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Introduction

Blood Type Antigens and Immunology

Blood types are determined by blood type antigens, or sugars, that are expressed on membrane
proteins or glycolipids and can be found on red blood cells, epithelial cells, soluble glycans, and other
non-erythroid tissue [1, 2]. These sugars are oligosaccharide moieties that are formed on precursor
backbones by glycoprotein enzymes in the Golgi apparatus. In humans, there are three blood type
antigens: the A, B, and H antigens. The A and B antigens come from the same family, while the H
antigen is from a different family of sugars and is a precursor for the other two. Figure 1.1 shows the
structures of the A, B, and H antigens, which make up A, B, and O blood types, respectively [3]. The
subtle differences of the ABH antigens as seen in Figure 1.1 make up for major differences in
antigenicity. These differences can result in an immunological response mediated by natural
antibodies, which leads to the rejection of foreign blood and organs in transfusions and transplants [1].
As seen in Table 1.1, only certain blood types are compatible with others [4]. For example, if an A-
antigen is already expressed in the recipient, the recipient is able to accept A-type blood without
rejection since there will be very few or no anti-A antibodies. However, if the A-antigenis not present,
natural anti-A antibodies, present in humans with a healthy immune system, recognize the antigen as
foreign. As a result, this recognition and the binding of the anti-A antibody to the A-antigen will induce
an immunological response called hyperacute rejection [1, 2, 5]. In people with A-blood type, mostly
anti-B antibodies are present in the blood, for B-blood type, mostly anti-A antibodies are present, and
for O-blood type, anti-A and anti-B antibodies are present. Although it was previously thought that
natural antibodies that react with someone’s own antigens were not present in the immune system,
there is some evidence that serum contains these natural antibodies (i.e. anti-A antibodies in type A
blood type); however, these responses are not pathological when only low levels are present in the
blood [2]. As a result of these immune responses to foreign blood type antigens, O-blood type is the
universal donor and AB-blood is the universal acceptor (Table 1.1).

TABLE 1.1
Blood type compatibility

Variable Compatible Blood Groups Incompatible Blood Groups
Recipient’s Blood Type
o 0 A, B, AB
A A, O B, AB
B B,O A, AB
AB AB,B, A, O N/A
Donor’s Blood Type
o) O, A, B, AB N/A
A A, AB 0,B
B B, AB 0,A
AB AB O,A B
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FIGURE 1.1
Structures of the O (H), A, and B blood type antigens for each blood type and resulting antibodies produced in

healthy immune system. R = glycoprotein or glycolipid

The antibody responses in the immune system, as described above, play a large role in incompatible
blood type transplantation, which results in natural antibody-mediated hyperacute rejection by pre-
existing antibodies in the blood. Immunology is a very complex subject, and as a result, organ rejection
is also very complex, and factors other than natural antibody-mediated rejection, such as cellular-
mediated acute rejection of the human leukocyte antigen (HLA) and chronic rejection [4], also play
large roles in graft rejection. However, for the purposes of this chapter, only a general overview of
antibody-mediated hyperacute rejection will be given.

In antibody-mediated hyperacute rejection, the binding of an antibody to a foreign antigen canlead to
immediate graft destruction within minutes of the antibody recognizing the antigen. Most hyperacute
rejection responses occur within 24 hours of transplantation [5]. Graft function is lost as a result of a
biochemical cascade that helps the antibodies to clear pathogens, which begins when anti-donor
antibodies bind to blood vessels to activate the complement system in the newly transplanted organ.
Endothelial cell activation then promotes coagulation by the deposition of fibrin, the formation of
microthrombi, and the shedding of thrombomodulin and heparan sulfate proteoglycan, which lead to
the infarction of the transplanted organ. Destruction of the vascular endothelium can also lead to
oedema and haemorrhage in the tissue. This cascade also causes inflammation, which impairs blood
flow to the new organ. The severity of the hyperacute rejection is dependent on the levels of
antibodies in the blood stream and the type of antibody expression [2, 5].

Due to a need for donor organs, attempts to cross the ABO barrier have been made, especiallyin renal
transplantation of which failed attempts are not typically fatal [6]. For a successful incompatible
transplantation, many immunosupression techniques must be used such as the administration of
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tacrolimus, mycophenolate, and steroids for pretransplant immunosuppression, administration of
rituximab for B-cell depletion, and plasmapheresis and immunoadsorption for antibody removal. Even
with these measures in place, it is likely that antibodies return due to B-cell memory [6]. Before West et
al. attempted incompatible infant heart transplants in 1996, intentional incompatible heart
transplantation had never occurred due to the obvious fatal consequences of a failed transplant and
the susceptibility of heart transplants to hyperacute rejection. Only eight cases worldwide had been
previously reported of incompatible heart transplantation, all in adult patients [7], and none were
intentional as all of these cases were a result of failure to correctly record either donor or recipient
blood type. Six out of the eight patients died as a result of hyperacute rejection to the incompatible
transplants [7].

