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Abstract:

Bioadhesives are a current unmet clinical need for mending of blood contacting soft tissues without
inducing thrombosis. Recent development of carbene precursor bioadhesives with the advantages of
on-demand curing, tuneable modulus, and wet adhesion have been synthesized by grafting diazirine
onto poly (amidoamine) (PAMAM-G5) dendrimers. Herein, the structure activity relationships of
platelet adhesion and activation is evaluated for the first time on the cured PAMAM-g-diazirine
bioadhesives. Three strategies were employed to prevent healthy human donor platelets from adhering
and activating on light cured bioadhesive surfaces: 1) Attenuation of cationic surface charge, 2) anti-
fouling composites by incorporating heparin and alginate in uncured formulation, and 3) heparin wash
of cured bioadhesive surface. Topographical imaging of cured and ethanol dehydrated bioadhesive
surfaces was used to quantify the adhered and activated platelets with scanning electron microscopy,
whose resolution allowed identification of round senescent, short dendritic, and long dendritic
platelets. Cured surfaces of PAMAM-g-diazirine (15%) had 10300+500 adhered platelets mm with
99.7% activation into short/long dendritic cells. Reduction of primary amines by higher degree of
diazirine grafting or capping of free amines by acetylation reduces platelet adherence (2400£200 vs.
3000+300, respectively). Physical incorporation of heparin and alginate in the formulations reduced
the activated platelet; 1300+300 and 300450, activated platelets mm, in comparison with additive
free adhesive formulation. Similarly heparin rinse of the surface of additive free bioadhesive reduced
the activated platelet to platelets of heparin composites at 600+100 platelets mm2. PAMAM-g-
diazirine (15%) bioadhesive retained the photocured mechanical properties and lap shear adhesion

despite the addition of heparin and alginate additives.
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1. Introduction

Tissue adhesives are an unmet clinical need required to seal internal wounds towards a replacement of
mechanical fixation methods, e.g. sutures and staples. Ideally, the cured tissue adhesive should match
the tissue elasticity and achieve adhesion even on wet substrates. If the adhesive is applied towards
blood contacting tissues, the cured adhesive matrix should have little to nothrombogenicity®.
Thrombogenesis arises after biomaterials (natural or synthetic) are exposed to blood; and is
associated with fibrinogen adsorption that induces platelet adhesion, activation or combination
thereof?. Upon activation, platelets transition into a dendritic morphology and subsequently release
positive feedback signals for additional platelets to spread over the biomaterial surface * #. The
positive feedback cycle of degranulation and spreading further recruits additional platelets to cause
layers of platelet-platelet interaction, aggregation and thrombus formation °. If bioadhesives or tissue
adhesives are employed for fixing blood-contacting soft tissues (e.g. artery anastomosis) or
prophylactic blood-contacting medical implants (e.g. controlled release depots), platelet adhesion,
activation, or combination thereof needs to be minimized. Development of minimally non-
thrombogenic tissue adhesives is required towards minimizing the risk of microclots that lead to
strokes and infarcts® 7. Current commercially available bioadhesives have not been designed in this

regard.

Fibrin adhesive (e.g. TISSEEL, Baxter) and polyurethane adhesive (e.g. TissuGlu, Cohera Medical),
are used in auxiliary roles to support sutures. TISSEEL, a fibrin based adhesive is biocompatible but
weak adhesive and mechanical properties®® limits them to hemostasis applications and therefore
cannot be used as a candidate bioadhesive for non-thrombogenic fixation and coatings ° i,
Polyurethane based adhesives show thrombotic responses!?™® and also suffer from slow-cure rates
(i.e. hours), which limits them to static applications such as abdominoplasty. Thus, synthetic

bioadhesives are required that possesses both fast activation and minimally thrombogenic properties.

Most blood contacting biomaterials require some form of surface modification to decrease platelet

adsorption, activation, or combination thereof thus making the implant surface platelet resistant .
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Specific strategies rely on covalent conjugation of an appropriate platelet resistance chemical moiety
or by incorporating external anti-fouling additives, such as PEG as described above. Besides PEG,
heparin and alginates are additives typically incorporated through physical mixing or adsorption
techniques®>**. Heparin’s anti-thrombogenic attributes are exploited throughcontrolled release or non-
eluting technologies that is intended for permanent covalent immobilization to the biomaterial surface
161718 - Similarly, hemocompatible composite coatings were engineered by layer-by-layer adsorption
of alginate and heparin, crosslinked together by UV-activated diazonium crosslinkers °. This
technology shows that platelet resistance of heparin and alginate remains after crosslinking and UV
light wasn’t detrimental to their utility. However, diazonium crosslinking mechanisms cannot be
incorporated into tissue adhesives, as it has poor stability at physiological pH (decomposition) and

