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SUMMARY 

 An artificial platelet nanotechnology with threshold-switchable procoagulant 

functionality is devised, employing one of the human body’s intrinsic hemostatic agents, 

inorganic polyphosphate (polyP). Inspired by the manner in which the anionic polyelectrolyte is 

stored in human platelets and how it exerts its hemostatic effects, polyP is nanoprecipitated in 

aqueous, polyvalent metal salt solutions. The particle formation is characterized by dynamic light 

scattering (DLS), and the particle morphology, structure, and elemental composition is 

determined by transmission electron microscopy (TEM) and energy-dispersive X-Ray 

spectroscopy (EDS). The ability for the polyP nanoparticles (NPs) to initiate blood coagulation 

in human plasma is accomplished by a standard turbidometric experiment assaying for contact 

pathway activation, validating that polyP NPs manifest robust procoagulant ability compared 

against the molecularly dissolved polymers of the same molecular weight.  

 PolyP granules are stored in lipid bilayer shells approximately 250 nm across. These 

core-shell granular nanoparticles are referred to as dense granules in human platelets because of 

the presence of high molecular weight elements and their appearance under an electron 

microscope. A route to achieve a similar nanostructure is realized by brief ultrasonication of 

granular polyP NPs with sterically stabilized liposomes to give an Artificial Dense Granule 

(ADG). DLS was utilized to qualify colloidal stability and polyP encapsulation efficiency. High 

resolution imaging and two-dimensional spectroscopy are employed to verify the ADG core-

shell structure and elemental distribution. A central design element of ADGs is to rapidly release 

the polyP cargo in the presence of high concentrations of phospholipase enzymes typically 

overexpressed in the blood stream adjacent to hemorrhagic bleeding sites. As a proof of concept, 
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it is demonstrated that ADGs may initiate the contact pathway of blood coagulation in isolated 

protein assays and in human plasma only at above-threshold enzyme concentrations.   

 In addition to its hemostatic functionality, polyP also serves as a generic molecular 

chaperone. Leveraging polyP’s role as a protein binder, polyP nanoprecipitation is further 

investigated for its ability to assist as a protein delivery vehicle using bovine serum albumin 

(BSA) and recombinant human factor VIII (rFVIII) as model proteins. By two complex 

coacervation methods, it is shown that BSA and polyP may be forming a colloidal 

polyelectrolyte complex mediated by calcium cations. However, further work is necessary to 

confirm the resulting particle’s morphology and the protein distribution. 

 Although the groundwork has been created for a threshold-switchable procoagulant 

nanoparticle, additional ADG iterations must be created that are more structurally stable and 

more closely mimic actual human platelets. Further, these novel prototypes must be more 

rigorously tested in in vitro models of blood clotting to include the tissue factor and common 

pathways of blood clotting, assayed in normal and pathophysiologic flow conditions, and in in 

vivo models of incompressible hemorrhage. A set of synthetic and experimental strategies will be 

presented in order to arrive at a bona fide, threshold-switchable nanoparticle hemosta
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CHAPTER 1. INTRODUCTION 

1.1 An Urgent, Unmet Need for an Effective Therapy for Incompressible Hemorrhage 

 Young adults across a spectrum of demographic groups face a significant mortality risk 

from traumatic injury.1, 2 Indeed, even in the developed world, trauma is the most probable cause 

of death for individuals younger than 45.1 In especially severe scenarios, e.g. a battlefield injury 

or car accident, the traumatic injury results in significant hemorrhage. Without timely medical 

intervention to prevent or at least mitigate blood loss, patient fatality is certainly a possibility.3 

Conventional corrective measures entail invasive surgical protocols in a hospital setting. 

Although surgery is a powerful mitigative tool to resolve hemorrhagic bleeding, the procedure 

requires transport to a medical facility and a trained clinician capable of performing the 

operation. As such, surgery often proves an ineffective intervention especially in combat 

scenarios with catastrophic hemorrhagic injuries, where the time window before treatment is 

initiated must be abbreviated as much as possible.4 Alternative therapies incorporating 

biocompatible, procoagulant polymeric materials such as HemCon® and QuikClot® into topical 

wound dressings have been developed to address external trauma on demand over the last 

decade.5-7 Further, recombinant  proteins and clotting factors that exert procoagulant and 

antifibrinolytic effects, e.g. thrombin,8, 9  fibrinogen,10 tranexamic acid,11  and recombinant 

Factor VIIa (rFVIIa) have been utilized as hemostatic agents. However, with the exception of 

rFVIIa and some coagulation factor concentrates such as Factor VIII (FVIII) and Factor IX 

(FIX), their use has been limited solely to external bleeding presentations. Moreover, in the case 

of rFVIIa, judicious monitoring by a physician is required to mitigate thromboembolic events.12 

  A burgeoning risk for military personnel in combat is trauma manifesting as 

incompressible and internal hemorrhage. These bleeding events are often associated with the 
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greatest morbidity,13 as current treatment regimens outside of surgery only address external 

injuries where external compression of the wound leads to a diminution of bleeding.1 Therefore, 

there exists a public health need to develop novel procoagulant medicines with the potential to 

treat traumatic injuries presenting as non-compressible, internal bleeding expediently and on 

demand, especially when the proper resources, such as a specially equipped medical facility and 

trained clinicians, cannot be feasibly recruited.  