The need for donor organs, especially hearts, is high for infants due to high wait list mortality for this
age group. Infants with lethal cardiac disease often die before transplantation due to a shortage of
donor hearts. Figure 1.2 shows that most children who die on heart transplant waiting lists are less
than 10-15 kg, indicating that infants and toddlers have the highest wait list mortality rates. In addition,
infants with type O blood type experience disproportionate compatible donor organs since they can
only receive heart transplants of blood type O. Also, many blood type AB donor organs are wasted
since they are only compatible with AB blood type recipients [8].

In 1996, West et al. successfully attempted to cross the ABO barrier in infants, due to the
underdeveloped nature of theirimmune systems [4], as infants do not produce isohemagglutinins, and
anti-A and anti-B antibodies exist in very low levels up until 12-14 months of age. In addition, the
complement system of infants is not fully developed at a young age [9]. As a result, it is easier to
manipulate the immune systems of infants and ensure that they do not execute a normal immune
response, or hyperacute rejection, to foreign antigens in the blood. Therefore, it was hypothesized that
the ABO blood barrier could be breached, if done carefully, with the knowledge that the transplanted
organ is of incompatible blood type [4]. Between the years of 1996 to 2000, West et al. commenced
the first study of its kind in which incompatibles hearts were transplanted into young infants whose
situations would be fatal otherwise.

Knowing that the transplanted organs were of incompatible blood type had a distinct advantage over
the 8 adult cases, which were mostly fatal, since preparations could be made in order to suppress the
immune system, keep track of antibody levels, and transfuse the appropriate (donor) blood type into
the recipient [4]. Patients from the transplantation waiting list were tested for the presence of anti-A
and anti-B antibodies using standard agglutination tests. Those with no or very low levels of antibodies
were considered for the study. In addition, antibody levels were tested for each recipient; a.
periodically over the waiting period, b. when a potential donor was identified,c. immediately before
the surgery, d. continuously during the surgery, e. and every six hours for four days after the surgeryin
order to ensure that the graft would not be rejected via antibody-mediated hyperacute rejection. In
order to prepare for the bypass surgery, the bypass circuit was primed with the blood type of the donor
organ or with AB-type blood so that no anti-donor antibodies would be present at the time of the
surgery, and the recipient’s blood was removed via the bypass circuit and replaced with the donor
blood type for the duration of the surgery.
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FIGURE 1.2

Number of children who died while on the waiting list between 1999 and 2006 according to weight at listing. The
numbers above each bar denote the total number of children who were listed for heart transplant within each
weight category reproduced with permission from [8]

The patients were also succumbed to intensive immunosuppressive treatment during and post-
operation, which was reduced over time. In addition to testing for antibody levels post-operative to
monitor any possible antibody-mediated rejection, patients underwent biopsies to rule out chronic
rejection within six months after the transplant and then annually after that. All in all, for this study,
ten patients between the ages of four hours to fourteen months old underwent ABO-incompatible
transplantation and were compared to ten patients between the ages of two months to twelve months
who underwent ABO-compatible transplantation from 1996 to 2000 [4].

Initial findings indicated that none of the patients experienced hyperacute rejection. Higher incidences
of cellular rejection actually occurred in the ABO-compatible group than in the ABO-incompatible
group, possibly due to less intensive immunosuppressive therapy or the slightly higher mean age of the
ABO-compatible group. There was also no antibody-mediated chronic rejection observed in either
group [4]. Since the time when the initial study was published in 2001, additional results from a total of
35 patients that have undergone ABO-incompatible transplantation and 45 patients that have
undergone ABO-compatible transplantations have been analyzed and published. It was found that the
freedom from death and transplantation rates were very similar for the two groups at 77% and 74%,
respectively for the ABO-incompatible transplantation group and 84% and 74% for the ABO-compatible
group [10]. These percentages were found to have no statistical difference. Out of the larger group of
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ABO-incompatible transplants, only 2 patients had antibody-mediated rejection and both episodes
were handled easily via immunosuppressive techniques. Cellular rejection episodes were similar
between the two groups. Of the patients that died, none of them did so as a result of ABO-
incompatibility [10]. From these results, it is apparent that this study was a success and that infants’
immune systems are at an immaturity level that allows for the ABO barrier to be crossed in
transplantation.