temperature (explosive)?%2,

Tissue adhesives based on carbene precursors offers a new platform of adhesive curing with benefits
of on-demand curing within seconds, pH stability, wet adhesion, and shear adhesion strengths in the
10’s of kPa. Previous publications have successfully grafted the carbene precursor, bromo-diazirine,
onto a 5™ generation polyamidoamine (PAMAM) dendrimer via nucleophilic alkylation?? 23, The
cationic tissue adhesive can be cured through UVA light (365 nm) exhibiting dose dependent
adhesion strength, tuneable modulus and adhesion on wet organ substrates. The amine (-NH.)
functionalities of PAMAM dendrimer allows one-step stoichiometric grafting, but ungrafted free
amines are known to induce platelet adhesion and activation 2* %, Left unmodified, the positively
charged primary amines will induce platelet activation and other thrombotic pathways. . To
minimize thrombogenesis, three strategies are hypothesized to reduce or prevent platelet adsorption
and activation of the UV-cured PAMAM-g-diazirine bioadhesives: 1) Capping of the PAMAM
surface amines to reduce or remove cationic charge, with additional diazirine grafting or converting
amines to amides. 2) Incorporating anionic heparin or alginate additives to form hydrogel composites
whose cationic charge is electrostatically shielded, displays ‘stealth effect’, or combination thereof. 3)
Applying a heparin wash of the post-cured PAMAM-g-diazirine, whereby the heparin electrostatic

interaction shields the PAMAM cationic surface charge with immobilized anticoagulant heparin.
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These strategies are then objectively evaluated by incubating the cured bioadhesive formulations with
platelet rich plasma from healthy human volunteers. Bioadhesive assessment of the composites was

performed with real-time photorheology, shear adhesion, and degree of swelling.

2. Experimental: Materials and Methods

2.1 Materials

Poly (amidoamine) (5" generation, Mw=28.8 kDa, I) was purchased from Dendritech, USA. 3-[4-
(bromomethyl)phenyl]-3-(trifluoromethyl)-diazirine (bromo-diazirine, 11) was purchased from TClI,
Japan. Poly-DL-lactide-co-glycolide (PLGA 53/47), were purchased from Sigma Aldrich, USA.
Heparin sodium (injectable grade, Mw=25KDa) was purchased from Yantai Dongcheng
Biochemicals, China. Sodium Alginate (Mw= 350 kDa) was purchased from Sigma Aldrich, USA.
The deionized (DI) water from ultrapure water purification system (Merck Millipore, USA) was used

for buffer preparations.

2 Methods

2.1 Preparation of PAMAM-g-diazirine with capped terminal amines, V

11 and IV (Fig.1a) were prepared and characterized (Fig. S1 and Table S1) as previously described
22, \/ was prepared by dissolving 111 (100 mg, 2.9 pmol; 320 pmol —NH; ) in 10 mL methanol, and
subsequently cooled in an ice/salt water bath. Neat acetyl chloride (CH3COCI, 200 mg, 2.55 mmol; 8x
molar excess) was added dropwise and the temperature of the reaction solution was maintained below
5°C for 4 h. Methanol was removed as by rotary evaporation and the viscous liquid was stored under
high vacuum (< 2 Torr) until a constant weight. Acetylation of VV was estimated at 73% via *H NMR

(see supporting information).

2.2 Preparation of cured PAMAM-g-diazirine formulations 111 to VII
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Formulation 111, 1V, and V (100 mg) were dissolved in 1:1 w/w 1X PBS and vortexed for 10 min to
obtain a homogeneous solution. The formulation was pipeted onto an ethanol sterlized 50 pm
polyethylene terephthalate sheets and knife casted into a 500 pum uncured adhesive layer. 111 was
mixed with 5-15% heparin or 3% alginate solution (PBS buffer) in 1:1 w/w ratio of additive/lll. The
formulations were cured using a UVA 365 nm wavelength Omnicure 1000 lightguide (Excelitas
Technologies Corp., USA) with irradiation power of 100 mW cm (effective UV dose of 20 J cm?)to
obtain cured PAMAM-g-Diazrine coating on a PET substrate. A control sample of heparin washed
PAMAM-g-diazirine (15%) bioadhesive surface was prepared by washing the surface of cured 111
with 5% wi/v heparin solution (PBS buffer). Samples were vacuum dehydrated until ready for platelet

assessment.

2.3 Photorheometry of PAMAM-g-Diazirine bioadhesives

The UV curing kinetics studies were evaluated on a Anton Parr Physica MCR 501 rheometer
equipped with a stationary glass plate (P=PTD120/GL, Anton Paar, Austria) allowing UV irradiation
during the measurement. Measurements were performed using moveable 10 mm parallel plate with a
measuring gap of 0.1 mm. The 365 nm UVA light was transmitted from a mercury vapor short arc
lamp through a light guide (Omnicure S1000). The intensity of the UVA light was measured using a
843-R powermeter (Newport Opto-Electronics (Singapore) Ltd) and set at 100 mW cm?. The
parameter for oscillatory experiments were set at 1 Hz and 1% strain, with measurement performed as
function of time, starting with two minutes without irradiation followed by 200 seconds of continuous

irradiation for a total UV dose of 20 J cm™2.