 Progress in drug delivery over approximately the last twenty five years, especially with 

its emphasis on increasingly small, engineered functional materials, has indicated that the 

ultimate manifestation of this succeeding generation blood clotting therapy to combat internal, 

incompressible hemorrhage may be a nanotechnology. The thesis of nanotherapeutics in treating 

human disease more effectively lies in is its ability to leverage a nanoscale vector to protect and 

transport a pharmaceutical ingredient to its target organs, promising reduced side effects, higher 

efficacy, improved pharmacokinetics and pharmacodynamics, administration route versatility, 

intelligent characteristics and more.14-16  

 Nanoscale drug delivery systems, composed of media such as nanoemulsions17 or 

suspensions of liposomes,18 micelles,19 and polymersomes,20 typically incorporate amphiphiles 

such as phospholipids and diblock copolymers to stabilize drug depots, as in the case of an 

emulsion system, or for self-assembly into structures segregating their pharmaceutical cargos. 

Further modifications to the nanoparticle  or interface, such as inclusion of polyethylene glycol 

(PEG) to enhance circulation half-life and prevent phagocytosis by the immune system,21 and 

decoration with proteins, peptides, immunoglobulins and other moieties, has been argued to 

enhance therapeutic efficacy and reduce adverse events due their target homing ability.  
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  Cancer chemotherapy has been the major beneficiary of this research output, with several 

nanotherapies having been sanctioned by the Food and Drug Adminstration (FDA), its European 

and Canadian counterparts, and other governmental regulatory bodies since the early 1990s.22 

Y.C. Barenholz et. al is credited with the first successful commercialization of nanomedicine in 

which he encapsulated the potent chemotherapy doxorubicin into a PEGylated liposome by a salt 

gradient method.23 Doxil®, the tradename of liposomal doxorubicin, entered the marketplace in 

1995 with an intravenous indication for Kaposi’s sarcoma, a disease often manifesting in 

immune-compromised individuals such as AIDS patients.21 Although other therapeutic areas 

beyond the oncology field are encouraged by nanomedicine’s promise, they still are yet to gain 

anything substantial from the technology.22 Nanotherapeutics is still a fledgling area of research, 

and the regulatory process for approval of new chemical entities is long, costly and complex.24 

Despite these current obstacles, a possible path to address incompressible, internal hemorrhage 

may lie in employing nanotechnology tools in development of the next medicine.   

 A nanoparticle capable of efficaciously promoting hemostasis, a nanoparticle “hemostat,” 

in a patient presenting with internal, incompressible hemorrhage in a minimally invasive and 

directed fashion arguably should exploit the human body’s intrinsic coagulation response. These 

networks are highly nonlinear and modulated by a myriad of positive and negative feedback 

mechanisms.25 Naturally then, incorporating coagulation factors like thrombin or other 

endogenous biomolecules that already participate in hemostasis would be the first and most 

logical candidates to consider.26 

 Inorganic polyphosphate (polyP) is an unbranched macromolecule of energy dense 

phosphate groups prevalent across the entire biome.27 Initially observed by scientists several 

decades ago, its multivariate roles in biological systems have been poorly characterized until 
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recently.28, 29 Despite its apparent lack of chemical information density compared with other 

fundamental biomolecules such as nucleic acids and polypeptides, polyP is now believed to be 

central to a multitude of high-level phenomena including inflammation,30 hemostasis,31-34 and 

energy metabolism.35  More recently, Ursula Jakob at the University of Michigan has shown that 

polyP behaves as a quasi-universal, non-protein chaperone, binding to countless polypeptides.36 

At physiological or slightly acidic pH, the polyelectrolyte is highly negatively charged and 

readily chelates a host of polyvalent ions such as calcium, magnesium, zinc and other transition 

metal ions.37  Accordingly, polyP is frequently concentrated in electron dense bodies several 

hundred nanometers in diameter comingled with these ions. In unicellular organisms such as 

protozoa, these bodies are called “acidocalcisomes.”38 DoCampo argues that “acidocalcisome”-

like organelles are found in more complex species, including human blood platelets,39 where 

Ruiz et al. first described them as “platelet dense granules” due to their appearance on an 

electron micrograph.40  

 A novel, procoagulant nanotechnology employing polyP is presented called an “Artificial 

Dense Granule,” or ADG, that attempts to mimic the threshold-switchable, hemostatic effects of 

its human counterpart. The polyelectrolyte is condensed with metal ions and loaded into a 

PEGylated liposome using a facile and economical approach. The polyelectrolyte’s precipitation 

is systematically determined by dynamic light scattering (DLS). The particle’s morphology and 

composition are also characterized by electron microscopy and spectroscopic methods, 

respectively. In vitro models using clotting factors and human plasma are used to demonstrate 

ADG’s capacity to initiate clotting. It is then demonstrated that polyP nanoparticles can function 

as vehicles for protein transport and can potentially encapsulate high levels of procoagulant 

polypeptides such as BSA or Hemophilia Factor VIII (FVIII) for adjuvant hemostatic therapy. 
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 In the proceeding introductory remarks, the body’s hemostatic mechanisms will be 

reviewed through a survey of the tissue factor and contact pathways of blood coagulation. The 

current armamentarium of available treatments and procoagulants for hemorrhagic bleeding 

including polyP will follow. Subsequently, the array of relevant nanotechnologies will be 

expounded, including a discussion of their strengths and weaknesses, in order to support the 

claim that a nanoparticle platform containing a procoagulant agent is a natural candidate for the 

treatment of incompressible, internal hemorrhage in a directed and minimally invasive fashion. 

