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Abstract
Residing at the interface between circulating blood and the vessel wall, the endothelial
glycocalyx is a prominent regulator of the immune response. Existing as a highly complex,
glycoprotein-rich brush-like structure on the surface of the endothelium, it dynamically regulates
endothelial behavior by changing its architecture and chemical composition. As such, it is an
interesting target for cell surface engineering (CSE), a methodology in which the cell surface is
chemically or genetically tailored to modulate cellular behavior. Glycocalyx engineering can also
be explored as a therapeutic iteration of CSE, as the breakdown of the glycocalyx plays a pivotal
role in the immune regulated pathways that initiate organ damage and rejection at the blood vessel
surface. Though a variety of preventative strategies have been developed to attenuate immunemediated organ damage, none exist which actively reverse glycocalyx damage to re-initiate the
native immunoprotective structure on the cell surface.
In this body of work, we present new techniques and tools for engineering the glycocalyx
surface with glycocalyx mimicking polymers. Architecturally defined, biocompatible polymers
like hyperbranched polyglycerol (HPG), linear polyglycerol (LPG) and polyethylene glycol (PEG)
were explored as promising candidates for recapitulating glycocalyx function as they are nonimmunogenic and can be easily functionalized post-polymerization. Utilizing the enzyme tTGase
in concert with Q-tagged polymers, we developed a CSE technique that mediates extensive and
gentle attachment onto lysine substrates on the endothelial glycocalyx. Once attached to the cell
surface, the polymers were able to re-establish the immunosuppressive barrier functions of the
glycocalyx following breakdown.
Next, we built upon the therapeutic efficacy of our strategy by introducing
immunosuppressive sialic acids onto the LPG-Q scaffold. Endothelial cell surfaces engineered
with α2,3 sialic acid-decorated glycopolymers provided a potent localized therapy which
combined sterically driven immunocamouflage against leukocyte binding with sialic acidmediated CD8+ T-cell and NK-cell inhibition. The immunosuppressive nature of this CSE strategy
was also recapitulated in vivo using an arterial transplant model.
Finally, we presented two new tools designed to improve the control over and assessment of
glycocalyx engineering strategies in cell culture by re-directing CSE in the longitudinal direction
and developing physiological relevant glycocalyx structures in vitro.
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Lay summary
As the first point of contact between cells and the environment, the cell surface is an
important regulator of cell behavior. Highly reactive and chemically complex, is it also a fertile
ground for non-genetically re-directing cell biology. Cell surface engineering (CSE) is a
methodology in which the cell surface is tailored to modulate cellular response. Residing at the
interface between blood and the vessel wall, the endothelial glycocalyx is an ideal, but
underexplored target for therapeutic CSE. This thesis focuses on developing polymer-mediated
CSE strategies to rebuild damaged endothelial glycocalyx structures. The presented
transglutaminase-mediated CSE strategy is specifically designed for preventing immune-mediated
damage and rejection in allogenic organ transplants, where glycocalyx dysfunction plays a major
role. We demonstrated that engineering the endothelial surface with sialic-acid-bearing
glycopolymers provides a potent, localized immunosuppressant both in vitro and in vivo. We also
present several strategies for improved glycocalyx engineering in vitro.
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Chapter 1: Introduction
1.1

The endothelial glycocalyx
Residing at the interface between circulating blood and the vessel wall, the vascular

endothelium is an important structure in vascular biology. The prominence of the endothelium is
overwhelmingly due to the endothelial glycocalyx: a highly complex, glycoprotein-rich brush-like
structure on the apical surface of the endothelium that serves as a protective shield for the
underlying tissue.1 The components of a healthy glycocalyx are capable of tightly regulating cellcell interaction, cell-niche communication and intracellular signaling pathways via dynamic
changes in the carbohydrate composition on the cell surface. 2-7 Governance over these interactions
provide the glycocalyx with a critical role in innate immunity, inflammation, and coagulation. The
glycocalyx is also mechanoresponsive, controlling vascular tone and glycocalyx composition by
sensing the changes in the flow dynamics of the blood and transducing it into intracellular signals.8
1.1.1

Glycocalyx composition
The carbohydrate-rich brush structure of the glycocalyx is composed of two major

architectures: the membrane bound meshwork and soluble components. The membrane bound
components are composed of proteoglycans that are anchored to the cell membrane through either
membrane-spanning domains (syndecans) or glycosylphosphatidylinositol anchors (glypicans). 9,10
These structures create the ‘backbone’ of the glycocalyx brush structure. Within the meshwork of
the proteoglycans, soluble proteoglycans (perlecan, mimecan, biglycan), proteins and linear
carbohydrate chains called glycosaminoglycans (GAGs) are secreted by the endothelium or
adsorbed from blood plasma and entrapped, forming the secondary major structure of the
glycocalyx surface layer (Figure 1). 11,12
Glycocalyx proteoglycans have significant heterogeneity due to large variations in the size
and composition of the GAG chains attached to the protein backbone. Heparan sulfate, chondroitin
sulfate, dermatan sulfate, keratan sulfate, and hyaluronic acid are the five major types of GAG
found in the glycocalyx.13-16 Present on syndecan, glypican and perlecan, heparan sulfate (HS)
GAGs have the greatest abundance on glycocalyx proteoglycans and represent roughly 50–90%
of the total amount of proteoglycans on the cell surface. 1 Chondroitin sulfate (CS) is the second
most common glycosaminoglycan in the endothelial cell glycocalyx, often co-expressed with HS
1

on proteoglycans (syndecan, perlecan, glypican) in a 4:1 HS:CS ratio. 17,18 The third most abundant
GAG hyaluronic acid (HA), is an outlier amongst the other GAGs as it is not found linked to a
core protein but instead, anchored to the cell membrane through the surface protein receptor
CD44.19
Some GAGs contain a cytoplasmic tail which allows membrane attachment in the absence
of a core protein. Many of these GAG sub-types are classified as cell adhesion molecules, which
are responsible for the selective recruitment of blood components and cell signaling. Integrins,
selectins and immunoglobins represent the three major categories of membrane-bound cell
adhesion molecules within the endothelial glycocalyx. While most endothelial cell integrins are
involved in binding to the basement membrane, integrins expressed on the apical surface of
endothelial cells are an important mediator of platelet-endothelial interactions.20 Selectins such as
E-selectin and P-selectin govern endothelial-leukocyte interactions through lectin-binding
domains which bind to carbohydrate receptors on leukocytes. 21 Finally, glycoproteins in the
immunoglobin superfamily take the form of intercellular adhesion molecule 1 (ICAM-1),
vascular cell adhesion molecule 1 (VCAM-1), and platelet/endothelial cell adhesion molecule 1
(PECAM-1) on the endothelial surface. Like integrins and selectins, these receptors mediate
leukocyte and platelet binding and are highly expressed following exposure to pro-inflammatory
cytokines.22,23
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Figure 1: TEM image of the endothelial glycocalyx ex vivo illustrating the impressive branched
structure on the surface of the endothelium in ruthenium-red labeled rat myocardial capillaries.
Figure used with permission from van den Berg et al.24 Inset: The composition of the endothelial
glycocalyx including membrane bound and soluble proteoglycans and glycosaminoglycans.
Plasma components such as extracellular superoxide dismutase (ec-SOD) and antithrombin III are
also adsorbed into the glycocalyx brush structure. Figure used with permission from Reitsma et.
al.1
1.1.2

Regulation of glycocalyx composition
As the glycocalyx acts as a signaling platform between blood components and the

underlying endothelium, the composition and architecture of the glycocalyx is continually
changing. To impart change on the endothelial surface, the synthesis of glycocalyx proteins is
balanced by various enzyme-mediated shedding pathways. With roles in protecting the glycocalyx
from blood flow-induced shear damage and facilitating inflammation and coagulation, the
expression of these enzymes is often triggered by shear stress and the release of proinflammatory
cytokines.25-27 These enzymes can be either proteases that target the protein backbone, or
glycosidases that modify the type and degree of glycosylation.25,28,29 In addition, post-translational
modifications to the individual saccharide units on GAGs are also used to regulate glycocalyx
composition. For example, changing the sulfation pattern on the carbohydrate chain through Nsulfation or O-sulfation has been demonstrated to diversify the biological function of the parent
GAG.30,31
3

1.2

The role of the endothelial glycocalyx in organ transplant dysfunction
Allogenic, whole organ transplantation is a surgical procedure in which a failing organ is

removed and replaced with a functioning one from a genetically non-identical deceased or living
donor. During procurement, the blood vessels of the organ are clamped and severed which can
greatly impact vascular integrity (vascular leakage, edema and inflammation ) and ultimately, the
outcome of the organ itself due to ischemia reperfusion injury (see section 1.2.1). 32
It has been reported that tissue damage during this phase of transplantation is rooted in the
breakdown of the endothelial glycocalyx.33-35 A healthy, intact glycocalyx is capable of regulating
immune recognition by camouflaging allogenic molecules at the endothelial surface, and providing
protection against swelling.24 During the intensive surgical process of organ transplantation
however, the glycocalyx integrity is drastically compromised. 32 The expression of glycocalyx
degrading enzymes such as MMP-9 and heparinase cause unregulated glycocalyx shedding which
decreases vascular barrier function against platelet and leukocyte adhesion and promotes cell
swelling.36,37 This loss of protection is a major contributor to complications in organ
transplantation .38 In fact, the pathophysiological relationship between the glycocalyx and organ
outcome is considered so powerful that the presence of glycocalyx components which have been
shedded into the blood (i.e. syndecan-1, heparan sulfate, hyaluronic acid) is used as a clinical
biomarker for organ damage.38-40

1.2.1

Ischemia reperfusion injury in kidney transplantation
During the procurement phase of organ transplantation, the organ is drained of blood and

goes through a phase of cold, blood-free (ischemic) preservation followed by warm reperfusion
with oxygenated blood. This process often causes ischemia–reperfusion injury (IRI), a major
clinical challenge in not only transplantation, but any type of surgical procedure where tissue is
restricted from blood flow for an extended period.
The phases of IRI in organ transplantation are summarized in Figure 2. During ischemia,
the lack of oxygen from blood triggers a metabolic shift from aerobic to anerobic respiration.41
The onset of anaerobic metabolism in typically aerobic tissue causes acidosis and a rapid depletion
of intracellular ATP. These events work together to destabilize the cell structure and inhibit the
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activity of membrane-bound Na+/K+ATPase and other ion channels.42 Ion channel inactivation
causes cellular edema and intracellular Ca2+overload which induces the mitochondrial generation
of harmful reactive oxygen species (ROS).41,43 Furthermore, hypothermic storage promotes the
release of free iron (Fe2+) which further propagates the generation of ROS during storage.44,45
During this time, the expression of cell damaging proteolytic enzymes such as calpains and
phospholipid proteases is also upregulated. 46,47

Figure 2: Pathological implication over time of ischemia-reperfusion injury in kidney
transplantation

While ROS are generated during the hypoxic phase, the majority of oxidative damage
occurs at the time of reperfusion when warm, oxygenated blood flow is restored. The reintroduced
oxygen molecules react with the existing ROS, propagating excessive ROS production at levels
that cannot be effectively neutralized by innate anti-oxidant pathways.48,49 The restoration of
physiological pH and temperature also increases the activity of proteolytic enzymes generated
during ischemia.47 As a result, direct injury to cellular structures occurs during this phase.
Ischemia-reperfusion also activates different programs of cell death including necrosis and
apoptosis.50,51 The necrotic cells release molecules that stimulate the immune system, leading to
5

tissue infiltration with inflammatory-cells and subsequent cytokine release, which further
promotes inflammatory injury and activation of innate and adaptive immunity. 52
At the vascular level, IRI has the most detrimental effect on the endothelium including:
cell swelling, loss of glycocalyx and the breakdown of the actin cytoskeleton. 53 The loss of
endothelial integrity perpetuates increased leukocyte activation, chemotaxis, leukocyteendothelial cell adhesion and transmigration. The activated leukocytes (lymphocytes, neutrophils,
macrophages) release further ROS, as well as proteases and elastases which exacerbate tissue
injury, edema, thrombosis and cell death. 54

1.2.2

Delayed graft function
At the clinical level, IRI following organ transplantation typically presents itself as delayed

graft function (DGF), an outcome that plays an important role in the development of chronic graft
failure and late graft loss. Renal DGF is a form of acute renal failure and is often characterized by
insufficient renal filtration and urine output, increased allograft immunogenicity and decreased
long-term graft survival.55 Renal DGF is one of the more frequent complications in the early stages
of transplantation, occurring in 25-70% of transplant recipients despite ex vivo preservation. 56
Often, the incidence of DGF can negate the major benefits of the new organ, including a continuing
reliance on dialysis, increased risk of acute rejection and ultimately, a reduction in the longevity
of the transplant itself.57 This outcome is especially problematic in efforts toward expanding the
donor pool, in which organs are donated by expanded criteria donors. While more populous,
expanded criteria donors are often older and beset with co-morbidities that cause the organ to be
of lower functional quality before IRI is even initiated. 44

1.2.3

Immune-mediated organ rejection
In addition to DGF, organ ‘rejection’ by the recipient immune system is also a major

contributor to postoperative transplant injury. This type of immune rejection is carried out through
antibody mediated rejection (AMR) of the allogenic donor tissue by the recipient immune system.
Like DGF, AMR is initiated at the endothelial surface of the allograft in vascularized organs.58
The endothelium expresses human-leukocyte antigens (HLA) which are donor-specific antigens
that mark the transplanted tissue as ‘non-self’ by the recipient immune system. HLA is highly
6

polymorphic between individuals and consequently, it is often difficult to perfectly ‘match’ HLA
type between donor and recipient tissues. 59 In case of mis-match, T-cells, dendritic cells and
natural killer (NK) cells from the recipient immune system recognize and bind to HLA antigens
on the endothelial surface, triggering cell death through various mechanisms. 60,61 The onset and
mechanism of the immune response define the three stages of immune-mediated organ rejection:
hyperacute, acute and chronic rejection. 62
Hyperacute rejection occurs immediately after organ transplantation and is caused the by
the presence of pre-existing anti-HLA donor-specific antibodies (DSA) in the recipient. The
generation of DSA before contact with the donor organ occurs when the recipient has had previous
exposure with ‘non-self’ HLA including: pregnancy, blood transfusions or previous transplants.63
During hyperacute rejection, DSAs bind to the endothelial surface and activate complement and
prothrombotic pathways, causing major lesions on the donor tissue that ultimately lead to graft
failure.59,63 The risk and incidence of hyperacute rejection has been dramatically reduced in recent
years however, on account of advances in preoperative HLA typing and plasmapheresis to remove
DSAs in the recipient sera.64
Acute rejection occurs in the days to weeks following surgical transplantation and is
mediated by cellular and humoral immune pathways that may act alone or concurrently. In acute
cellular rejection, effector CD4+ and CD8+ T-cells are activated by dendritic cells and contribute
to the direct lysis of donor tissue alongside NK cells. 65,66 Activated CD8+ T cells and NK cells
bind to HLA receptors and directly impart apoptosis while helper T-cells (both CD8+ and CD4+)
produce a storm of cytokines which promote inflammation at the graft site.67,68 These cytokines
can also upregulate HLA expression on the endothelial surface, further enhancing acute rejection. 69
Humoral rejection presents as a delayed version of hyperacute rejection where B-cells generate
DSAs that trigger graft death through the complement pathway. 70 Most therapeutics against this
stage of rejection target T-cell activation through small molecule immunosuppressants
(azathioprine, cyclosporine, rapamycin) or antibodies. 71 Through the use of immunosuppressants
the occurrence of acute rejection has decreased 15% in transplant recipients, though patients must
remain on these immunosuppressive regimens for their entire lives,.72 Though technically
effective, these types of immunosuppressants are rife with side effects and prone to non-
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compliance by patients and the search for immunosuppressing alternatives in the acute stage is a
major point of development for transplant research. 73,74
Chronic rejection occurs >1 year after transplantation and is characterized by the formation
of massive lesions and interstitial fibrosis. 75 It is the most complex type of rejection and is often
inevitable during the life of the transplant. 76,77 Many pathophysiological aspects remain poorly
characterized in chronic rejection, though it is known that in addition to AMR, nonimmunological
processes such as uncontrolled repair responses are also involved.62,76,78 It is believed however,
that the prevention of organ damage early in the transplantation process may reduce the risk and
degree of chronic rejection in later years. 79,80

1.3

Current combative strategies in organ transplantation
Therapies and procedures that attenuate IRI triggered DGF and acute rejection are rapidly

developing fields in transplant research. 74 Though both DGF and acute organ rejection are
impacted by the immune system, preventative strategies at the clinical level for these two
conditions do not overlap. The respective strategies to alleviate injury from IRI and organ rejection
are aimed at 1) limiting the production of ROS rather than the more difficult approach of
neutralizing the effects of ROS and 2) using antibody or small molecule-based
immunosuppressants and anti-inflammatories to attenuate the progress of immune-mediated
cytotoxicity.71

1.3.1

Organ preservation solutions for kidney allografts
The ex vivo preservation of a donated organ is a crucial aspect of organ transplantation.

Effectively preserving the organ tissue following removal from the donor allows for the transport
of organs between centres to improve histocompatibility matching and also allocates extra time to
stabilize the recipient. Despite this, organ preservation is one of the few areas of medicine where
there has been little innovation. Similar to the early days of transplantation in which the organ was
placed on ice in-between donor and recipient surgeries, static cold storage (SCS) with organ
preservation solutions is still the gold standard. 81,82 During SCS, the organ is subjected to low
temperatures to suppress the production of harmful metabolic byproducts like ROS. Organ
preservation solutions are then perfused throughout the vasculature, delivering compounds that
8

further suppress metabolism, tissue edema, inflammation and neutralize the progression of ROS
generation (Table 1).83
Several formulations for kidney preservation exist however, the University of Wisconsin
(UW) solution continues to be unrivaled in attenuating DGF. 56,84 Current methods for kidney organ
preservation employs either SCS or hypothermic machine perfusion in facilities where perfusion
devices are available.85,86 Bathing organ preservation solutions to attenuate IRI have allowed the
organ to be stored ex vivo for upwards of 24 hours with reduced IRI post transplantation. 56 There
are obvious limitations to UW solution however, with complications related to solution viscosity
being the most prominent.87 The high viscosity of UW solutions is rooted in the use of
hydroxyethyl starch (HES) as an osmotic agent for preventing tissue edema. UW's high viscosity
can cause insufficient washout from the vasculature, promoting blood coagulation which can
increase the risk of DGF.88 To circumvent this issue, low viscosity, polymer-based osmotic agents
like polyethylene glycol (PEG) and hyperbranched polyglycerol (HPG) have been used to replace
HES.89,90 Ex vivo normothermic perfusion (EVNP) has also been studied in which preservation is
done at warmer temperatures to avoid hypothermic injury though a significant advantage over SCS
has yet to be established.91
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Table 1: Composition of the major organ preservation solutions for solid organ transplantation.
Values are shown as mmol/L unless otherwise indicated. Reproduced with permission by Voigt
et. al.84

1.3.2

Immunosuppression
Despite improvements in HLA matching, all allogenic organ transplant recipients must

adhere to a lifelong immunosuppressive regimen to obviate the onset of graft rejection.74 There are
three classifications for currently used immunosuppressive drugs: induction agents, maintenance
therapy and rejection treatment. Induction therapy is given before the transplant is carried out to
10

attenuate the incidence of early acute rejection. Here, T-cell and cytokine inhibitors are
administered to suppress the immune system during surgery. 92 Maintenance therapy refers to the
lifelong immunosuppressive regimen that transplant recipients must undergo to prevent acute and
chronic rejection. Small molecule calcineurin inhibitors (cyclosporine, tacrolimus azathioprine)
and mTOR inhibitors (sirolimus, everolimus) are the most commonly used drugs for maintenance
therapy, and work by suppressing T-cell function through the blockade of cytokine release and cell
proliferation.93,94 Calcineurin and mTOR inhibitors have major side effects however, including
post-transplant diabetes, hypertension and neurotoxicity. 95,96 Despite this obvious impact on the
quality of patient life, compliance remains essential during the maintenance stage to prevent acute
rejection. Finally, rejection treatment is employed when induction and maintenance therapy fail
and the onset of AMR is triggered. During this period, plasma exchange is usually carried out to
remove any generated DSAs from circulation followed by a new regimen of maintenance
immunosuppressants.93

1.3.3

Pathophysiological connections between DGF and organ rejection
Attenuating IRI-mediated DGF may have implications in reducing downstream rejection

events in solid organ transplants. According to the Danger Signal theory, IRI strongly triggers the
recipient adaptive and innate immune system during the acute phase after transplantation. 97 IRI
upregulates the presentation of damage associated molecular patterns (DAMP) which activate the
innate immune system through toll-like receptors on innate immune cells.98,99 At the glycocalyx
level, DAMPs are presented through glycocalyx shedding and changes in GAG composition
(heparan sulfate, hyaluronic acid, EDA-fibronectin) which promote the release of proinflammatory
cytokines and increase T-cell activation.39,97,100,101 The propagation of inflammation compromises
endothelial function, leading to leaky vasculature and further tissue necrosis (Figure 3).102 In fact,
recent clinical observations showed that IRI damage and the resulting DAMP expression may have
more of a detrimental effect on the long term outcome of transplants than HLA matching.103 With
this, it is believed that the ongoing alloresponse to DAMPs can continue even after IRI is resolved,
establishing a critical pathway which may increase the magnitude, rate and longevity of acute and
chronic rejection.
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Figure 3: The role of damage-associated molecular patterns (DAMPs) on inflammation. Proteases
and hydrolases cause glycocalyx shedding which generates extracellular DAMPs. These DAMPs
bind to innate immune cells and propagate pro-inflammatory events that compromise endothelial
structure and cause leaky vasculature. Figure used with permission from Kono et. al. 102
Taken together, it is likely that a transient reduction of antigen/DAMP presentation at the
cell surface during the acute phase of the inflammatory process would minimize the response of
the recipient immune system. Indeed, approaches have been taken to remedy this issue by
intravenously administering non-DAMP glycocalyx components and attempting to clear DAMP
expression on the blood vessel surface post-transplant.104,105 Others have also attempted to
counteract DAMP-related immune activation by genetically manipulating renal allografts ex vivo
to produce the immunosuppressive cytokine IL-10 during the acute phase of transplantation.106
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These interventions however, require a large amount of materials and only offer partial solutions
for ameliorating donor graft damage.

1.4

Cell surface engineering as a therapeutic strategy
Cell surface engineering (CSE) is a technique that uses chemical and biological tools to

influence cell behaviour by changing the composition of the cell surface. Viewed through a
chemical lens, the eukaryotic cell membrane presents as a chemically rich and complex functional
surface. The extracellular domain of the cell membrane is decorated with a wide array of different
reactive chemical handles; amine (-NH2), thiol (-SH) and carboxylic acids (-COOH) in very small
quantities are tethered to either membrane bound proteins, or glycoproteins or carbohydrate
component of glycolipids (Figure 4). 107 Using these handles to chemically engineer the cell
membrane with biomaterials, proteins and nanoparticles has allowed for new opportunities to
locally control cellular functions and improve outcomes related to drug delivery, cell-based
therapeutics, transfusion and tissue engineering.
CSE is especially powerful in therapeutic applications as pharmacological agents can be
locally delivered to tissue. Local delivery can greatly increase the potency of the therapy compared
to non-targeted oral or intravenous administration. Prominent therapeutic applications of CSE have
included targeted cell death, controlling stem cell fate, immunocamouflage and the delivery of
cells to target tissues.108 This strategy has been successfully used to control the behaviours of
multiple mammalian cell types including: red blood cells, lymphocytes, stem cells (multipotent
and pluripotent), islet cells, cancer cells and endothelial cells . 108
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Figure 4: An illustration of the different chemical and functional moieties of the eukaryotic cell
membrane.

While there is a wide availability of different functional groups on the cell surface suitable for
exogenous modification, in practice, surface modification is quite challenging. The cell surface
composition is subject to constant changes, making consistent modification difficult. Moreover,
any successful modifications should not impact essential cell functions including proliferation and
nutrient exchange. 5,109-111
Over the years, several robust bioconjugation techniques for CSE have been developed which
incorporate well-established chemistry/material sciences with molecular biology-based
procedures. These strategies often utilize either globalized, non-specific approaches (hydrophobic
insertion, electrostatic, and covalent modification of amine or thiol residues) or site-specific
orthogonal approaches through genetic, enzymatic or metabolic engineering (Figure 5).
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Figure 5: Overview of bioconjugate strategies for cell surface engineering. Figure reproduced
with permission from Abbina et. al. 108

1.4.1

Non-specific CSE strategies
Non-specific strategies for globalized engineering of the cell surface include hydrophobic

(biotinylation, hydrophobic insertion/liposome fusion), covalent (NHS esters, cyanuric chloride,
maleimides, aldehyde/oxime) and electrostatic approaches (poly-L-lysine, poly(ethyleneimine)).
These approaches are considered simple and straightforward as cells do not require any chemical
or genetic pre-conditioning however, the non-specific nature of these strategies can impart
significant limitations. Non-specific CSE often requires a large excess of material to achieve the
intended biological effect, generating side products which can accumulate in high concentrations
and drastically affect cell viability. 112,113 Moreover, the lack of specificity in this type of strategy
means that any free amino or thiol groups presented on the cell membrane/protein are susceptible
to modification which can result in alteration of the natural membrane/protein functions. It is also
15

difficult to impart specificity in hydrophobic insertion, as lipid anchors traditionally interact with
the cell surface in a random fashion and the inserted molecules may get transferred to the inner
membrane leaflet by flippases which limit the half-life of surface-displayed, lipid-conjugated
proteins to one to two hours.114,115 Engineering techniques which utilize electrostatic interactions
at the cell surface can also prove detrimental to cell viability as the direct contact of polycations
with the negatively charged cell surface may trigger apoptosis . 116-118

1.4.2

Orthogonal CSE strategies
A common strategy to impart reaction specificity towards cell surface modification is to

introduce reactive functional groups on the cell surface that are not normally present in the cells
native state. These non-native substrates are termed as bioorthogonal, meaning they have no
natural reaction partner in vivo, do not interfere with normal cell processes, and their ligation does
not generate side reactions or side products which may be harmful to the cell. The introduction of
non-native functional groups on the cell surface with exogenous materials is not only advantageous
towards developing cell-based therapeutics, but also for live cell imaging, cell separation and cellbased sensors.119-121 In addition to genetic engineering, biorthogonal strategies have utilized either
enzymatic or metabolic labelling of the cell surface –and on some occasions, both.
The genetic engineering of living cells is a well-established technique used to upregulate
(or downregulate) protein expression. Using viral vectors as a delivery vehicle for new genetic
information, the subsequent changes in protein expression can be used to manipulate cell
behaviour.122 In CSE, genetic manipulation is used to either enhance the expression of pre-existing
and functionally relevant proteins on the cell surface, or express fusion proteins of native cell
surface structures to introduce non-native proteins on the cell surface. There are risks however,
when it comes to genetic engineering in vivo. The genomic location of the inserted genes is not
tightly regulated with vector based techniques and the risk of insertional mutagenesis is present
when this technique is applied to clinical applications.122 In addition, not all cell types can be easily
transfected such as erythrocytes and T cells. 112
Enzyme-mediated cell surface attachment is an alternative orthogonal technique which
allows for the in situ ‘fusion’ of candidate proteins/molecules to the cell surface without the use
of viral vectors.112,123 Enzymes often recognize a specific peptide sequence within the protein
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substrate referred to as a ‘tag’ in CSE literature. These tags are either covalently attached to a
polymer or genetically engineered to be incorporated into the C or N terminus of the target protein.
As the tag accounts for a small mass percentage of the candidate macromolecule, this process is
much less likely to interfere with protein function compared to fusion proteins. 124,125 Most enzymes
are inherently site-specific and exhibit high conversion rates under physiological conditions.
Cofactors may also be used to easily improve enzyme reaction rates without drastically changing
the tag structure or requiring a large excess of substrate. This technique is already well established
in the preparation of protein-protein or protein drug conjugates and continues to be a rapidly
developing field.123 In the CSE toolkit, a range of cross-linking enzymes have been successfully
used to manipulate the cell surface including: sortases, transglutaminases, glycosyltransferases and
halotag proteins.108
The continued pursuit of imparting orthogonality without the use of genetic manipulation
has ignited the field of metabolic engineering. A technique first popularized by Bertozzi and coworkers, metabolic engineering utilizes the endogenous machinery of the cell to incorporate tags
into biomolecules using tagged metabolic precursors.109 As metabolic precursors are often small
molecules, the tags must represent only a small portion of the structure and so peptide and protein
tags cannot be used. Instead, simple chemical handles able to undergo ‘click’ reactions are
employed. Transformations classified as ‘click’ reactions are fast, chemoselective, occur at
physiological conditions (37 °C, pH 7) and have no side reactions or side products. While there
are many types of click reactions, the ones most often used in biology are the Huisgen [3 + 2]
cycloaddition (commonly referred to as the “click” reaction) and the Staudinger ligation. Both
processes require azide (-N3) moieties as a click reaction partner making azides the most popular
tag for metabolic labelling. Metabolic labelling is particularly advantageous in engineering cell
surface proteoglycans, as glycostructures in various forms compose a significant portion of the
extracellular matrix and the rapid turnover of these structures ensures relatively rapid metabolic
incorporation.1 Metabolic engineering has been successfully implemented both in vitro and in
vivo, highlighting the robust nature of this orthogonal CSE strategy. 126 It should be noted however,
that this approach to CSE requires multi-day treatment of the target tissue and is not currently
appropriate for time-sensitive engineering applications.
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1.4.3

Polymer-mediated cell surface engineering
Polymer-based biomaterials have a long and successful track record in mimicking the

biological function of protein structures, including the cell surface. Moreover, polymer
engineering is often more scalable, and can better facilitate the incorporation of exotic chemical
functionalities compared to protein engineering. Polyglycerols like HPG’s are especially adept at
mimicking protein function.89,127 HPGs are highly biocompatible, hydrophilic, nonimmunogenic
and non-toxic polymers with limited organ accumulation in vivo.128-130 HPGs are also attractive
from a synthetic perspective as they can be prepared in a simple and economic one-pot process,
yielding high molecular weights with narrow polydispersity. 131 Unlike its more common
counterpart PEG the branched structure of HPG possesses hydroxyls and diols which provide
facile routes for post-polymerization functionalization. Linear polyglycerol (LPG) also possesses
the same synthetic and structural features as HPG with the added benefit of end
heterofunctionalization (Figure 6). 132 In nanomedicine, HPG and LPG have been successfully
implemented as protein analogues, scaffolds and drug delivery vehicles. 133,134

Figure 6: Chemical structures of biocompatible polymers commonly used in nanomedicine.
Figures were produced through ChemDraw Professional 16.0
1.4.3.1

Polymers for immunocamouflage
The availability of non-immunogenic polymers like HPG make polymer-mediated cell

surface engineering especially powerful in immunocamouflage, an engineering strategy which
attenuates the immune response to foreign cells (Figure 7). 135,136 In this process, the introduced
polymer coating on the cell surface acts as a shield to sterically prevent antibody mediated
recognition of cell-surface antigens. In contrast to other immunomodulatory approaches,
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immunocamouflage works in a multi-faceted manner, suppressing binding events, allorecognition,
and protein deposition.137

Figure 7: Schematic of polymer-mediated immunocamouflage. Top left: chemical structures of
monomethoxypolyethylene glycol (mPEG) and hyperbranched polyglycerol (HPG). Top right:
polymer-mediated immunocamouflage of antigens on the red blood cell surface. Bottom right:
polymer-mediated immunocamouflage of the endothelial surface. This can be accomplished
through enzymatic or chemical cell surface attachment.