Not only was the ABO-barrier crossed successfully as a result of incompatible transplantation, but an
induced tolerance to donor antigens was also observed in the infant recipients. It has been known for
many years that induction of antigen tolerance is possible in animals. In 1945, Owen defined the
inherent susceptibility that animals have toimmune tolerance [11]. In 1949, Burnet and Fenner linked
this tolerance to developmental events, using twin fetal cows [12], and in 1953, Medawar showed that
this tolerance could be induced intentionally in mice [13]. Up until now, these findings were not
considered to be clinically relevant to humans since human neonates were considered to have an
increased maturity of their immune systems at birth, and therefore, were thought to be beyond
susceptibility to tolerance induction. However, as previously stated, human infants’ immune systems
do show signs of immaturity, such as low or no levels of isohemagglutinins within the first month after
birth. This study showing successful incompatible heart transplants was the first to refute what was
previously thought and provide evidence for neonatally acquired donor-specificimmune tolerance in
humans [14]. Fan et al. also provide evidence that suggests persistent exposure to donor antigens is
required for tolerogenesis (induction of immune tolerance), which is also dependent on the degree of
antigen expression [10].

Nanoparticles for Tolerogenesis

Since evidence shows that the occurrence of tolerogenesis is dependent on degree of antigen
exposure, it may be possible to induce tolerance via methods other than graft exposure or
transplantation, thereby possibly reducing mortality rates on transplantation wait lists. If an infant
must wait for an organ past the time of susceptibility to induced tolerance, it may be beneficial to
induce tolerance early in the child’s life to allow for tolerance to both A and B antigens, or essentially
make that infant’s blood type a “universal acceptor”. This would increase the likelihood of
transplantation at a later point in time when a donor organ may be available, thereby decreasing the
likelihood of a fatal outcome.

In order to achieve this goal, it is essential to determine novel methods of tolerance induction. Since
lone antigens in the blood stream would likely be cleared quickly by the renal system, our study
investigates the possibility of injecting nanoparticle-antigen conjugatesinto the blood stream to induce
tolerance. Ideal particles will be easily detected in order to track them in the blood stream for
characterization purposes and circulate for a prolonged period of time in vasculature to ensure
maximum exposure to blood stream antigens [3]. Therefore, since polyethylene glycol (PEG) coatings
have been shown toincrease nanoparticle (NP) circulation time in the blood stream, the majority of the
NPs in this study were silica functionalized on their surfaces with PEG [15]. Silica has demonstrated
biocompatibility [16] and silica NPs are easily tuned for size [17]. Also, most NPs synthesized contain
fluorescent dyes for detection in order to monitor and assess their localization and circulation
behaviour.

Previous NP circulation studies have been performed either in adult animals [18] or in tumor models
[19]. Neither of these are the most relevant to model neonatal blood circulation. Neonates will have
varying degrees of natural angiogenesis, which is modeled poorly by tumor models and not at all by
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adult animals. Desirable is a simple angiogenic model into which NPs can be injected and tracked for
circulation time, aggregation behavior and general NP stability. The chorioallantoic membrane (CAM,
Figure 1.3) of the chicken embryo is an excellent model for angiogenesis. Within the CAM the blood
pressure is normal and the vessels are not tortuous unlike tumor models and most of the blood vessels
in the zebrafish embryo. The CAM serves as the respiratory system for the chicken embryo up until day
19 of the 21 day gestation period, handles any waste products from the embryo, and supplies the
embryo with nutrients from the yolk [20], The CAM has been used as a model to study angiogenesis of
explanted tumours and anti-angiogenic drugs [21-27], tumour vascular targeting [28], metastasis [29,
30], ion transport [31], allergens [32], transplantation [33], contraceptives [34, 35], effects of
hyperglycemia [36], and photodynamic therapy [37]. NPs can easily be injected directly into blood
vessels of the CAM through a window cut into the eggshell (Figurel. 3). The concentration of the
injected particles is then monitored over time using fluorescence correlation spectroscopy (FCS), and it
has been shown that the relative concentration of certain particles decreases exponentially within the
first few minutes of injection [38]. This exponential decrease of NP concentration is due to loss of the
NPs from the blood stream through the angiogenic fenestrations (~500nm in size) [39]. The presence of
angiogenesis in these developing vessels allows us to find ideal NPs that will circulate for a prolonged
period of time, despite the “leaky” nature of the developing vessels. As mentioned above, NP
concentration in the CAM can be monitored through the window in the shell using FCS.