1.2 The Blood Coagulation Cascade 

 Hemostasis encompasses an organism’s defensive measures to attenuate and cease 

bleeding.41 These processes have evolved to mobilize extremely robust and rapid responses;42 

however, overreaction to procoagulant stimuli may lead to thrombosis, pathological blood 

coagulation that may interfere with normal blood flow.43 After traumatic injury the human body 

therefore attempts to expeditiously restore hemostasis while simultaneously preventing 

thrombosis.44 This balance is only possible by a nonlinear network incorporated with negative 

and positive feedback mechanisms, which have the potential to explosively amplify signals by 

sensing minute changes in the environment.42 Coagulation is the human body’s evolved response 

to bleeding, and is manifested as the gelation of blood into a fibrin clot.45 The physical 

transformation of blood to achieve hemostasis is directed by a nonlinear biochemical response 

characterized by the “waterfall” activation of proteins called serine proteases.46 Serine proteases 

are a class of proteolytic polypeptides that hydrolyze other proteins. In the blood clotting cascade 

an inactive clotting factor protein, or zymogen, is activated after proteolysis by another serine 

protease. The activated clotting factor then hydrolyzes its downstream zymogen.47 As this 

proteolytic process proceeds, the procoagulant signal is exponentially amplified from an initially 
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low concentration of prohemostatic stimuli. The blood coagulation cascade is bifurcated into the 

extrinsic, or tissue factor pathway, and intrinsic, or contact pathway,48  both of which will be 

outlined below. 

1.2.1 The Tissue Factor Pathway of Blood Coagulation 

 The tissue factor pathway of blood clotting derives its name from the transmembrane 

protein, tissue factor (TF), expressed on subendothelial cells, which comes into contact with the 

zymogen Factor VII (FVII) after traumatic injury.41 Complexation of the zymogen with TF 

forms the activated complex, tissue factor-activated Factor VII (TF-FVIIa), which serves to 

propagate the procoagulant stimulus downstream through proteolytic cleavage of serine 

proteases such as Factor IX (FIX) and Factor X (FX).49 

1.2.2 The Contact Pathway of Blood Coagulation 

 Also referred to as the intrinsic pathway of blood clotting, for the role endogenous actors 

play in activating coagulation through this cascade, the contact pathway was largely thought to 

be nonessential for ensuring normal hemostasis. This argument is supported by the fact that 

congenital abnormalities in clotting factors central to the contact pathway, including Hageman 

Factor, or Factor XII (FXII), prekallikrein, and high molecular weight kininogen (HMWK), do 

not significantly alter clotting times results on routine laboratory tests.50 The contact pathway of 

blood clotting is initiated by negatively charged surfaces such as glass, oxidized fatty acids, 

activated platelet membranes, or foreign particles like kaolin or ellagic acid that act as a template 

for the assembly of multiple proteins called the primary complex.51 The primary complex, 

consisting of FXIIa, kallikrein, and HMWK, proteolytically cleaves FXI.50 FXIa subsequently 

activates FIX, the last step before initiation of the common pathway of blood clotting, 

characterized by the activation of thrombin and formation of the fibrin clot.48  
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1.2.3 The Common Pathway of Blood Coagulation 

 The common pathway entails the formation of three major protein complexes and the 

polymerization of fibrin into a stable clot.48 The tenase complex serves to activate Factor X and 

has two manifestations: the extrinsic tenase is an assembly of FVIIa, FIXa, and calcium ions, 

while the intrinsic pathway originating from the activation of the contact pathway consists of 

activated Factor VIIIa (FVIIIa), calcium ions, and a negatively charged phospholipid templating 

surface, typically phosphatidylserine (PS).52 Upon activation FXa recruits additional calcium 

ions and PS to form the prothrombinase complex with Factor Va, promoting the proteolytic 

cleavage of prothrombin to thrombin.53 Thrombin cleaves peptide bonds proximal to the amino 

terminus of fibrinogen, converting it into monomeric fibrin. Fibrin polymerization and 

crosslinking is subsequently promoted by the activity of Factor XIIIa to generate a stable fibrin 

clot.54  
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Figure 1.1. Blood Coagulation: A Highly Nonlinear Enzymatic Network. Blood coagulation 

balances hemostasis while minimizing thrombosis by proper regulation of a highly nonlinear 

network of proteolytic enzymes called serine proteases. Signals are explosively amplified and 

regulated by feedback networks to modulate fibrin polymerization in time and space. The 

cascade is conventionally divided into the tissue factor (extrinsic), contact (intrinsic), and final 

common pathways. 