One of the earlier approaches for polymer-mediated immunocamouflage attached CmPEG
(cyanuric chloride activated methoxy-PEG) on the surface of RBCs to mask the surface-displayed
blood group antigens 138-140. Pioneered by Scott and co-workers, this study showed that engineering
the surface of RBCs using methoxy PEG (mPEG) was able to decrease antibody binding to AB
antigens on human RBCs in a manner that was enhanced with increasing polymer size.138-140 Using
this approach, mPEG-modified sheep RBC were successfully transfused into mice and exhibited
improved survival in vivo when compared to the untreated RBC. This approach was also extended
toward graft-versus-host disease, an immune-mediated attack on implants, cell-based therapies and
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donor organs that is triggered by circulating T-cells. Scott and co-workers examined the effect of
covalently attaching CmPEG to allogeneic lymphocytes on minimizing the cell surface recognition
which causes T-cell activation and eventually graft-versus-host disease .141 The PEG mediated
camouflage of the cell surface dramatically attenuated allorecognition of cells as was evidenced
by the dramatic differences in T-cell proliferation between unmodified and m-PEG-modified
versions in both one- and two-way mixed lymphocyte reactions and flow cytometric analysis.
Due to the issues related to the antibody generation associated with PEG 138-140, hyperbranched
polyglycerol (HPG) , has been investigated as an alternative to PEG mediated immunocamouflage.
113,142-146 113,145,147

Like PEG, HPG has a bulky structure suitable for immunocamouflage but is less

susceptible to undesirable biological effects such as protein aggregation. 113,142-146a 113,145,147 Using
HPG, Chapanian et al. developed antigen protected RBCs by grafting amine-reactive NHS ester
functionalized HPGs onto the lysines of the RBC surface.142 Subsequent HPG modification
resulted in a significant reduction in binding of blood group antibodies onto the cell surface of
engineered RBCs compared to control RBCs.

142,145,148

In comparison to PEG, HPG provided

significantly higher levels of CD47 self-protein accessibility and greater protection of certain
antigens on the RBC surface without changing the native RBC properties. Chapanian et al. further
investigated the in vivo circulation of HPG-grafted RBCs in mice and showed that modified RBCs
maintain a normal circulation behaviour within a certain range of polymer size and graft
concentration.

143

Immunocamouflage has also been successfully applied to islet engineering.

Pancreatic islets are multicellular aggregates responsible for regulating blood glucose levels. There
is a keen interest in using islets as a cell-based therapeutic for diabetic patients however, immune
mediated rejection of the allogenic cells has limited their therapeutic potential.149-155 With this,
several attempts to use CSE as a strategy to evade the immune system have been explored.156-158
In one approach, Teramura et. al established a layer-by-layer method for coating the islet surface
with a polymer shield using a combination of heterobifunctional MAL-PEG-phospholipid
derivatives and poly (vinyl alcohol) (PVA) modified with thiol groups, (Figure 8). 155 In this
procedure, MAL-PEG–DMPE was incubated with islet suspensions and hydrophobically inserted
into the cell membrane, forming a thin layer on the islet surface. The first PVA layer was
subsequently introduced via a maleimide/thiol reaction between the maleimide group of the PEG
layer and thiol groups on modified PVA. Additional PVA layers were added using thiol/disulfide
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exchange reactions between the PVA bound to the cell surface (disulfide) and the introduced PVA
(free thiol).

Figure 8: A schematic view of surface engineering of the islet cells by a multilayered PVA
membrane approach. Using a combination of heterobifunctional MAL-PEG-phospholipid
(DMPE) derivatives and poly (vinyl alcohol) (PVA) modified with thiol groups, islets were
immunoisolated through the development of an ultrathin biomaterial layer. This figure was
reproduced with permission by Teramura et. al. 155

Overall, polymer-mediated CSE has shown promising results in production of antigenprotected RBCs, T-cells and pancreatic islets. It is important to note that multiple factors contribute
to successful covalent modification of the cell surface, especially in polymer-mediated
immunocamouflage. The grafting density and depth of polymer chains on the cell membrane are
vital in controlling the efficacy of immunocamouflage of the grafted cells.145,159,160 This parameter
is highly dependent on linker chemistry, linker length molecular weight and the concentration of
the polymer derivatives used.160

1.4.4

Polyglycerol therapeutics for multivalent binding
Widely observed in nature, multivalency is a key component in strong and selective

substrate binding. In this process, weakly binding functionalities clustered in large numbers are
able to enhance surface binding in a cooperative manner based on their spatial organization on the
presenting surface.161 In polymer-based therapeutics, the scaffold architecture can provide preassembled geometries of the surface-presented substrates to enhance binding.162,163 Possessing a
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defined architecture and maximal surface presentation in comparison to linear polymer scaffolds,
polyglycerols are ideal candidates for multivalency. 145,164 With this, multivalent polyglycerol
structures have found use as high affinity competitive inhibitors for biological processes which
depend on multivalent interactions.165 For example, viruses and leukocytes use multivalent
interactions to control cell recognition and uptake . 166 Inspired by this property, the Haag research
group has extensively explored HPG’s as macromolecular binding agents to both viral and immune
inhibition in response.165-168
In one example of work by the Haag group, HPG sulfates were used as potent multivalent
inhibitors for leukocyte mediated inflammation

169

In nature, inflammation is triggered when L-

selectin receptors on the leukocyte surface use multivalent interactions to bind to and infiltrate
endothelial cells.170 The leukocyte receptors selectively recognize and bind negatively charged
glycoclusters presented on target cell surfaces. To develop and inhibitor for inflammation, a series
of HPGs bearing polyanions (carboxylates, sulfonate, phosphonate, phosphate, sulfate) were tested
for competitive L-selectin inhibition. While most polyanions demonstrated inhibitory
concentrations (IC50) in the mM range, HPG scaffolds presenting sulfate groups (dPGS) were able
to competitively bind L-selectins in the nM range, inhibiting leukocyte uptake and subsequent
inflammation (Figure 9).169,171 Further mechanistic investigation revealed that dPGS structures
presenting high surface charge densities were found to be the most potent inhibitors. 162
Intriguingly, a non-linear change in charge density was found on high MW dPGS (480 kDa, 800
kDa) which possessed charge densities that were significantly higher than low MW analogues.
This observation was attributed to the increased flexibility of the dPGS backbone in higher MW
structures. In high MW dPGS, the increased scaffold flexibility allowed for more extensive
conformational changes of the presented sulfates, resulting in charge clustering that elicited
enhanced multivalent L-selectin binding.162 Selectin inhibition has also been demonstrated with
HPG-based glycoconjugates with scaffolds bearing both sulfate and galactose moieties exhibiting
IC50 values as low as 1 nM.168
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Figure 9: dPGS mediated inhibtion of L-selectin binding. Left) AuNP decorated with L-selectin
have a reduced ability to bind to surfaces following incubation with dPGS. Right) Representative
structure of dPGS.171,172 The figure has been adapted from Weinhart et. al. 162
Multivalent HPG’s bearing negative charges or carbohydrates have also been used for
inhibition in the binding and uptake of influenza A168, controlling mRNA splicing events
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, as

anti-thrombotic agents173 and most recently, as an approach for targeted antibacterial
photodynamic therapy.174 As multivalent binding is an essential aspect of biological interactions
and assembly, it is expected that the utility of multivalent HPG scaffolds will be far reaching in
nanomedicine.

1.5

Rationale and specific aims
The prevailing risk and incidence of DGF/acute organ rejection and their associated side

effects emphasize that there is still major space for improvement within transplant
immunosuppression.

We

believe

that

the

continued

complications

with

modern

immunosuppression occur because current therapies act through globalized immunosuppression,
where the inactivation of immune pathways are inactivated throughout the body in a non-targeted
manner. Though effective, globalized immunosuppression can also interfere with the ability of the
patient to ward off infection and heal, perpetuating the onset of other ailments during maintenance
therapy.175,176 In addition, these drugs often target only a single cell type, cytokine or pathway
which requires the combination of multiple immunosuppressants or frequent change in
immunosuppressant-type. Moreover, the long-term administration of these drugs in high doses is
highly toxic to kidney, liver and gastrointestinal glands.

137,177,178

Organ preservation solutions provide a relatively simple and effective strategy against DGF
however, there has been little innovation in the area since its inception. This is especially surprising
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considering the unique window for ex vivo therapeutic intervention while the organ is in transit.
Though these solutions can slow down glycocalyx shedding, a major limitation of preservation
solutions is their inability to rebuild the glycocalyx once damage has occurred. Some
immunosuppressants have also been observed to lessen glycocalyx damage during IRI but are also
incapable of damage reversal.34,179
Currently there is no single therapeutic approach in which targets both DGF and acute
rejection. We propose that graft injury and rejection can be minimized by engineering the damaged
endothelial surface to rebuild the glycocalyx structure. We believe that rescuing the glycocalyx
barrier through cell surface engineering will camouflage DAMPS/antigen presentation from
immune surveillance improving both DGF and the early phases of acute rejection. Moreover,
successful implementation of the proposed strategy may increase the donor pool by facilitating the
use of expanded criteria donors whose organs are considered too damaged to prove functional
following DGF and often lead to rejection within five years time. 180,181
Previous studies on immunocamouflage have established that covalently grafting
hydrophilic, biocompatible polymers to proteoglycans on the cell surface is an effective cell
surface engineering strategy for controlling the immune response through multiple
pathways.141,147,182 Moreover, the architecture, biocompatibility and accessible reactive groups
make polyglycerol polymers ideal scaffolds for multivalent glycocalyx mimics.
With this, we hypothesize that cell surface grafted polyglycerols, engineered as a
glycocalyx supplement, may act as a localized immunosuppressant by re-establishing the
glycocalyx barrier in damaged endothelia.
In keeping with current storage procedures, a polyglycerol supplemented UW solution will be
perfused through the vasculature to provide a covalent polymer coating along the vessel wall where
organ damage is typically initiated. If successful, this approach can reduce the risk and incidence
of cellular injury and host inflammatory signaling responsible for DGF and ultimately, organ
rejection. The project is composed of three aims:
Aim 1: Develop an efficient cell surface engineering strategy/chemistry for polymer grafting
to native endothelial cell surfaces under cold storage conditions.
Aim 2: Utilize glycocalyx-mimicking glycopolymers to recapitulate the immunomodulatory
functions of the glycocalyx
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Aim 3: Develop new tools to better study and engineer the glycocalyx in vitro

1.5.1

Aim 1: Engineering the Endothelial Surface
We have previously outlined the numerous techniques that can be used to engineer the cell

surface (section 1.4). Implementing CSE to re-establish the glycocalyx barrier requires that cell
surface antigens and receptors be adequately camouflaged to attenuate the immune response
through the immunological synapse. The immunological synapse is formed when functional
antigen (LFA-1) and T-cell receptor (TCR) molecules on the lymphocyte surface respectively bind
to ICAM-1 and HLA on the endothelial surface of the donor organ. 183 Activation through the
immunological synapse requires the cell membranes to be in close proximity, with a distance of
15 nm needed for HLA/TCR binding and 45 nm required for adhesion molecules. 184 To block this
interaction, the native endothelial glycocalyx structure is large and dense, existing at the micron
scale to establish an effective barrier in vivo.185 To maintain this thickness through polymer
grafting, the nm-sized polymers must build upon the existing glycocalyx structure. In addition,
polymer-mediated CSE must react toward native tissue to be feasible for time-sensitive, clinical
applications such as organ transplantation. With these requirements, previous implementations of
glycocalyx engineering that used membrane insertion and metabolic labelling are not appropriate
and a new conjugation strategy must be developed. 186,187 The studies presented in Chapter 2
explore the use of enzyme-mediated CSE on the native endothelial surface using guinea pig liver
transglutaminase. The CSE strategy will be assessed for 1) reactivity in a chemically complex
biological environment such as organ preservation solutions, cell media and organ tissue 2) it’s
efficacy in re-establishing the glycocalyx barrier on damaged endothelial cells through polymer
engraftment and 3) it’s ability to accommodate multiple polymer architectures including
polyglycerols

1.5.2

Aim 2: Immunomodulatory glycocalyx mimicking glycopolymers
As previously discussed in section 1.1.1, the display of carbohydrates on proteoglycans

and GAGs allow for the glycocalyx to control the immune system through the selective recruitment
of proteins and cells to the endothelial surface. Sialic acids are a type of carbohydrate on the
glycocalyx surface that behave as a ‘self’ ligand, suppressing the cellular rejection pathways
25

carried out by cytotoxic immune cells including NK cells and CD8+ T-cells.186,188 The studies
presented in Chapter 3 attempt to recapitulate this immunosuppressive behavior of the glycocalyx
by designing multivalent sialic acid modified polyglycerols for glycocalyx engineering. The cell
surface-reactive glycopolymers will be assessed for immunosuppression both in vitro and in
animal models.

1.5.3

Aim 3: New tools for glycocalyx engineering in vitro
The large and complex endothelial glycocalyx structure is a difficult one to recapitulate

and precisely modify in cell culture. These challenges impose a significant obstacle to researchers
who intend to develop techniques and therapies related to glycocalyx engineering at the in vitro
level.
The first limitation in studying the glycocalyx in vitro is related to its poor development in
static cell culture. In vivo, the endothelial glycocalyx is a prominent structure, reaching up to 11
μm thickness in some vascular beds.185 This is in part due to its mechanotransducive properties, as
shear stress acting on the cell surface is able to enhance the expression of glycocalyx components
such as syndecans and hyaluronic acid. 189-191 However, under the static conditions of in vitro cell
culture, glycocalyx growth is markedly attenuated, taking almost 21 days to reach 4 μm. 192 For
engineering strategies that rely on a fully developed glycocalyx, researchers are limited to
experiments that require long culture periods – or more commonly– short term cell culture that
doesn’t represent true endothelial glycocalyx behavior. Chapter 4 details an attempt to use
microfluidic technology to generate robust in vivo-like glycocalyx structures on endothelial cells
in vitro. The device will be assessed for its ability to develop unique glycocalyx structures within
each region of the channel as well as the impact of these structures on the behavior of the
underlying endothelium with respect to coagulation, inflammation and nanoparticle uptake.
The second limitation lies in spatially controlling modification on the cell surface. As the
glycocalyx is the first contact point for effectors in solution, directing modification to the
outermost region could enhance the effect of the CSE – be it the attachment of immunoevading
polymers186,193,194, scaffolds for tissue engineering195-197, or cell homing substrates.198-200 Thus far
however, tools which enable controlled modification in the longitudinal (‘z’) direction of the
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glycocalyx are largely undeveloped and selectivity along this axis remains indiscriminate even in
site-specific approaches. In Chapter 5, we explore a technique that reversibly alters the
accessibility of glycocalyx proteoglycans toward cell-surface reactive probes in solution. We
hypothesize that the use of inert macromolecular crowders in cell media can reversibly collapse
the glycocalyx by establishing an oncotic gradient and subsequently, enhance the binding of
polymers, protein markers and antibodies to the structures’ outermost surface of endothelial and
red blood cells.
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Chapter 2: Enzyme-mediated polymer attachment to endothelial surfaces
2.1

Synopsis
Non-genetic cell surface engineering is a powerful approach in manipulating cell behavior.

To achieve cell surface attachment within the complex environment of living biological systems
however, the development of specific, robust and gentle ligation strategies is required. In the
presented chapter, guinea pig liver tissue transglutaminase (tTGase) was used in the development
of an enzyme-mediated ligation strategy for engineering endothelial cell surfaces. A series of
biocompatible, tTGase-reactive polymers which varied in polymer architecture (PEG, LPG, HPG)
were synthesized and probed for their suitability toward enzymatic conversion and cell surface
attachment. Results demonstrated that this strategy can be used under chemically complex
conditions including cell culture media (DMEM) and UW organ preservation solutions with
reactivity that is superior to non-specific chemical ligation with NHS esters. A decrease in polymer
substrate reactivity was observed with an increase in architecture-dependent polymer compactness
in solution. When repeated on the cell surface, however, more hydrophilic polymers were found
to be more reactive. The ligation strategy was determined to be glycocalyx selective, with lysine
targets within the extracellular matrix of the cell surface. Finally, polymer-mediated
immunocamouflage against the pro-inflammatory leukocyte adhesion receptors and the
subsequent attenuation of leukocyte binding to polymer modified cell surfaces was also
demonstrated using the enzyme ligation strategy.
The work presented in this chapter was done in collaboration with Dr. Caigan Du’s research
group (Dr. Lan Zhou, Ms. Qiunong Du) at UBC’s Department of Urologic Sciences. Dr. Jason
Rogalski from the Proteomics Core Facility within UBC’s Centre for High Throughput Biology
(CHiBi) also contributed to characterizing the presented CSE strategy through mass spectrometry.

2.2

Background
Enzyme-mediated cell surface attachment is a relatively new technique in cell surface

engineering that allows for gentle, rapid and often biorthogonal ligation of polymers, proteins and
other probes.123 In this strategy, ligating enzymes recognize a specific peptide sequence within the
protein substrate often referred to as a ‘tag’ in literature. 123 These tags are either covalently attached
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or genetically engineered to be incorporated into the C- or N- terminus of the target protein. As
the tag accounts for a small mass percentage of the candidate macromolecule, this process is much
less likely to interfere with protein function compared to fusion proteins. 112 Unlike traditional
chemically-mediated ligation strategies (i.e. aldehyde-hydrazine, NHS-esters-amines),

most

enzymes are inherently site specific and exhibit high conversion rates under physiological
conditions. Furthermore, reaction rates can be optimized by improving enzyme reaction rates (pH,
co-factors) without drastically changing the tag structure or requiring a large excess of substrate.
As such, this technique is already well established in protein engineering through the preparation
of protein-protein or protein drug conjugates.123
Transglutaminases (TGases) are a class of calcium dependent enzymes found ubiquitously
in nature, with roles in pathways related to wound healing, apoptosis and migration. 201-203 TGases
catalyze coupling reactions between the ε-amino group of lysine and the terminal amide on
glutamine residues, forming a ε-(γ-glutaminyl) lysine isopeptide bond that is highly resistant to
proteolysis (Figure 10). TGases operate through the formation of a thioester intermediate with
glutamine which is subjected to nucleophilic attack from the amine donor. While TGases are
specific towards glutamine substrates, the enzyme active site accepts a wide array of amine
containing compounds, making the enzyme an attractive catalyst for preparing protein
conjugates.201,204 Microbial TGases in particular have found widespread use in developing
antibody-drug conjugates.205,206 In cell surface engineering however, tissue transglutaminases
(tTGases) are the type of TGase most often employed in cell-surface modifications. Guinea pig
liver tTGase (gtTGase) has a number of known amine substrates found in the ECM of cells
including collagen II, fibronectin, osteopontin and osteonectin. 207 The enzyme also demonstrates
good activity at low temperatures and a reduced antigenicity in cell and tissue cultures. 208 Several
studies have been conducted to elucidate glutamine (Q) residue specificity in gtTGase ligation and
from this, highly reactive ‘Q-tags’ for bioconjugate chemistry have been developed. 209,210 These
studies have concluded that gtTGase reactive glutamine residues are 1) commonly located close
to the N terminus (surface accessible), 2) Contain a hydrophobic residue (i.e leucine, proline,
tryptophan) in the +3 position relative to the glutamine residue and 3) substitution of the C-terminal
of a Q residue with a hydrophobic amino acid accelerated reactions using gtTGase. 209,211,212
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Figure 10: General reaction scheme for transglutaminase-mediate ligation of glutamine and lysine
residues

gtTGase was first utilized for modifying the cell surface by Lin et al.

213

A series of

glutamine tags (Q-tags) were identified and expressed on the N-terminus of PDGF receptor of
HeLa cells, which result in the display of Q-tags on the cell surface. In the presence of gtTGase
and biotin containing a terminal amine handle, HeLa cells were biotinylated exclusively on the
cell surface in as little as 30 minutes. Messersmith et. al. further expanded on this concept by
attaching Q tags to the terminus of polyethylene glycol and using gtTGase to ligate the polymer to
the endogenous amine substrates on cartilage tissue.207 As gtTGase will be the only tTGase used
in this thesis, the designation of ‘tTGase’ will refer to the guinea pig subtype of the enzyme.
The goal of this project is to ‘rescue’ the damaged endothelial glycocalyx through cell
surface engineering and subsequently, re-establish the native immunoisolation barrier of the
glycocalyx. Achieving immunoisolation through covalent modification requires 1) a high graft
density, 2) modification of naturally occurring structures on the cell surface that does not perturb
cell viability, and 3) satisfactory reactivity in the cold and chemically complex conditions of organ
preservation solutions.214. With this, we hypothesize that tTGase-mediated cell surface
engineering can enable the incorporation of glycocalyx mimicking polymers into the glycocalyx
within chemically complex organ preservation solutions.
We have developed a library of Q-tag containing, voluminous, biocompatible polymers
which vary in scaffold architecture but are all suitable for recapitulating the immunoisolative
barrier of the glycocalyx. To find the ideal polymer candidate, the influence of polymer
architecture on reactivity towards the enzyme as well as cell surface substrates was assessed
(Figure 11). The extent of modification at different glycocalyx densities was also characterized
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and potential lysine targets on the endothelial surface were elucidated. To probe the therapeutic
efficacy of polymer-engineered cell surfaces, the impact of polymer architecture on
immunoisolation potential (immunocamouflage) following the attachment to the endothelial
surfaces was also investigated. Finally, the ligation strategy was assessed under ex vivo, cold organ
preservation conditions using a mouse model.

Figure 11: Representation of enzyme-mediated attachment of Q-tagged polymers to lysine
substrates on endothelial surfaces using guinea pig liver tissue transglutaminase (tTGase).

2.3

Methods

For spectral data of polymers, please refer to Appendix A
2.3.1

Techniques

All reactions with air- and/or water sensitive reagents were performed in a Schlenk flask under dry
argon atmosphere. Absolute molecular weights of the polymers were determined by Gel
Permeation Chromatography (GPC) on a Waters 2695 separation module fitted with a DAWN
EOS multiangle laser light scattering (MALLS) detector coupled with Optilab DSP refractive
index detector, both from Wyatt Technology. Hydrodynamic radii (R h) of the polymers were
measured using quasi elastic light scattering (QELS) detector coupled to the MALLS detector.
GPC analysis was performed using Waters ultrahydrogel 7.8 x 300 columns (guard 250 and 120)
and 0.1 N NaNO3 at pH 8.5 (10 mM phosphate buffer) as the mobile phase. The dn/dc (0.12) for
polyglycerols was used from previously measured literature values. 164 1H NMR spectra were
recorded on a Bruker Advance 300 MHz NMR spectrometer using deuterated solvents (Cambridge
Isotope Laboratories, 99.8% D). Chemical shifts were referenced to the residual solvent peak. MALDIToF mass spectrometry was recorded using a Voyager-DE STR (Applied Biosystems) with a α-cyano-
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4-hydroxycinnamic acid matrix. Fluorescent readings were acquired using a Spectramax multi-mode
i3 plate reader from Molecular Devices LLC. Flow cytometry profiles were acquired using a 3-laser

CytoFLEX flow cytometer from Beckman Coulter Life Sciences (10,000 events).
2.3.2

Materials

All chemicals were purchased from Aldrich (ON, Canada) unless otherwise mentioned. FITC and
mono-methoxy derivatives of amine terminated 5,000 Da PEG were purchased from Nanocs Inc.
and Lysan Bio respectively, and used without further purification. University of Wisconsin (UW)
solution was kindly provided as a gift from Dr. Caigan Du (UBC) where it was originally
purchased from Organ Recovery Systems (Itasca, IL, USA). Blood was drawn from consenting
informed healthy volunteer donors at the Centre for Blood Research, University of British
Columbia, in vials containing EDTA or sodium citrate. All peptides were purchased fully
characterized (RP-HPLC, ESI) by Canpeptide Inc. (Montreal, QC, Canada) and used without
further purification.

2.3.2.1

Cell culture materials

All cell culture-related medIA and supplements (Trypsin-EDTA, Dulbeccos phosphate-buffer
saline (DPBS), HT fetal bovine serum (FBS), penicillin/streptomycin (P/S), and Dulbeccos
modified eagle medium (DMEM) were received from Life Technologies Inc. unless otherwise
specified. EaHy.926 cells were purchased from American Type Culture Collection (ATCC CRL2922 Manassas, VA) and used up to a passage number of 100. Upon reaching 70% confluence,
cells were dissociated with 0.25% trypsin and 0.05% EDTA (Gilco, 25300062), pelleted by
centrifugation at 300 g and resuspended with complete DMEM medium.

2.3.3

Preparation of ethoxy ethyl glycidyl ether monomer (EEGE).

In a round bottom flask, dry glycidol (40 mL, 0.63 mol) was dissolved in ethyl vinyl ether (250
mL, 2.19 mol) and the solution was cooled in an ice bath to 0 °C. Under constant stirring, ptoluenesulfonic acid (1.15 g, 5.8 mmol) was added portion wise, maintaining the temperature
below 20 °C. After stirring for 4 h, the reaction was quenched by addition of 100 mL saturated
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NaHCO3 solution. The organic phase was then separated and dried over Na2SO4. Fractionated
vacuum distillation yielded the product as a colorless liquid (percent yield = 90%).
1

H-NMR (300 MHz, CDCl3): 𝛿 = 4.9(m, 1 H), 3.76-3.32 (m, 4 H), 3.07 (m, 1 H), 2.73 (m, 1 H,),

2.53 (m, 1 H J = 5.03, 2.74 Hz), 1.25 (t, 3 H , J = 6.0 Hz), 1.1 ppm (t, 3 H, J = 6.0 Hz)

2.3.4

Preparation of HPG N-phthalamide

Synthesis of hyperbranched polyglycerol (HPG) was carried out following previous literature
procedures.164 Briefly, to a flame-dried Schlenk flask charged with a stir bar, 2-ethyl-2(hydroxymethyl)-1,3-propanediol (TMP, 0.20 g, 1.53 mmol) was added under argon and melted
at 60 °C. 25 wt % KOMe in methanol (0.11 mL, 0.51 mmol) was added stirred for 30 minutes.
Upon completion of the deprotonation, the solvent was evaporated under vacuum for 3 hours. The
reaction flask was charged with a mechanical stirrer, heated to 95 °C, and freshly distilled glycidol
(20.25 mL, 0.30 mol) was added over 9 hours using a precision dosing pump. The reaction mixture
was allowed to stir for a further 8 hours at 100 °C, where a small aliquot was taken for structural
analysis to confirm the completion of polymerization. To the solution, three drops of KH (50%
w/w in mineral oil) was added and allowed to react for one hour. Subsequently, N-(2,3epoxypropyl)phthalimide (2.45 g, 12.04 mmol) dissolved in anhydrous DMF was added over 2
hours and allowed to react for 20 hours at 100 °C. The viscous solution was quenched and
dissolved in water followed by treatment with cationic exchange resin (Amberlite, IR120 hydrogen
form). The solution was dialyzed against 1K MWCO tubing, lyophilized and subjected to
structural analysis.
1

H NMR (300 MHz, MeOD): δ= 7.88-7.84 (m, 4H) 3.90-3.58 ppm (m, HPG backbone, 5H)

Mn = 18,874 Da, Mw/Mn = 1.14, ~4 N-phthalamides per HPG

2.3.5

Preparation of HPG amine

HPG phthalamide containing ~4 phthalimide groups per molecule (5.8 g, 0.54 mmol) was
dissolved in 60 mL methanol and hydrazine monohydrate (1.8 mL, 21.6 mmol) was slowly added
under ambient conditions. The temperature was then elevated to 65°C and allowed to reflux for 48
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hours. The resulting polymer was dialyzed against 1K MWCO tubing in water, lyophilized and
characterized by FTIR and NMR
1

H NMR (300 MHz, MeOD): δ=3.91-3.59 ppm (m, HPG backbone, 5H)

2.3.6

Preparation of α-azido linear polyglycerol

Tetrabutylammonium azide (0.11 g, 0.39 mmol) was added to a flame dried Schlenk flask and
dried under reduced pressure for three hours at 90 °C. Toluene (5 mL) and EEGE monomer (16.5
mL, 0.11 mol) were added via syringe under argon. The reaction mixture was cooled down in an
ice/salt bath to -10 °C and activated by the fast addition of triisobutylaluminum (TIBA, 1 M in
hexane, 1.60 mL, 1.59 mmol). After addition of TIBA, the mixture was stirred overnight, returning
to room temperature. Upon reaction completion, 1 mL of methanol was used to quench the reaction
and the solution was stirred for another 30 minutes. Removal of aluminum as the insoluble
Al(OH)3 salt was carried out by cooling the solution to 0 °C followed by the addition sodium
hydroxide solution (15 wt. %). The resulting solution was dried using MgSO 4, followed by
filtration and removal of the solvent in vacuo. The viscous, light yellow residue was characterized
by 1H-NMR and carried forward without further purification.
1

H-NMR (300 MHz, CDCl3): 𝛿 = 4.70 (m, 1 H), 3.70 - 3.41 (m, 7 H), 1.29-1.14 (m, 6 H)

In order to remove the protecting group, the polymer was dissolved in a solution of 3.7% HCl in
methanol (100 mg/mL) and left overnight to deprotect. The light yellow solution was neutralized
with saturated NaHCO3, dialyzed immediately against 1K MWCO tubing and lyophilized to
generate α-azido linear polyglycerol (LPG-N3).
1

H-NMR (300 MHz, D2O): δ=3.72-3.59 ppm (m, LPG backbone, 5H).

Mn = 14, 900 Da, Mw/Mn = 1.23.

2.3.7

Preparation of α-amino linear polyglycerol

LPG-N3 (650 mg, 0.045 mmol) dissolved in 15 mL pyridine and PPh3 (140 mg, 0.52 mmol) was
added to the solution. The reaction was stirred vigorously under ambient conditions for 48 hours.
Upon reaction completion, one volume equivalent of methanol was added to the flask and the
solution was dialyzed against 1 K MWCO tubing in methanol and dried in vacuo to afford the
product.
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1

H-NMR (300 MHz, MeOD): δ=3.75-3.35 ppm (m, LPG backbone, 5H)

2.3.8

Attachment of Q-tag to polymer (PEG, LPG, HPG)

PEG-NH2 (5000 Da, 300 mg, 0.06 mmol NH2 groups) was added to a 50 mL flame dried Schlenk
flask (Flask A) dried overnight and purged in Argon. The polymer was subsequently dissolved in
9 mL anhydrous DMF. Another 4 mL of DMF was added another flame dried flask (Flask B).
Trityl (trt) protected peptide, GLQ(trt)Q(trt)Q(trt)G-COOH or GLQ(trt)Q(trt)Q(trt)GGGGGCOOH (0.072 mmol), 1-Hydroxybenzotriazole (HOBt, 11 mg, 0.072 mmol), Benzotriazol-1yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (BOP 32 mg, 0.072 mmol), and NEthyldiisopropylamine (DIPEA 60 µL, 0.72 mmol) was added to flask B and allowed to stir for
30 min at room temperature, after which the contents were transferred to Flask A by cannula over
5 minutes with 1 mL DMF wash. The new mixture in Flask A was left at room temperature under
Argon for 48 hours. Acetic anhydride (17 µL, 0.18mmol) was added to quench the reaction and
the mixture was stirred for 60 min. The final mixture was precipitated 3 times in cold ether:acetone
(50:50 v/v) and the precipitate was collected via centrifugation. A similar procedure was carried
out on amine functionalized HPG and LPG scaffolds. The trt protected polymer-peptide conjugate
was dissolved in deprotection mixture (92:6:2 TFA:TIS:H 2O v/v) to a final concentration of 50
mg/mL and the solution was left to react for 3 hours at room temperature. Upon reaction
completion, the solution was dried in vacuo to remove TFA dissolved in 5 mL methanol and
centrifuged to remove any insoluble ppt. The supernatant was dialyzed (2 MWCO) in methanol
overnight, followed by water for a further 24 hours filtered and freeze dried. Conjugates were
characterized by NMR and MALDI-TOF for PEG containing conjugates.
1

H NMR (300 MHz, D2O): δ=3.74-3.56 ppm (m, PEG backbone, 4H), δ=0.91-0.83 ppm (m,

leucine -CH3, 6H)
1

H NMR (300 MHz, MeOD): δ=3.92-3.59 ppm (m, LPG backbone, 5H), δ=0.91-0.89 ppm (m,

leucine -CH3, 6H)
1

H NMR (300 MHz, MeOD): δ=3.92-3.59 ppm (m, HPG backbone, 5H), δ=0.94-0.90 ppm (m,

leucine -CH3, 6H)
m/z PEG-G1-Q [M+Na] = 5883 Da
m/z PEG-G5-Q [M+Na] = 6175 Da
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2.3.9

Fluorescent tag modification of polyglycerols (LPG, HPG)

Aldehyde groups were generated on HPG though the oxidation of 1,2 diol groups on the polymer
scaffold using NaIO4. Polyglycerol (190 mg, 0.010 mmol) was dissolved in MES buffer (0.1 M,
pH 6.5) to a followed by the addition of NaIO4 (3.7 mg, 0.017 mmol). The solution was stirred
overnight at room temperature protected from light. Following periodate oxidation, the reaction
was quenched through the addition of glycerol to a final concentration of 20 mM. BODIPY
hydrazide (0.012 mmol) dissolved in DMSO was added to the solution followed by an aniline
stock solution (1 M in DMSO) to a final aniline concentration of 10 mM. The mixture was left to
react overnight at ambient temperature in the dark. Following reaction completion, the reducing
agent NaCNBH3 (7.2 mg, 0.12 mmol) was added to the solution and left to stir overnight at room
temperature. Following reduction, an excess of glycine was added to a final concentration of 10
mM to quench any remaining aldehyde groups and stirred for another hour. The conjugate solution
was then purified through either dialysis (3.5 K MWCO) or zeba spin desalting columns (7 K
MWCO) until a negative silver nitrate test was obtained.