FIGURE 1.3
Day 9 embryo with window for experimentation. NP concentration can be determined through the window cut
into the shell using FCS on the exposed CAM blood vessels above the embryo
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Two-photon excitation (TPE)-FCS is a non-invasive fluorescence technique commonly used to analyze
fluorescent particles in living organisms, primarily for advantages such as: low phototoxicity, long-term
analysis and ability to distinguish aggregation [38]. TPE-FCS involves analysis of fluorescent intensity
fluctuations resulting from two-photon excitation of fluorescent molecules to obtain data about
diffusion, concentration, and size of the fluorophores. TPE-FCS has been used to gain valuable
information in many applications such as the examination of angiogenic blood vessel formation in
zebrafish; the study of active transport, localization of proteins, and diffusion of receptor clusters in
cells; monitoring drug delivery using photocages; and the study of DNA replication [40].

In this study, TPE-FCS is used as the primary technique to provide minimally invasive monitoring of NP
behaviour in the CAM of the chicken embryo. By tracking the change in concentrations and aggregation
tendencies as functions of size and surface chemistries, we may determine which NPs are most easily
detected, aggregate the least, and circulate in the blood stream the longest. These data will allow us to
predict the NP properties most suitable to provide maximum blood exposure to the synthesized
antigens used to induce immunological tolerance in infants.

Methods

Nanoparticle Design and Synthesis

Various NPs were synthesized with multiple dyes, ratios of dye to silica, surface functionalization, and
dye-incorporation methods (See Table 1.2 for the naming system for nanoparticles, according to their
synthesis). NPs with dye incorporation were synthesized according to the Stéber process [41], which
involves the hydrolysis of alkyl silicates, followed by the condensation of silica acid in alcohol using
ammonia as a catalyst. This synthesis resulted in uniform particles of which sizes can be controlled
from approximately 0.05 pum to 2 um in diameter [41]. In order to synthesize the core-shell particles, a
modified version of the Stéber process was used, as described by Larson et al. [42], in which the dye-
rich compact core is synthesized prior to the silica shell. The NPs were functionalized by directly adding
polyethylene glycol (PEG) or APTMS to the synthesis flask, which formed covalent bonds from the
polymers to the NPs as the base-catalyzed silanization occurs [3]. Once synthesized, particles were
resuspended in water and stored in scintillation vials covered with aluminum foil to reduce exposure to
light.
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Degree of stability of the dye (relative strength of adhesion of the dye to nanoparticle vs potential
dissipation of free dye?)

TABLE 1.2
Symbols used for naming nanoparticles
Material Functionalization Dye Incorporation | Dye
Symbol | Meaning | Symbol | Meaning Symbol | Meaning | Symbol | Meaning
Si Silica PEG Polyethylene | R Random | R6G rhodamine
glycol 6G
Fe Iron NR; Amine C Core- TRITC [ tetramethyl
oxide shell isothiocyana
te
SPEG Short PEG NP Lg NPs FITC fluorescein
from sm isothiocyana
NPs te
LPEG Long PEG AFX Alexa Fluor®
NF No Funct. Pyr Pyrene-
maleimide

Two-Photon Excitation Fluorescence Correlation Spectroscopy

TPE-FCS measures the fluctuations of fluorescence in an optically-defined interrogation volume over
time. A temporal autocorrelation analysis is performed on the fluorescence data (see Figure 1.4) to
generate the autocorrelation decay, G(x).

(OF (t)*0F (t + 7))

(FY

Where OF(t) is the difference between the instantaneous fluorescence at time, t, and the average
fluorescence intensity, <F>. As the lag time, 1, increases, G(t) decreases, and an autocorrelation decay
(ACD) curve results. Equation (2) can be used to model the ACD, when the system is dominated by
Brownian diffusion determine the diffusion coefficient, size, and concentration of the NPs [43].

! %
( ¢ jSD ( ¢ j8D
1, 11000 1, 1000

2 2
7 Zy

el)

Where ris the radius of the ovoid of the two photon excitation volume (perpendicular to the direction
of laser propagation), Z, is the depth of the ovoid of two photon excitation (in the direction of laser
propagation), cis the local concentration, D is the diffusion coefficient, and T is the lag time. Itis also

G(r)= Equation (1)

Equation (2)

G(r)=
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important to note from Equation 2 that G(0) is equal to 1/N (where N equals the average number of
freely diffusing fluorescent particles in the TPE volume). Thus, N is the equivalent of concentration.
Changesin N over time may indicate the NPs are being taken up into the angiogenic tissue, aggregating
or dissolving.