2.4 Lap shear adhesive strength measurements with wet tissue mimics

Lap shear adhesion experiments were performed using modified ASTM standard F2255-05. Collagen
film were hydrated by immersing in 1X PBS for 15 minutes. Collagen/cellulose films®® and

polyethylene terephthalate squares of 20 x 20 x 0.02 mm were fixed onto slides using double-sided
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tape. Bioadhesive (~20 mg) was pipetted onto the PET and the sample slides were clipped by
applying 27 + 5 kPa pressure with paper clips and photocured with an effective UVA dose (365 nm)
of 20 J cm2. Shear adhesive strength failure was performed with a tensile tester (Chatillon Force

Measurement Products, USA) at strain rate of 3 mm min* with 50 N loading cell.

2.5 Swelling Ratios of photocured bioadhesives

To study the swelling behaviour of cured bioadhesive formulation nearly 4-6 mg of uncured samples
was pipetted onto 10 mm? PET sheets and cured. The samples where then immersed in 1X PBS at
37°C for 1 hour. Samples were taken out of the buffer and their weight measured after cleaning their

surface with lint-free papers. The percent swelling was calculated using the following equation

Wb_WO*

%Swelling= 100 (D)

o

where W, is the weight of the hydrated sample and W is the initial dry weight of the sample.

2.6 Exposure to platelet rich plasma and platelet adsorption/activation

Cured samples were rehydrated in 2 mL of 1X PBS for 2 hrs, then transferred to a sterile 24 well plate
and blotted with lint free tissues (Kimwipes) to remove excess PBS. Blood from healthy human
volunteers (ethics approval NTU-IRB reference number: IRB-2015-07-214) was mixed with 3.8 wt%
of sodium citrate solution at a 9:1 v/v dilution ratio (blood/citrate) upon draw. Citrated blood was then
centrifuged at 95xg at 8 °C for 15 mins. The transparent layer was pipetted to another vial and diluted
1:1 v:v with 1X PBS to obtain the platelet-rich plasma (PRP). PRP (75 uL) was dispensed onto cured
samples (1 cm?) placed in a 24 well microplate and incubated at 37°C for 1 hour in a 5% CO; cell
culture incubator. After incubation, the samples were gently rinsed three times with 1X PBS. The
adherent platelets were fixed with 3 vol % glutaraldehyde (in PBS) overnight at 4 °C. After fixation,
the samples were thrice rinsed with 1X PBS followed by serial dehydrated by incubating in 10%,
25%, 50%, 75%, 90%, and 100% ethanol for 10 mins each. To quantify platelet adhesion and

activation, dried sampled were coated with platinum for 40 seconds (JEOL Japan sputter coat) and
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imaged using scanning electron microscopy (SEM) observation. The results were interpreted
qualitatively (qualitative observation of SEM photomicrographs) and quantitatively (calculating the
average number of adhered and activated platelets/mm? of the surface and the percentage of activated
platelets to the total number of adhered platelets). Three representative SEM images were averaged at
a resolution of 2000X (750 um?) and normalized to 1 mm?2. Platelets were defined in terms of
morphology; resting stage platelets (non-dendritic, round profile) or activated platelets. Activated
platelets were subjectively categorized as early stage activation (short-dendritic cells, pseudopods
less than cell diameter or elongated platelets) and platelets at subsequent stage of activation (long-

dendritic, pseudopods greater than cell diameter) 3.

2.7 Statistical analysis
Samples for rheometer, lap shear adhesion and swelling were performed in triplicate. The quantitative
results were expressed as the mean + standard deviation (SD) for n=3. The data were statistically

analyzed using an analysis of variance at a significance level of *p < 0.05.

3. Results

3.1 PAMAM-g-diazirine bioadhesive composites are synthesized to challenge cationic charge,

metabolic initiative, and stealth effects

Five formulations of PAMAM-g-diazirine bioadhesive are prepared to investigate the structure
activity relationships in regards to human platelet adsorption and subsequent activation. An ideal
implanted substrate would mimic the intima endothelial cell layer within veins and arteries—under
normal, homeostasis conditions, platelets do not absorb or activate on the intima surface. This is the
long-term goal of specific blood-contacting synthetic materials e.g. soft tissue fixatives. PAMAM
dendrimers (from 4" to 6™ generation) adhere and activate platelets because of their net positive
charge offered by their terminal amine groups. PAMAM with anionic and neutral surface charges has

shown to have platelet resistant properties and have shown minimal platelet adhesion ?°. Fig. 1
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outlines the preparation of the formulations 111 to VII. A one-step synthesis grafts bromo-diazirine 11
onto G5-PAMAM | which has 128 surface 1° amines available. Rotary evaporation followed by
drying under high vacuum removes solvent and HBr to yield the bioadhesives 111 and 1V. At 15 and
30% diazirine grafting, the G5-PAMAM dendrimers are miscible in PBS buffer, but it should be
noted that the phosphate buffer will be overwhelmed by the basicity of PAMAM free amines. From
111, formulations V, VI, and V11 are prepared to compare the reduction of cationic charge, metabolic
initiative, or stealth effect approach, respectively. The cured samples are dehydrated and stored dry
and then rehydrated in PBS when human blood donors are available. PBS rehydration serves to
equilibrate the crosslinked films to physiological pH and remove any traces of HBr that may remain
from the synthesis. The cured samples are then incubated in platelet rich plasma (PRP) and further

processed for surface analysis by SEM.