2.3.10 Ammonia generation assay for enzyme reactivity
The extent of tTGase ligation was assessed using an ammonia assay kit (Sigma, MAK310) and
used according to the manufacturer’s protocols. This kit is used for the quantitative, enzymatic
determination of ammonia (NH3), a side product in the tTGase reaction. This assay is based on the
o-phthalaldehyde method in which the reagent reacts with NH3 producing a fluorescent product
(λex = 360 nm /λem = 450nm), proportional to the NH3 concentration in the sample.215,216 Briefly,
PBS was supplemented with 5 mM CaCl2 and 3 mM dithiothreitol (DTT) . In a 96 well plate,
containing either endothelial cells or glycine ethyl ether (GEE, amine donor), Q-tagged polymer
(acyl donor) and guinea pig liver transglutaminase (tTGase, Sigma T5398) were added to the PBS
solution to a final concentration of 5 mM, 0.5 mM and 0.2 U/mL respectively (Vf = 100 µL). The
reaction was thoroughly mixed and rocked gently at 4 ºC for 30 minutes. The sample was diluted
four-fold and a 10 µL aliquot of the reaction mixture was then transferred to a tube containing 98
µL complete ammonia assay reagent and mixed thoroughly. The solution was left to react for 15
minutes at ambient temperature in the dark. The change in absorbance at 450 nm was measured
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using a spectrophotometer and the quantity of ammonia in solution was measured according to Eq.
1:
[NH3] generated =

Fsample −Fblank
𝑠𝑙𝑜𝑝𝑒

(Eq. 1)

Where the slope represents the results of a NH 4Cl standard curve generated under identical
conditions to the samples and F blank is the fluorescent intensity of supernatants from endothelial
cells alone in the presence of enzyme.

2.3.11 Polymer attachment to endothelial surfaces
EaHy.926 cells at 60-80% confluence were trypsinized and plated in a 96 well plate at 15,000
cells/well. Cells reached 100% confluence at day 3 and allowed to grow for a further 11 days at
37 °C and 5% CO2. Cells were washed twice with cold DPBS and incubated with UW solution
freshly supplemented with 3 mM GSH, 5 mM CaCl2, 0.2 U/mL guinea pig liver transglutaminase
and varying concentrations of polymer. The solutions were mixed thoroughly and incubated at 4
°C for 30 minutes under static conditions. The cell supernatant was removed and the cells were
washed three times with PBS and subjected to further analysis. Some experiments were carried
out in DMEM cell media freshly supplemented with 3 mM GSH, 5 mM CaCl2, 0.2 U/mL guinea
pig liver transglutaminase and varying concentrations of polymer (0.2 mM – 3 mM). These
experiments were carried out at 37 °C and 5% CO2 for 30 minutes. The specific conditions used
for enzyme mediated cell surface attachment are denoted in the figure caption. The assessment of
polymer attachment to endothelial cells are assessed by ammonia assay, flow cytometry and
polymer mediated cell-surface camouflage of surface proteins. Polymer attachment using
succinimidyl-succinate functionalized PEG (SS-PEG, 5 kDa) was carried out under identical
conditions without tTGase.

2.3.12 Flow cytometry on polymer modified endothelial cells
To quantify the extent of cell surface engineering, polymers were attached to endothelial
surfaces according to procedures outlined in section 2.3.11 using polymer in which 10% were
labelled with fluorophore (FITC or BODIPY FL). The cell monolayers were trypsinized and
subjected to flow cytometry (CytoFLEX, Beckman Coulter) in which 10,000 events were
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acquired and the median fluorescent intensity (MFI) in the 488 channel was recorded. To adjust
for differential fluorescent intensities of the labelled polymers, the MFI values acquired from
the flow cytometer were normalized to those acquired in polymer solutions alone at identical
concentrations.
For ICAM-1 labelling, EaHy.926 cells were activated with TNF-α (2000 U/mL, 3 hours)
in serum deficient DMEM to stimulate the expression of ICAM-1 on the cell surface before
polymer attachment. To account for differences in reactivity between Q-tagged polymers,
concentrations of polymer added to the solution were adjusted using NH3 generation data to ensure
that a similar number of polymers attached to the cell surface. Following polymer attachment, the
cells were fixed, and labelled with PE-Cy™5 Mouse Anti-Human CD54 (1:20, BD Biosciences)
for 20 minutes at room temp in the dark. The cell monolayers were trypsinized and subjected to
flow cytometry (CytoFLEX, Beckman Coulter) in which 10,000 events were acquired and the
median fluorescent intensity in the 667 channel was recorded
2.3.13 PBMC adhesion to endothelial surfaces
Confluent EaHy.926 monolayers seeded in a 48 well plate were activated with TNF-α
as described in section 2.3.12. To obtain PBMCs, EDTA anticoagulated blood from healthy
donors was subjected to ficoll density gradient centrifugation Histopaque®-1077 (Sigma
Aldrich). PBMCs were cultured for 24 h in RPMI-1640 containing 10% FBS (v/v), 1000 U/mL
recombinant human IL-2 (Cedarlane) and pen/strep. Prior to fluorescent labelling, cultured
PBMCs were tested for absence of platelets by labelling an aliquot of cells with FITC-labelled
anti-human CD45 (1:200 Beckman Coulter) and analyzed by flow cytometry (CytoFLEX,
Beckman Coulter). PBMCs containing <1% platelets were implemented for further study. The
PBMC composition was also measured using a hematological analyzer (Sysmex Canada Inc.)
Following IL-2 treatment the typical composition of the PBMCs were ~80% lymphocytes, 5%
immature granulocytes, 2% basophils and 13% monocytes. PBMCs were then suspended in
Ca2+ and Mg2+ free PBS (1 x 106 cells/mL), labelled with 5 µM CellTracker™ Green (CTG)
CMFDA Dye (Invitrogen) for 30 minutes at 37 °C, washed twice with PBS, and resuspended
in binding buffer (HBSS containing 2 mM CaCl2 , 2 mM MgCl2 , 1% BSA) to a final
concentration of 2.5 x 106 cells/mL. PBMCs were then slowly added to activated monolayers
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(with or without treatment with 0.55 mM PEG-G5-Q or 0.5 mM LPG-G1-Q) to a final
concentration of 0.75 x 106 cells/mL and left to incubate for 1 hour at 37 ºC. Following PBMC
attachment, EaHy.926 monolayers were washed with PBS and fixed with 4% PFA for 15
minutes at room temperature. Images were acquired using confocal microscopy at confluent
regions of the channel focused on the PBMC containing plane in confluent areas. PMBC adhesion
was quantified by lysing the cells with RIPA buffer, spinning at 15,000 g to remove cell debris
and measuring the fluorescent intensity of the CMFDA Dye in the lysate (λex/λem= 492/517 nm
using a plate reader (Spectramax i3, Molecular Devices).
2.3.14 Ex vivo treatment of mouse kidneys with polymer fortified UW solution
The ex vivo treatment of male adult C57BL/6 mouse kidneys were adapted from literature
procedures originally established by Shi et. al for the cold storage of organs.217 Briefly, male mice
were anesthetized and the abdominal cavity was exposed via a ventral midline incision. The right
kidney was removed after ligation of the aorta ligated with 11-0 nylon ties (Shanghai Pudong
Jinhuan Medical Products Co. Ltd, Shanghai, China) at both the distal and the proximal sites. The
renal vein was clamped and subsequently a tiny hole was made at the proximal site near the kidney
to allow perfusate to flow freely out of the kidney. At the proximal aorta a needle (22 G) was
inserted and was linked to a syringe that contained 4 mL of cold UW solution, and the blood was
completely removed over 3 minutes at 2.5 ml/min. At the same perfusion rate, UW solution
fortified with 5 mM CaCl2, 3 mM GSH, 0.5 mM PEG-G1-Q (10% FITC-PEG-G1-Q) and 0.2
U/mL tTGase was introduced into the kidney and left to incubate on ice for 1 hour under static
conditions. Control samples were incubated in UW solution fortified with 5 mM CaCl2, and 3 mM
GSH only. The kidney was then removed from the mouse, washed with 5 mL of saline and placed
in optimal cutting compound (OCT) and stored at -80 C. 10 µm sagittal slices were taken from
the middle of the kidney, fixed in 10% formalin for 15 minutes, washed with PBS, blocked and
treated with primary rat anti-mouse CD31 Ab (1:200 dilution, BD Biosciences) overnight at 4 C.
The section was washed with PBS and incubated with a secondary Ab chicken anti-rat Alexa
Fluor® 647 (1:500 dilution, Thermo Scientfic ) and incubated for 60 min at room temperature.
The slices were then subjected to confocal microscopy. Polymer attachment was quantified on
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CD31+ regions of the tissue and acquiring the MFI in the 488 channel in a defined ROI using
ImageJ software.
2.3.15 Determination of lysine targets through the immunoprecipitation of PEGylated
proteins
In a 6-well plate containing confluent monolayers of 14-day old EaHy.926 cells, cells were
incubated with 1.0 mM PEG-G1-Q in conditions identical to those outlined in section 2.3.11
(DMEM conditions). Cells were washed exhaustively with PBS and lysed with RIPA buffer
containing Halt™ protease inhibitor (Thermo Scientific) for 10 minutes at ambient temperature.
The cell lysates were sonicated three times over one-minute intervals to remove any membrane
bound glycoproteins from the cell membrane. To remove cell debris, lysates were centrifuged for
15 minutes at 15,000 x g and 4 °C. Following protein quantification through a BCA assay (Thermo
Scientific) the PEGlyated proteins were isolated through immunoprecipitation using Sheep AntiRabbit IgG Dynabeads™ (Invitrogen) according to the manufacturer’s protocol. Briefly, IgG
dynabeads were covalently functionalized with Rabbit IgG Recombinant PEG Antibody (NSJ
Bioreagents, clone RM105) through coupling with bis(sulfosuccinimidyl)suberate (BS3,
Invitrogen) to afford anti-PEG dynabeads. Cell lysates were then incubated with anti-PEG
dynabeads overnight at 4 °C in 0.02% PBST buffer. The supernatant was removed and labelled as
the unbound fraction of the lysate. PEGylated proteins were then selectively removed from the
anti-PEG dynabeads using 10% SDS and subjected to SDS-PAGE using a 4-20% gradient gel
(BioRad) under reducing conditions (5% β-mercaptoethanol) and counterstaining with commassie
blue. The band was then excised, subjected to trypsin digestion and subjected to ESI-MS/MS using
an Agilent 6550 Q-TOF coupled to an Agilent 1200 series LC. The Byonic™ search engine was
then used to identify potential proteins within the human UniProt protein database.

2.3.16 Statistical analysis
Data are expressed as the mean ± 95% confidence interval using the sample standard
deviation. Statistical analyses were performed using GraphPad Prism version 7.0 software,
using unpaired t-tests with Welch's correction. Samples were denoted as statistically significant.
p<0.05 (*), p<0.01 (**), and p<0.001 (***). Experiments were performed in duplicate at least
3 times and results were pooled into a single dataset unless stated otherwise.
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2.4

2.4.1

Results

Design and characterization of transglutaminase reactive polymers
PEG, LPG and HPG were selected as polymer candidates as they have been previously used

for cell surface engineering and are biocompatible.143,156,218 To isolate the impact of polymer
architecture on enzyme-mediated cell surface engineering, a library of these polymers was synthesized
to all possess similar hydrodynamic radii (Rh). When attached to the cell surface, the large
hydrodynamic size of these voluminous polymers is the driving force behind immunoisolative behavior
that will ultimately be used to re-establish the shielding properties of the glycocalyx (see section
2.4.2.3).145
HPG and LPG were synthesized through anionic ROP according to literature procedures.131,219
Together with the commercially supplied PEG, the polymers were characterized through GPC

analysis. From this, the molecular weight, polydispersity and the hydrodynamic radius were
calculated for each product (Table 2). 1H NMR spectroscopy was used to calculate the extent of
modification with peptide (Q-tag). Within the NMR spectra, the number of OH groups per molecule
can be estimated assuming on average ~1 OH group per glycidol monomer from published 13C NMR
data.164 From this, the number of peptides per polymer molecule can be calculated by comparing the
integration values between the polymer backbone and peaks that are unique to the Q-tag peptide (see
section 2.3.8). MALDI-TOF was used to further characterize PEG-peptide conjugates and establish
that the peptide is conjugated to the PEG backbone Spectral profiles of the polymer candidates can be
found in Appendix A
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Table 2: Physical and structural characteristics of polymers to be assessed for enzyme-mediated
engineering
Name

Polymer

Mn(Da)a

PDIa

Hydrodynamic

Q-tag Sequence

Radius (Rh)b

Backbone

#

of

m/z d

peptides/
polymerc

PEG-G1-Q

Polyethylene

5280

1.2

2.8

GLQQQGNAc

0.89

5951

5280

1.2

2.8

GGGGGLQQQGNAc

0.87

6196

14000

1.3

3.0

-GLQQQGNAc

0.97

N/A

14000

1.3

3.0

GGGGGLQQQGNAc

0.94

N/A

19000

1.2

2.8

GLQQQGNAc

1.6

N/A

19000

1.2

2.8

GGGGGLQQQGNAc

1.3

N/A

glycol
PEG-G5-Q

Polyethylene
glycol

LPG-G1-Q

Linear
polyglycerol

LPG-G5-Q

Linear
polyglycerol

HPG-G1-Q

Hyperbranched
polyglycerol

HPG-G5-Q

Hyperbranched
polyglycerol

a

molecular weight of polymer backbone as quantified by GPC MALLS

b

quantified through QELS

c

quantified through 1H NMR spectroscopy
quantified through MALDI-TOF (α-cyano-4-hydroxycinnamic acid matrix)

d

2.4.1.1

Impact of linker length and polymer architecture on substrate reactivity

When implemented as a scaffold, the major architectural difference between PEG, LPG and HPG
is the polymer backbone flexibility. Unlike PEG, polyglycerols like LPG and HPG have pendant
hydroxyl groups which participate in hydrogen bonding and constrain backbone flexibility (Figure
12).220 The dendritic structure and unique branching of HPGs further increases these interactions
and HPG exists as a dense, compact structure in aqueous solutions. 172,221
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Figure 12: Chemical structures of polymer scaffolds implemented in the study. Decreasing
backbone flexibility from left to right (PEG>LPG>HPG) results in increasingly compact polymer
structures in solution.
While the compact nature of polyglycerols has numerous benefits in biological systems,
we predicted that increased polymer compactness may limit the ability of the peptide-polymer
conjugates to undergo enzymatic ligation to the cell surface. This is especially important in our
ligation strategy as surface accessibility is a major contributor to substrate reactivity with
tTGase.211 It has been previously demonstrated that increasing linker length can improve the
attachment of bulky structures (i.e. proteins, polymers) to other proteins either in solution or onto
surfaces.159,222 Using a series of C-terminal linkers composed of increasing amounts of glycine
residues, we probed the impact of linker length on the reactivity of PEG with endothelial cell
surfaces. Assuming a peptide unit length of ~3.8 Å, one, five and nine glycine residues correspond
to linkers with maximum lengths of 3.8, 19.0 and 34.2 Å, respectively. 223 The production of
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ammonia (NH3) during transglutaminase-mediated ligation (Figure 10) is often used to measure
the extent of the reaction between Q-tags and lysine substrates. Moreover, the use of a fluorogenic
ammonia assay can be used to quantify this transformation in a sensitive, high throughput
manner.224 Though tTGase has substrate selectivity in large lysine containing biomacromolecules,
the enzyme is able to indiscriminately react with a number of small molecule amines. 212 With this,
glycine ethyl ester (GEE) was used to probe the reactivity of the peptide-polymer conjugates with
the tTGase in solution. Unsurprisingly, the G5 linker increased the reactivity towards tTGase in
solution (Figure 13a). This trend however, did not continue following the installation of a G9 (34.2
Å) linker. Similar to other reports that studied linkers of varying lengths, this effect may be due to
the G9 peptide folding over back into the polymer, limiting the accessibility of the reactive tag to
the enzyme.159 With this, only G1 and G5 linkers were implemented for further studies on
polyglycerols.

Figure 13: Assessment of tTGase reactivity of polymer-peptide conjugates as quantified by
ammonia (NH3) generation. A) Impact of linker length on the reactivity of Q-tagged 5 kDa PEG
with tTGase in solution. B) Assessment of the reactivity of polymer-peptide conjugates with
different linker lengths and/or polymer architectures with tTGase in solution. Reactions were
performed in PBS solution (30 minutes, 4°C, 0.5 mM equivalent of Q-tag peptide) with GEE as
the amine donor. Error bars represents 95% confidence intervals. Unpaired comparisons using a
non-parametric t-test are significant with p > 0.05 (ns), p <0.05 (*).
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In the G1 polymer series, the impact of polymer architecture on substrate reactivity is
illustrated, with more compact polymers having lower NH3 production (Figure 13b). When the
longer G5 linker is incorporated however, a uniform increase in substrate reactivity in solution was
observed, alleviating the structure-dependent differences between PEG and LPG and rescuing the
reactivity of the more compact HPG.

2.4.2
2.4.2.1

Characterization of polymer substrates on the cell surface
Reactivity to cell surface components
To probe the extent of reactivity of Q-tagged polymers on the cell surface, FITC-PEG-G1-

Q was incubated with endothelial EaHy.926 cells at different polymer concentrations. A dosedependent increase in polymer attachment was observed up to 2.0 mM, indicating a significant
number of tTGase-reactive peptides are available on the cell surface (Figure 14a). Confocal
microscopy on endothelial cell surfaces further confirmed that FITC-PEG-G1-Q was able to
covalently attach to the cell surface in a manner that is dependent on the presence of tTGase (Figure
14b). Other control studies switching PEG-Q with PEG-NH2 in the presence of tTGase and
endothelial cells showed insignificant NH3 generation, indicating that most substrates on the
endothelial surface are lysine donors rather than Q-containing acyl acceptors (Figure A.5.1).
Furthermore, tTGase also exhibited a lack of reactivity toward non-endothelial amines adenosine
and l-lysine. As adenosine and l-lysine are major components in UW solution and cell media
respectively, this result further substantiates that this enzyme-mediated ligation strategy can be
carried out within a complex biochemical environment.84,225 It should be noted that tTGase is able
to react with other small molecule amine donors however, the small molecule amines traditionally
found in biological solutions possess insufficient basicity and hydrophobicity to compete as an
amine donor during the ligation process. 204,226
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Figure 14: Assessment of tTGase-mediated attachment of PEG-G1-Q with endothelial EaHy.926
cell surfaces. A) EaHy.926 cells were incubated with increasing concentrations of FITC-PEG-Q
(10% FITC) for 30 min at 37 °C in DMEM solution and incorporation was measured by flow
cytometry. B) Confocal slice of EaHy.926 monolayers incubated with 1.0 mM FITC-PEG-G1-Q
(30 min at 37 °C in DMEM solution) in the presence or absence of tTGase. The cell membrane is
labelled with CellMask™ deep red membrane stain. C/D) Lifetime measurements of FITC-PEGG1-Q on the cell surface (C) and shedded into the cell media (D) as assessed by flow cytometry
and fluorimetry respectively. Error bars represents 95% confidence intervals. Unpaired
comparisons using a non-parametric t-test are significant with p > 0.05 (ns)
The dynamic nature of the endothelial cell surface imposes a finite surface lifetime on the
polymers despite their covalent attachment.

Proteins on the cell surface are continually

internalized or, in the case of the glycocalyx, shedded by a series of proteases.36,227 To determine
the cell surface half-life of PEG-G1-Q polymers, we followed the loss of polymer specific signal
on the cell surface over time through flow cytometry (Figure 14c). The supernatants at each time
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point were also collected to visualize the shedding of the glycocalyx-attached polymers into the
cell media (Figure 14d). Results were further fitted to a one-phase decay (R-squared = 0.98) model
to probe the half-life of the covalently attached polymers. Together, these results demonstrated
that the Q-tagged polymer has a half-life of ~8 hours on the cell surface and is removed presumably
by glycocalyx shedding rather than internalization.
Similar to reactions in solution, flow cytometry data acquired on polymer engineered cells
revealed a uniform increase in cell surface reactivity with the G5 linker (Figure 15a). Within
polymers containing the same linker, there was no significant difference observed between PEG
and LPG in the flow cytometry data. The NH3 generation from the cell however, revealed a
significant advantage toward LPG in reactivity toward the endothelial surface (Figure 15b).

Figure 15: Assessment of polymer-mediated cell surface engineering with different polymer
scaffolds. A) EaHy.926 cells were incubated with 0.5 mM of Q-tagged polymer (10%
FITC/BODIPY) for 30 min at 4 °C in UW solution and incorporation was measured by flow
cytometry. B) tTGase-mediated NH3 generation after incubation of EaHy.926 cells with 0.5 mM
Q-tagged polymer in PBS solution. Error bars represents 95% confidence intervals. Unpaired
comparisons using a non-parametric t-test are significant with p > 0.05 (ns), p <0.05 (*), p
<0.01(**), p <0.001 (***)
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2.4.2.2

Glycocalyx selective reactivity
It has been previously demonstrated that tTGase reacts with specific lysine substrates on

the cell surface.207 In our desired implementation for CSE, this enzyme strategy confers major
advantages over traditionally used NHS-ester ligation as, 1) reactions can be carried out in complex
solutions (i.e. cell media, organ preservation solutions), 2) non-specific attachment to off-target,
functionally important proteins on the cell surface are avoided and 3) The peptide conjugates
possess superior storage and stability in aqueous solutions. Indeed, when polymer attachment was
carried out in DMEM cell media the tTGase mediated attachment with the Q-tagged PEG (PEGQ) had superior reactivity with the cell surface in comparison to NHS ester-mediated PEGylation
with succinimidyl-succinate PEG (PEG-SS) as illustrated in Figure 16a.
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Figure 16: Assessment of different ligation strategies on the selective ligation of glycocalyx
proteins. A) EaHy.926 endothelial cells were incubated with 0.5 mM of polymer (10%
FITC/BODIPY) for 30 min at 4 °C in UW solution and incorporation was measured by flow
cytometry. B) Extent of polymer attachment increases with glycocalyx expression over time
(WGA-633) when PEG-G5-Q is used as assessed by flow cytometry. This trend was not observed
in NHS ester modified PEG. C) Loss of polymer attached under chemical (PEG-SS) and enzyme
(PEG-Q) ligation strategies on the endothelial cell surface following partial glycocalyx removal.
Percent loss is represented as loss of signal in the FITC channel before and after H 2O2-mediated
glycocalyx removal. D) SDS-PAGE of PEG-G5-Q modified cell lysate before (lane 4) and after
(lane 3) the isolation of PEG-modified proteins through immunoprecipitation with anti-PEG Ab.
Gels were stained with Coomassie blue. Error bars represents 95% confidence intervals. Unpaired
comparisons using a non-parametric t-test are significant with p > 0.05 (ns), p <0.05 (*), p
<0.01(**), p <0.001 (***).
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Upon further investigation, it was demonstrated that polymer attachment using enzyme
ligation further increased with the aging of the endothelial monolayers (Figure 16b). While the cell
number within each well remained constant at each time point, the dynamic cell surface continues
to remodel and grow. Bai et. al have previously demonstrated the temporal development of the
endothelial glycocalyx into a robust structure on the cell surface over the course of 21 days.192
Through glycocalyx-specific staining with Alexa-633 wheat germ agglutinin (WGA-633), the
temporal development of the glycocalyx on EaHy.926 endothelial cells illustrated a positive trend
that matched the extent of polymer attachment with PEG-G5-Q. Repeating this study with PEGSS did not recapitulate this trend confirming that PEG-SS which uses simple chemical ligation to
indiscriminately react with primary amines on the cell surface, is not specific to glycocalyx and/or
ECM proteins.
To further probe the preference for polymer attachment to the endothelial glycocalyx, we
sought to track the loss of polymer following glycocalyx removal in polymer grafted cells. The
exposure of endothelial cells to H2O2 provokes the upregulation of matrix metalloproteases (MMP)
which enzymatically remove the glycocalyx. 228 The treatment of the polymer grafted cells with
H2O2 stimulated the shedding of 29.5% of the glycocalyx and subsequently, the loss of 24.9% of
the enzymatically attached polymer (Figure 16c). Conversely, the removal of a similar amount of
glycocalyx provoked the loss of only 11% of the polymer on the cell surface indicating that more
than half of the polymers attached through SS-PEG are reacting with proteins other than the
glycocalyx and/or ECM.
To elucidate potential lysine protein targets for the Q-tagged polymers on the cell surface,
we subjected endothelial cell lysates that had previously been modified with PEG-G5-Q to
immunoprecipitation with an anti-PEG antibody. SDS-PAGE of the immunoprecipitated protein
revealed band at ~250 kDa (Figure 16d). The band was excised and subjected to ESI-MS/MS to
identify the unknown protein. Potential hits for the protein identity included myosin, plectin,
myoferlin, dysferlin and vimentin (Table A.6.1). Myosin has been previously demonstrated to have
a high non-covalent affinity to PEG in cell lysates.229 As the objective of the study is to find
covalently modified proteins on the cell surface, myosin was removed from the list of potential
hits. Among the remaining hits, myoferlin, dysferlin vimentin are both located on the surface of
endothelial cells.230-232 The mass of myoferlin (~230 kDa) and dysferlin (~240 kDa) most closely
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match the band observed in Figure 16d and are the most likely lysine targets of tTGase-mediated
PEGylation.

2.4.2.3

Polymer-mediated immunocamouflage
To probe the efficacy of our cell surface engineering technique in re-establishing the

glycocalyx barrier, we measured the extent of polymer-mediated immunocamouflage of cell
surface receptors, a parameter which has been previously implemented to probe CSE.145,233,234
ICAM-1 is a membrane bound glycoprotein present on the endothelium that plays an integral role
in triggering lymphocyte adhesion/transmigration and sustaining an inflammatory response. 235
With this, we studied the impact of cell surface engineering on the polymer mediated
immunocamouflage of ICAM-1 and lymphocyte adhesion to endothelial cells.
To measure the camouflage of cell surface receptors, TNF-α activated endothelial cells
were engineered with increasing concentrations of polymer (LPG-G5-Q, PEG-G5-Q) and the
shielding effect (camouflage) of the attached polymers from anti-ICAM-1 antibody binding was
assessed through flow cytometry. To accommodate for differences in cell surface reactivity
between LPG and PEG, the initial amount of polymer added was adjusted during experiments to
ensure that a similar number of either LPG or PEG polymer molecules were attached to the cell
surface (as assessed by NH3 generation). As demonstrated in Figure 17a, both LPG and PEG
scaffolds were capable of camouflaging ICAM-1 in a dose-dependent manner. It should be noted
that the treatment of endothelial cells with TNF-α causes glycocalyx shedding however, polymer
attachment was only dampened by ~15% (Figure A.5.2).36
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Figure 17: Assessment of polymer-mediated immunocamouflage on the endothelial surface. A)
Impact of increasing levels of polymer attachment on ICAM-1 accessibility on TNF-α activated
EaHy.926 endothelial cell surfaces. B) Representative fluorescent microscopy images of PMBC
adhesion on TNF-α activated EaHy.926 cell surfaces with and without PEG-Q treatment. C)
Measurement of PBMC on EaHy.926 endothelial cells after various treatments as quantified by
the fluorescent intensity of the co-culture lysates. PMBCs were labelled with cell tracker green
and washed before incubation with endothelial cells. All polymer attachments were done in UW
solution (30 minutes, 4 °C). Error bars represents 95% confidence intervals. Unpaired comparisons
using a non-parametric t-test are significant with p > 0.05 (ns), p <0.05 (*), p <0.01(**), p <0.001
(***).
The extent of immunocamouflage on PEGylated endothelial cells was further demonstrated using
human peripheral blood mononuclear cells (PBMC’s) containing ~80% lymphocytes. Following
the attachment of PEG-G5-Q, lymphocyte attachment to TNF-α activated endothelial surfaces was
reduced by ~2.8 fold as illustrated in Figures 17b and 17c.

2.4.2.4

Assessment of enzyme engineering ex vivo
With good evidence of robust cell surface engineering using our tTGase approach in vitro,

we looked toward attempting this strategy ex vivo in a cold organ preservation model. Using a
previously established murine model for kidney preservation, washed kidneys were perfused with
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UW solution fortified with FITC-PEG-Q and tTGase.217 Over the course of 1 hour, it was
demonstrated that PEG-G1-Q was able to specifically coat endothelial surfaces in both large and
small vessels (Figure 18). When comparing vessels of different diameters, greater polymer
attachment was observed in large arteries than smaller microvessels. This study further
demonstrates the ability of the presented CSE technique to modify cell surfaces in the chemically
and biologically complex environment of the mouse kidney.