 

1.3 Current Treatment Options 

 The arsenal of commercially available therapies to combat traumatic hemorrhage 

encompasses a wide array of clotting proteins, synthetic procoagulants, antifibrinolytics that 

inhibit the breakdown of fibrin clots, and topical wound dressings. Protein engineering is one 

technology that has been extensively employed to synthesize recombinant human coagulation 

factors for administration. Initially targeting congenital coagulopathies, the Danish 

biopharmaceutical company Novo NorDisk engineered a recombinant version of activated 

human FVII, rFVIIa (trade name: NovoSeven®) to be given intravenously. RFVIIa activates 

platelet-expressed FX in the absence of TF.55 The ability for FVIIa to directly initiate the final 

common pathway via FX implies that rFVIIa can reduce bleeding times in patients deficient in 

several clotting factors such as FVII, FVIII, and FIX, which all modulate FX activity.56 There is 

some evidence to suggest that rFVIIa may act as an effective prohemostatic agent even in the 

absence of any underlying bleeding disorder; however, clinical evidence for its efficacy remains 

equivocal.57 Lyophilized thrombin, the last serine protease before fibrin polymerization, has been 

both engineered by recombinant DNA technology and purified from other sources (e.g. bovine), 

for hemostatic therapy. However, its indication has been limited for treatment of external 

bleeding events, given the significant probability of thrombosis if injected and, for bovine 
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thrombin, the robust immune response engendered by introduction of a foreign protein.8, 9 Even 

fibrinogen, the zymogen precursor to fibrin, has been topically administered in lieu of upstream 

clotting factors.58  

 In addition to procoagulant therapies such as rFVIIa and thrombin, which promote fibrin 

clot formation, additional medications that slow or inhibit the breakdown of fibrin clots may also 

be considered after traumatic injury.59 As the human body attempts to restore normal blood flow 

after hemorrhage, it must balance procoagulant and anticoagulant forces through its positive and 

negative feedback mechanisms in order to prevent thrombosis and achieve hemostasis.44 As 

thrombin is polymerizing fibrin into a crosslinked mesh, upstream clotting factors indirectly 

driving thrombin formation, such as FXIIa, also convert a zymogen named plasminogen into 

activated plasmin, to counteract excessive clot formation. The hydrolysis of polymerized fibrin 

by plasmin is called fibrinolysis, and is characterized by plasmin binding to specific positively 

charged amino acids on fibrin.60  In order to accelerate clotting plasmin and plasminogen 

inhibitors, e.g. tranexamic acid, have been successfully administered to treat hemorrhage after 

traumatic injury or used by surgeons to limit loss of blood.61, 62 

 In addition to the armamentarium of procoagulant agents, antifibrinolytics, engineered 

clotting factor proteins, and wound dressings of biocompatible, biodegradable polymers have 

gained regulatory approval by the FDA. HemCon® is indicated for external, compressible 

hemorrhage and consists of a chitosan mesh fabricated as a surgical dressing.5 Chitosan is a 

biocidal polysaccharide composed of positively charged glucosamine units that interact 

electrostatically with red blood cells, which have a net negative surface charge. Although not a 

wound dressing, QuikClot® is another topical hemostat which reduces bleeding times by 

initiating the contact pathway of clotting. It consists of the pulverized silicate mineral kaolin, 
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which acts a negatively charged templating surface for the activation of the intrinsic pathway’s 

primary complex of FXII, prekallikrein, and HMWK.63 HemCon® and QuikClot® have proven 

successful on the battlefield and in surgery; however, they lack versatility in treating the full 

range of bleeding presentations, including incompressible, internal hemorrhage, in which a 

tourniquet would be necessary.64  

1.4 Inorganic Polyphosphate (PolyP)’s Role in Blood Clotting 

 PolyP, with its dearth of complexity in its primary structure, was frequently conjectured 

to be obsolete in hosting a major role in physiological processes and sidelined by more complex 

biomolecules such as polynucleotides and proteins billions of years ago.28, 29 Contrarian views, 

especially by Arthur Kornberg, who developed the groundbreaking canonical model on DNA 

replication, argued later in his career that polyP had been neglected by the biochemistry 

community and offered evidence to suggest his theory.27-29, 65-67 Despite the low data density 

contained within the polymer’s linear sequence of repeated phosphoanhydride bonds, the 

polyelectrolyte is able to manifest itself into a variety of secondary structures such as spherical 

nanoscale granules and two-dimensional surfaces which are at the center of a myriad of 

biological events typically requiring proteins.38, 68 Ruiz, DoCampo et al. identified polyP in the 

electron dense bodies contained within human platelet dense granules that are recruited into the 

blood circulation after initiation of primary hemostasis.40 Smith et al. showed that polyP is 

procoagulant and antifibrinolytic by acting on several actors in the coagulation cascade,31 and its 

ability is modulated by the polymer’s molecular weight.33 Smaller polymer chains, 

approximately 70 phosphate residues, most potently inhibit tissue factor pathway inhibitor 

(TFPI) and accelerate the proteolytic conversion of FV to FVa.31 Polymers of the largest 

molecular weight behave like kaolin and other negatively charged foreign substances in initiating 
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the contact pathway of coagulation.33 Intermediate polymer sizes act on FXIII to enhance 

thrombus (fibrin clot) cross-linking, and electron micrographs suggest that the polymer may 

enhance clot density additionally by intercalating into the clot itself.32 The fact that polyP is able 

to exert manifold effects on blood clotting and other nonlinear processes suggests that secondary 

organization of the polymer into granules or two dimensional surfaces may play a role. Indeed, 