Figure 1. a) Synthesis of PAMAM-g-diazirine (111 & 1V) and amine-capped PAMAM-g-diazirine
(V) via chemical functionalization of terminal amines. VI and V11 were physically mixed and

photocured to obtained the crosslinked composite.

3.2 Carbene bioadhesive composites transition into viscoelastic solids with <10 J.cm? UVA light

but amine-capped (V) PAMAM remains a viscoelastic liquid

The photorheometer analysis of the bioadhesive formulations I1I-VII determines the dynamic
mechanical properties of storage modulus (G’) and loss modulus (G”) in real-time. This allows
correlation of the UVA light dose to the mechanical properties as carbene mediate crosslinking
proceeds only under irradiation?’. Before irradiation the samples are subjected to 1s? oscillatory shear
rate, where disruption of non-specific bonds (such as hydrogen bonding) decrease the storage
modulus (G’) for 111, 1V, and V, as seen in the first 30 s of Fig. 2a. The dynamic viscosity (G”/ang.
freq.) of the uncured formulation is effected by the type of additive being used with V showing the
lowest loss modulus (G”) due to the loss of electrostatic amines into acetyl groups, as shown in Table

1 and Fig. 2a. Doubling the diazirine grafting increases the probability of carbene-crosslinking,
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leading to higher G’ when photocured, but has an order of magnitude higher dynamic viscosity at the
onset of 1V in comparison to 11l. The high molar mass of alginate (> 300 kDa) in VII increases the
G” by an order of magnitude when compared with Ill, likely due to chain entanglement and

electrostatic interactions.

All formulations in Fig. 2a are observed to have G”>G’, viscoelastic liquids. Upon UVA irradiation,
G’ increases faster than G” due to carbene crosslinking .All formulation except V reached gelation
(G”=G’) between 40 — 50 s and continue to crosslink. The amine-capped formulation V had the
lowest observed storage and loss modulus. After exposure to 20 J cm? UVA light, formulation 1V
showed the highest G’ (78 + 11 kPa). Addition of 15% heparin (25 = 8 kPa) in VI and 3% Alginate

(29 £ 3 kPa) in VII improved the storage modulus when compared to 111 (16 + 4 kPa).

The elastic behaviour of the cured formulation were compared with an amplitude sweep after
exposure to 20 J cm? irradiation. As seen in Fig. 2b, the stress-strain profile of the cured formulation
mimics the J-curve response of soft tissues®. Like tissue deformation of blood vessels?; cured
adhesives undergo large deformation at low stress (mimicking elastin dominated deformation)
followed by strain hardening (mimicking collagen dominated deformation) at higher stresses.
Formulation 1V, is stiffest owing to higher diazirine grafting. All cured formulations have a yield
range between 80-90% shear strain, but no linear viscoelastic ranges is observed. Formulation V does

not observe any notable elastic behaviour at the shear rate applied.

Figure 2: A,B) Curing kinetics and stress-strain curve of formulation, 111 1V V VI1.15 and VII
when cured with 365 nm UV with effective dose of 20 J cm. C) Lap shear bioadhesion strength of
the formulation when cured with 365 nm UV with effective dose of 20 J cm against hydrated
collagen films. D) Swelling behaviour (1hour) of cured formulations upon incubating it in 1X PBS

at 37°C.

3.3 Composites retain ability to bond wet substrates
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Lap shear adhesion is assessed with a modified ASTM F 2255-05 protocol with substrates of
hydrated collagen/cellulose films whose material properties mimic soft tissues?® . The failure load
from the load-displacement curve is used to calculate the maximum adhesion strength of the cured
adhesives. in the results are summarized in Fig. 2c, where the lap shear strength of the formulations
ranges between 8 — 45 kPa. Formulation 111, VI.H15 and VII display consistent adhesion strength
between 8-10 kPa while formulation 111 shows five-fold improvement. These can be attributed to two
reason; higher degree of diazirine grafting upon photocuring leads to a higher covalent attachment
surface density of the collagen/cellulose film . , the bioadhesion strength for V is three times higher
than 111, and this is attributed to the viscoelastic dissipation as seen in water-based pressure sensitive
adhesives®. The swelling behaviour of the cured bioadhesives gives an indication of the chemical
crosslinking and solvent accessibility{Holback, 2011 #. Cured adhesives are immersed in PBS at
37°C for 1 hour and their swelling ratio recorded, as summarized in Fig. 2d. V swelled and
disintgrated within the PBS, suggesting limited to no intermolecular crosslinking between the
dendrimers. 11, VI, and VII swelled between 200 - 250% within 1 hr, suggesting similar densities in

intermolecular crosslinking and accessible water porosity.