Figure 18: Assessment of enzyme mediated cell surface engineering ex vivo. A) Attachment of
FITC- PEG-G1-Q on the cell surface in different areas of the renal vasculature. B) Cross-sectional
image of fluorescent green kidney after incubation with FITC-G1-PEG-Q fortified UW solution
(top). The bottom image is a kidney preserved in UW solution without FITC-PEG-G1-Q
supplementation. C) Representative histology images of FITC- PEG-G1-Q (green) attachment to
blood vessels. Samples were counterstained with Alexa-647 labelled CD31 (red) to specifically
stain the endothelium. Yellow arrows denote the tubules of the kidney where no polymer
attachment occurred. Error bars represents 95% confidence intervals. Unpaired comparisons using
a non-parametric t-test are significant with p > 0.05 (ns), p <0.05 (*), p <0.01(**), p <0.001 (***).
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2.5

Discussion
Cell surface engineering is an elegant technique that can be used to drastically change cell

behavior without the need of genetic manipulation. 108,112 There is currently a wide array of tools
for manipulating the cell surface however, the gentle, rapid and selective manner of enzymemediated engineering is especially attractive for complex, translational applications like tissue
engineering.123
In this chapter, we developed an enzyme-mediated ligation strategy for covalently
attaching tTGase-reactive polymers to the endothelial glycocalyx. Results demonstrated that this
strategy can be used under chemically complex conditions including cell culture media (DMEM)
and UW organ preservation solutions. Screening polymers which differed in their architecture
(PEG, LPG, HPG) illustrated a that the reactivity of Q-tagged polymers decrease with increasing
polymer compactness (Figure 13). In this experiment, the most flexible polymer (PEG-Q) provided
the greatest reactivity in solution. This limitation imposed on the more compact LPG-Q and HPGQ was alleviated by incorporating a longer linker between the polymer scaffold and the tTGasereactive Q-tag peptide. The addition of a longer, more flexible G5 linker increased the accessibility
of the peptide toward the enzyme active site. Reassessing the ligation strategy on cell surface
lysines revealed that LPG-G5-Q demonstrated a higher reactivity toward the endothelial surface
than PEG-G5-Q (Figure 15). This observation may be explained by the difference in the physical
characteristics of the polymer scaffolds. In comparison to PEG, hydroxyl-containing polyglycerols
like LPG have reduced hydrophobicity and consequently, are able to more closely associate with
the highly charged and hydrophilic glycocalyx. 147,236 The differences in reactivity between the
substrates in solution and on the cell surface illustrates the importance of polymer structure in cell
surface engineering as peptide-polymer conjugates which have good reactivity in solution (i.e.
PEG-G1-Q, PEG-G5-Q) may not be the optimal candidates once the methodology is applied to
the cell surface.
As we desire to use this strategy toward rebuilding the damaged endothelial glycocalyx,
the selectivity of the ligation strategy toward glycocalyx proteins was also studied. This
investigation was stimulated by the observation that the extent of conjugation with PEG-Q
increased with the growth of the glycocalyx (Figure 5b), a trend that was not observed with nonspecific chemical ligation using PEG-SS. By selectively removing the glycocalyx following either
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chemical (PEG-SS) or enzymatic (PEG-Q) polymer ligation, ~2.7 times more of the enzymatically
attached PEG removed compared to cells engineered with PEG-SS (Figure 16c). From this, we
can conclude that many of the lysine substrates involved in the tTGase-mediated polymer
attachment to the cell surface occur on the glycocalyx. Isolating PEG-modified proteins through
immunoprecipitation with Anti-PEG Ab revealed a protein which is consistent with the ferlins
myoferlin and dysferlin. On the endothelial surface, ferlins serve as mechanoresponsive proteins
responsible for the regulation of nitic-oxide release and PECAM-1 expression.231,232 Though not a
typical component of the endothelial glycocalyx, the membrane anchored, ferlin proteoglycans are
highly co-expressed with other traditional glycocalyx proteoglycans. 237 The glycocalyx-selective
nature of PEG-Q attachment was further substantiated by studying this ligation strategy ex vivo
on isolated mouse kidneys (Figure 18). In vivo, large arteries have glycocalyxes which are much
larger than those which develop in small microvessels. 238,239 When applied to a renal mouse model
ex vivo, the tTGase-mediated ligation strategy demonstrated higher reactivity in the glycocalyxrich arteries compared to smaller microvessels. With this, it can be concluded that cell surface
engineering with tTGase follows similar trends both in vitro and ex vivo.
Results from polymer-mediated immunocamouflage (Figure 17) of pro-inflammatory
ICAM-1 residues demonstrated that this engineering technique was able to effectively attenuate
antibody and lymphocyte binding onto engineered endothelial surfaces. In agreement with
previous studies, the less compact PEG structure was able to more effectively shield ICAM-1
compared to LPG at similar concentrations on the cell surface. This advantage is most likely
architectural in origin, as the enhanced chain mobility of PEG molecules are able to form larger
exclusion zones on the cell surface which provide better protection against surface antigens like
ICAM-1.160,240 With this, we demonstrated that polymer attachment to the cell surface can
effectively re-establish the shielding effect of healthy glycocalyx structures against
proinflammatory antibody and cell binding.
2.6

Conclusion
In this chapter we presented a powerful cell surface engineering technique for the

incorporation of glycocalyx mimicking polymers into the glycocalyx within a chemically complex
environment (UW solution, cell media). This gentle strategy utilized the calcium-dependent
enzyme tTGase in concert with Q-tagged polymers to mediate extensive and gentle attachment to
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lysine substrates on the endothelial surface. Furthermore, this ligation strategy had a superior
performance to the traditionally implemented chemical PEGylation (SS-PEG) in terms of
reactivity in complex chemical environments and selectivity for ECM components of the cell
surface. This strategy can be successfully implemented to a range of polymer architectures as well
as cell and tissue surfaces. This strategy was also successfully able to re-establish the barrier
functions of the glycocalyx as demonstrated by the polymer-mediated immunocamouflage of
proinflammatory ICAM-1 receptors and lymphocyte adhesion.
Though tTGase-mediated ligation is not new, the presented work builds upon both the
fundamental and translational understanding of previous work on transglutaminase-mediated
CSE.207,213 While Messersmith et. al. focused on designing an effective peptide tag for tissue
engineering, the role of polymer architecture on cell surface reactivity remained unexplored. Our
studies were able to demonstrate the importance of polymer structure and hydrophilicity on
enzyme and cell surface reactivity. Building upon initial studies by Lin et. al. which employed
transglutaminases to engineer living cells, we were able to characterize the lifetime of
enzymatically attached substrates on the cell surface, probe potential lysine targets on the cell
surface as well as quantitively show their superiority compared to commonly employed chemical
ligations in engineering native cell surfaces. We were also able to show for the first time, that this
strategy could be used to engineer the endothelium ex vivo.
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Chapter 3: ‘Super-self’ engineering of endothelial surfaces through
sialylated polymer scaffolds
3.1

Synopsis
Siglec receptors on the lymphocyte surface are a powerful therapeutic target for controlling

the immune response. Functioning as inhibitors to both the innate and adaptive immune system,
siglecs assist immune cells in discriminating between ‘self/non-self’ tissues by engaging with
glycans (i.e. sialic acids) on target cells. In an effort to trick the immune system and evade ‘nonself’ immune recognition, some bacterial and cancer cells have evolved to ‘hypersialylate’ their
cell surfaces to disguise themselves as benign ‘self’ tissues. With this, the use of sialic acid
mimetics to target siglec-mediated immunosuppression has been heavily explored in recent years.
In this chapter, we implement the tTGase-mediated cell surface engineering strategy from chapter
2 to hypersialylate endothelial surfaces with sialylated polymers to generate ‘super-self’
endothelial surfaces. Results demonstrated that endothelial hypersialylation was able to
significantly attenuate PBMC-mediated cytotoxicity in a manner that was more effective than nonlocalized sialylated polymers. The super-self cell surface engineering strategy also proved to be
immunosuppressive in vivo, preventing immune-mediated vascular injury in an allogenic murine
artery transplant model in vivo.
The work presented in this chapter was done in collaboration with members of Professor
Jonathan Choy’s research group (Ms. Ashani Montgomery, Ms. Winnie Enns) within the
Department of Biochemistry at Simon Fraser University and Professor Stephen Withers within the
Department of Chemistry at UBC. Both research groups contributed to the conceptual
development of using glycopolymers as a novel immunosuppressant.
3.2

Background
On the cell surface, carbohydrates are an essential component of cell-cell interactions.

Referred to as ‘sugar code’, the arrangement of different glycans on the cell surface provides cells
with a platform to communicate intercellularly and regulate their behavior according to the
surrounding tissue environment.241 This mode of communication is especially prevalent in immune
cells which display various cell surface receptors including: galectins, sialic acid binding
immunoglobulin-like lectins (siglecs), and selectins to probe the ‘identity’ of other cells. 242-244 As
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the immune system serves as the body’s surveillance system for tissue damage and biological
intruders, immune-mediated identification through pathways like the sugar code is of the upmost
importance in maintaining the health and survival of mammalian systems.
Siglecs in particular are a powerful therapeutic target as they serve as the gatekeepers to
immune-mediated cytotoxicity.245 Functioning as inhibitory receptors within both the innate and
adaptive immune system, siglec-7 and siglec-9 assist NK cells, monocytes and macrophages in
discriminating between ‘self/non-self’ tissues by engaging with glycans on target cells in selfassociated molecular patterns (SAMP).246 ‘Self’ ligands take the form of sialic acids, which bind
to various siglecs on circulating immune cells and suppress immune activation (cytokine release,
effector T-cell propagation) and cell death in macrophages and NK cells respectively. 247-250 In this
immunomodulatory pathway, target cells possessing an insufficient amount of sialic acid ligands
for these receptors are perceived as ‘missing self’ and are susceptible to immune-mediated damage
when other pro-inflammatory receptors are present on the cell surface (i.e. ICAM-1, HLA,
MICA/B).247,251
In an effort to trick the immune system and evade ‘non-self’ immune recognition, some
bacterial and cancer cells have evolved to hypersialylate their cell surfaces to disguise themselves
as benign ‘self’ tissues.252,253 Recently, researchers have used both endogenous and exogenous
hypersialylation techniques to recapitulate this form of immunoevasion in vitro. 186 254 In an elegant
study by Hudak et. al., chemically-defined sialic-acid containing polymers attached to lipids were
used to re-engineer the glycocalyx of living cells through passive membrane insertion.186 Through
this hypersialylation technique, NK-cell recognition and cytotoxicity was potently suppressed on
various polymer-modified cancer cell lines (Figure 19).
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Figure 19: Schematic of ‘super-self’ engineering through polymer-mediated hypersialylation. The
figure was reproduced with permission by Nature Publishing Group.186

NK cell activation results in cytotoxic degranulation and the production of inflammatory
cytokines, such as interferon-γ (IFN-γ) and tumor necrosis factor-α (TNF-α).255 While NK cells
are primarily known for their ability to kill virally-infected cells and tumor cells, they are also
capable of recognizing and injuring allogeneically transplanted tissues. 256,257 In fact, NK cells play
a central role in renal IRI through the perforin dependent killing of tubular cells. 258 As such, the
impact of hypersialylation on attenuating NK-cell activation may also be useful toward improving
the outcome of solid organ transplants. Indeed, recent studies have shown that the inactivation of
NK cells in the early stages of transplantation can act as the gatekeeper between tolerance and
rejection in both the acute and chronic phases of transplantation. 259,260 It has been previously
observed that NK cells can promote the acceptance of allografts by lysing donor-specific APCs
and by secreting IL-10, an immunosuppressive cytokine which promotes the activation of Th2-
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type regulatory CD4+ T-cells.261-263 Likewise, their role in regulating T-cell activation and
proliferation may also be useful in attenuating inflammation-mediated DGF post-transplant.264
The use of sialic acid mimetics to target siglec-mediated immunosuppression has been
heavily explored in recent years. In designing a siglec-targeting therapeutic for organ transplants,
deactivation local to the transplant only would be of great benefit. This is because global
inactivation of NK and other immune cells using steroids, calcineurin inhibitors and antibodies
can promote susceptibility to infection in the transplant recipient. 175,265 Despite their
complications, globalized immunosuppression remains the only therapeutic strategy being
explored to promote immunosuppression. 266,267
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Exogenously induced hypersialylation of the

blood vessel surface to generate ‘super-self’ organs would provide a unique opportunity to promote
NK-mediated transplant tolerance that is localized to the transplant only. As siglec-mediated
immune regulation is dependent on the recognition of sialic acids on the cell surface, only immune
cells in close proximity to the engineered transplant are susceptible to de-activation. With this, we
hypothesize that enzyme mediated engineering of vascular endothelial surfaces using sialylated
polymers can both confer immunotolerance in alleogenic transplants and attenuate delayed
graft function post-transplant.
Implementing the tTGase-mediated cell surface engineering strategy from Chapter 2, UW
solution fortified with sialylated LPG-Q and tTGase was used to engineer the blood vessel
endothelium ex vivo. The impact of concentration and degree of sialylation on immune-mediated
cytotoxicity was first investigated in vitro on EaHy.926 endothelial cell surfaces to determine the
polymer formulation with the greatest immunosuppressive potential. The pathology of the
immunosuppression was also investigated at the in vitro level. Subsequently, polymer-mediated
hypersialylation in an allogenic murine artery transplant model was implemented to investigate
the impact of the cell surface engineering technique on organ rejection in vivo.

3.3

Methods

For spectral data of polymers, please refer to Appendix B
For techniques and list of materials refer to section 2.3.1-2.3.2
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3.3.1

Preparation of propargylated polyglycerols (LPG, HPG)

LPG-N3 (14300 Da, 830 mg, 0.06 mmol) was added to a 50 mL flame dried Schlenk flask, dried
overnight at 50 ºC and purged in Argon. The polymer was subsequently dissolved in 33 mL
anhydrous DMF. After complete dissolution of the polymer, NaH (96 mg, 3.9 mmol) was added
in three separate batches under vigorous stirring to afford a cloudy solution. The temperature was
elevated to 65ºC and allowed to react for 3 hours under argon. Propargyl bromide (330 uL, 3.0
mmol) was added dropwise to the solution and the mixture was allowed to react for 24 hours under
Argon. Methanol was added to quench the reaction and mixture was precipitated 2 times in cold
ether and the precipitate was collected via centrifugation. The pellet was then re-dissolved,
dialyzed against 1K MWCO tubing in MeOH. Following dialysis, the residual MeOH was
removed in vacuo and subjected to structural analysis.
1

H-NMR (300 MHz, MeOD): δ= 4.17 pp (m, CH2C≡CH, 2H) δ=3.66-3.51 ppm (m, LPG

backbone, 5H). ~35 alkynes per LPG (71% conversion)

3.3.2

Preparation of α-amino linear polyglycerol

Please refer to section 2.3.7 for experimental details

3.3.3

Attachment of Q-tag to LPG alkyne (alkyne-LPG-Q)

Please refer to section 2.3.8 for experimental details
1

H NMR (300 MHz, MeOD): δ= 4.2 pp (m, CH2C≡CH, 2H), δ=3.75-3.35 ppm (m, LPG backbone,

5H), δ=0.91-0.82 ppm (m, leucine -CH3, 6H)
3.3.4

Sialylation of Q-tagged polyglycerols (Sia-LPG-Q, Sia-HPG-Q)

The synthesis of clickable 2,3 and 2,6 sialyl oligosaccharides (2,3-Sia-LacC6N3, 2,6-SiaLacC6N3) was carried out through enzymatic elongation with sialyltransferases according to
previously published methods by Withers et. al. using 6-azidohexanyl-β-lactoside (LacC6N3) as
an acceptor.269,270 Alkyne-LPG-Q (115 mg, .00705 mmol) was dissolved in 4.6 mL anhydrous,
degassed DMF. To the polymer solution, α2,3-Sia- LacC6N3, α2,6-Sia- LacC6N3 or LacC6N3
(1.25

eq

per

alkyne)

was

added

followed

by

a

1:1

CuBr:

N,N,N′,N′′,N′′-

pentamethyldiethylenetriamine (PMDETA) solution (20 mol% relative to alkyne content). The
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vial was purged with Argon, capped and allowed to react at room temperature for 24 hours. Excess
2-azidoethanol was added after 24 hours to react with any remaining alkynes. Excess EDTA was
then added to quench the reaction and the solution was dialyzed against 2 MWCO tubing for 24
hours in 1 M NaCl followed by 24 hours in water. The resulting solution was then lyophilized and
subjected to structural analysis.
1

H NMR LPG-Q Sia (2,3) (300 MHz, D2O): δ=1.99 ppm (s, -CH3, sialic acetyl group, 3H) δ=3.73-

3.59 ppm (m, LPG backbone, 5H), δ= δ=0.88-0.84 ppm (m, leucine -CH3, 6H)
1

H NMR LPG-Q Sia (2,6) (300 MHz, D2O): δ=1.99 ppm (s, -CH3, sialic acetyl group, 3H) δ=3.74-

3.60 ppm (m, LPG backbone, 5H), δ= δ=0.89-0.84 ppm (m, leucine -CH3, 6H)
1

H NMR LPG-Q Lac (300 MHz, D2O): δ=1.54-1.26 ppm (m, -CH2 CH2 CH2 CH2 CH2 CH2, C6

linker, 8H) δ=3.73-3.62 ppm (m, LPG backbone, 5H), δ= δ=0.89-0.84 ppm (m, leucine -CH3, 6H)

3.3.5

Polymer attachment to endothelial surfaces

EaHy.926 cells at 60-80% confluence were trypsinized and plated in a 96 well plate at 15,000
cells/well. Cells reached 100% confluence at day 3 and were allowed to grow for a further 11 days
at 37 °C and 5% CO2. Cells were washed twice with cold DPBS and incubated with UW solution
freshly supplemented with 3 mM GSH, 5 mM CaCl2, 0.2 U/mL guinea pig liver transglutaminase
and varying concentrations of polymer. The solutions were mixed thoroughly and incubated at 4
°C for 30 minutes under static conditions. The cell supernatant was removed, washed three times
with PBS and subjected to further analysis.

3.3.6

PBMC-mediated cytotoxicity on the cell surface

EaHy.926 cells were engineered with polymers in UW solution as outlined in section 3.35. IL-2
activated PBMCs (see section 2.3.13) were pelleted and resuspended in phenol-free DMEM (5%
FBS, pen/strep) at an effector (PBMC) to target (EaHy.926) ratio (E:T) of 10:1 (V f = 100 µL).
After 18 hours, supernatants were removed from the well and PBMCs were removed through
centrifugation (300 g x 5 minutes) and measured for lactate dehydrogenase (LDH) content to probe
cell lysis using and LDH cytotoxicity assay (Biovision Inc.). PBMC mediated cytotoxicity was
NK cell cytotoxicity =

(total LDH rel) – (LDH rel after polymer att) – (PBMC LDH release)-(LDH rel. 100% alive)
(LDH rel. 100% dead)

(Eq. 2)
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calculated according to Eq. 2. Values for 100% dead EaHy.926 cells were acquired by treated
endothelial cells with RIPA buffer for 10 minutes at ambient temperature. In some circumstances,
values were expressed as fold decrease compared to non-polymer engineered cells to account for
donor variability.

3.3.7

NK cell/macrophage/CD 8+ T-cell depletion in PBMC isolates

Following PBMC isolation from whole blood (see section 2.3.13), IL-2 activated PBMCs were
selectively depleted for NK cells by immunomagnetic separation using an EasySep™ isolation kit
(STEMCELL Technologies Inc) through positive selection for C56+ cells. NK content in depleted
and non-depleted populations was assessed through flow cytometry ( Cytoflex, Beckman Coulter)
by labeling lymphocyte populations with both a general Anti-Human CD45 (FITC conjugated, BD
Biosciences, 1:40 dilution) and Anti Human Siglec-7 (APC conjugated, Biolegend, 1:20 dilution).
CD8+ T-cells were depleted from IL-2 activated PBMCs through positive selection using Anti-Human
CD8+ Dynabeads (Thermo Scientific). CD8+ T-cell content in depleted and non-depleted

populations was assessed through flow cytometry ( Cytoflex, Beckman Coulter) by labeling
lymphocyte populations with Anti-Human CD8a (FITC conjugated, STEMCELL Technologies, 1:40
dilution). To generate macrophage/monocyte depleted PBMC populations, isolated PBMCs were
incubated in serum-starved RPMI media for 3 hours and non-adherent cells were removed and
subsequently, subjected to IL-2 activation. After the extent of depletion was quantified, EaHy.926 cells
were subject to cytotoxicity assays (see section 3.3.6). The amount of PBMCs added to the target cells
was calculated to account for NK, T-cell or macrophage/monocyte depletion. For example, PBMC
populations containing 20% NK cells (population A) were added to target cells in a 10:1 E:T ratio (6.1
x 105 cells/well). PBMCs isolated from the same donor and depleted for NK cells (population B) were
added to target cells at a quantity of 4.8 x 105 cells/well which is the number of non-NK cells present
in cytotoxicity studies using population A PBMCs. As such, the impact of non-NK cytotoxicity is
normalized for both populations A and B.

3.3.8

Co-immunoprecipitation and western blot analysis.

Following EaHy.926/PBMC co-culturing (see section 3.3.6), PBMC containing supernatants were
removed, pelleted (300 g, 5 minutes) and subjected to immunomagnetic separation to collect NK
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cells. Immunomagnetic separation of NK cells was carried out using an EasySep™ isolation kits
(STEMCELL Technologies Inc) through positive selection for C56+ cells. Following isolation,
cell suspensions were lysed with RIPA buffer containing Halt™ protease inhibitor (Thermo
Scientific) for 10 minutes at ambient temperature and cell debris was removed through
centrifugation (15 minutes at 15,000 x g and 4 °C). A BCA assay was used to quantify protein
concentration and equal amounts of protein were reduced by boiling in 4× SDS loading dye with
2.5% β-mercaptoethanol. For western blotting, proteins were resolved by SDS-PAGE using a 420% gradient gel (BioRad) and transferred to nitrocellulose by wet transfer (Tris-glycine, 20%
MeOH) at 95 V for 2 h. Blocking and antibody incubation conditions were conducted in 1×
Dulbecco's phosphate-buffered saline with 0.05% Tween-20 (PBST). Blots were blocked in PBST
with 5% w/v nonfat dry milk powder and probed with anti–SHP-1 mAb (R&D Systems, 1:400
dilution) followed by rabbit anti-goat Dylight®800 secondary antibody (1:10,000 dilution) in 3%
BSA/PBST. Membranes were then scanned for fluorescence by an Odyssey 9410 imaging system
(Leica) and results were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
expression.
3.3.9

Cytokine profiling and assessment of CD8+ T-cell activation

PBMC-containing supernatants from EaHy.926/PBMC co-cultures were removed and pelleted
(300 g, 5 minutes). The resulting supernatant was diluted 4-fold with PBS containing 1% BSA and
IL-10 or IL-6 content was quantified using a Human IL-10 DuoSet ELISA Kit (R&D Systems)
and a Human IL-6 Quantikine ELISA Kit, respectively. All studies were carried out according to
the manufacturer’s protocols. For T-cell activation, PBMC pellets were resuspended in PBS
containing 1% BSA to a final concentration of 2*106 cells/mL and treated concurrently with APCconjugated anti–CD8a mAb (BD Biosciences, 1:40 dilution) and FITC-conjugated anti–CD69
mAb (BD Biosciences, 1:40 dilution) for 20 minutes at ambient temperature. Flow cytometry
profiles were acquired using a 3-laser Cytoflex flow cytometer from Beckman Coulter Life Sciences
(10,000 events).

3.3.10

Animals

C57BL/6 and Balb/c mice were obtained from Jackson Laboratories (Bar Harbor, Maine), bred inhouse and used for experimentation at 8 to 12 weeks of age. All protocols used in this study were
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reviewed and approved by the Simon Fraser University Animal Care Committee following the
guidelines set out by the Canadian Council on Animal Care.

3.3.11

Murine aortic interposition grafting

Murine aortic interposition grafting was performed as described previously.271,272 Segments of
abdominal aorta from Balb/c (H2d) donor mice were excised flushed with UW solution and then
incubated in UW solution alone (containing 5 Mm CaCl2 and 3 mM GSH) or UW solution fortified
with 0.2 U/mL tTGase and 0.5 Mm polymer (LPG-Q, LPG-Q Sia) for 1 hour at 4˚C. Aortic
segments were then interposed into the resected infra-renal aorta of C57BL/6 (H2b) recipient mice.

3.3.12 Morphological analysis of allograft arteries
At day 2 post-transplantation, grafted artery segments were perfusion fixed with 4% (v/v)
paraformaldehyde, excised, and frozen in optimal cutting temperature medium. Eight-micron
sections were prepared and stained with hematoxylin-eosin. Histological features of arterial injury
and inflammation were graded in a blinded manner on a 0 – 4 scale. Medial thickness was
quantified using Image J software as described previously.271-273
3.3.13 Statistical and regression analysis
Data are expressed as the mean ± 95% confidence interval using the sample standard deviation.
Statistical analyses were performed using GraphPad Prism version 7.0 software, using unpaired
t-tests with Welch's correction. Samples were denoted as statistically significant. p<0.05 (*),
p<0.01 (**), and p<0.001 (***). Experiments were performed in duplicate and results were
pooled into a single dataset unless stated otherwise. Regression analysis using least-squares was
also performed using GraphPad Prism version 7.0 software.
3.4
3.4.1

Results
Design and characterization of sialylated polymers
In designing immunosuppressive polymers, the target receptor on the immune cell surface

is an important consideration. While there are over 12 ‘inhibitory-type’ siglecs expressed on
human immune cells, the recruitment and activation of siglec-7 has been demonstrated to have a
potent effect on attenuating immune mediated cell lysis. 186 siglec-7 –also known as CD328—is
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highly expressed on the surface of NK cells and to a lesser extent, monocyte-derived macrophages
and a subset of CD8+ T-cells.274 Though all siglecs bind sialic acids, the linkage, regiochemistry,
and spatial distribution of the glycans allow for ligand specificity between different siglec types.
275

Siglec-7 shows preferential binding to α2,3 and α2,6 linked sialylactose (referred to as α2,3-

SiaLacNAc and α2,6-SiaLacNAc, respectively) and were utilized in this study. 274 It has also been
demonstrated that siglec-7 binds soluble α2,8-disialylated ligands however, the bulky nature of
this ligand type requires pre-treatment of the immune cell surface with sialidase to facilitate
adequate ligand-receptor interactions.276,277 As we seek to develop a therapeutic which can be used
on unmodified, native cell surfaces, α2,8-linked sialoglycoconjugates were not explored for further
study.
Unlike PEG, the hydroxyl groups on the backbone of linear polyglycerol allow for further
chemical modification following polymerization which is required for the installation of sialic
acids. Sialylactose glycopolymers were prepared by ‘click’ Cu(I) catalyzed azide-alkyne
cycloaddition (CuAAC) onto propargylated LPG-Q scaffolds using α2,3-SiaLacC6N3 (Figure 20).
Control polymers lacking sialic acid (LPG-Q-Lac) or sugars altogether (LPG-Q) were also
prepared with the same degree of glycosylation. The degree of glycosylation on LPG was changed
from 2.5% to 10% with respect to the total number of hydroxyl groups on the LPG scaffold. LPGG5-Q was utilized as the peptide linker for all experiments as it has been previously
demonstrated as a better linker than G1 (section 2.4.2.1).
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Figure 20: Synthetic overview of LPG-Q glycopolymers. Figure was created using ChemDraw
16.0

3.4.1.1

Impact of peptide linker and polymer charge on enzyme and cell-surface reactivity
As previously illustrated in chapter 2, the steric bulk and charge of the substrates can impact

the extent of substrate reactivity both toward the ligating enzyme and the cell surface.123 Indeed,
the introduction of sialic acids onto the LPG scaffold introduces a net negative charge and may
increase the steric bulk of the polymer scaffold in solution. With this, the reactivity of the LPG-QSia polymer toward the cell surface was reassessed. Using the NH3 generation assay outlined in
section 2.3.10, it was determined that LPG-Q-Sia had a slightly lower reactivity toward endothelial
cell surfaces than LPG-Q alone (Figure 21a). To accommodate for differences in cell surface
reactivity between LPG-G5-Q and its sialylated derivative (10% sialylation), the initial amount of
polymer added was adjusted during all subsequent experiments to ensure that a similar number of
either LPG-Q or LPG-Q-Sia polymer molecules were attached to the cell surface (as assessed by
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total NH3 generated). Adjusted concentrations were used to probe polymer-mediated
immunocamouflage of pro-inflammatory ICAM-1 receptors before and after glycosylation (Figure
21b). Here, no discernible difference in polymer-mediated immunocamouflage was observed
following glycosylation. Furthermore, when polymer engineered endothelial surfaces were
assessed for lymphocyte binding (see section 2.3.13), hypersialylated surfaces were able to
attenuate adhesion by more than 2.4-fold. In comparison to LPG-G5-Q alone however, lymphocyte
adhesion was slightly increased using the sialylated derivative (Figure 21c), which is expected as
sialic acids promote lymphocyte binding. 278

Figure 21: Assessment of cell surface engineering capabilities of LPG-Q following sialylation.
A) tTGase-mediated NH3 generation after incubation of EaHy.926 cells with 0.5 mM Q-tagged
polymer in PBS solution. B) Impact of polymer attachment (0.5 mM LPG-Q, 0.58 mM LPG-QSia, 30 min at 4 °C in UW solution) on ICAM-1 accessibility on TNF-α activated EaHy.926
endothelial cell surfaces. C) Measurement of PBMC on EaHy.926 endothelial cells after various
treatments as quantified by the fluorescent intensity of the co-culture lysates. PMBCs were labelled
with cell tracker green and washed before incubation with endothelial cells. All polymer
attachments were done in UW solution (30 minutes, 4 °C). The degree of sialylation for LPG-QSia was 10% with respect to total hydroxyl content on the LPG backbone (~193 OH). Error bars
represents 95% confidence intervals. Unpaired comparisons using a non-parametric t-test are
significant with p > 0.05 (ns), p <0.05 (*), p <0.01(**), p <0.001 (***).
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3.4.1.2

Impact of sialic acid content on cytotoxicity suppression
To explore the impact of ligand density on immunosuppression, a library of polymers

containing varying loads of α2,3-sialic acid was prepared (2.5%, 5%, 10%) and used to engineer
endothelial surfaces. The engineered surfaces were then immediately assessed for suppression of
PBMC-mediated cytotoxicity. PBMCs were pre-activated with IL-2, a cytokine that has been
previously demonstrated to promote NK-mediated cytotoxicity toward endothelial cells by
stimulating the immune cells’ pro-adhesive and pro-lytic behaviour.279,280 Following an 18-hour
co-culture period using an effector-to-target ratio (E:T, PBMC: EaHy.926) of 10:1, a dose
dependent decrease in PBMC-mediated cell death was observed with increasing ligand density
(Figure 22b). Endothelial cell surfaces engineered with polymers containing 10% α2,3-sialic acid
were able to almost entirely evade PBMC-mediated cell death. Following treatment, PBMCmediated cytotoxicity was suppressed to 3.6%, a ~3.5-fold decrease in cell death compared to cocultures with unmodified, TNF-α activated endothelial cells (Figure 22). In addition, regression
analysis on the data showed a better fit in non-linear, exponential growth models (R-squared =
0.94) compared to standard linear regression (R-squared = 0.89).
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Figure 22: Impact of increasing α-2,3-sialic acid content on endothelial cytotoxicity. A) Cartoon
representation of LPG-Q-Sia. B) Non-linear increase in suppression of cytotoxicity with increasing
acid content. Degree of functionalization/sialylation was measured as the percentage of hydroxyl
groups per LPG scaffold (~193 OH) which have been converted to α2,3-sialic acids All polymer
attachments were done in UW solution (30 minutes, 4 °C). Error bars represents 95% confidence
intervals. Unpaired comparisons using a non-parametric t-test are significant with p > 0.05 (ns), p
<0.05 (*), p <0.01(**), p <0.001 (***).

3.4.1.3

Impact of surface immobilized sialic acid on the suppression of cytotoxicity
We further probed the immunosuppressive role of the glycopolymers using polymers

differing in either scaffold architecture or carbohydrate moiety. Previous studies using α2,6
monosialylated probes have demonstrated that this linkage type has higher affinity toward siglec7 than the α2,3 form.281 With this, 10% percent of the hydroxyl groups on LPGs were
functionalized with either α2,3-SiaLacNAc, α2,6-SiaLacNAc or lactose (Lac), attached to the
endothelial surface and assessed for immunosuppression (Figure 23). While polymer-mediated
immunocamouflage alone (LPG-Q-Lac, LPG-Q) was able to attenuate PBMC-mediated
cytotoxicity by 40%, the presence of sialic acids caused a further ~2.2 fold decrease in cytotoxicity.
This effect was not seen in the lactose-only polymer, confirming that the immunosuppressive
effect is not from the increased bulkiness of the polymer following glycosylation. Surprisingly,
this study illustrated no observed difference in immunosuppression between the α2,3-SiaLacNAc
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and α2,6-SiaLacNAc glycopolymers. With this, α2,3-SiaLacNAc (~10% functionalized) was
used exclusively in further studies.

Figure 23: Impact of polymer architecture and carbohydrate type on PBMC-mediated endothelial
cytotoxicity. All polymer attachments were done in UW solution (30 minutes, 4 °C). Error bars
represents 95% confidence intervals. Unpaired comparisons using a non-parametric t-test are
significant with p > 0.05 (ns), p <0.05 (*), p <0.01(**), p <0.001 (***).

HPG-Q with a similar hydrodynamic radius to LPG-Q was also investigated as a scaffold
for α2,3-SiaLacNAc moieties. While the HPG-Q-Sia polymer was able to attenuate cytotoxicity
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more so than HPG-Q alone, the immunosuppressive effect was much greater in the more flexible
LPG scaffold. With this, all future studies were done using the LPG-G5-Q-Sia (α2,3) polymer.
We next investigated the influence of immobilizing sialic acid onto the cell surface on the
carbohydrates’ immunosuppressive potential. In nature, multiple sialic acids are often presented
on a glycoprotein or glycolipid which enables strong, multivalent binding at the siglec receptor
site.282 While numerous nanoparticle and polymeric formulations have been developed to present
sialic acids in a multivalent manner, multivalent presentation on the cell surface may impart
additional advantages. With this, we profiled PBMC cytotoxicity using sialic acid alone, in
solution on the LPG scaffold, and grafted to the cell surface (Figure 24). As expected, the
monovalent sialic acid had little impact in attenuating cytotoxicity. While the attachment of LPG
to the cell surface did prevent PBMC-mediated cell death, a significant increase was not observed
with increased graft density. The introduction of sialic acid onto the LPG scaffold however,
significantly enhanced immunosuppression in a dose-dependent manner both in solution and on
the cell surface. Though the glycopolymers is capable of multivalent binding both in solution and
on the cell surface, the localization of sialic acid residues through super-self CSE proved to be
almost 2.7 fold more immune suppressive than the glycopolymer alone. Interestingly, engineering
the cell surface with LPG alone proved to elicit more potent immunosuppression than the
immunosuppressive glycopolymer in solution, illustrating the powerful effect that engineering the
cell surface can have on cell behavior.
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Figure 24: Influence of localized hypersialylation on the suppression of PBMC-mediated
endothelial cytotoxicity. In studies where polymers were attached to the cell surface, the values on
the x-axis represent the approximate amount of polymer that successfully attached to the cell
surface following polymer incubation. All polymer attachments were done in UW solution (30
minutes, 4 °C). Error bars represents 95% confidence intervals. Unpaired comparisons using a
non-parametric t-test are significant with p > 0.05 (ns), p <0.05 (*), p <0.01(**), p <0.001 (***).