Coen Maas and colleagues provide the first evidence in an article in Blood that granular polyP 

nanoparticles are the agents involved in the activation of FXII in vivo.69 
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Figure 1.2. Nanotherapeutic Platforms. A. Micelle. Amphiphilic block copolymers and 

phospholipids may self-assemble into micelles upon changes in solvent quality and can 

encapsulate hydrophobic drugs in the micellar cores. B. Vesicles. Self-assembled bilayer vesicles 

of lipids can encapsulate hydrophilic compounds in the core and hydrophobic compounds in the 

bilayer region. Anti-immunogenic phospholipid vesicles possess long circulation half-lives due 

to the inclusion of small amounts of PEGylated phospholipids. Amphiphlic polymers may also 

form vesicle structures called polymersomes.  C. Core-Shell Polymer Lipid Hybrid 

Nanoparticle. Polymeric nanoparticles can be loaded into lipid self-assemblies such as 

liposomes for enhanced drug loading. These particles possess attributes common to both lipid-

based and synthetic polymeric drug delivery systems. 

 

1.5 Nanotherapeutic Platforms 

 Nanotherapeutic platforms can be broadly divided according to the composition of their 

delivery vectors: (1) lipid-based drug delivery systems such as lipid micelles, liposomes, solid 

lipid nanoparticles (SLNs), and liquid crystalline nanoparticles; (2) polymeric particles such as 

spherical or cylindrical micelles and polymersomes;  (3) hybrid platforms with lipid and 

polymeric constituents such as polymer-lipid nanoparticles (PLNPs); and (4) metallic colloids 

such as gold nanospheres or nanorods. Nanoscale drug delivery systems have conventionally 

focused on employing biocompatible and biodegradable ingredients such as natural 

phospholipids, and synthetic amphiphilic block copolymers. Many biocompatible polymers, such 

as poly(ethylene glycol) (PEG) and poly(lactic-co-glycolic acid) (PLGA) are already recognized 

by the FDA as generally recognized as safe (GRAS).70 A survey of the current state of the 

literature relating to lipid-based, polymeric, and hybrid nanoparticles will be discussed here.  
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1.5.1 Lipid Based Platforms 

 Lipid-based delivery platforms can take the form of immiscible suspensions of stabilized 

oil droplets in aqueous media, for example an oil-in-water (O/W) or water-in-oil-in-water 

(W/O/W) emulsion system; or they can employ amphiphilic phospholipids which spontaneously 

self-assemble into nanostructures such as spherical micelles or liposomes (vesicles with an 

aqueous core and a bilayer shell). Liposomes are the most popular type of lipid vesicles, widely 

used for drug delivery.  

1.5.1.1 Liposomes 

 Cells from all kingdoms of life, including Archaea, Prokaryota, and Eukaryota, 

encapsulate their contents in a phospholipid bilayer envelope called the cell membrane. The 

Cambridge University electron microscopist, A.D. Bangham, when he first viewed a stained 

phospholipid micrograph in 1965, noticed the resemblance between the phospholipid vesicles 

and cell membranes.71, 72 Phospholipids, with their hydrophobic acyl tails and hydrophilic 

phosphate head groups spontaneously assemble into bilayer structures in water above their 

critical micelle concentration (cmc) to form vesicles nanometers to microns across with one or 

multiple lamella.73 With their superficial similarity to cells and tremendous versatility in the 

diversity of molecules with which they can encapsulate, owing to the presence of compartments 

for the sequestration of hydrophilic,23 hydrophobic,74 and even amphipathic moieties,75 

liposomes rapidly emerged as the vanguard in nanotherapeutic drug delivery platforms.76 

 Stealth liposomes are phospholipid vesicles formed with PEG-conjugated phospholipids 

such mPEG2000-DSPE. Numerous research groups have reported that the addition of PEGylated 

phospholipids, at concentrations as low as 5% on a molar basis, may increase both the colloidal 

stability via steric repulsion and the pharmacokinetic stability by presenting a sufficiently 



	
	

16	

chemically inert and hydrophilic surface to the immune system.77 Macrophages are white blood 

cells which are recruited by the body to engage foreign entities such as virions and bacteria via 

engulfment, or phagocytosis, and for subsequent degradation.78 These immune system guardians 

display hydrophilic surface molecules on their membranes and detect harmful external actors that 

are more hydrophobic than themselves.79 PEG is considered sufficiently hydrophilic in most 

cases so that it is invisible to macrophage attack.80 These stealth characteristics endow 