3.4 Diazirine grafting has a significant reduction in platelet adhesion, but no effect on platelet

activation.

The platelet response from PAMAM-g-diazirine 111 and IV are evaluated with PRP donated from
healthy human volunteers. Fig. 3 displays representative SEM photomicrographs of adhered platelets
over the surfaces of PLGA (as control) and bioadhesives of 111 and 1V. A positive control of 0%
grafted I is not possible due to PAMAM’s aqueous solubility within the PRP—it cannot be UV cured

without diazirine grafting.

Figure 3. SEM photomicrographs of adhered and activated platelets on PLGA (a, e), lll (b, f), IV (c, g),
and V (d, h) at magnifications of 2000X (a, b, ¢, d) and 10,000X (e, f, g, h). Green arrows: senescent

round platelets (non-dendritic), blue arrows: early stage activation (short dendritic) and red arrows:
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late stage activation (long dendritic); i, j Quantitation of adhered and activated platelets on surfaces

of lll, IV, V and PLGA. Significant at * p < 0.05

Surface imaging of the fixed (via ethanol dehydration) and adhered platelets are identified by
morphology; non-dendritic (Fig. 3d, green arrows), short dendritic (Fig. 3e, 59, & 5h, blue arrows)
and long dendritic (Fig. 3f & 3g, red arrows). Morphological changes are the most common criterion
for qualitative assessment of platelet activation 2. Inactivated platelets are characterized by their round
morphology without having any spiny pseudopods (non-dendritic) and ascribed to resting stage
platelets. Initial activation of platelets is identified by short pseudopods (short dendritic, short in
relation to platelet diameter). Initial activation causes the platelets to become ‘sticky’ and change in
shape to irregular spheres with multiple elongated pseudopodia (long dendritic) and signal advanced
stages of platelet activation. Most of the platelets adhered to the bioadhesives 111 and 1V were long
dendritic in appearance irrespective of their diazirine conjugation percentage. Short dendritic platelets
are observed in IV versus the entirety of the platelets observed on Il are long dendritic in
appearance. The results indicate that without further modification, 111 and 1V have high thrombotic
potential irrespective of diazirine conjugation percentage. Fig. 3i and 3j summarizes the quantitative

analysis of platelet adhesion and activation over the surfaces 11, IV, and PLGA.

The quantitative results demonstrate that the number of adhered and activated platelets was reduced
with an increase in diazirine concentration (Fig. 3i). There is no significant difference between
degree of activation (activated platelets/total adhered platelets x 100) of substrates PLGA, 111 and IV
(Fig. 3j). 1V has a modest and significant improvement on platelet adherence, but both have several
times the amount of platelets compared to control. The reduction/dilution in surface charge (due to pka

shift from 1° to 2° amines, see supporting information) is speculated for the improvement seen in 1V.

3.5 Acetylation of surface amines significantly decrease both platelet adhesion and activation.

To explore the contribution of surface charge towards platelet adhesion, the terminal amines of 111 are

capped with acetyl chloride (V) to retain aqueous solubility and impart a neutrally charged dendrimer
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surface. SEM photomicrographs of the platelets adhered to the bioadhesive surfaces of 111, V, and
PLGA are identified in Fig. 3 and summarized in Fig. 3i and 3j. SEM photomicrographs revealed the
presence of non-dendritic and short dendritic platelets over the surface of cured V, visually indicating
an inferior platelet activation compared to 111 and PLGA surfaces. The quantitative results in Fig. 5i
and 3.j indicate both adhered and activated platelets were reduced with V and is in agreement with
previously reported methods of reducing the platelet responses with amine modified PAMAM 2,
Capping of the amines to amides is hypothesized to create a neutral hydrophilic biomimetic surface
with minimal thrombotic response, however this may not fully be the case. Amine quantification by
the TNBS assay of uncured 11, suggests that the majority of the amines are modified into amides or
sterically inaccessible, as seen in Fig. S1. *H NMR results (see supporting information) suggest ca.
12% of the amines in V remain despite an 8x molar excess of acetyl chloride (73% acetylated + 15%
diazirine grafting), supporting the likelihood of steric inaccessibility, a preselection of soluble

polymer, or combination thereof.

3.6 Heparin composites of VI display inverse platelet adherence, but still have high levels of

platelet activation.

Heparin, a well-known anticoagulant, is evaluated and compared at increasing wt% within the
bioadhesive. Heparin is premixed with 111 at various ratios, and then photocured as normal to yield
the composites VI. Fig. 4a-h displays the surface imaging of adhered platelets over the cured VI (5-

15%) and cured 111 matrix washed with a solution of 5 wt% heparin.