a b
144 0.2+
Average count rate
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=
] —
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FIGURE 1.4

a) Count rate fluorescence trajectory, where the red line is equal to the average count rate and b) Autocorrelation
decay curve, where the red line depicts G(0), which is equal to 1/N. Both graphs are examples of typical plots that
result from FCS analysis of nanoparticle injection into the CAM

To help determine the origin of NP concentration changes we will use the average particle brightness,
n. If N decreases and 7 increases, this suggests aggregation is taking place. If N decreases and 7
remains constant, this suggests uptake or dissolution. And finally if N remains constant and n decreases
this suggests that the fluorescent dye in the NPs is unstable, which could indicate that the NP surfaces
are changing. It is simple to calculate the particle brightness (kHz/NP):

n=1/N*<F> Equation (3)

Nanoparticle Characterization in Solution

In order to assess the suitability of the NPs for injection into the CAM, initial characterization of the NP
solutions was first performed in various solutions. If the NPs were unstable in simple solution, they
were deemed inappropriate for study in the CAM environment. Particles were diluted to the 10-100
nM concentration range (10 < N< 100). This would be the appropriate range for the CAM studies and
likely the desirable range for tolerogenesis. Particles that were monodisperse, bright, and gave
consistent autocorrelation decay curves in water, were further analyzed in various buffer and sera
solutions.

The monodisperse, bright NPs mentioned above were analyzed for their behaviour in phosphate
buffered saline (PBS), chicken blood serum (CBS), and porcine blood serum (PorBS) over time to
observe possible effects on salts and proteins on the NPs from the buffer and sera, respectively
aggregation. FCS measurements were taken at short intervals for the first 30 minutes post dilution and
at longer intervals after that over the time span of an hour. Autocorrelation decay curves and count
rate trajectories were analyzed for signs of aggregation and changing concentration. Time for complete
loss of fluorescnce?
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CAM preparation

Fertilized eggs were obtained from the Ijtsma Poultry Farm north of Calgary (RR 284 and highway 72,
Mailing address: RR2, Site 11, Box 6, Airdrie, AB, T4B 2A4). Eggs were stored for up to two weeks in a
refrigerator at 4°C, at which time they lose viability. Nine days before experimentation, eggs were
removed from the refrigerator and allowed to sit at room temperature for a few hours, after which, the
eggs were cleaned using a 70% ethanol solution. The eggs were then placed horizontally on egg racks,
and the date of experimentation was written on the top center of the egg to allow for areference point
later in the incubation period. The eggs were then incubated at 37 degrees Celsius and approximately
60% humidity. On day four and a half of the incubation period, the eggs were windowed to provide
visual observation of the embryo development. In order to do this, eggs were first candled to verify
development of the CAM and embryo. If this was not the case, eggs were disposed of. All viable eggs
were windowed. The first step of this process involved removing 3 mL of albumen using a BD syringe
and 21-gauge needle in order to provide an air sac within the egg, which allowed it to be opened
without damaging the embryo. Next, the egg was rotated 180 degrees to allow for the CAM to develop
over top of the chicken embryo, and cellulose tape was placed on the new top of the egg. Dissecting
scissors were then used to cut a small hole into the tape-covered portion of the egg, creating a window
to allow visual observation of the development of the chicken embryo and CAM. Cellulose tape was
then used to cover the window in the egg, and the eggs were placed back into the incubator. Over the
course of the subsequent incubation period, embryos were monitored. On day nine of incubation, the
eggs were removed once again for experimentation. The windows in the eggs were expanded to allow
for injection of nanoparticles and monitoring of the injectate via FCS. The top portions of the eggs were
further covered with cellulose tape to prevent crumbling of the shell into the amniotic fluid and CAM.
Dissecting scissors were then used to cut the shell away to the line of the fluid within the egg, thus
providing maximum exposure to the CAM for experimentation.

$2.4. Microinjection

Injections were performed using a manual microinjector from Sutter Instruments Co. Needles were
formed using P-30 Puller (Sutter Instruments Co.), beveled using a K.T. Brown Type Micro-Pipette
Beveller, Model BV-10 (Sutter Instruments Co.), and held in place and directed by an x, y, z-manipulator
(Sutter Instruments Co., MM-33).

Undiluted nanoparticles (~10 nM) were drawn up into a 3 mL BD syringe, which was then attached to
the top of the microinjector. The tubing that leads to the manipulator was primed, and a beveled
needle was secured into place at the end of the tubing. The needle was also primed and flow through
the tip was verified. The valve leading from the BD syringe port to the micro syringe was opened and
nanoparticles were drawn into the micro syringe.