PEGylated vesicles with improved pharmacokinetic attributes and enable sustained drug release 

schedules over hours to a day.77  

 Although passively targeted liposomal drug delivery systems (DDSs) have demonstrated 

considerable success compared with other nanotechnology platforms, efforts to enhance 

therapeutic efficacy and mitigate adverse effects via the addition of intelligent homing 

characteristics remain an active area of research. Development of accessible, robust lipid 

conjugation chemistries has permitted the construction of a diverse library of covalently 

functionalized molecules.  Activation of phosphoethanolamine with maleimide enables facile 

reaction with thiol-containing macromolecules, including polypeptides with cysteine residues 

under benign aqueous conditions.81 Conjugation of phospholipids with immunoglobulins in 

particular has given rise to a new paradigm in liposomal drug delivery— immunoliposomes, as 

they have become known, are phospholipid vesicles decorated with antibodies that specifically 

direct themselves toward cells expressing their target antigens.18 In combination with the anti-

immunogenic effects of PEG, one can imagine that a stealth immunoliposome decorated with 

anti-HER2 (anti-human epidermal receptor 2 IgG), for example, may be a promising candidate 

for treating select breast cancers overexpressing the growth receptor on their cell membranes.82 

The anti-HER2 IgG and PEG would allow for accumulation of the immunoliposome after 
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prolonged circulation and further release of an oncolytic medicine such as tamoxifen tailored to 

breast cancers to treat the tumor. Such a delivery platform may yield similar or enhanced 

efficacy with reduced side effects of conventional  cancer chemotherapy.83, 84 A stealth 

immunoliposome with prohemostatic effects could encapsulate procoagulants such as condensed 

stores of polyP and leverage proteins such as p-selectin and integrins for binding with human 

blood platelets and accumulation proximate to the trauma site. Such a formulation may be more 

promising compared to injection of recombinant clotting factors due its targeted approach. 

1.5.2 Polymeric Nanoparticles 

 Polymeric drug delivery systems are an exciting alternative to lipid-based therapeutic 

platforms, as they promise greater mechanical properties85 and kinetic stability86 and offer a 

greater range of functionality due to the expanding library of biocompatible and biodegradable 

synthetic polymers.87 Concomitant with the growing number of polymeric building blocks is the 

universe of possible coupling chemistries available to further enhance targeting and stealth 

behavior in a manner not possible with liposomes.88 Despite these pronouncements, regulatory 

progress in polymeric nanotherapetics has failed to materialize, although several investigational 

new drug (IND) applications have been filed. 22  

 Amphiphilic block copolymers that behave like phospholipids in water are frequently 

exploited for nanoparticle synthesis.19 Diblock copolymers such as poly(ethylene glycol)-block-

poly(capro-lactone) (PEG-b-PCL) form micelles in water, with the hydrophilic PEG chains 

forming the aqueous shell and the PCL forming the collapsed, hydrophobic core. A solution of a 

hydrophobic drug and PEG-b-PCL can be mixed with an antisolvent such as DI-H2O to form 

PEG-b-PCL nanoparticles encapsulating the drug. A change in solvent quality is used to 

nanoprecipitate the diblock polymer and hydrophobic drug after mixing with the antisolvent. In 
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other words, poorer solvent quality after addition of water raises the polymer and drug 

concentration above their solubility limits, initiating the process of drug nucleation and growth 

and polymer micellization, yielding a colloidal suspension of polymeric nanoparticles with 

encapsulated drug in the particle’s hydrophobic core.89  

 Beyond polymer amphiphiles, the process of nanoprecipitation can be applied more 

broadly to instances in which colloidal particles of any kind are formed after changes in solvent 

quality. For example, the solubility of polyelectrolytes, polymers with a net charge, is a function 

of the ionic strength. A systematic investigation of the polyelectrolyte solubility across a 

spectrum of salt concentrations may therefore prove useful in the optimization of any 

nanoparticle formation with the charged polymer. PolyP is a highly negatively charged 

polyanion. Such an approach may be fruitful with polyP, as its interaction with metal cations is 

already being well-discussed in the literature.37 

1.6 Experimental Techniques 

1.6.1 Dynamic Light Scattering (DLS) 

 Dynamic light scattering (DLS) is a robust and established method to interrogate the 

properties of colloidal suspensions such as particle diffusivity and diameter. A force diagram of a 

colloidal nanoparticle shows that random thermal motion (kBT) tends to dominate over 

volumetric forces such as gravity (mg), allowing the particle to remain suspended and not 

sediment, absent other forces. When a laser is aimed at a nanoparticle smaller than 1/10th of the 

wavelength of the incident light, it will scatter the light isotropically (Rayleigh scattering). When 

the size of particles is larger than 1/10th of the wavelenth of the incident light, it is anisotropic 

Mie scattering. At a short time Δt later, the particle has drifted from its initial location due to 

Brownian motion, and the intensity of the scattered light is related to the initial scattering 

intensity by the diffusivity. The fluctuation of intensity in scattered light is correlated against 
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decay intervals. A sample with Brownian particles will yield an autocorrelation function that 

diminishes exponentially with increasing Δt. To determine the particle diffusivity, the associated 

exponential decay constant is extracted. To calculate the hydrodynamic diameter of a speherical 

particle, the Stokes-Einstein equation is employed. The Stokes-Einstein equation relates the 

hydrodynamic diameter of a hard sphere undergoing Brownian motion to the effective 

translational diffusivity with a geometric proportionality constant.  