Figure 4. SEM photomicrographs of adhered and activated platelets. Bioadhesive Ill are made into
composites with 5 wt% of heparin (VI.H5; a, e), 10 wt% (VI.H10; b, f), and 15 wt% (VI.H15; c, g) and
then photocured. Photocured Ill is washed with 5 wt% heparin (llI-H5; d, h); Linear regression of
activated platelets correlated to % heparin within V. Green arrows: senescent round platelets (non-
dendritic), blue arrows: early stage activation (short dendritic) and red arrows: late stage activation

(long dendritic); i,j Quantitation of platelet adhered and activation as a function of Heparin
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concertation, heparin surface wash(lII-H5) and PLGA. *Significant at p < 0.05, *: significantly different

than all other formulations.

The activity of heparin is concentration dependent as adhered platelet density decreases as the heparin
wt% increases in V1. Despite the decreasing platelet density, most of the platelets appear in the short
or long dendritic stages. When 111 is washed with a pure solution of 5 wt% heparin, the lowest platelet
density is seen compared with PLGA and VI, also a notable number of non-dendritic morphologies
are present in the washed sample. The number of adhered and activated platelets was significantly
reduced with higher ratios of heparin in 111, compared to unmodified I11. A minimum of 10% heparin
in VI was required to have the comparable platelet response observed with PLGA control (there is no
significant difference between VI.H10 and PLGA, as seen in Fig. 4i). Further increases in heparin
ratio yields marginal improvements in preventing platelet adherence, but not in preventing platelet
activation. The heparin wash is employed to mimic a high asymptote ratio of heparin in 111. With the
111 surface blocked by heparin through electrostatic and covalent bonds (Fig. 1b), this approaches the
limits of benign platelet response one can expect from synthetic surfaces. In this regard, the washed
sample has a ca. 50% significant reduction in both adherence and platelet activation, as seen in Fig.
4i. Fig. 4j displays the strong inverse correlation of platelet adhesion density versus heparin
concentration. Even though anti-fouling surfaces may not support significant platelet adhesion, they
can still activate a limited number of platelets 1. The results herein support the claim that heparin
retains some therapeutic effects concerning anti-platelet adhesion whether it is incorporated in
PAMAM bioadhesive composites or adsorbed onto the cured 111 surface, although long-term stability
of heparin immobilization remains unresolved®?3%, Heparin’s anticoagulant ability appears to be
negatively affected by the carbene crosslinking of 111 or the composite VI did not expose enough
enough heparin to retain its natural ability despite loading up to 15%. In order to decrease the per cent

of short and long dendritic platelets, other mechanisms need to be surveyed.

3.7 Bioadhesive composite VI offer the lowest % of activated platelets
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PAMAM-g-diazirine 11l is mixed and cured with 3% sodium alginate (3% approaches the
solubility limit) to prepare the composite VII. The antiplatelet ability of VII is evaluated as above
and compared with 111 (no additive control) and PLGA. Fig. 5a and b shows the surface imaging

and the averaged counts.

Figure 5. SEM photomicrographs of adhered and activated platelets over the bioadhesive surface of
VI at magnification of 2000X (a) and 5,000X (b); Comparative quantitation of adhered and activated
platelets (c), activated/adhered ratio (d) over the bioadhesive surfaces of 111, VII, and PLGA (NS, No
significant difference). Green arrows: senescent round platelets (non-dendritic), blue arrows: early
stage activation (short dendritic) and red arrows: late stage activation (long dendritic); *Significant at

p < 0.05, t: significantly different from 111 and PLGA.

SEM images revealed that the cured VII matrix is relatively smooth surface compared to PLGA
(Fig. 3a) or V (Fig. 4a-g) formulations and has a better platelet anti-adhesion (adhesion) than PLGA
or 111 controls. Surface imaging displays resting stage platelets on VII with little to no short/long
dendritic cells as seen in Fig. 5a. To error on the side of caution, elongated platelets with no
pseudopods are classified as short dendritic as seen in Fig 5b (blue arrows). No significant difference
is observed between VIl and PLGA, as seen in Fig. 5¢c and 5d . However, platelet activation is
reduced to 12% in VII compared to ca. 99% in 11l or PLGA. The results indicate that the alginate
composite bioadhesive VII may be applicable where antifouling platelet surfaces are sought, but
this requires follow-up investigation to gauge its long term fouling properties and local tissue

histocompatibility studies, which are objectives of our future work.
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4. DISCUSSION