3.4.2

Immune profiling of locally immunosuppressive endothelial surfaces
The regulation of immune-mediated cytotoxicity is a complex pathology that involves

multiple cell types. Thus far, we have established that the hypersialylation of activated endothelial
cell surfaces can successfully evade cell damage when challenged with pro-lytic PBMCs. Though
NK cells have the highest expression of sialic acid-specific Siglec-7 (CD328), the
immunosuppressive receptor is also found on monocytes (and monocyte-derived macrophages)
and a small subset of CD8+ T-cells (Figure 25).274,283 Like NK cells, monocytes and activated
CD8+ T-cells can also promote endothelial cell death via the release of pro-inflammatory
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cytokines and direct cell lysis, respectively.284 To appropriately characterize the immunoregulatory
role of polymer-mediated endothelial hypersialylation, the immune profile of CD328+ PBMC’s
must be investigated.

Figure 25: Diagram of CD328+ (siglec-7) cells present in PBMCs. +/+++ denotes low and high
siglec-7 expression on the cell surface respectively.
We began by selectively depleting CD328+ positive cells from isolated PBMCs. PBMC’s
were depleted of either NK cell, CD8+ T-cell or monocyte/macrophage populations and then
assessed for endothelial cytotoxicity on control and hypersialylated surfaces (Figure B.2.1). As
expected, the removal of these cell components significantly attenuated lysis on unmodified cells
(Figure 26a). Upon assessing the immunosuppressive effect of hypersialylated cell surfaces with
depleted PBMCs however, loss of immunosuppression was only demonstrated in the CD328+++
NK-cell and CD8+ T-cell depleted populations. This observation indicates that the hypersialylated
cell surfaces is predominantly triggering immunosuppressive pathways associated with siglec-7
receptors on NK cells and to a lesser extent, CD8+ T-cells. Siglec-7 mediated NK cell activation
was further characterized by probing changes in the expression of immunosuppressive proteins
within NK cells. Following Siglec-7 engagement, a signaling cascade is initiated through
immunoreceptor tyrosine based inhibitory motifs (ITIM) which recruits phosphatases such as
SHP-1 to inhibit NK cell activation.285,286 Western blot analysis was used to quantify the change
in expression of SHP-1 in NK cells following endothelial incubation in UW solution alone, UW
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solution fortified with LPG-Q-Sia and without any treatment. As illustrated in Figure 26b/c, SHP1 expression was only upregulated in co-cultures in which endothelial cells were hypersialylated.

Figure 26: Role of different immune cells in hypersialylation-mediated immunosuppression. A)
Impact on the immunosuppressive effect of hypersialylated endothelial surfaces following
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depletion of different CD328+ cells in isolated PBMCs. B) Western Blot analysis SHP-1 in NK
cells following endothelial co-culture. C) Quantification of SHP-1 expression in NK cells as
measured by densitometry analysis of Western Blots and normalized to GAPDH expression. D)
Presence of activated CD8+ CD69+ T-cells following PBMC/endothelial co-culture. E/F)
Assessment of IL-6 and IL-10 released into the cell media following PBMC/endothelial co-culture.
All polymer attachments were done in UW solution or PBS (30 minutes, 4 °C). Error bars
represents 95% confidence intervals. Unpaired comparisons using a non-parametric t-test are
significant with p > 0.05 (ns), p <0.05 (*), p <0.01(**), p <0.001 (***).

Next, we explored the impact of hypersialylation on the engagement of CD328+ CD8+ Tcells within the PBMC milieu. While Siglec-7 is present on all NK cells, the receptor is expressed
on only 5–18% of peripheral blood CD8+ T cells where it serves as an inhibitory receptor against
T-cell activation.188 The expression of CD69 is a commonly used marker for assessing CD8+ Tcell activation.287 Following endothelial hypersialylation, a decrease in the population of
CD69+CD8+ cells was observed (Figure 26d). This indicates that siglec-7 engagement may also
be occurring on CD328+ CD8+ T-cells.
Cytokine expression can also be useful determining the roles of different immune cells in
siglec-mediated immune tolerance.288 During an immune response, different immune cells will
release cell-specific cytokines as a means to signal other cells and tissues. For example, siglec-7
engagement in monocytes suppresses the expression of the proinflammatory cytokine IL-6.289 In
the siglec-mediated deactivation of ‘gatekeeping’ NK cells, changes in cytokine expression are
observed downstream of NK cells themselves. Indeed, previous studies on transplant tolerance
have demonstrated that NK cells trigger IL-10 release from CD4+ T cells, a cytokine known to
promote immunotolerance in the innate immune system. 290,291 Following coculture, the expression
of IL-6 and IL-10 was measured in the cell media both with and without endothelial
hypersialylation. A robust increase in IL-10 expression was observed in hypersialylated surfaces
while the expression of IL-6 remained constant in both treated and control samples (Figure26f/e).
The increased expression of IL-10 not only further supports the immunosuppressive effect of
hypersialylated cell surface, but also corroborates previous findings which support that siglec-7 on
NK cells and not monocytes are engaged during coculture.
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3.4.3

Localized immunosuppression in vivo using an artery transplant model
As LPG-Q Sia demonstrated potent immunosuppression in vitro, we transitioned to an in

vivo model to probe the immunosuppressive effects of our CSE strategy in a more complex
environment. In a procedure popularized by Choy et. al, we used an allogenic artery transplant
model to probe vascular rejection. 272 In our iteration of this model, a segment of the abdominal
aorta from a Balb/c donor mouse was excised, flushed with UW solution, and then incubated in
UW solution alone or UW solution fortified with polymer (LPG-Q, LPG-Q Sia) and enzyme for 1
hour on ice. The excised segment was then flushed with saline and then transplanted into infrarenal aorta of an allogenic C57BL/6 recipient mouse. The transplanted tissue was removed 2 days
post-transplantation and assessed for vascular rejection. Immune-mediated vascular injury is most
easily assessed by measuring the thickening of the endothelium on account of immune-mediated
inflammation. Thickening can be assessed by measuring the medial thickness of the endothelium
or grading the arterial integrity (on a scale of 1-4.271,273 As demonstrated in Figure 27 a/b, both
these measurements indicated a significant decrease in immune-mediate vascular injury following
treatment with LPG-Q Sia.

Figure 27: Inflammation following allogenic aortic transplantation. A) Segments of abdominal
aorta from Balb/c donor mice were interposed into the infrarenal aorta of C57Bl/6 recipient mice.
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Aorta was stored in a UW only + tTGase (untreated), UW + tTGase + LPG-Q or UW + tTGase +
LPG-Q-Sia. The grafts were harvested after 2 days and cross-sections stained with H&E.
Magnification: 10x. B) Arteries were graded on a scale of 1-4 for medial integrity. for UT (n=4),
LPG (n=5), Sia-LPG (n=4) mice C) medial thickness and D) medial area of the artery for UT
(n=4), LPG (n=5) and Sia-LPG (n=5) mice. Unpaired comparisons using a non-parametric t-test
are significant with p > 0.05 (ns), p <0.05 (*), p <0.01(**), p <0.001 (***) compared to the UT
group
3.5

Discussion
The use of sialic acid mimetics to target siglec-mediated regulatory pathways is a simple

yet potent strategy for ‘super-self’ immunosuppression. When applied to allogenic tissue
transplants, imparting localized immunosuppression through cell surface hypersialylation may be
particularly beneficial in ameliorating the side effects of current globalized immunosuppressive
regimens that use systemically administrated drugs. In this chapter, we exogenously induced
hypersialylation of the blood vessel surface ex vivo to generate ‘super-self’ tissue through
polymer-mediated glycocalyx engineering. Using PBMC-mediated cytotoxicity toward
endothelial cells as in vitro model, it was demonstrated that engineering the endothelial surfaces
with α2,3 sialic acids presented on an LPG scaffold (LPG-Q-(2,3)-Sia) promoted the most potent
immunosuppressive effect.
Similar to the function of the native glycocalyx, there are several indicators that
multivalency plays an important role in the immunosuppressive effect of our cell surface
engineering strategy.292 In multivalent interactions, weakly binding functionalities like sialic acids
presented in large numbers can cooperatively enhance surface binding based on their spatial
organization on the presenting surface.161 Though the heterogeneity of the binding partners on both
the polymer scaffolds and the cell surface imparts difficulty in extrapolating binding coefficients
in this system, the principle of multivalency can be used to explain the exponential increases
observed in immunosuppression using sialic acid conjugated LPGs. The exponential rather than
linear increase in immunosuppression with increasing valency of the α2,3 sialic acids on the LPG
scaffold agrees with trends observed in other surface-immobilized polymer therapeutics.293,294 In
addition, increasing the flexibility of the equally valent glycopolymer scaffold (LPG v.s HPG)
presumably allowed for more extensive conformational changes of the presented sialic acids,
enabling the LPG glycopolymer to better facilitate multivalent binding through enhanced
clustering compared to HPG.162 Interestingly, immobilizing the glycopolymers to the cell surface
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overwhelmingly increased the immunosuppressive effect of the already multivalent glycopolymer.
This effect is presumably due to a further enhancement in multivalent binding as attachment to the
flexible glycocalyx brush structure may better recapitulate the spatial organization and clustering
found on the native glycocalyx.295
Within the LPG scaffolds, the insignificant difference between the surface display of α2,3
and α2,6-linked sialic acids is especially surprising as previous binding studies on the siglec-7
receptor with desialylated or monosialyated ligands showed that the α2,6 branch is required for
higher affinity binding.281,296 In other instances of cell surface engineering, the α2,6 ligand also
showed slightly better performance in cancer models for immunoevasion, though both α2,3 and
α2,6 ligands were immunosuppressive.186
There are several reasons why such was not the case in our experimental model. Firstly, tighter
siglec-7

binding

may

not

immediately

dictate

significantly

different

downstream

immunosuppressive effects in vitro. In addition, α2,3-linked sialic acids are more predominant in
native endothelial glycocalyxes than the α2,6 form and may be more representative of SAMP
immunosuppression in endothelial models compared to previously explored cancer models.

297,298

Finally, the α2,3-linked sialic acids on the endothelial glycocalyx are less susceptible to enzymemediated hydrolysis than their α2,6 counterpart which may also contribute to the therapeutic
impact of the ligand during the 18 hour treatment period. 299
Profiling the impact of endothelial hypersialylation on various components of the immune
system indicated that the cells expressing high levels of siglec-7/CD328+ (NK cells, CD8+ T-cell
subset) were targeted. The engagement of NK cells was especially prominent, as demonstrated by
elevated levels of SHP-1 expression and an increase in IL-10 cytokine expression which is a
signature of the NK-mediated regulation of CD4+ T-cell behavior (Figure 28).290
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Figure 28: Impact of endothelial sialic acid display on NK cell response
In addition, hypersialylation also decreased TLR-mediated activation of CD8+ T-cells. This
feature of the presented glycocalyx engineering strategy may be particularly beneficial toward
organ transplantation, as immunosuppressed transplant recipients often have a heightened
cytotoxic CD8+ T-cell activity to compensate for CD4+ T-cell inhibition due to CD4+ targeting
immunosuppressant drugs.300 The non-response of hypersialylation in CD328+ monocytes may be
due to the activated nature of the cells through pre-treatment with IL-2.301 Though siglec-7 is
present on un-activated monocytes, once they become stimulated, the expression of siglec-7 is
downregulated in a manner unique to monocytes. 302
Polymer-mediated immunosuppression was also demonstrated in vivo using an allogenic
arterial transplant model. Though the small scale, preliminary study provides only a small insight
into immunosuppression in vivo, these results illustrated that our polymer-mediated, super-self
engineering strategy can provoke a therapeutic advantage in a complex biological environment. It
should be noted that immunosuppression was not observed with LPG-Q alone. As the 0.5 mM
polymer concentration used in vivo was optimized in vitro, this outcome may be due to an
insufficient amount of polymer attaching to the larger in vivo structure to provoke sterically driven
immunocamouflage (Figure 21).

80

3.6

Conclusion
As the gatekeeper between immune tolerance and rejection, NK cells are an important

target in ameliorating tissue damage however, multiple components of the PBMC milieu (T-cells,
neutrophils) can contribute to allogenic tissue damage. With this, a therapy which can locally
suppress the immune system through multiple pathways would present as a major therapeutic
advantage. To date, there have been very few studies on the therapeutic effect of hypersialylated
cell surfaces and moreover, none which target the blood vessel surface. 186,303,304 Here, we have
developed a potent localized therapy which combines sterically driven immunocamouflage against
leukocyte binding with sialic acid-mediated CD8+ T-cell and NK-cell inhibition. Engineering
vascular endothelial surfaces using sialylated polymers was able to promote immunotolerance in
vitro and attenuate immune-mediated post-transplant tissue damage.
By influencing cells in both the innate (NK cell) and adaptive (CD8+ T-cell) immune
pathways, this strategy may have the potential to not only attenuate hyperacute and acute organ
rejection, but also some facets of rejection at the chronic stage. As an ex vivo intervention that
engineers the blood vessel surface using a modified formulation of an existing organ preservation
solution, we also envision that technique may be easily translated to clinics in a multitude of tissue
types.
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Chapter 4: An integrated microfluidic model for the improved assessment
of glycocalyx engineering in vitro
4.1

Synopsis
The endothelial glycocalyx is a dynamic structure integral to blood vessel hemodynamics

including: regulating protein expression, cell-cell interactions, and vascular response to stress.
Evaluating the specific roles of the glycocalyx under a range of pathophysiologic conditions has
been a challenge, as commonly employed in vitro 2-D, static cell culture models lack shear stress
and consequently, do not result in the generation of an appreciable glycocalyx. We implemented
microfluidic technology to generate physiologically relevant shear stresses in vitro, a force known
to promote the generation of glycocalyx structures on the endothelium. The multi-height
microfluidic system was designed to elicit three unique shear stress forces over a continuous
HUVEC monolayer at magnitudes that recapitulate shear stress conditions in arterial, capillary and
venous regions of the vasculature. Following 72 hours of shear stress, unique glycocalyx structures
formed within each region that were distinct from that observed in short (3 days) and long-term
(21 day) static cell culture. The model recapitulated specific in vivo properties of the endothelium
of arteries, capillaries and veins, with respect to protein expression, platelet adhesion, lymphocyte
binding and nanoparticle uptake. This in vitro platform with artery-to-capillary-to-vein transition
on a continuous endothelial monolayer is an improved system over static cell culture with broad
potential for the improved study of the endothelium in health and pathology.
The work presented in this chapter was done in collaboration with members of Professor
Mark Martinez’s research group (Jordan Mackenzie, Masoud Daneshi) within the Department of
Chemical Engineering and Professor Karen Cheung within the Department of Biomedical
Engineering at UBC. Dr. Martinez’ research group were responsible for characterizing the fluid
dynamics within the microfluidic chip and Dr. Cheung’s group assisted in the conceptual
development of the device.
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4.2

Background
Residing at the interface between circulating blood and the vessel wall, the vascular

endothelium is an important structure in vascular biology. The prominence of the endothelium is
overwhelmingly due to the endothelial glycocalyx a highly complex, glycoprotein-rich brush-like
structure on the apical surface of the endothelium that serves as a protective shield for the
underlying tissue.1 The components of a healthy glycocalyx are capable of tightly regulating a
range of biological processes, including innate immunity, inflammation, and coagulation via
dynamic changes in the carbohydrate composition on the cell surface and the display of integrins,
selectins,

and

hemostasis-thrombosis

related

glycoproteins.

The

glycocalyx

is

also

mechanoresponsive, controlling vascular tone and glycocalyx composition through mechanically
transduced signalling, triggered by changes in the flow dynamics of the blood. 8 As such, its role is
an important consideration for blood vessel-targeting therapeutics and understanding vascular
biology at the blood-tissue interface.190,305-307
In vivo, the endothelial glycocalyx is a prominent structure, reaching up to 11 μm thickness
in some vasculature beds.185 This is in part due to its mechanotransducive properties, as shear stress
acting on the cell surface is able to enhance the expression of glycocalyx components such as
syndecans and hyaluronic acid.189-191 However, under the static conditions of in vitro cell culture,
glycocalyx growth is markedly attenuated, taking almost 21 days to reach 4 μm. 192 Despite this
knowledge, cultured endothelial cells are routinely studied under static conditions following an
average period of 3-5 days. It is increasingly recognized that endothelial cells grown under static
conditions are not representative of endothelial cells in the body, especially in processes that relate
to adhesion, inflammation and coagulation. To compensate for the poor glycocalyx formation
observed in cultured human endothelial cells, some studies have utilized non-human cell lines
which possess ample glycocalyx structures such as rat fat pad endothelial cells. 189 This approach
is not conducive to studying human disease models, however, as primary human cell lines possess
unique signatures not seen in other endothelial cell types. With this, a cell culturing method capable
of easily producing biologically relevant endothelial structures in a time and cost-efficient manner
is desired.
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PDMS-based microfluidic technology for cell culture has been well documented as a
powerful approach to studying cell behaviour. 308 This inexpensive, biocompatible and porous
material is suitable for gas and nutrient exchange, and the clarity of PDMS allows for non-intrusive
on-chip live cell imaging. The use of microfluidics to recapitulate the role of blood vessels in
inflammation and thrombosis has been studied; however, its potential in promoting endothelial
glycocalyx development has yet to be exploited.309-314 Though vascular beds are an integrated
network with shared blood flow, the endothelial glycocalyx has unique dimensions in major parts
of the vasculature (artery, capillary, vein) in part, due to differences in environmental shear stress.
As such, an integrated, single platform design which expresses multiple glycocalyx structures on
a single endothelial monolayer would be hugely beneficial. 238

239

With this, we hypothesize that

exposing a endothelial monolayer to discrete regions of shear stress will generate more
physiologically relevant glycocalyx structures compared to static cell culture.
Here, we present an in vitro vascular model which elicits arterial (12.2 dynes/cm2),
capillary (3.18 dynes/cm2) and venous (0.65 dynes/cm2) shear stresses on a continuous, linear
endothelial monolayer. This design was used to develop unique glycocalyx structures within each
region of the channel with distinct protein compositions. The adhesion of proinflammatory and
procoagulant cell components as well as nanoparticle uptake was also investigated.

4.3
4.3.1

Methods
Cell culture materials
All cell culture-related medium and supplements (Trypsin-EDTA, Dulbeccos phosphate-

buffer saline (DPBS), HT fetal bovine serum (FBS), penicillin/streptomycin (P/S), and Endothelial
Growth Medium (EGM-2) were received from Life Technologies Inc. unless otherwise specified.
Primary Human Umbilical Vein Endothelial cells (HUVECs) were purchased from American
Type Culture Collection (ATCC; Manassas, VA) and used up to a passage number of seven. Upon
reaching 70% confluence, cells were dissociated with 0.25% trypsin and 0.05% EDTA (Gilco,
25300062), pelleted by centrifugation at 300 g and resuspended with complete medium.
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4.3.2

Chip fabrication and preparation for cell culture
A negative mould of the microfluidic system was designed using Solidworks 2016

software. 3D printing of moulds was carried out by an Objet30 Printer (Stratasys, Eden Prarie,
MN, USA) which extruded the thermoplastic VeroWhitePlus RGD835 in 20 μm layers. Following
printing, the support material was removed by gentle scrubbing with sparkleen detergent. The
mould was rinsed exhaustively with deionized water and left to dry overnight at 85°C. PDMS
(Sylgard 184 Elastomer Kit, Dow Corning, Midlind, MI, USA) was prepared by mixing the base
and curing agent in a 10:1 ratio (w/w). The PDMS mixture was mixed and degassed through
centrifugation using a planetary centrifugal mixer (THINKY USA, Laguna Hills, CA, USA) for 5
minutes and poured on the 3D-printed moulds. The filled moulds were then further degassed under
vacuum for 30 minutes to increase elastomer conformity. Following degassing, the filled moulds
were transferred to an oven and left to cure for 24 hours at 70°C. After curing, the PDMS devices
were demoulded and inlet/outlet holes punched using a 1.2 mm coring tool (Harris Uni-Core, Ted
Pella, Redding, CA, USA). The PDMS was irreversibly bonded to clean and dry coverslips by
activating both surfaces through a 75 second exposure to air plasma and firmly pressing both
surfaces together for 30 seconds under ambient conditions. The assembled chip was left at 70°C
for a further 10 minutes to ensure strong bonding. The chip was then immersed in milliQ water,
autoclaved for 30 minutes alongside the non-chip components of the devices (tubing, blunt-ended
needles) and assembled according to Figure C.1.1.
4.3.3

Cell culture and loading and application of shear stress
Primary HUVECs ( Lonza, C2519A) from pooled donors were cultured in Endothelial

Growth Medium-2 (EGM-2, Lonza, CC-3162) and used between passages 3 and 7. Upon reaching
70% confluence, cells were dissociated with 0.25% trypsin and 0.05% EDTA (Gilco, 25300062),
pelleted by centrifugation at 300 g and resuspended with complete medium containing 2% Dextran
T-500 and 15 mM HEPES buffer at a concentration of 5-6 x 106 cells/mL.315 Following
sterilization, the inlet/outlet components of the plasma-bonded PDMS-glass coverslip chip were
assembled and a solution of PBS containing 40 μg/mL fibronectin from bovine plasma (F1141,
Sigma Aldrich) was perfused into the chip (400 μL). The chip was placed in a bath of sterile PBS
supplemented with Pen/Strep and incubated for 1-2 hours at 37 °C. The suspension of HUVECs
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was introduced by perfusion into the fibronectin-coated channels and incubated overnight at 37°C
to allow maximum cell attachment. Complete EGM-2 containing 15 mM HEPES buffer was
supplemented with 2% Dextran T-500 to increase solution viscosity to 0.02 Pa*S. 315 Shear stress
was achieved by introducing the high viscosity EGM-2 into the chip using a syringe pump. The
flow rate was increased at intervals of 100 uL/h over 5 hours to a final rate of 600 μL/h. This was
maintained over various time intervals up to a maximum of 72 hours. In static control experiments,
the flow rate was maintained with complete media without dextran at 60 uL/h, which is sufficient
to provide nutrients and exerts a negligible shear stress of 0.007 dynes/cm2.316
4.3.4

Theoretical and experimental assessment of fluid shear stress
The shear stress acting on the cells was estimated in a two-step procedure. In the first step,

the axial velocity uz(x, y) was measured at the arterial, capillary and venous regions of the
microfluidic chip . The measurement points were approximately 3 mm downstream from the entry
point of each section with uz(x, y) determined by particle image velocimetry (PIV). PIV was
performed using a Nikon eclipse Ti inverted confocal microscope, equipped with a 20X-objective
lens, illuminating a horizontal region at a defined elevation, with a 561 nm wavelength laser sheet.
Data were collected for a series of elevations, separated by 20 µm increments, and then
reconstructed to create a composite estimate for uz(x, y). To calculate the velocity, we measured
the motion of 2 µm diameter red-fluorescent polystyrene tracer particles (Polysciences Inc.) using
a 5.5 megapixel CCD-camera (Andor zyla cMOS) with the framing rate set at 10 fps, selected to
minimize blurring of the tracer particles. Approximately 400 frames were acquired at each
elevation. A glycerol-water mixture, with viscosity µ = 20 mPa·s, was the working fluid for all
experiments and introduced into the channel by a syringe pump (KD Scientific Legato 111) at Q
= 50 µL/hr. A full list of experimental and numerical conditions is listed in Table C.1.1.

In the subsequent theoretical work, we assumed the flow field in each individual section of the
channel to be one-dimensional, fully developed, and under creeping flow conditions, i.e. uz(x, y)
→ 0. Under these assumptions the equations of motion reduce to:

𝜇∇𝑢𝑧 =

𝜕𝑃
𝜕𝑧

(uz(x, 0) = uz(x, h(x)) = 0)

(Eq. 3)
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𝑄 = ∫ 𝑢z(𝑥, y)𝑑𝐴

(Eq. 4)

where P is the channel pressure and h(x) is the upper boundary of the channel as shown in Figure
30. Since Q is set experimentally, we solve this system iteratively by:

(a)

assuming a value of the pressure gradient ∂P/∂z,

(b)

solving Eq. 3 using a second-order finite-diﬀerence approximation, after transforming the

domain onto a square computational grid,

(c)

correcting the approximation for ∂P/∂z, using Newton’s method, until Eq. 4 is satisfied to

within a tolerance of 10−16.

A comparison of the experimental to the computational work for cases A and B (Table C.1.1) is
shown in Figure C.1.2 along the central axis of the channel. With the theoretical estimate
benchmarked, we are in a stronger position to estimate the average shear stress τ as a function of
geometry and flowrate. We chose to do so using the computational approach (MATLAB R2017b),
as the PDMS boundary is irregular and we wished to avoid approximating the derivative of the
experimental data. For this estimate, we balance the change in pressure with the shear acting on
the boundary, i.e.
𝐷

𝜕𝑃

𝜏 = ( 4ℎ ) 𝜕𝑧

(Eq. 5)

where Dh is the hydraulic diameter defined by Dh = 4A/P ∼ 2W H/(W + H), where A is the cross
sectional perimeter.
4.3.5

Adhesion of peripheral blood mononuclear cells to endothelial monolayers
HUVEC monolayers were activated with 2000 U/mL TNF-α for 3 hours in serum-

deficient EGM-2, as previously described.317 In experiments measuring adhesion of peripheral
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blood mononuclear cells (PBMCs) to HUVEC monolayers subjected to shear stress, complete
EGM-2 containing both TNF-α and 2% T-500 Dextran was used. To obtain PBMCs, EDTA
anticoagulated blood from healthy donors was subjected to ficoll density gradient centrifugation
Histopaque®-1077 (Sigma Aldrich). PBMCs were cultured for 24 h in RPMI-1640 containing
10% FBS (v/v), 1000 U/mL recombinant human IL-2 (Cedarlane) and pen/strep. PBMCs were
then suspended in Ca2+ and Mg2+ free PBS (1 x 106 cells/mL), labelled with 5 µM CellTracker™
Green (CTG) CMFDA Dye (Invitrogen) for 30 minutes at 37 °C, washed twice with PBS, and
resuspended in binding buffer (HBSS containing 2 mM CaCl2 , 2 mM MgCl2, 1% BSA) to a
final concentration of 2.5 x 10 6 cells/mL. PBMCs were then injected into the device and the
cells were flowed over the activated HUVEC monolayers at 150 uL/h for 1 hour. Studies under
static conditions were treated similarly with 150 uL of labelled PBMCS added to 8-well slide
chambers (ibidi GmbH) containing TNF-α activated 3-day old HUVEC monolayers. Following
addition of PBMCs, HUVEC monolayers were fixed and treated with Hoescht (1:5000, Thermo
Fisher) and PE-Cy™5 Mouse Anti-Human CD54 (1:20, BD Biosciences) for 20 minutes at room
temp in the dark to visualize the nucleus and ICAM-1 content respectively.
4.3.6

Adhesion of platelets to endothelial monolayers
Platelets were isolated from human platelet rich plasma (PRP) obtained from consenting

healthy donors. The platelets were resuspended in buffered saline glucose solution (BSGC) to
a final concentration of 2.5 x 108 cells/mL and labelled with 10 μM CMFDA Dye (Invitrogen)
for 45 minutes in the dark at ambient temperature. They were then pelleted and resuspended in
platelet binding buffer (HBSS containing 1% BSA, 2mM CaCl2, 2 mM MgCl2 and 200 μg/mL
fibrinogen) to a concentration of 4.0 x 10 8 cells/mL. Thrombin (0.5 U/mL) was added to activate
platelets for 10 minutes in the dark. The suspension of activated platelets was injected into the
device containing TNF-α activated HUVECs for 1 hour at 300 uL/h. For studies under static
conditions, 300 uL of labelled platelets were added to 8-well slide chambers (ibidi GmbH)
containing 3-day old TNF-α treated HUVEC monolayers, after which the HUVEC monolayers
were washed with PBS, fixed with 4% PFA for 15 minutes at room temperature, washed again
with PBS, and imaged within 24 hours. For measurement of VWF expression, TNF-α treated
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HUVEC monolayers were fixed and stained with FITC-labeled goat anti-human VWF (1:40,
cedarlane).
4.3.7

Measurement of nanoparticle uptake
Following exposure to shear stress, HUVEC monolayers were washed with PBS and a

solution of serum-free EGM-2 containing 40 μg/mL Fluoresbrite® YG Carboxylate
Microspheres (Polysciences Inc.) was injected for 1 hour at a rate of 300 μL/h. The HUVEC
monolayers were then washed with PBS, fixed with 4% PFA for 15 minutes at room
temperature, and subsequently treated with Hoescht (1:5000, Thermo Fisher) and Deep Red Cell
mask (1:2000, Invitrogen) for 20 minutes at room temp in the dark to visualize the nucleus and
cell membrane, respectively.
4.3.8

Microscopy experiments
All confocal images were acquired using an inverted Zeiss Axiovert 200M spinning disk

confocal microscope equipped with a QuantEM 512SC Photometrics camera (512x512 pixels size)
and an incubator platform for live-cell imaging. Images were captured in series using a 100X/1.45
Oil Plan-Fluor objective lens coupled to a spherical aberration correction unit. All experiments
were repeated two or three times (3 independent experiments) and the results were pooled. Images
of live cells were acquired within one hour of staining.
4.3.9

Statistical analysis
Data are expressed as the mean ± 95% confidence interval using the sample standard

deviation. Statistical analyses were performed using GraphPad Prism version 7.0 software,
using unpaired t-tests with Welch's correction. Samples were denoted as statistically significant.
p<0.05 (*), p<0.01 (**), and p<0.001 (***). Experiments were performed in triplicate and
results were pooled into a single dataset unless stated otherwise. N-values reported in figures
are representative of independent experiments.
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4.4
4.4.1

Results
Design of an endothelial model with artery-to-capillary-to-vein transition
To develop a model system capable of recapitulating venous, capillary and arterial

architectures over a continuous endothelial cell monolayer, we designed a microfluidic channel
that provides three discrete regions of shear stress under a single input flow rate. Within a straight
channel conferring a fully developed flow profile, shear stress is governed by the channel
dimension. Channel volume is inversely proportional to shear stress with smaller channels eliciting
higher levels of wall shear stress under constant flow rate and fluid viscosity. By keeping the
channel width constant and changing the height of each region within the channel (Figure 29a/b),
we hypothesized that HUVEC monolayers adherent to the bottom of the microfluidic channel
(Figure 29c) would be exposed to discrete levels of shear stress under a constant flow rate input.
The height of the channels were selected to recapitulate reported shear rates across arterial (~12
dynes/cm2), capillary (~3 dynes/cm2) and venous (~0.5 dynes/cm2) endothelium.318,319 The shear
stress profile along the height (y-axis) of the channel was evaluated through particle imaging
velocimetry (PIV) experiments with matched fluid viscosities to that of the dextran fortified cell
media.320 From this, an algorithm that closely matches experimental PIV data (Figure C.1.2, Table
C.1.1) was developed to accurately predict the magnitude of shear stress conferred at the
endothelial membrane surface (~4 μm from the coverslip bottom). 321 Using a constant flow rate of
600 uL/h and a fluid viscosity of 0.02 Pa*s, the shear stress at the surface of the HUVEC
monolayers was calculated as 12.2, 3.18 and 0.65 dynes/cm2 for the arterial, capillary and venous
regions, respectively (Figure 29d).
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Figure 29: Integrated multi-shear microfluidic design. A) The microfluidic chip (PDMS bonded
to a rectangular glass coverslip) comprises 4 channels, each with 3 regions (arterial, capillary,
venous) of varying height (y-axis). B) The height of each region (venous = 421 μm, capillary =197
μm, arterial=113 μm) post-fabrication was verified by perfusing the device with fluorescein
(green) and acquiring z-stacks along the y-axis by confocal microscopy. Scale bar = 100 μm. C)
Side profile of the microfluidic channel illustrating the varying channel height in the (L-R) arterial,
capillary and venous regions of the channel and the location of the endothelial monolayers along
the z-axis. D) Shear stress imposed on the cell surface at a constant flow rate and viscosity