 Beyond measurements of the translational diffusivity and the hydrodynamic diameter of 

colloidal suspensions, DLS in this thesis study was utilized to investigate the CMC and solubility 

of the polymers and compounds. The integrated raw intensity of the scattered light is 

proportional to the sixth power of the radius. Therefore, colloids scattered light much more 

strongly than molecularly-dissolved compounds. In this way, it can be easily determined when 

precipitation occurs through observation of the changes in raw scattered intensity. For example, 

dipalmitoylphosphatidylcholine (DPPC) will have a scattering count rate just above the baseline 

scattering of pure filtered DI-H2O at extremely low ( few picomolar) concentrations as individual 

molecules barely scatter any laser light; however, at 0.46 nM, the scattering count rate increases 

abruptly as DPPC forms micelles that are capable of scattering light morestrongly than the 

individual DPPC molecules. A plot of the scattering count rate versus DPPC concentration will 

suggest two different regimes: (1) the scattering intensity of individual DPPC molecules fit to a 

line with nearly horizontal slope; and (2) a steady increase in the scattering count rate with 

increasing concentration manifested by the formation of micelles. The concentration serving as 

the boundary between these two conditions is referred to as the CMC.  
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1.6.2 Transmission Electron Microscopy (TEM) 

 Transmission electron microscopy (TEM) is a versatile technique to characterize a 

variety of biological materials at the nanoscale. As a conventional light microscope optically 

magnifies features of a specimen, its resolution is inherently limited by the wavelength of visual 

light. In contrast, electron microscopes leverage the particle-wave duality of matter to employ 

beams of electrons instead of photons, resulting in resolutions several orders of magnitude 

greater than visual microscopy, with some now able to even discern features of individual atoms 

due to their intense beam energies. In TEM, the electron beam is transmitted through the 

specimen dried onto a thin grid under high vacuum. The image is subsequently constructed from 

the transmitted interference pattern.  

1.6.3 Biocompatible High Resolution Scanning Transmission Electron Microscopy (HR-          

STEM) 

 Conventional electron microscopy techniques and, even to a lesser extent, cryo-TEM 

(cryogenic transmission electron microscopy), are not versatile enough to image biological 

preparations at high resolutions under conditions similar to their native environments.  Biological 

or biomimetic specimens often contain biomolecules with high energy bonds and ionizable 

groups, which makes these samples highly prone to electron-beam induced radiation damage.90 

Further, conventional TEM requires that the samples be dessicated and imaged under high 

vacuum, precluding the examination of colloidal suspensions under aqueous conditions. 

Biocompatible high resolution scanning transmission electron microscopy (HR-STEM) is a 

recently developed technique that is suitable for biological specimens in their native 

environments , which leverages the material properties of graphene, a two-dimensional 

nanomaterial composed of sp2-hybridized carbon atoms.91 The material allows electrons to pass 
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through but is practically impermeable to other atomic species including protons (hydrogen 

ions). In this fashion, a biological specimen could potentially be encapsulated by two layers of 

graphene monolayers and simultaneously visible to an electron beam for imaging. Furthermore, 

radiation damage and its ramifications would be significantly mitigated as the beam would 

moderately weaken in intensity as it passes through the delocalized pi electron cloud, and any 

hydrogen gas formed after ionization or bond cleavage would not readily diffuse out of the 

graphene sandwich. Lastly, the nanoparticle may be able to remain in its aqueous environment, 

as any water molecules would remain in the graphene liquid cell (GLC).  

 The process for encapsulating a biological or biomimetic specimen in a GLC entails the 

following: (1) A graphene monolayer is deposited onto a copper substrate by chemical vapor 

deposition (CVD); (2) the copper is removed by placing the graphene-coated copper in a solution 

of iron (II) sulfate, an etchant; (3) After removal, a coherent light source, e.g. a handheld laser, is 

utilized to identify the graphene monolayer by use of an evanescent wave (4) The graphene 

monolayer is transferred to DI H2O for washing; (5) The sample is pipetted onto a graphene-

coated TEM grid, flipped upside down, and placed on top of the monolayer graphene, and 

subsequently dried under vacuum. The biological sample is now encapsulated between two 

graphene sheets and ready for imaging in a STEM.  
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CHAPTER 2. THERMODYNAMIC SELF-ASSEMBLY OF INORGANIC 

POLYPHOSPHATE GRANULES IN AQUEOUS ELECTROLYTE SOLUTIONS 

The text in this chapter was originally published in part as Donovan, A.J. et al. “Size-controlled 
synthesis of granular polyphosphate nanoparticles at physiologic salt concentrations for blood 
clotting.” Biomacromolecules, 2014, 15 (11): 3976-3984. 
 