Once the microinjecter was set up, an egg was placed in an egg holder on the egg stage of the
microscope (In-house design, University of Calgary, [44]) and viewed through the 5X objective witha 1
cm working distance. The needle, adjusted to inject parallel to blood flow. Approximately 100 pL of
nanoparticles were then injected into CAM blood vessels of approximately 100 — 200 pum in diameter.
After successful injections, the objective turret position was changed to the 20X lens and the laser was
focused in the center of the blood vessel. The focused laser beam was always several hundred microns
downstream from the injection site.
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Chicken Embryo Chorioallantoic Membrane (CAM) Model for Nanoparticle Characterization

The types of NPs that did not aggregate in solution (aggregation analysis described by Clancy et al.) [38]
and were bright enough to be easily detected were injected into blood vessels of the CAM. The NPs
were injected through a window of a chicken embryo egg into the blood vessels of the CAM, which are
contiguous with the vessel system in the embryo, and FCS was used to track concentration changes of
the NPs within the blood vessels. More precisely, 100 uL of undiluted NP solution was injected into a
vessel of approximately 100 to 200 um in diameter. The injectate was allowed to circulate and
distribute throughout the blood stream (30 s,[38]), after which FCS measurements were taken
continuously from approximately 3 min post injection to approximately 50 min post injection, with the
TPE laser beam focused into the center of the lumen.

FCS Analysis

For all experiments, count rate trajectories and autocorrelation decay curves were plotted and
analyzed using OriginPro 7.

S$2.5. Zeta-Potential Measurement

Nanoparticles were diluted to approximately 10™° M concentration from original solutions, and a small
amount was drawn into a 3 mL BD syringe. Nanoparticles were then injected into disposable
polystyrene cuvettes and inserted into the cell holder in the Nano ZS DLS instrument (Malvern
Instruments Ltd). Zeta-potentials were obtained in water using averaged data from approximately 80
accumulated data points and pre-assigned settings for silica nanoparticles with the refractive index set
to 1.5, the refractive index of silica.

Results and Discussion
Nanoparticle stability in aqueous solution and blood sera

A series of approximately 50 types of NPs that were synthesized with various combinations of sizes,
dyes, surface functionalizations, polymer materials, and synthesis methods, were analyzed for stability
in aqueous solution and blood sera. For the purpose of this chapter, the key findings for aqueous
solution are presented in Table 1.3, which gives average particle brightness and the percentage of
particles that aggregated and were used in eggs based on synthetic particle variables. To sleuth out
trends in the characteristics of the NPs, all data for specific characteristics were pooled and then the
averages or % displaying the behaviour were calculated. For example, 46 NPs were surface-
functionalized with PEG. Their cumulative average [0was 3.5 kHz per particle and 13/46 displayed
aggregation in water and 11/46 we ultimately deemed suitable for further study in the CAM. Thus, the
results displayed in Table 1.3 were used to help determine which NPs were stable and bright enough
for use in the CAM in vitro studies.
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TABLE 1.3

Summary of nanoparticle characterization results in water

* tetramethyl isothiocyanate, § fluorescein isothiocyanate

13

Average Percent of Percent
. article articles that injected into
Variable Erightness gggregated in eégs (%)
(kHz/particle) water
. Iron oxide core | O N/A 0
NP Material —
Silica 3.2 36 23
PEG 3.5 28 23
Functionalization | Amine 0.3 80 20
None 13 100 0
Core-shell 4.0 41 32
Dye- Random 15 0 0
incorporation Large particles | 0 75 0
Method made from
small ones
Rhodamine 6G | 4.4 32 29
TRITC* & FITC® | 1.1 33 16
Dye
Alexa fluor 0.8 50 0
Pyramine 0.2 50 0
0-75nm 3.7 60 0
Size 75-200nm 3.9 30 37
>200nm 0.8 25 8

Out of the fifty particle solutions investigated in this water, twelve types of NPs were mixed with buffer
and blood sera to further investigate stability with respect to aggregation in the presence of ions and
proteins. Table 1.4 displays the results of these studies.
There was increased particle instability and aggregation in blood serum in comparison to buffer. This
was also observed in a study by Eberbeck et al., where they studied magnetic particles in different
solutions. It was found that particles had a higher tendency to aggregate in different biological media
[45]. However, the results from mixing the silica NPs in different solutions were very promising as a
large number of the NPs synthesized showed high stability in PBS and two different blood sera, which
was beneficial for the desired purpose of injecting them into the CAM blood vessels.
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TABLE 1.4
Observed time of nanoparticle aggregation in various solvents over the typical 45 to 60 minutes of data collection,
determined from CRT and ACD analysis