4.4.2

Shear stress-dependent changes in glycocalyx formation and endothelial cell

morphology
After confirming that the integrated device was able to impart three discrete regions of
shear stress, we evaluated shear stress-dependent changes in HUVEC morphology and glycocalyx
architecture (thickness, density). Enhanced expression of several glycocalyx proteins (hyaluronic
acid, syndecan-1) and cell elongation are established hallmarks of endothelial response to shear
stress and accordingly, were chosen as markers for the experiments. 189,190,316 WGA-633 is a lectin
which interacts with GAGs of the glycocalyx and is the gold standard for glycocalyx studies both
in vitro and in vivo.192,322 Using confocal microscopy, the abundance of WGA-633 labelled
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glycocalyx proteins was assessed at various time points over 72 hours of applied shear stress
(Figure 30a). We found that expression of glycocalyx proteins is cyclical in nature under constant
shear stress (Figure 30b), a finding that was consistent with previous studies of time-dependent
changes in glycocalyx density.190 As predicted, cells experiencing the largest magnitudes of shear
stress (arterial), expressed the highest amount of glycocalyx proteins. Subsequent compositional
analysis on glycocalyx structures generated in the chip were conducted and compared to short and
long-term static controls (Figure 30c-e). A stepwise increase in the expression of syndecan-1 and
hyaluronic acid were observed in the low to high stress regions of the chip. In contrast, the relative
expression of chondroitin sulfate was not impacted by shear stress most likely due to the limited
mechanoresponsive nature of the GAG.8
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Figure 30: Assessment of endothelial morphology and glycocalyx structure. A. Representative
florescence microscopy showing HUVEC actin alignment (green, phalloidin-488) and glycocalyx
expression (red, WGA-633) within each region of the microfluidic channel. Yellow dotted lines
mark the boundaries (x-axis) of the channel. Scale bar = 20 μm. B. Expression of glycocalyx
proteins on surface of HUVEC monolayers at different time points as quantified by the median
fluorescent intensity (MFI) of WGA-633. Values were normalized to the background signal on the
cell surface. Dotted black line denotes the baseline glycocalyx expression of 3-day old HUVEC
monolayers grown under static conditions. C-E. Expression of the proteoglycan syndecan-1(C),
and the GAGs hyaluronic acid (D) and chondroitin sulfate (F) after 72 hours of shear stress F.
Elongation of HUVEC monolayers after varying exposure times to shear stress as measured by
change in the major axis length of individual cells. Dotted black line denotes the baseline
glycocalyx expression of 3-day old HUVEC monolayers grown under static conditions. G.
Thickness (y-axis) of glycocalyx on the cell surface in the venous, capillary and arterial regions of
the chip following 72 hours of shear stress. Values were compared to glycocalyx heights generated
under static conditions after short term (3 days) and long term (21 days) culture
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Shear stress within different regions of the vasculature have also been shown to influence
cell morphology. In vivo, arterial endothelial cells are long and narrow and align in the direction
of laminar blood flow. Venous endothelial cells in contrast, are shorter and wider and often exist
in the less elongated morphology seen in 2D cell culture. 323 To investigate cell morphology in our
integrated model, fluorescently labelled actin filaments were used to assess the elongation of the
major axis length of individual cells over time. As expected, a significant increase in cell
elongation with the continued application of shear stress was observed with each subsequent time
point, illustrating that the cells continued to respond to shear stress over the 72-hour range (Figure
30f).
The thickness of the glycocalyx within each region of the channel (Figure 30g) after
maximal glycocalyx density was obtained (72 hours of shear stress) was determined by measuring
the boundaries of the WGA-633 labelled glycocalyx over a series of confocal z-stacks.234,324 Shear
stress over 72 hours promoted the formation of a thick glycocalyx that had previously taken 21
days to develop in a static cell culture system (3.3 ±0.48 μm). 10 Within the channel, the dimensions
of the glycocalyx differed significantly between the arterial (3.2 ± 0.2 μm), capillary (2.4 ± 0.4
μm), and venous (1.4 ± 0.4 μm) regions of the channel. A significant difference between the
glycocalyx thickness of the venous region and cells cultured under static conditions for 3 days
(0.93 ± 0.4 μm) was also observed, despite having similar glycocalyx density profiles.
4.4.3

Shear stress-induced changes in the glycocalyx confer distinct biological properties
Next, we evaluated whether the glycocalyxes formed in distinct regions of the channel

could recapitulate the differential effects on cell-cell interactions that participate in inflammation
and/or hemostasis within the vasculature. This was accomplished by studying the shear stressinduced changes in the expression of cell surface adhesion molecules that modulate platelet and
lymphocyte binding.
ICAM-1 is a membrane bound glycoprotein that plays an integral role in triggering
lymphocyte adhesion/transmigration and sustaining an inflammatory response. 235 It directly
interacts with integrins on the lymphocyte surface, facilitating the binding and subsequent
transmigration of lymphocytes into tissues. Lymphocyte adhesion and the role of ICAM-1 was
examined in our microfluidic model, by flowing fluorescently labelled PBMCs containing ~80%
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lymphocytes over shear-exposed, TNF-α activated endothelial cells (Figure 31a). Fluorescent
imaging revealed that ICAM-1 expression was lowest under static conditions, but increased with
the magnitude of shear stress on the endothelial surface (Figure 31b).325 Higher ICAM-1
expression did not however, correspond with increased attachment of PBMCs. In fact, within the
microfluidic device, PBMC attachment was lowest in the arterial region of the channel where
glycocalyx thickness was the greatest (Figure 31a/c). When endothelial cells were grown within
the microfluidic chip without shear stress (Figure C.1.3), there was no significant difference in
PBMC adhesion between any of the regions. Together, these findings are consistent with the
previously reported shielding effect of the glycocalyx, which attenuates ICAM-1-mediated
lymphocyte binding.326
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Figure 31: Role of different glycocalyx structures in the adhesion of blood components. A.
Representative florescence microscopy showing the expression of ICAM-1 on TNF-α activated
HUVEC monolayers (red, Anti-ICAM-1 PE.Cy5.5) and PBMC adhesion (green, cell tracker
green) within each region of the microfluidic channel. B. Expression of ICAM-1 on the endothelial
cell surface under arterial, capillary and venous shear stresses was quantified by the median
fluorescent intensity (MFI) of anti-ICAM-1. Values were normalized to the background signal on
the cell surface. C. PBMC adhesion on the endothelial cell surface under arterial, capillary and
venous shear stresses was quantified by the number of cells per mm2. D. Representative
florescence microscopy showing platelet adhesion (green, cell tracker green) on TNF-α activated
endothelial cells within each region of the microfluidic channel. E. VWF expression on the
endothelial cell surface under arterial, capillary and venous shear stresses was quantified by
percent coverage (green, FITC-conjugated Anti-VWF) of the cell monolayer. F. platelet adhesion
on the endothelial cell surface under arterial, capillary and venous shear stresses was quantified by
percent coverage of adherent platelets (green, cell tracker green) on the monolayer. Yellow dotted
lines mark the boundaries (x-axis) of the channel. Scale bar = 20 μm.

We next investigated the potential for the microfluidic platform to recapitulate vascular
bed-specific hemostatic properties. When exposed to shear stress, endothelial cells increase the
release, synthesis and deposition of von Willebrand factor (VWF) onto the extracellular matrix
that results in platelet adhesion.327,328 In our model, we observed a shear stress dependent increase
in VWF accumulation on the cell surface (Figure 31e), with highest levels in arterial regions and
lowest in the venous regions of the channel. In line with these findings, when thrombin activated
platelets were introduced into the microfluidic chip, the highest amount of platelet adhesion was
observed in the arterial region of the channel despite the glycocalyx being of the greatest thickness
(Figure 31d/f). This is consistent with other arterial injury models, where significant platelet
adhesion occurs at the vessel wall. 329,330
Finally, we investigated the implications of different glycocalyx architectures on
nanoparticle (NP) uptake. Nanoparticles are increasingly used in vivo for diagnostic and
therapeutic purposes to increase the carrier half-life and to target specific tissues in the body.331
Using our microfluidic model, we demonstrated that the three regions of the channel exhibited
marked differences in the uptake of fluorescent 0.3 μm carboxylated polystyrene NPs (Figure 32a).
The venous region demonstrated the highest uptake, compared to the arterial and capillary regions.
Under static conditions, NP uptake was significantly higher than under any flow condition (Figure
32b).
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Figure 32: Role of different glycocalyx structures in nanoparticle uptake. A. Representative
florescence microscopy showing nanoparticle (NP) uptake (green, FITC-conjugated polystyrene
beads) by HUVEC monolayers (red, deep red cell mask) within each region of the microfluidic
channel. Scale bar = 20 μm. B. NP uptake under arterial, capillary and venous glycocalyx
structures, quantified by the median fluorescent intensity (MFI) of FITC conjugated 0.3 μm
polystyrene beads. Values were normalized to the background signal on the cell surface.

4.5

Discussion
When investigating cellular processes and therapeutic modalities, in vitro proof-of-concept

experiments are often performed prior to embarking on more expensive and complex in vivo
studies. The well controlled, simplified environment of in vitro experiments are also used to parse
the role of certain structures or conditions that may provide supporting evidence for in vivo
observations. As in vivo studies are often expensive and complex, it is desirable to develop
experimental models that can mimic certain cell behaviours and structures in vitro. This is
particularly important when studying the blood vessel surface, as the physical environment of the
endothelium is chemically complex varies in composition throughout the vasculature. Though
commonly used, static 2-D cell cultures are far from ideal for studying endothelial cell biology,
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especially when considering the important functional role of the glycocalyx, a structure that is
largely lacking in this model. 185,192,332,333
We created a novel in vitro cell culture platform that is capable of generating biologically
relevant glycocalyxes at thicknesses observed in the endothelium of arteries, veins and capillaries
in vivo. PDMS-based microfluidic devices are compatible with live cell imaging, which is often
preferred in assessing glycocalyx dimension. As much of glycocalyx thickness depends on it’s
highly hydrated nature, techniques like electron microscopy which dehydrate the glycocalyx are
not ideal due to artifacts associated with sample preparation.1,334. Many dehydration protocols are
also not suitable for PDMS-based systems due to solvent incompatibility. 335 Moreover, our
complementary mathematical modelling demonstrated that the magnitude of shear stress within
the presented microfluidic system can be accurately quantified according to distance from the cell
surface and is precisely controlled, which is a major advantage over more complex in vitro
endothelial systems in directly relating shear stress to cell behaviour. 336
Using on-chip confocal microscopy, it was demonstrated that the application of vessel
type-specific shear stresses resulted in the formation of structurally unique glycocalyxes within
discrete regions of a continuous endothelial monolayer exhibiting artery-to-capillary-to-vein
transition with physiological relevance. In agreement with ex vivo and in vivo observations, the
high shear environment on the chip (arterial), induced formation of the thickest and most dense
glycocalyx, while medium shear (capillary) and low shear (venous) stress yielded progressively
less thick glycocalyxes.185 These on-chip generated glycocalyxes matched well with previously
reported intravital microscopy measurements of in vivo glycocalyx thicknesses of 0.7 μm, 2 μm
and 4.5 μm for veins, capillaries and arteries respectively.1,238,239. Moreover, marked differences
were also illustrated in protein expression within the glycocalyx itself. In addition to glycocalyx
thickness, the composition of the glycocalyx plays a major role in its function. 1 Previous studies
have demonstrated that short term, static endothelial cell cultures have weak expression of the
mechanoresponsive hyaluronic acid and syndecan-1.337 Both these glycostructures are essential
for flow-induced NO production, the adsorption of functionally important macromolecules,
regulating glycocalyx expression and of course, the camouflage of adhesion receptors on the
endothelium.326,338,339. By generating three areas with distinct differences in glycocalyx
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composition and architecture, biological processes which rely on a well-developed glycocalyx can
be studied in an integrated and high throughput manner.
We validated the function of these distinct glycocalyx structures by studying endothelial
response to inflammation (ICAM-1 expression, lymphocyte adhesion), hemostasis (VWFexpression, platelet adhesion) and cellular uptake of nanoparticles (nanoparticle/nanomedicine).
As the glycocalyx acts as a steric barrier to ICAM-1-lymphocyte interactions, lymphocyte
attachment occurs almost exclusively in the post-capillary venules.326,340,341 This specificity is
often explained by increased interactions between binding partners on lymphocyte and endothelial
cell surfaces.342 Our on-chip generated glycocalyxes recapitulated trends observed in vivo, forming
a barrier to ICAM-1 mediated PBMC adhesion in a manner that correlated with glycocalyx density
and thickness (Figure 31c).238,239 As ICAM-1 is increasingly used as a target for anti-inflammatory
therapeutics and drug delivery, this model could be useful in studying drug binding under more
relevant in vivo-like conditions before animal models are undertaken.307
The glycocalyx may also provide a barrier against platelet adhesion to the endothelial cell
surface.1 However, despite the presence of a robust glycocalyx, shear-enhanced VWF expression
induced the highest platelet adhesion within the activated arterial region. The striking differences
between platelet adhesion on the venous-like and arterial-like endothelial cell surfaces are entirely
consistent with the recognized role of VWF and how its expression contributes to localized
differences in thrombosis along the vasculature. In vivo, venous thrombi (red clots) are mainly
composed of fibrin and red blood cells, and less of platelets. 343 In contrast, arterial thrombi (white
clots) are platelet rich, predominately due to enhanced VWF expression in arterial regions that
promote platelet adhesion and aggregation.330,343 Our integrated model was able to recapitulate the
structural environment that promotes differential platelet deposition on vascular surfaces and
consequently, could potentially provide a more relevant in vitro model for clot-related disease
including atherosclerosis and stroke. As clot composition plays an important role in the design of
therapies, this model may be particularly useful in drug screening. 344
Our in vitro model was also able to parse differences in the uptake of the nanoparticles
within the arterial, capillary and venous-like regions of the channel. Similar to PBMC adhesion,
the glycocalyx also serves as a steric barrier to the uptake of NPs/nanomedicine by the
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endothelium.305,332 As such, NP uptake in vivo is primarily observed in the microvasculature as
these regions exhibit increased permeability due to less dense glycocalyx structures. 345 This was
also demonstrated in our microfluidic model, where regions with low glycocalyx density and
permeability, exhibited the greatest NP uptake. While the polystyrene NPs employed in the study
provided evidence of passive targeting, we envision this model will have great utility for
characterizing nanomedicine that have been developed to target specific areas of the vasculature.
Targeted NP design is especially prevalent in diseases which affect specific types of vasculature
such as arterial restenosis and diabetic retinopathy which are found in arteries and capillaries
respectively.346,347 As our model revealed minimal NP uptake in the capillary and arterial regions
of the channel compared to 3 day static control, testing NPs (both targeted and passive) on
platforms such as the one described here may be important in screening and appropriately dosing
nanomedicines before in vivo models are used. In addition, having arterial-like, capillary-like and
venous-like glycocalyxes on a continuous monolayer may also be useful in probing the efficacy
and off-target effects of these therapeutics within different regions of the vasculature.
4.6

Conclusion
In summary, we have developed an in vitro platform that is able to elicit three shear stresses

on a single linear HUVEC monolayer. This platform was successfully able to generate more
physiologically relevant glycocalyx structures compared to static, short-term (3 days) in vitro
models. In 72 hours, physiologically relevant glycocalyxes are generated on the cell surface with
unique brush architectures that facilitate the expression of adhesive proteins and unique
interactions with blood components (platelets, PBMCs) and NPs. This is the first report of an in
vitro platform that has been used to specifically recapitulate the functionally important
glycocalyxes observed in the major regions of vasculature in artery-to-capillary-to-vein transition.
The artery-to-capillary to vein transition may be particularly useful in simultaneously studying
differential drug effects within different regions of the vasculature or probe the functionality of
engineered blood cells. This interconnected and simultaneous comparison is a feature that has yet
to be demonstrated in other multi-shear models.348 Our primary objective was to develop an easyto-use platform to develop the glycocalyx, however, the system may be easily adapted to overcome
the limitations from the simplified model. Future iterations could implement co-culture with
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smooth muscle cells, employ a gradient to better recapitulate vascular transitions in vivo or use
tissue specific endothelial cells which may provoke responses unique to the results presented. Our
technique cannot replace the physiologic relevance of the vascular bed probed via intravital
microscopy (regional flow complexity, pulsatile flow); however, we predict that this and future
iterations will be complementary. Finally, as the glycocalyx is a potent regulator of endothelial
responses, we predict that this method will have broad applications in cardiovascular biology to
delineate mechanisms and to develop novel therapies.
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Chapter 5: Oncotically driven control over glycocalyx dimension for cell
surface engineering in the longitudinal direction
5.1

Synopsis
In this chapter we present a simple technique for re-directing reactions on the cell surface

to the outermost region of the glycocalyx. Macromolecular crowding with inert polymers was
utilized to reversibly alter the accessibility of glycocalyx proteoglycans toward cell-surface
reactive probes allowing for reactivity control in the longitudinal direction (‘z’-direction) on the
glycocalyx. Studies in HUVECs demonstrated an oncotically driven collapse of the glycocalyx
brush structure in the presence of crowders as the mechanism responsible for re-directing
reactivity. This phenomenon is consistent across a variety of macromolecular agents including
polymers, protein markers and antibodies which all displayed enhanced binding to the outermost
surface of multiple cell types. We then demonstrated the biological significance of the technique
by increasing the camouflage of red blood cell surface antigens via a crowding-enhanced
attachment of voluminous polymers to the exterior of the glycocalyx. The accessibility to Rhesus
D (RhD) and CD47 proteins on the cell surface was significantly decreased in crowding-assisted
polymer grafting in comparison to non-crowded conditions. This strategy is expected to generate
new tools for controlled glycocalyx engineering, probing the glycocalyx structure and function,
and improving the development of cell-based therapies
The work presented in this chapter was done in concert with Dr. Rafi Chapanian from
Professor Jayachandran Kizhakkedathu’s research group within the Department of Chemistry at
UBC. Dr. Chapanian initiated the project by assessing the impact of macromolecular crowding on
red blood cell surfaces with assistance from Ms. Iren Constantinescu.
5.2

Background
The glycocalyx is a highly complex, glycoprotein-rich region of the extracellular matrix

on the cell surface. Directly attached to the cell membrane, the glycocalyx has a myriad of reported
regulatory functions.1 As such, it is a useful target for controlling cellular behavior and techniques
which engineer the glycocalyx and other aspects of the cell surface have emerged in response.
Using macromolecules such as polymers, enzymes, antibodies and proteins, this technique has had
great success in modulating cellular response and function. 108,349-351 For instance, various forms of
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CSE have been carried out to control stem cell differentiation352, in targeted drug delivery using T
and B cells to treat tumors351, glycoengineering of tumors for targeted drug delivery126 and tPAcarrying red blood cells (RBCs) for the selective dissolution of nascent blood clots. 353
In developing CSE methodologies, the goals are divergent depending on the desired
outcome. Fundamental investigations of the cell surface often require site specificity, and
subsequent surface-targeted genetic and metabolic engineering techniques have been developed to
employ substrates with site-specific biorthogonal tags.187,213,354 Alternatively, in the pursuit of
redirecting of cellular behavior or delivering therapeutics it is desirable to maximize the amount
of agent delivered to the cell surface.147,355-357 In these circumstances, simple chemistry is often
used to modify the often abundant thiol or lysine moieties of the existing glycocalyx structure 155,351
When attaching macromolecules to the cell surface, both applications require a large
stoichiometric excess of functionalized substrate to impart a cellular response. 358,359 The use of
excess cell interactive macromolecules is not only costly, but can also cause unwanted side effects
and toxicity.360-362 With this, an alternative strategy to enhance the effect of non-specific CSE using
a minimal amount of substrate is desired. As the glycocalyx is the first contact point for effectors
in solution, we hypothesize that directing modification to the outermost region could enhance
the effect of the attached substrates – be it immunoevading polymers186,193,194, scaffolds for tissue
engineering195-197, or cell homing substrates.198-200 Thus far, tools which enable controlled
modification in the longitudinal (‘z’) direction of the glycocalyx are largely undeveloped and
selectivity along this axis remains indiscriminate even in site-specific approaches.
In this chapter, we present a technique to reversibly alter the accessibility of glycocalyx
proteoglycans toward cell-surface reactive probes in solution. We show that the use of inert
macromolecular crowders in cell media can reversibly collapse the glycocalyx and enhance the
binding of polymers, protein markers and antibodies to the structures’ outermost surface of
multiple cell types. This methodology can be used to discriminately probe glycocalyx function in
‘z’ direction or amplify the biological response of surface engineered cells, as we demonstrated in
the improved immunocamouflage of engineered RBC’s.
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5.3

Methods

For spectral and supplementary data please refer to Appendix D
For techniques and chemical materials please refer to section 2.3.1 -2.3.2

5.3.1
5.3.1.1

Reagents and materials.
Cell culture materials
All cell culture-related medium and supplements (Trypsin-EDTA, Dulbeccos phosphate-

buffer saline (DPBS), HT fetal bovine serum (FBS), penicillin/streptomycin (P/S), and Endothelial
Growth Medium (EGM-2 ) were received from Life Technologies Inc. unless otherwise specified.
Primary Human Umbilical Vein Endothelial cells (HUVECs) were purchased from American
Type Culture Collection (ATCC; Manassas, VA) and used up to a passage number of seven. Upon
reaching 70% confluence, cells were dissociated with 0.25% trypsin and 0.05% EDTA (Gilco,
25300062), pelleted by centrifugation at 300 g and resuspended with complete medium.
5.3.2

Polymer synthesis and functionalization
Hyperbranched polyglycerol (HPG) was synthesized by the ring opening multi-branching

anionic polymerization of glycidol 131,143,164,363. Briefly, TMP was partially deprotonated (~ 10%),
using potassium methoxide, methanol was removed under vacuum, and glycidol was added drop
wise over several hours at ~ 100 °C using a syringe pump, the mixture was stirred for an additional
8 hrs. The polymer was dissolved in methanol at a ratio of (2:1) (methanol/polymer) and treated
by passing twice through Amberlite IR120 H-ion-exchange resin column. The polymer was
purified by dialyzing against water for 3 days using a 3.5-5 kDa MWCO cellulose membrane and
freeze drying. Purified polymer (Mn -30,000 g/mole and Mw/Mn- 1.28) was fractionated by
precipitating its methanol solution into acetone to obtain polymers with varying molecular weights
(20, 30 kDa) and narrow Mw/Mn (~ 1.1). Obtained polymers were dried and dialyzed in water to
remove any remaining organic solvents and submitted for structural analysis
1

H NMR (300 MHZ, D2O, ppm) δ: 3.61-3.98 (m, HPG backbone –CH2O-, -CHO-),
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5.3.3

Carboxy functionalization of HPG
HPG (Mn 20 kDa, 954 mg, 0.047 mmol,) was dried in vacuo at 90 C overnight and

subsequently dissolved in anhydrous pyridine (19 mL). Ten molar equivalents of succinic
anhydride (470 mg, 0.470 mmol) was added to the solution followed by the slow addition of
dimethylaminopyridine (46.09 mg, 0.376 mmol) which was then allowed to react under Argon at
room temperature overnight. Upon reaction completion, the polymer was precipitated from the
reaction medium with acetone and isolated via centrifugation (14,000 g, 4 °C). The polymer was
then re-dissolved in distilled water and dialyzed against 1K MWCO tubing, lyophilized and
subjected to structural analysis
1

H NMR (300 MHZ, D2O, ppm) δ: 3.61-3.98 (m, HPG backbone –CH2O-, -CHO-), 2.59 (s,

COCH2CH2COOH ), 2.45 2.59 (s, COCH2CH2COOH ).
5.3.4

Preparation of hyperbranched polyglycerol succinimidyl succinate (HPG-SS)
Carboxy functionalized HPG (226 mg, 0.0113 mmol) and N-hydroxysuccinimide (7.97

mg, 0.0678 mmol) was re-dissolved in anhydrous DMF (9 mL) followed by the addition of N,N′Diisopropylcarbodiimide (8.75 mg, 0.0678 mmol). The solution was left to stir overnight at room
temperature under argon atmosphere. Upon reaction completion, the solution was precipitated in
acetone (30 mL), isolated by centrifugation (14,000 g, 4 °C), and dried for 10 minutes under
reduced pressure. Once isolated, HPG-SS was immediately dissolved in a PBS stock solution and
used for cell derivatization.
5.3.5

Radio-labeling of HPGs (3H-HPGs)
A detailed procedure for HPG radiolabeling has been reported in previous work. 143 Briefly,

dried HPG was dissolved in N-methylpyrolidone, deprotonated partially (~ 10%) and reacted with
tritium labeled methyl iodide (C3H3I, American Radiolabeled Chemicals Inc.St. Louis, USA ) to
obtain less than 1 % of methylated HPG hydroxyl groups. The reaction was stopped by a slow
addition of water. Unreacted reagents were removed by dialysis against water with 1 MWCO
dialysis tubing. The specific activity of the polymer was determined from the volume of the
polymer solution, polymer weight, and radioactivity. The acid functionalization and Nhydroxysuccinimide (NHS) activation of 3H-HPGs were performed using steps similar to those
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used with cold HPGs. Prior to radioactivity measurements, RBCs were digested according to our
previous procedure.143 The number of HPG molecules grafted per RBC was quantified from the
radioactivity of a known volume of packed-RBCs, the specific activity of the polymer, and the
density of RBC.364
5.3.6

Alexa Fluor 633 labeling of HPGs:

Fluorescent labeling of HPGs was performed in identical procedures as outlined in section 2.3.9
using Alexa Fluor® 633 Hydrazide (Thermo Fisher Scientific) through reductive amination.
5.3.7
5.3.7.1

Functionalization of red blood cells
RBC isolation
Whole blood was collected from consented healthy donors into a citrate vacutainer tubes.

Procedures involving human subjects have been approved by the Institutional Review Board (IRB)
at the University of British Columbia. Tubes were centrifuged at 1000 x g for 4 min. The
supernatants along with buffy coat were removed using a Pasteur pipette. RBCs were washed three
times with saline and suspended in PBS buffer (pH 8.0).
5.3.7.2

HPG grafting to RBC surfaces (non-crowded)
Immediately after preparation, 100 mg of 20 kDa succinimidyl succinate activated (HPG

SS) was dissolved in 120 µL of phosphate buffered saline (pH 8.0). Concentrated RBCs were
added to a phosphate buffered saline solution (pH 8.0) followed by freshly prepared HPG-SS stock
solution. For example, to obtain 1 mM of 20 kDa HPG-SS polymer graft solution, 40 µL of
polymer solution was added to RBC suspension (20% Hematocrit) to a final volume of 600 µL.
The mixture was vortexed gently and placed on an orbital shaker at room temperature for 1 h. Cells
were washed 2 times with PBS buffer, once with saline, re-suspended in saline to 20% Hematocrit
and used for further analysis
5.3.7.3

HPG grafting to RBC surfaces (crowded)
Immediately after preparation, 100 mg of 20 kDa succinimidyl succinate activated (HPG

SS) was dissolved in 120 µL of phosphate buffered saline (pH 8.0). Concentrated RBCs were
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added to a solution of macromolecular crowder dissolved in phosphate buffered saline solution
(pH 8.0) followed by freshly prepared HPG-SS stock solution. For example, to obtain 1 mM of 20
kDa HPG-SS polymer graft solution, 40 µL of 20 kDa HPG polymer solution was added to RBC
suspension (20% Hematocrit) to a final volume of 600 µL and final macromolecular crowder
concentration of 230 mg/mL. The mixture was vortexed gently and placed on an orbital shaker at
room temperature for 1 h. Cells were washed 2 times with PBS buffer and 1 time with saline and
suspended in saline to 20% Hematocrit.
5.3.7.4

Electrophoretic mobility analysis
The electrophoretic mobility experiments were conducted using an instrument made for

G.V.F. Seaman based on the Rank Brothers Mark I Electrophoresis apparatus (Rank Brothers,
Bottisham, UK). A drop of 20% Hematocrit of RBC was diluted in 10 ml saline and the velocity
of individual cells located in the stationary region was measured at a constant potential. The
electrophoretic mobility was calculated from the following equation:
𝐸𝑀 =

𝑣×𝐿
𝑉

(Eq. 6)

Where, v is the measured velocity of individual cells, V is the applied voltage (40.5 V), and L is
the effective electrical length of the chamber. At least 10 individual cells were randomly selected
and their velocity was measured, results were presented as the mean ± standard deviation.
The electrophoretic mobility of RBCs and HPG-grafted RBCs was measured at different
NaCl concentrations in the range 0.02 – 0.154 mM. To maintain the isotonicity of RBCs, solutions
were supplemented with anhydrous dextrose in cases where NaCl concentrations were below 0.154
mM. The viscosity of solutions was measured using Cannon-Manning 50, A 412 semi-viscometer.
To interpret the electrophoretic mobility of HPG-grafted RBCs, numerical values for the
following parameters were required365,366: the surface charge density (σ), the thickness of
glycocalyx (β), the Stokes effective mean radius of the segment of glycocalyx (a), and total mass
on the surface.
We assumed that grafting of neutral HPGs does not introduce changes in cell surface
charges and charge distributions. We also assumed that the thickness of the native glycocalyx
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structure remained unchanged as a result of grafting of HPGs. A depletion of the whole cell volume
was observed in crowded conditions however, this effect was transient with cell size returning to
normal values when removed from crowding solution. Thus we used values of σ (1.065 x 10 4 esu)
and β (7.8 nm) that have been reported for native RBCs365,366.
The Stokes mean segment radius of glycocalyx, was determined by fitting the calculated
electrophoretic mobility values to experimental data in a manner similar to Levine S. et al.365.
The weight of glycocalyx in HPG-grafted RBCs was calculated to be the mass of
glycocalyx in naïve cells (~ 1.18 x 10-13 g)365 plus the weight of HPG grafts that were measured
using the tritium labeled 3H-HPG-RBCs.
In the case of RBCs grafted with HPGs, we assumed that macromolecules are distributed
randomly within the glycocalyx, considering the small hydrodynamic sizes of HPG (20 kDa)
relative to glycocalyx (Rh = 3.0 nm).
The model developed by Sharp and Brooks366, allows varying the locations of bound
polymers within the glycocalyx. The impact of HPG graft location within glycocalyx on
electrophoretic mobility was investigated.