Carbene-mediated bioadhesives offer a new mechanism to bond wet tissue substrates, with on-
demand activation by photocuring 222* 2" 34 Beyond sutures, few options are available for mending
blood-contacting soft tissues - this creates a current unmet clinical need for rapid anastomosis
techniques %%, To evaluate carbene-mediated bioadhesive’s potential for fixation of blood
contacting soft tissues, PAMAM dendrimers are grafted with the carbene precursor, bromo-diazirine
and a subsequent appraisal of the thrombotic potential is undertaken in this work with the aid of
platelet rich plasma (PRP) from human blood samples. To our knowledge, there is no clinical
bioadhesive that allows fixation of soft, blood contacting tissues that prevents platelet activation.
Photo-activated carbene crosslinking (ability imparted by diazirine grafting) has the advantage of
curing within seconds to minutes—a clear advantage over two-part bioadhesives that requires
complete mixing before application. Possible clinical applications include blood vessel anastomoses,
repair of aneurysms, and fixation of biosensors to arteries. However, even if the bioadhesive can
bond to these wet substrates, in needs to be evaluated in terms of blood compatability. PRP exposure
offers a rapid method for biomaterials evaluation of blood compatibility and artificial medical
implants although many other methods exist depending on the hematology parameters sought 3%, As
per 1SO 10993-4, established whole blood and PRP exposure assays are recommended “°. Platelets
within plasma can be considered sensitive sensors whose morphology gives an indication of
thrombosis risk. The activation is easily assessed from their rounded (senescent) to dendritic
appearance (activated platelets) with high resolution surface imaging, attained by SEM imaging.
Human derived PRP exposure allows for a rapid method of thrombotic risk assessment in terms of
surfaces that may be exposed to blood in low shear conditions. Whole blood exposure assay requires
the evaluation of complex blood parameters including counts of several cell types (flow cytometry
and expensive markers), plasma haemoglobin (protein and ELISA assays), coagulation profile
(temporal associations), and platelet function (biochemical assays) ##2. As these blood parameters
change unpredictably in human donors and the assays themselves become cumbersome, the human

PRP assay was preferred to simplify and rapidly assess the bioadhesive surfaces without sacrificing
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human associated responses and risk factors. We recognize that this relatively simple assessment
doesn’t replace whole blood protocols, however it does allow a cost effective and rapid comparative
evaluation among the bioadhesive formulations at blood/material interfaces. Secondly, the platelet
adhesion and activation can be influenced by the elasticity of the cured formulation while their ability
to adhere on the soft tissue dictates their patency with regard to interfacial failure under physiological
stress. In this regard, three strategies were challenged against human derived PRP incubation: 1)
reducing the concentration of cationic surface amines (I, 1V, & V), 2) incorporating anti-
coagulant/antifouling additives (VI and VII), and 3) surface coverage of the cured cationic
bioadhesive with the anticoagulant 25 kDa heparin (I11 + heparin wash). Based on the platelet
studies, the formulation were further characterized for their mechanical properties, wet tissue
adhesion strength, and swelling ratios. For formulation VI, only 15% Heparin additive was

characterized as it showed the lowest platelet adhesion and activation.

As expected, when cationic charges were sterically shielded with additional diazirine grafting, (111
=2 1V, 1° to 2° NHy) a ca. 20% drop in platelet adherence was seen, but with no significant difference
in % platelet activation, nearly all adhered platelets were activated (Fig. 5). Converting the majority
of 1° amines to neutral amides (111 > V) reduced platelet adherence 3-fold, similar to PLGA control
with a significant reduction of platelet activation (vs. PLGA, 111, or 1V). Both Il and IV forms a
covalently crosslinked networked but doubling the diazirine grafting in IV resulted in a cured storage
modulus 5x higher than 111, with similar elongation (Fig 2a & 2b). The mechanical properties and
swelling disintegration of the amine-capped V suggests that intermolecular crosslinking may have
some dependence on photoinduced diazo formation that forms covalent crosslinks with nucleophiles
(e.g. amines, carboxylic acids). Aryl diazirines have been observed to isomerize into diazo
compounds and subsequently react with nucleophiles{Smith, 1975 #112}. Despite limited
intermolecular crosslinking, V had lap shear adhesion 3x 111, which is likely due to viscoelastic
dissipation, similar to the mechanisms incorporated within pressure sensitive adhesive tapes. Despite
the additional diazirine grafting of 1V and amine-capping of V, the majority of the platelets (>80%)

were exhibiting short/long dendritic phases and thus considered at high risk for inducing thrombosis.
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Recent reports have attributed the thrombosis potential of PAMAM dendrimers (in solution, not as
hydrogel surfaces) solely to the cationic surface charge®> **4.  Others have observed that key
modifications of PAMAM induce it to be a potential antithrombotic therapy*. However, under the
scope of crosslinked tissue adhesive, the high % of platelet activation in formulations 111, 1V, and V
suggest more factors may be responsible. Regardless, another strategy is required to lower the risk of

platelet adhesion and activation on PAMAM bioadhesive surfaces.