Approximate time in solution until aggregation
Nanoparticle is observed (min)

PBS CBS PorBS
Si_PEG_C_TRITC_89nm >60 >16 Insufficient

data

Si_PEG_C _R6G_105nm >60 >60 24
Si_PEG_C_R6G_120nm >60 >60 <6
Si_PEG_C_R6G_125nm 35 45 2
Si_PEG_C_R6G_142nm >45 45 19
Si_PEG_C_R6G_148nm >60 23 40
Si_PEG_C_R6G_150nm_2 10 9 <8
Si_PEG_C_R6G_177nm >60 60 23
Si_PEG_R_TRITC_179nm >60 15 8
Si_PEG_C_R6G_191nm >45 45 40
Si_PEG_C_TRITC_250nm Insufficient 7 6

data
Si_PEG_R_R6G_350nm_2 20 11 <16

Overall, only seven out of the total of 50 NPs were deemed appropriate to be injected into the CAM
model, which reflects the importance of the specific combination of variables on resulting particle
properties. Interestingly, all of the particles that were determined to be suitable for injection were
core-shell silica NPs; the core-shell particles tended to be brighter, thus more easily detected for the
purposes of this study. All of the NPs injected into the eggs were functionalized with PEG. Five were
synthesized utilizing R6G as the dye, while the other two contained TRITC. Also, all NPs stable enough
to be injected into the CAM had diameters in between 89 to 250 nm.

Nanoparticles in the CAM

Based on the above-mentioned results, seven different NPs were studied in the CAM blood vessels. Out
of those seven particle solutions, five were found to be stable in the CAM vasculature, with little signs
of aggregation over the time periods analyzed (typically around one hour to ensure preservation of the
embryo viability).

Figure 1.5a displays a typical plot of the number of silica NPs in the TPE volume, N, as a function of time
for all of the particles injected into the CAM. As demonstrated in Figure 1.5a, there is no indication of
any systematic change in particle numbers over the time period (33 min) for this particular NP. The
large scatter in the data (average +/- 50%) (Figure 1.5a) results from a number of factors:
inhomogeneities in the concentration in time due to pulsatile flow, movement of the embryo and some
degree of aggregation. Recall that the angiogenic blood vessels of the CAM possess fenestrations that
are 500 nm in diameter or smaller [44]. Therefore, NPs smaller than this size could leave the blood
stream through these nanofenestrations. Figure 1.5b, by comparison shows dioleoylphosphatidyl-
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serine (DOPS) liposomes ([1=-59 mV and 100 nm diameter) injected into the CAM. In the case of DOPS,
there is clearly a slow decrease in N over time, which we have previously shown is due to uptake into
the angiogenic blood vessel walls [39].

Data on a Hemolysis assay?

a
= 161 2% -
g = z
144 L . . =
§ . .
S 121 - S
z " . [ . g "--
g 101 - w W
w . . ug” - Rl "L
& # - - LN
('3 o L L] " m 3 - &
£ 4 Ll - - . o o -.I o "
P ] .y . - s - o
i ol | . " . 5 - 2 .
o 24 L [] = " o ° [] —
=
-E 04 g [ ] L - mm
E T r v : v ) od ; ; : y .
2 0 400 800 1200 1600 2000 ] 500 LT A5 2000 2500
Time (s) Time Posi-Injection (s)
FIGURE 1.5

Number of particles in focal volume versus time post injection into eggs for a) 89 nm core-shell TRITC silica

particles with PEG functionalization. b) 102 nm diameter DOPS liposomes loaded with lissamine. Red curve
. . . -1