We further fitted the calculated values of

electrophoretic mobility, using determined parameters, to experimental data of HPG-grafted RBCs
at different ionic strengths to investigate whether the extracted Stokes effective mean radius of the
segment of glycocalyx (a) at 0.154 mM saline is applicable at other ionic strengths (Figure D.1.3).
5.3.7.5

Aqueous two-phase partitioning measurements

The aqueous two-phase partitioning system was made of 4% (w/w) PEG 8 kDa, 5% (w/w) dextran
500 kDa, supplemented with 150 mM of NaCl, 8.06 mM of dibasic potassium phosphate, and 1.94
mM of monobasic potassium phosphate. In 1 mL of dextran/PEG two phase aqueous partitioning
solution, 5 μL of packed RBCs were added. The mixture was vortexed gently and placed on the
benchtop for 10 min at room temperature. Based on surface properties of RBCs, the level of
functionalization, RBCs were positioned in the lower dextran phase, the upper PEG phase or in
both phases
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5.3.8
5.3.8.1

Functionalization of endothelial surfaces
Cell culture

HUVECs were plated and cultured on IBIDI µ-Slide 8 well chamber slides in EGM-2 Media (2%
FBS, 1% P/S). Cells were seeded at a concentration of 10,000 cells/well and cultured for 21 days
(37 °C, 5% CO2) with a change of media every two days. 192

5.3.8.2

Microscopy experiments

All confocal images were acquired using an inverted Zeiss Axiovert 200M spinning disk confocal
microscope equipped with a QuantEM 512SC Photometrics camera (512x512 pixels size) and an
incubator platform for live-cell imaging. Images were captured in series using a 100X/1.45 Oil
Plan-Fluor objective lens coupled to a spherical aberration correction unit. z-axis profiles were
constructed by stepping the focus in 200 nm increments: A typical z-axis profile was carried out
over a cell surface starting from the cell membrane (intensity maxima of the membrane stain)
through the glycocalyx and into the solution above. 5 different regions of each cell were imaged,
with a total of 5 randomly selected cells measured in each experiment. All experiments were
repeated three times (3 independent experiments) and the results pooled. Images of live cells were
acquired within one hour of staining.
5.3.8.3

Alexa 633 tagged HPG-SS labelling of HUVEC monolayers (non-crowded)

For polymer labeling of the cell surface, HUVECs were washed three times with DPBS and
treated with a step-wise addition of DPBS followed by Alexa Fluor-633 labeled HPG-SS (20 kDa)
to a final concentration of 0.7 mM HPG-SS. The solution was gently mixed for 30 seconds and
the cells were incubated for 1 hour at 4 °C under static conditions. Following incubation,
monolayers were washed twice with room temperature DPBS and stained with Hoescht 3388 (1
µg/mL) and CellMask green plasma membrane stain (1:1000 x dilution) for 15 minutes at 37 °C.
Following staining, the cells were washed three times with DPBS and immersed in EGM-2 (phenol
free, 15 mM HEPES) for live cell imaging. All experiments were repeated three times (3
independent experiments) and the results pooled.
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5.3.8.4

Alexa 633 tagged HPG-SS labelling of HUVEC monolayers (crowded)

For polymer labeling of the cell surface, HUVECs were washed three times with DPBS and treated
with a step-wise addition of crowding solution (30 kDa HPG (unmodified) in DPBS, sterilized
through filtration using a 0.22 µm membrane) followed by Alexa Fluor-633 labeled HPG-SS (20
kDa) to a final concentration of 230 mg/mL crowding solution and 0.5 mM HPG-SS. The cells
were incubated for 10 minutes in crowding solution at ambient temperature before the addition of
HPG-SS. The solution was gently mixed for 30 seconds and the cells were incubated for 1 hour at
4 °C under static conditions. Following incubation, monolayers were washed twice with room
temperature DPBS and stained with Hoescht 3388 (1 µg/mL) and CellMask green plasma
membrane stain (1:1000 x dilution) for 15 minutes at 37 °C. Following staining, the cells were
washed three times with DPBS and immersed in EGM-2 (phenol free, 15 mM HEPES) for live
cell imaging. All experiments were repeated three times (3 independent experiments) and the
results pooled.
5.3.8.5

PE-anti- human CD138 staining labelling of HUVEC monolayers (non-crowded)

HUVECs were washed three times with DPBS and treated with a step-wise addition of DPBS
followed by PE-conjugated Anti-human CD138 (mouse mAb, clone BA38, Exbio, Vestec, Czech
Republic) to a final antibody concentration of 7:100. The solution was gently mixed for 30 seconds
and the cells were incubated for 45 minutes at 4 °C under static conditions. Following incubation,
monomers were washed twice with room temperature DPBS and stained with Hoescht 3388 (1
µg/mL) and CellMask green plasma membrane stain (1:1000 x dilution) for 15 minutes at room
temperature. Following staining, the cells were washed three times with DPBS and immersed in
EGM-2 (phenol free, 15 mM HEPES) for live cell imaging. All experiments were repeated three
times (3 independent experiments) and the results pooled.
5.3.8.6

PE-anti- human CD138 staining labelling of HUVEC monolayers (crowded).
HUVECs were washed three times with DPBS and treated with a step-wise addition of

crowding solution (30 kDa HPG (unmodified) in DPBS, sterilized through filtration using a 0.22
µm membrane) followed by Anti-human CD138 (mouse mAb, clone BA38, Exbio, Vestec, Czech
Republic) to a final concentration of 230 mg/mL crowding solution and an antibody concentration
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of 1:20. The cells were incubated for 10 minutes in crowding solution at ambient temperature
before the addition of antibody. The solution was gently mixed for 30 seconds and the cells were
incubated for 45 minutes at 4 °C under static conditions. Following incubation, monomers were
washed twice with room temperature DPBS and stained with Hoescht 3388 (1 µg/mL) and
CellMask green plasma membrane stain (1:1000 x dilution) for 15 minutes at room temperature.
Following staining, the cells were washed three times with DPBS and immersed in EGM-2 (phenol
free, 15 mM HEPES) for live cell imaging. All experiments were repeated three times (3
independent experiments) and the results pooled.
5.3.8.7

Alcian blue dye binding assay for quantification of sulfated GAGs
HUVECs were plated and cultured on 6 well multi-well plates in EGM-2 Media (2% FBS,

1% P/S). Cells were seeded at a concentration of 60,000 cells/well and cultured for 21 days (37
°C, 5% CO2) with a change of media every two days. For the TNF-alpha control, cells were
subjected to 100 U TNF-α (abcam, Cambridge, United Kingdom) for 16 hours. Cell media (100
uL) was treated with alcian blue, isolated according to literature procedures and quantified via
absorbance in a 96 well plate at 490 nm.367 Absorbance was then read at 490 nm. The ionic
interaction between the cationic dye (Alcian blue) and the negatively charged GAG is proportional
to the number of negative charges present. The concentration of sulfated GAG in the samples was
quantified using a Chondroitin Sulfate (Sigma) standard curve (0.02–0.313 mg/ml). Results were
normalized to total cell count via trypan blue exclusion staining (Figure D.1.5). This experiment
was completed in triplicate.
5.3.8.8

Cell viability assay
HUVECs seeded in a 96 well plate (10,000 cells/well) and cultured for 21 days were

subjected to crowding and non-crowding conditions. At the end of the exposure (1 hour, 4 C), the
supernatants were removed and aliquots of 100 µl were kept for LDH testing. Cell viability was
assessed by the measurements of lactate dehydrogenase (LDH) enzyme in the supernatant of the
cell culture (Figure D.1.6). Leakage of this enzyme from the cytoplasm into the supernatant is
characteristic of membrane damage. The assay was performed using the LDH-Cytotoxicity
Colorimetric Assay Kit (Biovision Incorporated, San Francisco, USA) according to the
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manufacturer’s protocol. The LDH concentration in 100 µl of the cell culture supernatant was
determined at a wavelength of 492 nm. Cells treated with 1 % (w/v) Triton X-100 (10 minutes,
room temperature) served as reference for the maximum possible LDH release (100%, high
control). The relative LDH release of a given sample is then defined as the ratio of LDH measured
in the supernatant of the sample and the high control value with LDH values under 20% regarded
as a nontoxic effect level. All experiments were repeated twice times (2 independent experiments)
and the results pooled.
5.3.8.9

Visualization of the glycocalyx with FITC labelled dextran
HUVECs were washed three times with DPBS and stained with Hoescht 3388 (1 µg/mL)

and CellMaskTM deep red plasma membrane stain (1:1000 x dilution) for 25 minutes at ambient
temperatures. Following staining, the cells were washed three times with DPBS and treated with
a step-wise addition of crowding solution (30 kDa HPG (non-modified) in EGM-2, sterilized
through filtration using a 0.22 µm membrane) or an equal volume of EGM-2 (phenol free, 15 mM
HEPES) followed by FITC-Dextran (Sigma, FD40S) to a final concentration of 1.24 µM FITC
Dextan and 230 mg/mL crowding solution. Cells were immediately visualized using confocal
microscopy. To account for stepwise photobleaching, the average slice intensity within the
glycocalyx (Figure D.1.7, yellow arrows) was normalized to the intensity of the FITC signal
outside the glycocalyx (Figure D.1.8). HUVEC cell membranes were labeled with CellMask TM
deep red plasma membrane stain to mark the base of the glycocalyx structure. All experiments
were repeated three times (3 independent experiments) and the results pooled.
5.3.9
5.3.9.1

Camouflage of RBC surface antigens
Flow cytometry analysis
The extent of antibody binding to surface proteins of RBCs modified with HPG under

crowded and non-crowded conditions was determined through flow cytometry analysis, using
fluorescently labeled antibodies
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5.3.9.2

CD 47 cell surface protein analysis

RBCs (10 µL, 3.3 % Hematocrit) were mixed and 80 ul PBS buffer and with Phycoerythin (PE)
mouse anti human CD47 (10 µL, 2/10 dilution, 0.5 % BSA) from BD Biosciences, Canada. The
mixture was incubated at RT for 30 min in dark. The RBCs suspension was washed one time with
1 mL of PBS buffer with 0.5% BSA and re-suspended into 0.5 mL. The suspension was passed
through a 25 G5/8 needle to minimize cell clumping and analyzed using a BD FACS Canto II flow
cytometer acquiring 10000 events.
5.3.9.3

Rhesus D antigen analysis

FITC-labeled mouse anti human Rhesus D (13 µL), obtained from Quotient Biodiagnostics, PA,
USA was added to the RBC suspension (37 uL, 1.3% hematocrit), mixed carefully and incubated
at RT for 30 min in the dark. RBCs were washed one time with PBS buffer pH 7.4. The supernatant
was removed and then RBCs were dispersed in PBS buffer (0.5 ml). The suspension was analyzed
using a BD FACS Canto II flow cytometer acquiring 10000 events using medium flow.
5.3.9.4

Standard hospital phenotyping analysis for RBC minor antigens

The protection of several minor antigens on modified RBCs under crowded and non-crowded
conditions including Rhesus (D, C, c, E, e), Kell (K and k), Duffy (Fya and Fyb) Kidd (JKa and
JKb) Lewis (Lea and Leb) MNSs (M, N, S and s), P (P1), Cw antigens were conducted using standard
hospital phenotyping techniques at St. Paul’s hospital in Vancouver, BC. The test principle in
phenotyping for minor antigens lies in the reaction of a particular minor antigen on the surface
RBCs with the corresponding monoclonal antibody that results in RBC agglutination. Briefly, to
subtype for rhesus antigens D, C, c, E, and e, RBCs are suspended at a concentration 3-5% in
isotonic saline solution, 1 drop of corresponding antibody reagent (Bio-Rad, ON, Canada) are
mixed with 1 drop of suspended RBCs, the mixture is incubated for 5 min at room temperature (22
°C). The mixture is centrifuged for 2 min at 175 x g, and the product is dislodged gently to evaluate
the extent of agglutination. Minor antigen expression is evaluated on a score from +4 to 0. A score
of +4 is given when a single agglutinate is formed, +3 when some large agglutinates are formed,
+2 for medium size agglutinates with no free cells, +1 for few macroscopically detectable
agglutinates within a homogenous RBC suspension, and 0 for homogenous RBC suspension with
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no detectable agglutinates. A score of 0 indicates to the absence of an antigen in the control RBC,
whereas, a score +4 indicates a strong expression of a particular antigen on the surface of RBCs.
5.3.10 Statistical analysis
All data are presented as a mean ± the standard deviation unless otherwise mentioned. Where
indicated, 2-tailed t-tests analysis with Welch’s correction was performed using Graphpad Prism
7.0. Paired comparisons were significant when p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***). All
experiments were repeated three times (3 independent experiments) and the results pooled unless
otherwise noted.

5.4
5.4.1

Results
Probing crowding-assisted redistribution of polymer grafts on the cell surface
Red blood cells were first used for CSE experiments as they are less sensitive to chemical

intervention and do not experience membrane turnover. To engineer the RBC surface, we
synthesized non-specific amine-reactive polymer molecules which target lysine residues on the
cell surface glycocalyx (Figure 33).193,194 The succinimidyl succinate (SS) modified
hyperbranched polyglycerols (HPG-SS, 20 kDa) were then used to covalently couple
hyperbranched polyglycerol (HPG) to the lysine residues on cell surface proteoglycans. It should
be noted that SS modified substrates are not specific for the glycocalyx residues. When these
substrates are used for cell surface engineering applications, however, the components of the
extracellular matrix (including the glycocalyx) are often preferentially modified as they are the
first point of contact for protein-reactive substrates in the bulk solution. This was verified by
measuring the decrease in polymer present on the cell surface when the glycocalyx was specifically
removed enzymatically (Figure D.1.1, Table D.1.1). The cell surfaces were also stained with
Alexa-633 conjugated wheat germ agglutinin lectin (WGA-633), a fluorescent marker which binds
to sialic acid and N-acetylglucosaminyl residues on the proteoglycan structures of the
glycocalyx.368,369 A corresponding decrease in the intensity of WGA-633 labelling was also
observed following enzyme treatment, suggesting the preferential grafting of polymer on
glycocalyx. For generating temporary crowded conditions, unreactive HPG (30 kDa) was used as
a macromolecular crowder in a 230 mg/mL PBS solution. While a series of macromolecular agents
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may be used to impart crowding conditions (i.e. PEG, ficoll, dextran), the superior cell
compatibility of HPG elicited by the polymer’s compact nature was the reasoning for its selection
in the presented study.146

Figure 33: Strategy for ligation of polymers to primary amines on the glycocalyx using
succinimidyl esters (red).

Previous work from our group has demonstrated that macromolecular crowding enhances
the extent of polymer mediated attachment to the RBC surface.147 To exclusively study the
distribution of HPG-SS within the cell surface glycocalyx, it is essential to identify grafting
concentrations which produce a similar number of polymer grafts on the cell surface in both
conditions (crowded vs. non-crowded). Tritium labelled SS-HPGs (3H-SS-HPG) were prepared
and used for determining the number of polymer grafts with high accuracy (Figure 34a). The dotted
red line in Figure 34a represents HPG-SS concentrations which yielded a similar number of HPG
molecules on the cell surface under both crowded and non-crowded grafting conditions. These
adjusted concentrations were repeated in all future experiments with HPG-SS.
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Figure 34: Changes in the physical parameters of washed RBC’s following polymer grafting under
crowded and non-crowded conditions. a) Impact of macromolecular grafting method (noncrowded vs crowded) on the number of HPG molecules grafted per RBC, quantified using the
tritium (3H) radiolabeled HPG. b) Electrophoretic drag consequential to increased polymer
grafting on cell surface. Circles represent experimental data of RBC movement in an electric field.
Lines represent mathematical simulation to predict electrophoretic mobility of RBCs when
polymer molecules differ in their distribution along the glycocalyx. c) Partitioning of HPG-grafted
RBCs in PEG-dextran aqueous two-phase partitioning system. Control RBCs are in the lower
dextran phase, and those grafted with HPGs move towards the upper PEG phase. Unpaired
comparisons using a non-parametric t-test are significant at p < 0.05 (*).
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We next investigated the physical characteristics of HPG-modified RBC suspensions
which may be influenced by differences in polymer distribution on the glycocalyx. These
experiments are performed on washed RBCs to remove the polymer crowder from the solution
following polymer attached in crowded and non-crowded conditions. Brooks et. al. have
previously demonstrated that the movement of RBCs in an applied electric field (electrophoretic
mobility) is dependent on surface charge density (σ), the thickness of glycocalyx (β), the Stokes
effective mean radius of a glycocalyx segment (a), and total mass on the cell surface. 365,366 Their
work further illustrated that the attachment of voluminous HPG polymers to the RBC surface
should increase the hydrodynamic drag on electroosmotic flow by changing the glycocalyx
parameters. Through covalent attachment to the glycocalyx, the polymers extend the Stokes
effective mean radius of the glycocalyx elements surrounding the cell and reduce the
electrophoretic mobility. Upon measuring the electrophoretic mobility of RBCs grafted with a
similar number of HPG molecules, it was demonstrated that cells modified in crowded conditions
have a lower mobility compared to those grafted in PBS (Figure 34b).
We further fitted the experimental data using a mathematical model (solid lines shown in
Figure 34b) developed to predict the electrophoretic mobility of RBCs bearing adsorbed or
covalently bound polymers by Brooks and co-workers (details of the calculations are given in
supporting information).365,366 Using a hypothetical glycocalyx thickness of 7.8 nm, we modeled
glycocalyx modification of elements located both throughout the glycocalyx (0.0-7.8 nm) and
directed to the outer surface (2.7-7.8 nm). Our analysis indicated that more hydrodynamic
shielding is exerted by the HPG grafts when modification is weighted towards the exterior of the
glycocalyx. As seen in Figure 34b, the modelling matches well with the trends observed in
measured electrophoretic mobilities.
The properties of grafted RBCs were further investigated using cell partitioning in aqueous
two-phase PEG/dextran system; an assay sensitive to changes in the surface properties of
RBCs.370,371 We have shown previously that HPG grafted RBCs partition more towards the PEG
phase in a manner that is dose-dependent with increasing polymer concentration. 147 As the cell
surface becomes saturated with grafted polymers, the solution phase-polymer interaction begins
to dictate partitioning instead of the native RBC surface alone. The greater partitioning of modified
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RBCs to the PEG phase is due to more energetically favorable associations between the grafted
polymer and the PEG-rich phase compared to the dextran-rich phase. As shown in Figure 34c,
RBCs grafted with HPG in crowded conditions partitioned more to the upper PEG phase compared
to those prepared in non-crowded conditions.
5.4.2

Location of grafted polymer on the glycocalyx
The data presented in the Figure 34 demonstrate that polymer grafting in either PBS or

crowded conditions provides cell populations which vary in their surface characteristics. While
these effects support changes in grafting distribution, direct visualization is difficult within the
small 7-8 nm thick RBC glycocalyx.365,372 To visualize any changes in graft location on the
glycocalyx, we repeated crowding-assisted HPG-SS attachment on human umbilical vein
endothelial cells (HUVECs) monolayers. In vitro, the endothelial glycocalyx reaches heights of 24 microns in the z-dimension, almost 500-fold larger than the structures found on the RBC cell
surface.185,192 With a larger glycocalyx structure, high resolution confocal microscopy may be used
to directly measure the distribution of HPG along the entirety of the glycocalyx.324,373 Using Alexa
Fluor-633 labelled HPG-SS, we modified HUVEC surfaces under varying concentrations of inert
crowder. Images were then collected along the z-axis (0.2 µm slices) with a high-resolution
spinning disk confocal microscope (Figure 35a). HUVECs were incubated with Alexa Fluor 633
labelled HPG for 1 hour at 4 °C followed by staining of the cell membrane with CellMask TM green
plasma membrane stain.
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Figure 35: Distribution of fluorescently labeled HPG molecules grafted on the endothelial surface
glycocalyx in non-crowded and non-crowded conditions. a) Representative live cell confocal
microscopy z-slices of Alexa Flour-63 labeled HPG (red) modified HUVEC surfaces. The plasma
membrane is represented in green. Scale bar represents 10 µm. b) Illustration of the segmentation
borders used to study glycocalyx modification in a location specific manner. c) The distribution of
Alexa Fluor-633 labeled HPG-SS on HUVEC surfaces prepared under crowded and non-crowded
conditions determined from median fluorescent intensities. Percent HPG modification refers to the
fraction of HPG found in each quadrant compared to the total amount of HPG grafted along the
entirety of the glycocalyx segment. d) Intensity profiles of signals corresponding to the cell
membrane (green) and the polymer labelled glycocalyx along the z-axis. The arrow denotes
maximal intensity of the cell membrane stain. Intensity measurements in the red channel in slices
after this point were compiled and separated into quadrants. e) Influence of crowder concentration
(30 kDa inert HPG) on the redistribution of grafted HPG from Q1 to Q4.
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The thickness of the endothelial glycocalyx is heterogeneous not only between cells but
around the surface of a single cell. 8,192,374 With this, absolute z-values could not be used for
comparing the location of HPG along the glycocalyx structure. To more effectively compare cell
populations, the total thickness of the glycocalyx beginning was divided into four quadrants with
quadrant one (Q1) being closest to the cell membrane and quadrant four (Q4) being the most apical
(Figure 35b). To account for heterogeneity in total cell height and volume, intensity measurements
for Alexa-633 labeled HPG were only taken above the cell membrane. The starting point for all
measurements were slices immediately following the slice where cell membrane is in focus and at
maximal intensity (Figure 35d, denoted by an arrow). Using this segmentation pattern, it was
demonstrated that the grafting of fluorescently labelled HPG-SS on HUVEC’s was weighted
toward the exterior of the glycocalyx under crowded conditions. (Figure 35c). With increasing
crowder concentration, we see a dose dependent shift in HPG occupancy (based on median
fluorescent intensity) from Q1 to Q4 (Figure 35e). In a similar fashion to RBC modification, the
endothelial cell model demonstrated that crowding-assisted polymer grafting shifts HPG
modification from the base of the glycocalyx to the outer surface of the brush structure exhibiting
controlled localization in the z-direction.
5.4.3

Mechanism for redirecting cell surface engineering.

We next investigated the biophysical mechanism responsible for enhancing modification to the
outermost glycocalyx surface. Under physiological conditions, the highly hydrated proteoglycan
brush structures are believed to exist in an extended conformation which supports increased lateral
movement and flexibility relative to their anchor points on the cell membrane. 295 The flexible
nature of the hydrated brush structure allows for a majority of the reactive residues on the
glycocalyx to be exposed to the solution, enabling uniform accessibility to surface reactive agents
upon incubation. The hydration of the proteoglycan structures is also a significant contributor to
perceived glycocalyx thickness. We postulated that the presence of high concentrations of
hydrophilic crowder (230 mg/mL) may promote dehydration-mediated glycocalyx collapse.
Earlier work on macromolecular crowding has demonstrated that proteins become compressed in
crowded conditions due to the existence of an osmotic pressure gradient in the microenvironment
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around proteins.375,376 Macromolecules like albumin and HPG behave like colloids in solution and
contribute to the colloid osmotic, or oncotic, pressure of the system when present in sufficient
concentrations.89,377 Previous studies have measured albumin concentrations within the endothelial
glycocalyx as 25-50 mg/ml in vitro.321 The introduction of a comparatively high concentration of
colloid into the system has the potential to disrupt oncotic homeostasis and establish an oncotic
gradient between the glycocalyx and the surrounding crowder solution. As the intricate mesh-work
of the glycocalyx behaves like a molecular sieve, the expulsion of water molecules is favored over
the diffusion of colloids into the glycocalyx. 295 To re-establish an oncotic equilibrium, water
molecules are transferred from the hydrated glycocalyx to the crowding solution – effectively
dehydrating and partially collapsing the brush structure. With the innermost region of the
glycocalyx being inaccessible to large molecules, it was hypothesized that this collapse may drive
preferential modification on the outer surface.
To probe our hypothesis, we imaged the glycocalyx of live HUVECs in the presence and
absence of macromolecular crowder using confocal microscopy. Following glycocalyx staining
with similar amounts of WGA-633 (Figure D.1.4), the cells were imaged using the similar
parameters described in Figure 35 to isolate changes in glycocalyx dimension from overall changes
in cell morphology. As shown in Figure 36a, the height of the glycocalyx significantly decreased
in presence of crowder (230 mg/ml) in comparison to non-crowded conditions. The corresponding
density (Figure 36b) of the labelled lectin also increased in the crowding condition, supporting the
occurrence of glycocalyx collapse.
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Figure 36: Investigation of the collapse of the endothelial (HUVEC) glycocalyx under crowded
conditions. a) Observed changes in height of glycocalyx before, during and after the addition of
macromolecular crowder to HUVEC monolayers. b) Density of the glycocalyx in presence and
absence of macromolecular crowder. WGA intensity values were normalized to cell number and
are presented as a ratio against Hoescht nuclear stain c) Dehydration of glycocalyx under crowded
conditions measured using FITC labeled dextran (40 kDa). Values are listed as median fluorescent
intensity (MFI) of FITC per z-slice captured using confocal imaging. d) Evidence of the
redistributive effect of various cell surface binding macromolecular agents (fluorescent tag
labelled polymer, lectin and antibody) from the inner (Q1/Q2) to outer (Q3/Q4) region of the
glycocalyx in crowded conditions demonstrating generality of the phenomenon. The dashed red
line is used to separate data from the modification of the inner (above) and outer (below) regions
of the glycocalyx. Representation of Q1 to Q4 of glycocalyx is given in Figure 36b. Paired
comparisons using a non-parametric t-test are significant with p < 0.05 (*) p < 0.01 (**) and p <
0.001 (***).
To visualize glycocalyx dehydration, we incubated the HUVEC monolayers in a 1.24 µM
solution of 40 kDa FITC-labelled dextran. FITC-dextran has long been used to visualize the
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movement of molecules within the glycocalyx, as the molecular weight is below the cut-off of the
meshwork and it has no significant binding affinity to the glycocalyx structure.378 Following
addition of crowding solution, a significant increase in the concentration of the dextran molecules
was observed (Figure 36c), an effect synonymous with fluid removal from the glycocalyx
meshwork. It should be noted that transient shrinking of the cell cross-section was observed in the
presence of crowder as seen in Figure D.1.6. This phenomenon often occurs when cells are placed
in cold conditions but may also be due to changes in the osmolarity of the added crowding
solution.379,380
We then attempted the utility of this methodology in controlling cell surface binding with
non-polymer based macromolecular cell surface markers WGA and a CD138 (syndecan-1) binding
antibody. Both WGA and anti-CD138 antibody markers bind to cell surface carbohydrates
moieties which play an essential role in endothelial function such as the binding of growth factors,
platelets and leukocytes.381,382 Selectivity for these markers in the z-dimension may have use in
more acute control over modulating endothelial function, or probing the role of structures on the
outer cell surface glycocalyx. As seen in Figure 36d, redistribution of molecules from the inner
(Q1/Q2) to outer surface (Q3/Q4) in crowded conditions was seen for all targets.

5.4.4

Enhanced immunocamouflage by crowding-assisted cell-surface engineering
As the location of polymer grafts influences the surface properties of the cells (Figure 34),

we sought to explore some of the biological implications of redirecting graft location in the zdirection on cell surface glycocalyx. Using similar HPG-SS grafting conditions as in Figure 34,
we measured the accessibility of antibodies to membrane antigens on polymer grafted RBCs. It
has been shown previously that grafting voluminous polymers to the cell surface camouflages
antigens embedded in the underlying cell membrane which dictate blood type. 145,147 The steric
exclusion driven camouflaging effect depends on the nature of the protective shield on the cell
surface. We anticipated that a polymer shield weighted toward the exterior of the glycocalyx would
produce greater protection (or camouflage) of cell-surface antigens compared to randomly
distributed polymer grafts. As demonstrated in flow cytometry data summarized Figure 37, the
accessibility to Rhesus D (RhD) and CD47 proteins on the cell surface was significantly decreased
in crowding-assisted polymer grafting in comparison to non-crowded conditions. Grafting of 20
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kDa HPGs (~ 9.5 × 105 molecules per cell) in crowded conditions gave ~ 2-fold greater protection
to RhD antigens, compared to cells modified with the same number of HPG molecules in the
absence of crowder (Figure 37a). Similarly, the camouflage of CD47 on the cell surface increased
when modified cells were prepared in crowded conditions (Fig. 38b). A similar trend was also
observed when 60 kDa HPGs were used. This experiment deviates from the CD-138 binding
measured in Figure 36d as antibody binding is assessed only after crowder has been completely
removed. As such, the enhancing effect of crowder assisted camouflage is a result of using
transient glycocalyx dehydration to force the formation of a polymer shield that concentrated at
the apical region of the glycocalyx (Figure 37c). Enhanced immunocamouflage under crowded
conditions was also observed in a range of minor antigens to varying extents (Table D.1.2)
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Figure 37: Biological significance of cell surface engineering directed to the outermost surface of
the glycocalyx. The impact of the redistribution was demonstrated by measuring the extent of
immunocamouflage of cell surface antigens on HPG grafted red blood cells in crowded and noncrowded conditions. The number of grafted HPG molecules on the RBCs are 9.5 x10 5 and 9.7x105
per cell for 20 kDa and 60 kDa HPG-SS respectively under both crowded and non-crowded
conditions. a) Rhesus D (RhD) and b) CD47 antigens on the surface of RBCs modified with
sterically shielding HPGs. Relative protection compared to unmodified RBC’s was evaluated
using flow cytometry analysis and FITC labeled antibodies to R hD and CD47. The grafting of
polymer molecules preferentially on the outer surface of the glycocalyx aided by the crowded
conditions generated significant increase in the shielding effect of grafted polymer molecules.
Unpaired comparisons using a non-parametric t-test are significant, p < 0.01 (**) and p < 0.001
(***). c) Polymer grafting under crowded conditions forms a polymer shield on the cell surface
that is better at camouflaging underlying RBC membrane receptors RhD (a) and CD47 (b). It is
proposed that this enhanced effect is on account of polymer grafting concentrated to the apical
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region of the RBC glycocalyx where grafted polymers are more adept at preventing the access of
Ab in solution to the membrane bound receptors. Dashed lines in figure separate the upper and
lower regions of the glycocalyx.

5.5

Discussion
Redirecting reactions on the cell surface can have a powerful effect on improving non-

genetic cell surface engineering. Control over this parameter may serve as a complement to
existing methodologies in the CSE toolkit, enhancing both the reactivity of substrates toward the
cell surface and in the presented case, the effect of the attached substrates when these reactions are
redirected to the outermost region of the cell surface glycocalyx. In this chapter, we were able to
re-direct traditionally non-specific CSE reactions by introducing high concentrations of inert
macromolecular crowders to reversibly change glycocalyx accessibility.
The changes in the electrophoretic mobility and PEG/Dextran cell partitioning on RBCs
when crowding conditions were employed both suggested that polymer grafting to the RBC
surface in crowded conditions had a significant impact on the physical properties of the cell surface
compared to the non-crowded control. The difference in electrophoretic mobility of the two RBC
populations indicates that the grafted polymers impact the glycocalyx parameters in a unique
manner when grafted in crowded conditions. With all other controlling parameters for
electrophoretic mobility remaining constant, the diminished mobility for RBCs prepared in
crowded conditions are consistent an increased Stokes effective mean radius on the glycocalyx
which elicits a larger hydrodynamic drag on the modified cells. As both RBC surfaces possess a
similar number of HPG molecules, polymers grafted under crowded conditions must be
preferentially placed on the exterior of the glycocalyx where the impact on extending the mean
radius of the glycocalyx is more pronounced. This conclusion was further supported by the
PEG/Dextran cell partitioning experiments. In this study, HPG in crowded conditions partitioned
more to the upper PEG phase compared to those prepared in non-crowded conditions. As the
number of molecules grafted per cell is similar in both conditions, it can be inferred that HPG
grafted in crowded conditions is occurring preferentially on the more solution-phase accessible
outer surface of glycocalyx and consequently, having a greater influence on the cell surface
properties that influence solution phase partitioning.
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We also demonstrated that the crowding technique can be used to re-direct not only
covalent polymer grafting, but also protein and antibody binding. This finding illustrates the
ubiquity of the technique in enhancing an array of methodologies used to probe and engineer the
cell surface.
A mechanistic investigation on the impact of crowded conditions on the endothelial
glycocalyx structure was carried out. This study revealed that the glycocalyx collapses under
crowded conditions due to oncotically-driven dehydration of the otherwise highly hydrated
structure. Changes in osmolarity may also contribute to glycocalyx dehydration however, as
confirmed by previous work done by McGee and co-workers, oncotic gradients created by an
increased colloidal concentration (like proteins or polymers) are the strongest mediators of water
transport out of the glycocalyx.383 Since we used cells that have been cultured for an extended
period (21 days) to generate thicker glycocalyxes, the model used by McGee and co-workers (e.g.
explants) is more appropriate in the present case. With this, we conclude that the oncotic gradient
formed by the introduction of an inert crowder is the main driver of glycocalyx dehydration and
subsequent collapse.
Finally, the biological consequences of re-directing CSE in the longitudinal direction was
probed by assessing the change in the efficacy of polymer-mediated immunocamouflage against
RBC antigens on the cell surface. Using macromolecular crowding, the immunocamouflaging
effect of both low (20 kDa) and high (60 kDa) molecular weight polymers was enhanced. The
relative decrease in enhancement with 60 kDa HPG in crowded condition compared to 20 kDa is
possibly due to its comparatively larger size which may impede its diffusion into the glycocalyx
meshwork. A more exhaustive analysis of 10 other RBC surface antigens also showed improved
camouflage in crowded conditions (Table D.1.2). These results clearly support that redistributing
HPG towards the exterior of the glycocalyx enhances the desired impact of cell surface engineering
with macromolecular agents. Though the re-distribution is small, the biological impact is
significant.
5.6

Conclusions
We have presented a ubiquitous, simple, inexpensive and reversible tool which enables

controlled modification of the glycocalyx normal to the plane of the membrane in the longitudinal
(z) direction, a parameter which has yet to be controlled using existing methods. It was shown that
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the introduction of macromolecular crowders caused reversible changes in the glycocalyx
architecture likely due to oncotic collapse. This collapse sequesters accessibility to the basal region
of the glycocalyx, and subsequently enhances modification on the outermost region (Figure 38).