The unique on-demand cross-linking of PAMAM-g-diazirine dendrimer was exploited towards the
synthesis of hydrophilic composites incorporating polysaccharides (heparin and alginate) known to
have antifouling properties. To our knowledge, VI 5-15% heparin ratios are the first reported
composites of PAMAM and heparin applied towards antiplatelet surfaces, although PAMAM/heparin
constructs have been synthesized for controlled release purposes “4’. The immobilization of
anticoagulant has shown to enhance the blood compatibility of polymer based hydrogels, but can
ultimately reduce the activity versus free heparin. * ., Cationic dendrimers strongly interact with
anionic heparin via electrostatic interactions, which is often exploited for non-viral gene delivery
where optimization is required to maximize cell uptake (endocytosis), but minimize cationic
toxicity*” 4950 51 52 The doses of heparin had a strong correlation on platelet adherence as seen in Fig.
3j, but no correlation on platelet activation (>95% activation for all VI). At high enough ratios,
VI.H15 displayed half the platelet adhesion of PLGA control, but VI is unlikely to be further
optimized with larger ratios of heparin. The dose dependant reduction of platelet adhesion could be
due to the shielding effect of anions (in heparin) to the cationic amine groups in PAMAM-g-diazirine.
The composite bioadhesive formulations were prepared with gradual decrease in the ratio of +/-
charge (amines in PAMAM-g-diazirine/ sulphate + carboxylate groups in heparin, see supporting
information). The results demonstrated the significant reduction in platelet adhesion as the +/- ratio
dropped from 11 to 3.7 (see Table S2) and was in agreement with our hypothesis, even though other

cationic polymer/heparin composites are known to inactivate heparin®,

The cationic surface charge and labile diazo groups of light-cured 11l was exploited to

electrostatically coat heparin on the surface in Il11-H5, but covalent bonds may form as well. A
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fraction of the light activated carbenes isomerize to diazo groups upon photoactivation, raising the
possibility of covalent crosslinking of heparin to PAMAM®. Regardless, the heparinized surface
displayed the lowest platelet adherence of all formulations evaluated, with 46% of the platelets in a

non-dendritic, senescent state.

Several polysaccharides such as chitosan, dextran, alginate, and hyaluronic acid are used as the
backbone of hydrogels to improve the mechanical properties of hydrogel formulations *°. Among
these polysaccharides, alginate hydrogels are promising as antifouling/antithrombotic additives in
various biomedical applications®® 56-5, Alginate is a linear copolymer of >350 kDa that is easily
crosslinked by chelating cations (e.g. Ca?*, Ba?*, and Mg?*) and forms hydrogels with a molar mass as
low 40 kDa %8, Aiming to prepare an antifouling PAMAM-g-diazirine hydrogel with respect to
platelets, composite formulation comprising VII was synthesized with 3% alginate, which
approaches alginates solubility limit 5 8 61 This formulation had the lowest platelet activation of all
formulations assessed, with more than 88% platelets displaying non-dendritic morphologies or a
activated platelet density of 300 platelets mm2. The antiplatelet properties of the alginate modified
formulation may be due to stealth effects, which is often ascribed to PEG coatings®?. The stealth
effect is speculated to limit or prevent adsorption of albumen, fibrinogen, or other proteins that
correlate with platelet activation %" %, Considering that both composites retained lap shear adhesion
to wet substrates similar to 111 with a significant improvement in non-activation of human derived
platelets, these composites will be chosen towards in vivo assessment in our future work. The lap
shear adhesive strengths ranged from 8 - 46 kPa for all fomulations, compared to 1-3 kPa for fibrin
sealants®. Alginate bioadhesives composites were observed to have the most optimized material
properties in regards to platelet inactivation, adhesion, and modulus (results herein), but potential
drawbacks are noted. Alginates propensity to chelate or exchange Ca?* and other cations in
physiological mediums will change the mechanical properties over time (unpredictable shifts in
modulus and integrity) and may limit long-term stability 5-%°. However, the results presented herein

with carbene covalent crosslinking may mediate these effects®.
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4, Conclusion

Herein, the risk evaluation of thrombogenic responses was performed with a platelet rich plasma from
human donors on PAMAM-g-diazirine photocured bioadhesives and associated composites.
Reduction of cationic charge by additional diazirine grafting or acetylation of surface amines reduced
platelet adherence to that of PLGA control (in the case of acetylation), but had little to no effect on
platelet activation, but there was significant shifts in intermolecular crosslinking, lap shear adhesion,
and swelling. For the first time, heparin and alginate composites were easily produced with carbene
precursor adhesives in a one-step, light activated reaction. Composites were gquantitatively assessed
for platelet adherence and activation through SEM surface imaging. Heparin composites displayed an
inverse linear correlation (R? = 0.90) of platelet adherence vs heparin concentration, from 5 - 15%
heparin addition. Cured bioadhesive (with no additives) rinsed with heparin solution had the lowest
amount of platelet adhesion with 46% of the platelets in a senescent, non-activated state. Alginate
composites had the lowest surface density of activated platelets at 300 platelets mm2, a 97% reduction
compared to PAMAM-g-diazirine (15%) cured films. Despite the addition of heparin and alginate
additives, mechanical properties, adhesion strength, and swelling ratios of PAMAM-g-diazirine (15%)

bioadhesive is retained.
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