represents monoexponential decay fit with rate constant, k=0.002 s

The lack of verifiable uptake for these NPs in the CAM is quite significant, since this is not the case with
most particles of similar sizes studied by Yaehne et al. [46] In this previous study, we found that many
different NPs were taken up into the angiogenic tissues. These particles included PEGylated quantum
dots, polystyrene fluospheres and liposomes [39]. It is emerging that size, functionalization, and surface
potential all play a large role in the observed uptake rates. We have shown previously that uptake rates
have been found to be dependent on size for particles with zeta potentials in the range 0 < {< -40 mV
[39]. The silica NPs in the current study are of similar sizes to these NPs, but do not deposit in the
vessel walls. We therefore propose that there is a negative charge cut-off, which plays a significant role
in keeping the NPs in the blood stream. This cut-off appears to be around -50 to -60 mV as discussed in
[39], and shown in Table 1.5 as particles with high negative charges are not taken up readily. These
findings are likely a result of the large negative zeta potentials of the NPs causing repulsion with the
negatively charged endothelial cells making up the blood vessel walls. Furthermore, large surface
charge could help to stabilize NPs as the NP-NP repulsion would reduce aggregation. Since many of the
non-silica particles in our previous study that displayed uptake are coated with PEG and are of similar
diameters [39], this charge effect is likely a significant reason for the differences in circulation
behaviour. This result is also supported by the contrast in the results for the circulation behavior of
liposomes. The zwitterionic dioleyolphosphatidyl-choline (DOPC, - =-40mV, 100 nm diameter) left the
blood stream with a rate constant of k;,.; = 0.003 5’1[39], whereas the DOPS liposomes (- =-59mV, 100
nm diameter) lasted 50% longer in circulation, kj.ss = 0.002 st (Figure 1.5). The charge-induced, long
circulation time is a very beneficial characteristic for tolerogen carriers, as it would permit maximum
exposure of B-cells to NP-conjugated antigens.
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Lack of uptake does not necessarily mean complete stability of the silica NPs during circulation. Some
were observed to display a degree of aggregation after prolonged exposure to the CAM blood stream.
Table 5 gives the length of time during circulation before aggregation of the NPs is observable. This
represents the onset of 20-20% aggregation of the NPs. From Table 1.5, it is evident that PEG-coated
NPs in the size range 120-150 nm diameter were optimal for better stability against aggregation.
Other PEG-functionalized particles, similar to the silica NPs used in this study, have shown similarly long
circulation times in other animal models. For example, Maldiney at al. studied the effects of diameter
and surface coating on biodistribution within healthy mice [47]. As part of the study, the biodistribution
of intravenously administered silicate-based NPs coated with PEG (chain length approximately 10 times
longer than the ones use in this study) was compared to that of particles with exposed hydroxyl groups.
It was found that PEG-functionalized particles circulated in mice for a longer period of time than the
similar hydroxyl-functionalized particles[47]. This was indicated by the rapid uptake of the hydroxyl-
coated particles into the liver and a high distribution of the PEG functionalized particle throughout the
rest of the organism [47].

TABLE 1.5
Zeta potentials and observed time of nanoparticle aggregation in the CAM over the typical 45 to 60 minutes of
data collection, determined from CRT and ACD analysis

Approximate time (post 1 (SD, mV)
Nanoparticle injection) until aggregation is

observed (min)
Si_PEG_C_TRITC_89nm 25 -64 (20)
Si_PEG_C_R6G_105nm 45 Insufficient data
Si_PEG_C_R6G_120nm >45 -60 (10)
Si_PEG_C_R6G_125nm >45 -47 (15)
Si_PEG_C_R6G_150nm_2 >45 Insufficient data
Si_PEG_C_R6G_177nm 45 -68 (9)
Si_PEG_C_TRITC_250nm 30 -48 (5)
DOPS liposomes >45 -59(12)

Indication of flouresent life time? (time taken before complete quench of flouresence?)

Maldiney also found a strong dependence on size with longer circulation times for particles with 120
nm hydrodynamic diameter compared with larger particles (190-230 nm) [47]. Interestingly, their study
found that negatively charged, bare silica particles were rapidly deposited in the liver and spleen. We
saw little evidence of this for the negative particles in the current study, however our particles did have
a degree of PEG coating and the CAM blood volume is very large compared with the organ blood
volume.

PEG has been validated in many previous studies as a coating that increases blood stream circulation
time of NPs [48-51]. Our previously reported work has demonstrated that amino-terminated PEG
coated quantum dots disappear too quickly from the CAM blood stream to measure the uptake rates
(20). Intuitively, the amino functionalization would cause particles to be less negative and therefore be
attracted to the negative endothelia cells of the CAM blood vessels. It therefore emerges that a
combination of PEGylation and large, negative charge promote longer circulation time in angiogenic
blood vessels.
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Conclusion

PEGylated silica nanoparticles were studied in the CAM model as a significant step towards developing
long-circulating, stable tolerogen carriers. Such NPs would allow for an increased exposure of the blood
stream to the antigens they will carry. It was found that PEG-functionalized particles between 90 to 200
nm in diameter with large negative charges produced the desired effects and circulated for long
periods of time in CAM blood vessels. PEGylated silica NPs carry a large negative charge likely because
of incomplete coverage of the silica surface by PEG. These findings suggest that silica NPs with the
above-mentioned qualities would be suitable for tolerogenesis. As a result, these silica NPs will be
conjugated to antigens to determine if the resulting exposure will be persistent enough to induce
immunological tolerance to foreign blood type antigens.
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