Figure 38: Proposed mechanism for the reversible, oncotically driven collapse of the glycocalyx
using inert macromolecular crowders and the preferential grafting or binding of macromolecular
binders on the outer surface of the cell surface glycocalyx.
While HPG was the macromolecular agent used in the current study, in theory other more
readily available hydrophilic polymers previously demonstrated as useful in macromolecular
crowding (i.e. dextran, ficoll, PEG) may be used to the same effect. 146 This technique was further
implicated as applicable to an array of macromolecular targets for the cell surface as shown in
protein and antibody binding. We demonstrated that redistributing macromolecular agents to the
outermost surface of the glycocalyx correspondingly enhances the intended biological effect of the
modification, in our case immunocamouflage of RBC antigens. As the outermost surface of the
glycocalyx is the first contact point for cellular response to exogenous effectors, this enhancement
is expected to improve the efficacy of other macromolecular therapeutics targeted to the cell
surface while minimizing the amount of material used. This new tool for CSE may be used as an
enhancement to previously established, site-specific engineering approaches intended to tailor
cellular behavior. We also envision that this technique could be used to study the relationship
between the position of cell surface carbohydrates along the longitudinal axis and their role in cell
function.
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Chapter 6: Conclusions and Future Studies
6.1

Thesis summary
In this body of work, we have presented new techniques and tools for engineering the

glycocalyx surface. The breakdown of the glycocalyx plays a pivotal role in the immune regulated
pathways that initiate organ damage at the blood vessel surface. Though a variety of preventative
strategies have been developed to attenuate immune-mediated organ damage, none exist which
actively reverse glycocalyx damage to re-establish the native immunoprotective structure on the
cell surface. With this, several studies in exogenously modifying the endothelial glycocalyx
structure through cell surface engineering were explored to both generate a novel therapeutic
strategy against damage during organ transplantation and enrich the relatively new field of
glycocalyx engineering.
In chapter 2, we developed a cell surface engineering technique to incorporate biocompatible
polymers onto endothelial surfaces. This bio-orthogonal strategy utilized the enzyme tTGase in
concert with Q-tagged polymers to mediate extensive and gentle attachment onto lysine substrates
on the endothelial surface. Using an accessible linker between the polymer and the Q-tag, this
enzyme-mediated conversion was successfully applied to a range of polymer architectures
including HPG, LPG and PEG. Assessment of the lifetime on the cell surface indicated that the
polymers continue to be present during the time period where early acute phase in organ
transplantation is happening. This ligation strategy was a marked improvement over previously
implemented CSE strategies for polymer attachment which used non-specific NHS-activated PEG
(PEG-SS). The enzyme-mediated strategy demonstrated higher reactivity in complex chemical
environments (cell media, UW solution) and greater selectivity for lysine substrates in the
glycocalyx. The therapeutic implications of this strategy towards immunosuppression were
demonstrated through the polymer-mediated immunocamouflage of proinflammatory ICAM-1
receptors and lymphocyte adhesion. This outcome illustrated the ability of the presented CSE
strategy to re-establish the immunosuppressive barrier function of the glycocalyx. Finally, we
applied this engineering strategy ex vivo, where UW solution fortified with fluorescently-labeled
PEG-Q and tTGase was able to engineer the vasculature of mouse kidneys in both large and small
vessels.
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Chapter 3 built upon the therapeutic efficacy of polymer-mediated cell surface engineering
by introducing immunosuppressive sialic acids onto the LPG-Q scaffold. Sialic acids are powerful
immunoregulatory carbohydrates present on healthy endothelial glycocalyxes that can dampen the
pro-inflammatory innate and adaptive immune responses which contribute to allogenic organ
damage and rejection.252,253 By engineering endothelial cell surfaces with α2,3 sialic acid decorated
glycopolymers, we established a potent localized therapy which combines sterically driven
immunocamouflage against leukocyte binding with sialic acid-mediated CD8+ T-cell and NK-cell
inhibition. The localized facet of this therapy proved to be particularly powerful, providing
superior protection against immune-mediated cytotoxicity than the multivalent glycopolymers in
solution alone. The immunosuppressive nature of this CSE strategy was recapitulated in vivo using
an arterial transplant model in which a statistically significant decrease in immune-mediated
vascular injury was observed.
Finally, chapters 4 and 5 presented two new tools designed to improve the control over and
assessment of glycocalyx engineering strategies in cell culture. In chapter 4, we presented a
microfluidic platform for rapidly generating robust endothelial glycocalyx structures in vitro. The
integrated platform was able to generate glycocalyx structures with unique dimensions and
compositions that recapitulated those previously observed in the major regions of the vasculature
(artery, capillary, vein). These unique structures conferred distinct biological properties onto the
underlying endothelium as assessed by the differential adhesion of blood components
(lymphocytes, platelets) and nanoparticle uptake. Most importantly, the presented cell culture
platform generated more thorough, biologically relevant data than the static, short-term cell culture
models that are traditionally implemented in processes governed by the endothelial glycocalyx.
Chapter 5 detailed a simple technique for re-directing reactions on the cell surface to the
outermost region of the glycocalyx using macromolecular crowding. First, crowding-assisted
redistribution of polymer grafts on the RBC surface was probed through theoretical and
experimental techniques. These results supported that polymer grafting under crowded conditions
promoted attachment that was weighted towards the outermost region of the RBC glycocalyx.
Repeating these experimental conditions (crowded and non-crowded conditions) on the larger
structures of the endothelial glycocalyx facilitated the use of confocal microscopy to directly
visualize the redistribution of polymer attachment to the outermost surface of the glycocalyx. A
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subsequent mechanistic investigation of polymer attachment in crowded conditions revealed that
the introduction of macromolecular crowders caused reversible changes in the glycocalyx
architecture likely due to oncotic collapse. This collapse sequesters accessibility to the basal region
of the glycocalyx, and subsequently enhances modification on the outermost region. Finally, we
showed that polymer attachment to RBC surfaces enhanced the degree of polymer-mediated
immunocamouflage of membrane antigens, illustrating the utility of this new tool as an
enhancement to established, site-specific engineering approaches intended to tailor cellular
behavior.
6.2

Future Studies
The contents of this thesis represent the first steps into a new area of research within the

Kizhakkedathu group. While there is a substantial body of work dedicated to CSE for
immunocamouflage on anucleate RBC surfaces, recapitulating these outcomes in mammalian and
whole organ systems required novel approaches to engineering, polymer design and disease
modeling. Fortunately, the presented document details progress in all of these areas. With some
semblance of a foundation established, there are several future studies that may be carried out to
both expand on this existing work, and further characterize the biological and chemical pathways
that are being accessed within these models and techniques.
6.2.1 Expanding the therapeutic scope and understanding of polymer-mediated cell
surface engineering

The heterogeneous, multivalent and dynamic nature of the interactions between receptors
and ligands on the cell surface makes it difficult to extrapolate quantitative binding data for cellcell interactions. Despite this, it would be beneficial for future CSE studies to transition away from
measuring downstream effects (cytotoxicity, cytokine release) and instead, utilize parameters more
directly related to binding affinity. Ideally, this transition would provide a more sensitive
characterization of ligand binding on the engineered cell surface.
The adherent nature of endothelial cells and the inability to precisely determine the
concentration of ligand on the cell surface negates the use of traditional competitive binding assays
or techniques like surface plasmon resonance (SPR) and total internal reflection fluorescent
microscopy (TIRF) to characterize binding. Measuring lymphocyte rolling and adhesion on the
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endothelial surface may provide some insight into the affinity of different ligands toward
lymphocyte receptors. This procedure can be easily carried out using a microfluidic flow chamber
(like the one described in chapter 4) and measured through PIV using fluorescently labelled
lymphocytes and a microscope equipped with a high speed camera. 384-386 The relative affinity to
the cell surface is quantified the mean rolling velocity (μm/sec). With this, a shift in mean rolling
velocity can enable a semi-quantitative measure of changes in affinity imparted by glycocalyx
engineering (Figure 39a).

Figure 39: Semi-quantitative assessment of leukocyte/lymphocyte binding to modified surfaces.
A) Measurement the mean rolling velocity of leukocytes to on endothelial monolayers under
different treatment conditions (Tx 1/2). Figure was reproduced with permission from Mulki et.
al.384 B) Interpolation of the apparent koff between receptors (PSGL-1) and ligands (P-selectin)
found on the lymphocyte and endothelial surface respectively. Figure was reproduced with
permission from Ramachandran et. al. 387

Furthermore, the transient tether lifetimes of receptor-engaged lymphocytes obey pseudo
first order dissociation kinetics which would enable apparent koff values to be obtained.387 The
transient tether lifetime is acquired by measuring the time it takes for previously adhered cells to
be removed from the endothelial surface following treatment with a competitive soluble ligand
(i.e. anti siglec-7/CD328 mAb). To obtain koff, the natural log of the number of cells that remain
bound is plotted as a function of time after initiation of tethering. This generates a straight line
with the slope = - koff (Figure 39b).
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6.2.1.1

Ligand display
Carbohydrates are not the only components of the glycocalyx with immunomodulatory

properties. As mentioned in section 1.1.2, sulfation patterns also contribute to the
immunoregulatory role of the glycocalyx. There have been several studies in which sulfated
materials are attached to the apical or basal surface of cells to control immune function. 171,388,389 A
recent study by Kerschenmeyer et. al. found that increasing the degree of sulfation on alginatesulfate (Alg-S) coated wells confer potent anti-inflammatory and anti-oxidant properties against
human chondrocytes and macrophages in vitro.390 Similar to the studies presented in chapter 3,
these sulfated surfaces were able to deactivate the proinflammatory M1 phenotype of
macrophages, potently suppressing the release of proinflammatory cytokines like CCR7 (Figure
40a). The sulfated hydrogel scaffolds were also able to rapidly scavenge the ROS superoxide in a
sulfation dependent manner (Figure 40b).

Figure 40: Anti-inflammatory and anti-oxidant properties of alginate sulfate hydrogels (Alg-S).
Alg DS represents degree of sulfation. A) Alg-S hydrogels scavenge superoxide radicals in a
concentration and sulfation dependent manner. B) Incubation of proinflammatory M1
macrophages with alginate hydrogels inhibits the release of proinflammatory CCR7 cytokines in
a sulfation dependent manner.
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With these observations, we envision that sulfated LPG-Q may be able to also suppress
immune damage in a pathway that is separate from that of LPG-Q-Sia. The anti-oxidant
capabilities of multivalent sulfated scaffolds would also serve as an added protective measure
against ROS mediated glycocalyx degradation following IRI. LPG sulfates can be easily
synthesized through the treatment of the polyglycerol hydroxyl groups with sulfur trioxide
pyridine (Figure 41). With this, a new library of LPG-Q and LPG-Q Sia may be created with
varying degrees of sulfation to generate a new CSE biomaterial that may be more therapeutically
potent than LPG-Q Sia alone.

Figure 41: Proposed synthetic scheme for sialylated and sulfated LPG-Q. Figure was created using
ChemDraw 16.0

Building upon our work on hypersialylated surfaces, we also envision that oligosaccharides
specifically engineered to tightly bind to siglec-7 may be incorporated into our polymeric system
to deliver a more potent immunosuppressant on the blood vessel surface. For example, Rillihan et.
al. have designed an sialoside analogue containing a fluorescein substituent which promotes
favorable hydrogen-bonding and π-π stacking interactions with residues in the siglec-7 binding
domain to afford a high-affinity ligand (Figure 42).391
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Figure 42: Structure of sialoside analogue with a high affinity to Siglec-7. Figure was reproduced
with permission from Rillahan et. al. 391

6.2.2

Using cell surface engineering as a chemical probe for the glycocalyx
In recent years, there has been a marked interest in using chemical and synthetic biology

to better understand the heterogeneous and dynamic nature of the glycocalyx.392-394 The contents
of this thesis have focused on developing the translational and therapeutic potential of
glycoengineering on the cell surface however, the techniques from chapter 2, 3 and 5 may also
be a powerful tool in chemical and synthetic biology.
The structural/functional relationships of the glycosylated structures on the cell surface
are of particular interest to chemical biologists.394-396 For example, a recent study by Huang et. al.
described a method in which complex, structurally defined, non-polymeric glycomaterials were
introduced into the glycocalyx through membrane insertion.397 They demonstrated that
glycomaterials with differently defined, pre-assembled glycan organization were able to finely
tune lectin binding when attached to CHO membranes. In chapter 3, it was established that CSE
to endothelial surfaces can be efficiently carried out with polymers that vary in their predefined
scaffold structure. With this, the impact of multivalent ligand display under with different
predefined arrangements on glycocalyx function can be explored. Polyglycerols may be
particularly useful for integration into the native glycocalyx as their hydrophilicity and compact
structure is more similar proteins found on the glycocalyx surface that other multivalent polymers
used for CSE like polyketones and polyacrylamides.127,186,397 The ease of both polyglycerol
synthesis and chemical functionalization should also rapidly expedite library generation in
comparison to the more difficult synthesis of complex glycostructures. 398,399 In addition, the
availability of hydroxyl groups allow for the possibility of fluorescent or isotopic labeling
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following which, the spatial arrangements and clustering of the glycopolymers on the cell surface
can be studied.400-402 Finally, employing the macromolecular crowding technique described in
chapter 5 will allow for the studying of structural/functional relationships in the longitudinal
direction of the glycocalyx – a parameter which has yet to be explored.
In stem cells, the glycocalyx also plays a role in directing cell development.392,403
Controlling these processes through CSE may be particularly beneficial in the field of regenerative
medicine by either retaining the “stemness” of stem cells in a localized manner or conversely,
using CSE to direct differentiation. Both of these have been explored in the literature in the
stabilization of induced pluripotent stem cells (iPSC) and to promote neural generation in
embryonic stem cells (ESC).352,404 Though highly specific, many of the CSE strategies used to
control stem cell behavior still rely on genetic manipulation and/or interaction with proteins that
may elicit unknown effects or be present in insufficient amounts in different stem cell types. 405,406
With this, a more general, non-genetic CSE strategy would be required. As the glycocalyx is
present on the surface of all mammalian cells, the technique presented in chapter 3 may be general
enough to engineer a wide array of stem cell types. Our enzyme mediated strategy may also be an
improvement over membrane insertion as the material would building upon the pre-existing
glycocalyx which is more surface accessible than the cell membrane.
Finally, future studies may use the tools presented in this thesis to probe the physical
biology of the glycocalyx.407 The mechanical and sieving properties of the brush structure are of
particular interest in this area. Unlike glycocalyx engineering with short chain oligosaccharides,
the use of polymer-based macromolecules can recapitulate the function of the existing long-chain
polymers which are responsible for altering the physical structure of the glycocalyx. Future work
on polymer-mediated cell surface engineering may wish to design polymers which match the
stiffness, rheology, and mechanoresponsiveness of the native glycocalyx. In addition, creating a
‘smart’ polymer brush meshwork on the cell surface may be useful in investigating, mimicking
and controlling the porosity of the glycocalyx. We envision that the crowding technique used in
chapter 5 may also be used to control and study glycocalyx porosity in a reversible, non-covalent
manner.
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6.2.3

Increasing the complexity of the microfluidic model
The novelty of the microfluidic device presented in chapter 5 lies in the generation of three

unique glycocalyx structures on a continuous endothelial monolayer. While these surface
structures are indeed a major improvement over traditional cell culture, the device itself is
relatively simplistic from a biological and engineering standpoint. Though this simplicity
facilitates ease-of-use for researchers in a broad range of disciplines, there is major room for
development in both the devices’ biological and engineering design features.
As a device to study endothelial behavior, the most obvious addition would be to facilitate
the study of endothelial transmigration. Endothelial transmigration occurs when circulating
leukocytes or tumor cells become arrested on the endothelial surface and infiltrate the tissue by
squeezing in between the tight junctions that connect neighboring endothelial cells.408,409
Currently, transwell chambers are the most widely used technique to study endothelial
transmigration in vitro.410 In this process, a well-insert possessing a porous polycarbonate
membrane bottom is seeded with endothelial cells. Once placed in the well, the cell-seeded
polycarbonate membrane creates an endothelial barrier between the top and bottom portions of the
chamber (Figure 43a). During leukocyte migration, chemokines like IL-8 or CXCL12 are added
to the bottom portion of the well to generate a chemotaxic gradient that promotes transmigration
through the endothelial barrier. The extent of transmigration is then quantified by counting the
number of cells within the bottom chamber.
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Figure 43: In vitro endothelial transmigration assays. A) Typical static transwell assay for
leukocyte transmigration. B) A novel microfluidic device that studies transmigration under
physiological shear stress. Figures were reproduced with permission from Man et. al. 411

Shear stress also plays an important role in endothelial transmigration in vivo which is not
recapitulated in standard transwell assays. 412 As a result, many researchers have begun to design
and use microfluidic transwell flow chambers as an improved in vitro model that can exert
physiological shear forces (Figure 43b).

408,413-415

As the glycocalyx structure is an important

regulator in leukocyte binding, the next logical step would be to incorporate an additional
PDMS/polycarbonate layer into the device described in chapter 5 to accommodate transmigration.
As the three discrete glycocalyx structures exist on a continuous endothelial layer, the underlying
chambers to which the leukocytes migrate would have to be isolated from one another (Figure 44).
Finally, individual inlets/outlets to each underlying chamber would be required to collect and
characterize the transmigrated cells following the completion of the experiment.
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Figure 44: Cross-sectional view of the proposed microfluidic design for assessing the impact of
different glycocalyx structures on transmigration across endothelial monolayers.

6.2.4

Further investigation into the immunological consequences of blood vessel hyper

sialylation
The short-term transplant experiments described in chapter 3 presented promising
evidence for our approach to CSE as a potent anti-inflammatory and anti-immunogenic therapeutic
during the early acute phase of transplantation. To probe the full impact of this treatment however,
there are several experiments that may be useful to carry out in future studies.
Firstly, the impact of CSE on attenuating chronic rejection should be studied. This
experiment would be especially interesting considering recent evidence that NK cells may be
important determinants for long-term immunotolerance following organ transplantation. 259 In
mouse models, the onset of chronic rejection typically occurs 30 days following
transplantation.272,416 Fortunately, the arterial model presented in section 3.3.11 has been
successfully extended to the 30 day endpoint in previous literature.

417

While the typical markers

for immune cell infiltration and inflammation should continue to be assessed at this time point,
additional analysis probing the onset of fibrosis should also be completed.416
It would also be advantageous to carry out a study in vivo that is specific to IRI-mediated
DGF. In this type of study, the impact of IRI-mediated tissue damage would be directly compared
to organ function following transplantation. Our research group has previously utilized a transient
ischemia model to probe the effect of DGF in rat kidneys after treatment with various organ
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preservation solutions.217 In this model, the vessels of rat kidneys are clamped, drained of blood,
perfused with preservation solution and placed in static cold storage (Figure 45).

Figure 45: Transient ischemia model to probe DGF following cold kidney preservation. The
kidney is clamped, drained of blood and subjected to cold storage in organ preservation solution
before blood is reintroduced. Figure was reproduced with permission from Li et. al. 217

Following storage, the kidneys are washed with saline and blood is reintroduced into circulation.
As the transplant is autologous, immune-mediated organ rejection does not proceed and any
observed damage is related to DGF only. In addition to standard histological analysis of tissue
damage, the kidney function is also assessed by measuring serum creatinine levels in the urine
post-transplant.
Finally, the impact of the presented CSE strategy on complement-mediated tissue damage
should be assessed. Complement deposition is an important regulator of inflammation and has a
prominent role in the onset of organ damage and rejection at the vessel surface (Figure 46).418 In
fact, several therapeutics have been developed in which the complement pathway is directly
targeted to attenuate AMR.419,420 Though it is difficult to study complement deposition during
AMR in vitro without using a xenotransplant model, this pathway can be easily studied in vivo.
The deposition of C4d on the vessel surface is the most common indicator of complement
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activation however, many studies have successfully used the presence of elevated C5a levels in
the blood to follow complement activation without the use of histological staining .421

Figure 46: The three major complement pathways which promote damage on the allogenic
vascular endothelium.
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Differential Refractive Index (RIU)
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GPC profiles
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Figure A.1.1: GPC chromatogram of the unfunctionalized PEG-NH2 scaffold
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Figure A.1.2: GPC chromatogram of the unfunctionalized LPG-NH2 scaffold
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Figure A.1.3: GPC chromatogram of the unfunctionalized HPG-NH2 scaffold

A.2

NMR spectra

Figure A.2.1: 1H NMR of ethoxy ethyl glycidyl ether (EEGE) monomer in CDCl3
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Figure A.2.2: 1H NMR analysis of HPG phthalimide in MeOD. Peaks ranging from 3.54 to 4.05
are from HPG backbone (Mn =18874 Da). The separated peaks at 7.8 ppm refer to the phthalimide
protection group. The calculated degree of functionalization from NMR is 2.0 %. (5 N-Pthalamide
groups per HPG)

Figure A.2.3: 1H NMR of HPG-amine in MeOD
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Figure A.2.4:1H NMR analysis of pEEGE-N3 in CDCl3

Figure A.2.5: 1H NMR analysis of LPG-N3 in D2O (Mn = 14900 Da)
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Figure A.2.6: Representative 1H NMR analysis of PEG-G5-Q in D2O. The multiplet between
0.91-0.83 ppm represent the leucine methyl groups of the Q-tag (-GLQQQGNAc). The amount of
peptide per PEG molecule is 0.94

Figure A.2.7: Representative 1H NMR analysis of HPG-G5-Q in MeOD. The multiplet between
0.94-0.90 ppm represent the leucine methyl groups of the Q-tag (-GLQQQGNAc). The amount of
peptide per HPG molecule is ~1.6
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Figure A.2.8: Representative 1H NMR analysis of LPG-G5-Q in MeOD. The multiplet between
0.91-0.89 ppm represent the leucine methyl groups of the Q-tag (-GLQQQGNAc). The amount of
peptide per LPG molecule is ~1.0
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A.3

MALDI spectra

Figure A.3.1: MALDI-TOF mass spectra of PEG-NH2 starting material [M+CHCA-] = 5465 Da
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Figure A.3.2: MALDI-TOF mass spectra of PEG-GQQQLGNAc [M+] = 5951 Da
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Figure A.3.3: MALDI-TOF mass spectra of PEG-GGGGGQQQLGNAc [M+] = 6196 Da
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A.4

FTIR spectra
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Figure A.4.1: FTIR characterization of LPG-N3 before (red) and after (black) treatment with PPh3.
FTIR spectra were recorded on a Bruker TENSOR II FTIR spectrometer with a resolution of 4 cm1
. The sharp absorption band at 2100 cm-1 in LPG-N3 is characteristic of asymmetric stretching of
the azido (-N3) group (see arrow). The polymer samples were analyzed using the KBr pellet
method. FTIR spectra were obtained by scanning 64 times at atmospheric conditions. The OPUS
spectroscopic software was used for data handling
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A.5

Supplementary data cell surface modification
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Figure A.5.1: Ammonia is appreciably generated by tTGase only in the presence of Q-tag peptide
and appears to selectively react with cell surface -NH2. Reactions were performed in the presence
of EaHy.926 cells incubated in PBS solution containing 0.2 U/mL tTGase (30 minutes, 4°C, 0.5
mM equivalent of G5 Q-tag peptide). The concentration of l-lysine and adenosine were chosen to
match the concentrations found in DMEM cell media and UW solution respectively. 84,225 Error
bars represents 95% confidence intervals. Unpaired comparisons using a non-parametric t-test are
significant with p > 0.05 (ns), p <0.05 (*).

Figure A.5.2: Cell surface engineering still occurs on TNF-α activated endothelial surfaces
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ESI-MS-MS Byonic™ report

A.6

Table A.6.1: Top 5 protein identifications for ESI-MS/MS of excised band in Figure 16d. Flagged common contaminants (trysin,
keratin, bovine serum albumin) were manually removed from the report. Protein database (DB) number refers to the protein classification
in the UnitProt database as of September 2018
Protein
Rank

1

4

7

11

13

Description
>sp|P35579|MYH9_HUMAN Myosin-9
OS=Homo sapiens OX=9606
GN=MYH9 PE=1 SV=4
>sp|Q15149|PLEC_HUMAN Plectin
OS=Homo sapiens OX=9606 GN=PLEC
PE=1 SV=3
>sp|Q9NZM1|MYOF_HUMAN
Myoferlin OS=Homo sapiens OX=9606
GN=MYOF PE=1 SV=1
>sp|O75923|DYSF_HUMAN Dysferlin
OS=Homo sapiens OX=9606 GN=DYSF
PE=1 SV=1
>sp|P08670|VIME_HUMAN Vimentin
OS=Homo sapiens OX=9606 GN=VIM
PE=1 SV=4

|Log Prob|

Best
|Log Prob|

Best
score

1474.14

17.22

139

8.03

551.6

94.32

7.01

57.61

50.28

Total
Intensity

1097.6 543414812

# of
spectra

# of
unique
peptides

# of mod Coverage # AA's in Protein
peptides
%
protein DB number

1643

345

197

68.57

1960

3016

4226192

49

39

3

10.48

4684

8672

526.6

2743746

32

28

4

18.29

2061

3013

5.99

558.6

2057480

22

16

1

10.62

2080

6114

7.91

498.8

1354084

19

16

2

36.27

466

20652
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Appendix B
B.1

NMR spectra

Figure B.1.1: Representative 1H NMR analysis of propargylated LPG in MeOD. The singlet at
4.17 represent the methylene of the propargyl group.

Figure B.1.2: Representative 1H NMR analysis of LPG-G5-Q Sia (2,3) in D2O. The separated
peaks at 1.99 ppm refer to the N-acetyl group of the α2,3-Sialylactose substrate . The calculated
degree of functionalization from NMR is ~9.0 %. (17 groups).
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Figure B.1.3: Representative 1H NMR analysis of LPG-G5-Q Sia (2,3) in D2O. The separated
peaks at 1.99 ppm refer to the N-acetyl group of the α2,6-Sialylactose substrate . The calculated
degree of functionalization from NMR is ~9.0 %. (16 groups).

Figure B.1.4: Representative 1H NMR analysis of LPG-G5-Q Lac in D2O. The multiplet from
1.54-1.26 ppm refer to the 8 internal protons of the C6 linker on the lactose substrate. The
calculated degree of functionalization from NMR is ~8.0 %. (15 groups).

.
175

B.2

Supplementary cell depletion data

Figure B.2.1: Representative flow cytometry profiles to validate the removal of various immune
cells from the PBMC milieu. A) CD45+ CD328+ (Siglec-7) NK cells (Q1-UR) before (top) and
after depletion. B) Dot plots of PBMC milieu before (top) and after (bottom)
monocyte/macrophage depletion. Monocytes and macrophages have forward scattering (FSC, xaxis) and side-scattering (SSC, y-axis) that is unique from other PBMCs. With this, no identifying
fluorescent marker was used). C) Population distribution of cells within the ‘lymphocyte’ gate of
the dot plot (Figure 63b, light green) that have been stained with CD8+ mAb before (top) and after
(bottom) CD8+ T-cell depletion.
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Appendix C
C.1

Supplementary data for chapter 4

Figure C.1.1: Image of assembled PDMS-coverslip microfluidic chip. Blue food colouring has
been added to the channels for visualization purposes.

Table C.1.1: Experimental and numerical conditions reported in the present work.
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Figure C.1.2: Comparison of the experimental and numerical velocity profile along the central
axis of the channel. U/Uc represents the streamwise component of the flow (U) divided by the
characteristic velocity (Uc) as defined by Q/A Top: Experimental and numerical velocity data for
case A (Venous, top). Bottom: Experimental and numerical velocity data for case B (Capillary,
bottom).
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Figure C.1.3: PMBC adhesion on the HUVEC surface grown in the microfluidic channel over 3
days under negligible shear stress of (0.007 dyn/cm2).

Figure C.1.4: PMBC adhesion on the HUVEC surface grown static conditions (8-well slide
chambers, ibidi GmbH) with and without TNFα (2000 U/mL, 3 hours)
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Appendix D
D.1

Supplementary data for chapter 5

Figure D.1.1: Extent of HPG grafting to glycocalyx. HUVEC and RBC cells were incubated with
0.5 mM SS-HPG (% BODIPY FL) in PBS, labeled with glycocalyx marker WGA-Alexa 633, and
subjected to analysis by flow cytometry before and after enzyme treatment. Labeled HUVEC
monolayers were treated with 0.1 mM H2O2 and 1 nM epinephrine (EPI) to stimulate glycocalyx
shedding and the extent of polymer graft (a) and glycocalyx (b) loss were measured. Labeled RBCs
were treated with 120 nM of activated MMP-2,7 and 9 to force glycocalyx shedding and the extent
of polymer graft (a) and glycocalyx (b) loss were measured. Enzyme-mediated removal of both
glycocalyxes caused a corresponding decrease in surface grafted HPG polymer suggesting that the
polymer is grafted preferentially onto glycocalyx (see also Table D.1.1). MFI- median
fluorescence intensity. Unpaired comparisons using a non-parametric t-test are significant with p
> 0.05 (*) and p > 0.01 (**).
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Table D.1.1: Extent of glycocalyx labeling by FITC-labeled SS-HPG
Cell

Marker/Channel Decrease in Marker Intensity following Partial Glycocalyx

Type

Removal (%)

HUVEC HPG/FITC

20 ± 4.9

WGA/APC

53 ± 3.3

HPG/FITC

26 ± 9.4

WGA/APC

27 ± 4.9

RBC

** Removal of the entire glycocalyx resulted in significant cell lysis for both cell types. As such,
gentle conditions were used to provoke some glycocalyx removal without impacting cell viability.
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Figure D.1.2: 1H NMR of inert HPG (top) and carboxyl modified HPG (bottom) in D2O
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Figure D.1.3: Mathematical simulation used to predict electrophoretic mobility of RBCs at
different NaCl concentrations using a mean segment radius of glycocalyx extracted at 0.154 mM.

Figure D.1.4: Total intensity of Alexa Fluor-633 labeled WGA attached to HUVEC glycocalyxes
in both crowded (230 mg/mL 30 kDa HPG) and non-crowded conditions. Results show that there
is no significant difference between the degree of modification in both conditions when 5 µg/mL
and 6.1µg/mL WGA-633 are used for crowded and non-crowded conditions respectively. WGA
intensity values were normalized to cell number and are presented as a ratio against Hoescht
nuclear stain intensities. The data represents the average of three independent experiments with
183

replicates. Error bars represents standard deviations. Unpaired comparisons using a nonparametric t-test are significant with p > 0.05 (ns).

Figure D.1.5: Glycocalyx shedding in the presence of different modification conditions.
Polycationic alcian blue dye tightly binds to sulfated glycosaminoglycans (sGAGs) present in cell
media. TNF-alpha (100 U/Ml, overnight incubation at 37 °C, 5% CO 2) has been proven to induce
glycocalyx shedding and has been used as a positive control.36 Results show that there is no
significant difference in glycocalyx shedding in both conditions. Plotted values for µg sGAG in
cell media are normalized to cell number as quantified by trypan blue assay. The data represents
the average of three independent experiments with replicates. Error bars represents standard
deviations. Unpaired comparisons using a non-parametric t-test are significant with p > 0.05 (ns)

184

Figure D.1.6: Cell viability of HUVECs subjected to different modification conditions (crowded
and non-crowded). LDH release corresponds to damage to the cell membrane, an indicator of poor
cell health. All values were normalized to a positive control of an equal number of HUVEC’s
subjected to 1% triton-x detergent. The data represents the average of two independent
experiments with replicates. Error bars represents standard deviations. Unpaired comparisons
using a non-parametric t-test are significant with p > 0.05 (ns).
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Figure D.1.7: Representative confocal images of HUVECs incubated in 1.24 µM FITC-labeled
dextran in crowded and non-crowded conditions. Yellow dashed lines denote border in which
glycocalyx begins. HUVEC cell membranes were labeled with CellMaskTM deep red plasma
membrane stain to mark the base of the glycocalyx structure. As images were acquired while cells
were immersed in crowding solutions, changes in cell morphology due to differences in the
osmolarity of the cell media are observed in the summed slices. Scale bar represents 10 µm.
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Figure D.1.8: Intensity profiles of FITC dextran along the z-axis measured by confocal
measurements. Light green triangles correspond to intensity profiles of the bulk FITC dextran
solution and dark green circles represent the intensity profile of FITC dextran within the
endothelial glycocalyx (yellow dashed lines in Fig. D.1.7). The FITC intensity was measured in
slices above the cell membrane (starting point of measurement denoted by arrow) where the
glycocalyx is found.
Table D.1.2: Impact of macromolecular grafting method (non-crowded (PBS only) vs. crowded)
on the protection of selected minor antigens on red blood cellsa.
Antigens

D C e k Fyb JKa JKb Lea M

N S S

Control

4

4

4 3 3

4

3

2

4

3

4 4

HPG 20 kDa Non-crowded condition 4

4

4 1 3

1

2

0

4

0

2 4

HPG 20 kDa crowded condition

3

2

3 2 2

0

0

0

4

0

0 3

HPG 60 kDa Non-crowded condition 2

1

3 1 1

0

0

0

2

0

0 3

HPG 60 kDa crowded condition

0

0 0 0

0

0

0

2mf 0

0 0

0

The phenotyping was performed at the clinical hematology laboratory in St. Paul’s Hospital in
Vancouver, BC. D, C, c, E, e: Rhesus antigens; K and k: Kell antigens; Fya and Fyb: Duffy antigens;
JKa and JKb: Kidd antigens; Lea and Leb: Lewis antigens; M, N, S and s MNSs antigens.
a
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A score of 0 indicates to the absence of a particular antigen in the control RBC, whereas, a score
+4 indicates a strong expression of a particular antigen on the surface of RBCs.
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