by CLSM inhibiting the differentiation of fibrocytes and pro-fibrotic macrophages,
and, importantly, low TCC induction in the functional hWB assay. In and has been proposed as a potential anti-fibrotic therapeutic [92]. The
support, the cluster analysis of bound proteins showed a potential inac- strong binding of IgG (e.g. IGHG1) and other immunoglobulins was
tivation of C1 complex (C1q/Clr/Cls) by grouping its inhibitor (C1IN) consistently more pronounced on HiG. The classical pathway, mediated
with the Clg-associated proteases (Clr, Cls). C1IN is known to bind by the action of C1q and its numerous pattern recognition molecules, is
these proteases, forming an inactive covalent complex that dissociates strongly initiated by IgG or IgM [68]. Cluster analysis of the proteomics
from Clq and hinders downstream complement activation [69]. Inter- data grouped IgG with C1q (Fig. 5D), which was most prominent for HiG
estingly, C1q was more enriched on HiG whereas C1IN was more and could indicate a relatively higher degree of Clq activation. As dis-
enriched on SA, which might explain the slightly lower complement cussed above, the clustering of C1IN with the Clq-associated proteases
activation of SA in hWB. It has previously been shown that sulfated was most prominent for SA and could point to a relatively larger degree

polysaccharides (e.g. sulfated GAGs and dextran sulfate) potentiate C1IN of Clq inactivation. Thus, the potential activation state of C1q might
activity [89]. The anti-inflammatory effects of C1IN encompass the prove relevant for the PFO outcomes of HiG (fibrotic) and SA (anti--

regulation of the classical and lectin complement pathways, as well as the fibrotic). Complement proteins (such as C3) play a central role in fibrotic
coagulation (contact pathway) and fibrinolytic systems [86]. tissue development [17,19], and we recently demonstrated the in vivo

In the assessment of the total coagulation activation in hWB (pro- deposition of C3 on highly PFO-prone AP microspheres [10]. In the
trombin factor 1 + 2; PTF1.2), we found an elevated response for SA. The proteomics study herein, AP displayed the highest enrichment of C3 and,
proteomics data showed a marked enrichment of the initiators of the intriguingly, the acute-phase protein C-reactive protein (CRP). CRP is
contact pathway on SA, including coagulation factor XII (FXII), plasma involved in classical complement activation [68] and has further been
kallikrein (KLKB1) and high-molecular-weight kininogen (KNG1), thus shown to promote cell-mediated responses with potential recruitment of
pointing to an initiation through the contact pathway. Still, the coagu- inflammatory cells [93]. Romero-Gavilan et al. found that CRP, as well as
lation response of SA is considered moderate in comparison to the glass C1q, was most abundant on titanium-based implants that were prone to
control, which is a prominent activator of FXII [48]. This could be fibrotic responses, wherein the authors postulate that the ratio of com-
explained by the enrichment of C1IN, which also regulates the contact plement activators and inhibitors may determine the in vivo outcome
pathway. In addition, SA was enriched with several coagulation [30].
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The fibrinolytic system is known to restrict the propagation of blood
clots by dissolving fibrin during wound healing processes. In our previous
in vivo experiments [10], the accumulation of fibrin(ogen) on the mi-
crospheres was found to coincide with PFO, where SA exhibited a
significantly lower degree of PFO and fibrin(ogen) deposition than HiG
and AP. In the current study, specific regulatory factors of fibrinolysis
[94], involving the activation of plasminogen to form the active fibri-
nolytic enzyme plasmin, could indicate that SA has a higher inherent
potential for fibrinolysis. The levels of the plasminogen activators FXII
and KLKB1 were markedly higher on SA, and the plasmin inhibitor
alpha-2-macroglobulin (A2M) was strikingly more depleted, compared to
HiG and AP (Supplementary Fig. S2).

The significantly enriched heparin-binding proteins which were
unique for the anti-fibrotic SA include the matrix metalloproteinases
(MMPs [MMP2, MMP9]), neutrophil elastase (ELANE) and tenascin-X
(TNXB). The ECM degrading enzymes MMP2 and MMP9 have been
found to inhibit, and also promote, fibrosis in different fibrotic disease
models [95,96]. Interestingly, the MMPs and their regulators (TIMPs)
were enriched on SA, while only the latter was enriched on HiG. The
intricate balance between MMPs and TIMPs and their potential roles in
fibrosis might prove relevant for biomaterial-mediated fibrotic responses
and, in effect, the fibrotic outcome for SA and HiG. The
neutrophil-derived protease ELANE modulates innate immunity and
inflammation, where excessive activity has been shown to hamper
phagocytic recognition and clearance through the digestion of opsonins
and opsonin receptors [97]. The ECM glycoprotein TNXB plays an
important role in ECM architecture and tissue integrity, which has been
shown to have anti-adhesive properties [98]. Several apolipoproteins
involved in lipid metabolism, among others [99], were detected on the
microspheres, which were consistently more pronounced on SA
compared to HiG and AP. Interestingly, the apolipoproteins E (APOE) and
H (APOH; p2-glycoprotein 1) have been reported to have anti-fibrotic
effects [100,101].

In summary, the previous sections have highlighted proteins that may
have an impact on the PFO responses seen in vivo [10], with a particular
focus on HiG and SA. Sulfated alginate reduces the fibrotic host response
towards empty and cell-containing microbeads compared to high G
alginate [3,10], demonstrating the significance of using biomaterials
with low inflammatory potential in cellular therapies that depend on the
free diffusion of oxygen and nutrients to encapsulated cells. In this study,
the binding of inhibitors (e.g. C1IN and CFH) and heparin-binding pro-
teins to SA are striking. Recruiting CFH to biomaterial surfaces has pre-
viously been shown to attenuate biomaterial-mediated inflammatory
responses [91], thus underscoring the clinical relevance of
surface-associating proteins in terms of biocompatibility. Importantly, as
the proteomic analysis does not provide information on the activation
state of the proteins, it needs to be supported with functional studies.
Here, we focused on the proteolytically active cascades of complement
and coagulation in human whole blood. The proteomics data serves to
deepen our understanding of the mechanisms of activation by providing
insight into the binding of activators and inhibitors to the biomaterial
surface. This culminates in the biological effects seen as complement or
coagulation activation in vitro or fibrotic tissue development in vivo.

5. Conclusion

The current study is the first to document the adsorption of human
plasma proteins on alginate hydrogel microspheres using LC-MS/MS-
based proteomics. In conjunction with functional data of complement
and coagulation activation in human whole blood, the proteomic analysis
signifies a physiologically relevant method for elucidating protein-based
immune profiles of alginate hydrogel materials. Utilising lepirudin-based
plasma enables the investigation of proteolytic activable cascades of the
complement and coagulation systems, which are critical activators of the
host immune system. Protein profiling revealed novel details on the se-
lective protein binding to the different alginate-based materials, and that
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could help explain their different PFO outcomes shown in previous
studies. The abundant binding of complement and coagulation inhibitors
to SA conforms to a low-inflammatory and anti-fibrotic profile. Moderate
levels of inhibitors to HiG conform to a low-inflammatory but pro-fibrotic
profile. In contrast, the enrichment of complement activators in combi-
nation with low amounts of inhibitors on AP conforms to a pro-
inflammatory and pro-fibrotic profile. The current work presents a step
forward in understanding the underlying mechanisms of the inflamma-
tory and PFO responses towards alginate-based microspheres. SA
possibly evades fibrosis through the extensive binding of acute-phase
inhibitors. Heparin-binding proteins enriched on SA may have addi-
tional anti-fibrotic effects. Ultimately, the method and results presented
in this study can serve as tools to tailor novel biocompatible alginate
materials intended for cell-based therapies as well as other therapeutic or
diagnostic applications.
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