2.1 Introduction 

 PolyP precipitates could wield different procoagulant effects than the molecularly 

dissolved polymer, possibly serving as an anionic contact “surface” for activation of FXII like 

kaolin and collagen.50 Alternatively, these bodies could have evolved in evolution’s early stages 

merely as condensed stores of large concentrations of polyP for later downstream cellular 

functions requiring rapid nonlinear responses. PolyP has been known for approximately a 

century to reversibly bind to calcium, magnesium, iron, copper, zinc, barium and other metals.92 

The calcium concentration within the platelet dense granules is as high as 2.2 M,93 and the 

dissociation constants for Ca2+ and Mg2+ have been quantified.94  

 Although successful synthesis of aluminum polyP nanoparticles has been reported, the 

established synthetic routes require harsh organic solvents, intensive separation processes, and 

lead to inadequate size control.95  Momeni et al. investigated polyphosphate gels, or 

“coacervates,” for potential utilization as hemostatic agents and examined the chelation of Ca2+, 

Ba2+, and Sr2+ to polyP glasses of varied polymer lengths and its effects on solution pH and chain 

degradation of the polyP solution.96, 97  However, systematic measurements of polyP 

precipitation into particles with controlled sizes have never been reported.  Moreover, the 

downstream therapeutic potential of polyP precipitation has not been adequately addressed in the 

literature.  
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 Herein, we show that the precipitation of inorganic polyP into granular nanostructures is 

based on polymer length, with very long polymer lengths condensing much more robustly than 

shorter chains like those found in human platelet dense granules. Furthermore, these condensed 

polyP granules are stable in aqueous buffer and albumin suspensions on the same time scale as 

catastrophic bleeding events and possess potent procoagulant function, when assaying for 

activation of the contact pathway. Precipitation of inorganic polyP in aqueous calcium and/or 

magnesium could potentially serve as a facile therapy to mitigate the deleterious effects of 

serious trauma via the delivery of high concentrations of polyP stores locally to bleeding sites to 

rapidly induce coagulation. 

2.2 Experimental section 

2.2.1 Materials and reagents 

 Tris(hydroxymethyl)aminomethane, CaCl2·6H2O, MgCl2·6H2O, NaCl, KCl, and BSA 

were purchased from Sigma-Aldrich (St. Louis, MO). Water was de-ionized to 18.2 MΩ-cm 

(Nanopure II, Barnstead, Dubuque, IA). Citrated, pooled normal plasma was purchased from 

George King Bio-medical (Overland Park, KS). L-α-phosphatidylcholine (PC), L-α-

phosphatidylserine (PS), and Avanti® Mini-Extruder with 200-nm pore diameter polycarbonate 

membrane were purchased from Avanti Polar Lipids (Alabaster, AL). All materials were 

purchased at standard grades and used as received. PolyP80 (76-84 repeating units), polyP250, 

(100-390 repeating units), polyP305 (242-383 repeating units), and polyP1000+ (more than 1000 

repeating units) were size fractionated via preparative electrophoresis as previously described,33 

or by differential isopropanol precipitation of heterogeneous long chain polyP. 

Natriumpolyphosphat P70 (BKGP70, 20-125 repeating units, mode ~45) was purchased from 
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BK Guilini GmbH (Ludwigshafen am Rhein, Germany). PolyP concentrations are given 

throughout in terms of the concentration of phosphate monomer (monoP). 

 

 

2.2.2 PolyP nanoprecipitation 

 Aqueous size-fractionated polyP was micropipetted into 8 mM Tris·HCl, pH 7.4 

solutions containing combinations of the following: 1.2 mM, 5.0 mM, or 7.5 mM CaCl2; 0.4 mM 

MgCl2; 4.35 mM KCl; and 150 mM NaCl. The nanoparticles were then vortexed for five 

seconds. Precipitation was characterized by DLS (Brookhaven NanoDLS, Brookhaven, NY). 

2.2.3 Determination of PolyP Solubility 

 The measurements of polyP solubility are similar to the procedure used to determine the 

CMC of surfactants, copolymers, and phospholipids using DLS. PolyP samples were prepared as 

described above and injected into the DLS, beginning at exceedingly low concentrations 

(typically 100 nM – 1 µM monoP), where the scattering count rate resembled that of molecularly 

dissolved polyP. The polyP concentration was slowly titrated up until the scattering count rate 

increased and the correlation function was a well-behaved exponential decay on the baseline, 

suggesting that the polyP sample was supersaturated.  The scattering count rate was then plotted 

against the logarithm of the monoP concentration, producing a plot with two clear regimes 

representing: (1) molecularly dissolved polyP, and (2) precipitated polyP. A linear regression 

was then performed on each regime and the point of intersection was found, which was defined 

as the solubility concentration. For consistency, all measurements were done on low laser 

intensity.  

2.2.4 PolyP Nanoparticle (NP) Stability 
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2.2.4.1 Stability in Aqueous Buffer 

 NPs were synthesized using polyP250 (125 µM) in either 1.2 mM or 5 mM CaCl2 

buffered with 8 mM Tris·HCl, pH 7.4 as discussed previously. Immediately after vortexing, 

particle size was characterized by DLS using at least a one-minute scattering time every five 

minutes for 1 h at room temperature. 

2.2.4.2 Stability in BSA Suspensions 

 A solution of BSA (70 mg/ml) containing 8 mM Tris·HCl, pH 7.4 was prepared both 

with and without 2.5 mM CaCl2 the day before experiments were conducted. PolyP250 (125 

µM) was nanoprecipitated in 5 mM CaCl2, 8 mM Tris·HCl, pH 7.4, and the particle diameter 

was determined immediately by DLS. The polyP NPs were then mixed 1:1 (v:v) with the BSA 

suspensions. The resulting BSA and CaCl2 concentrations were thus 35 mg/ml and 1.25 mM, 

respectively. Particle size was measured using DLS every five minutes for 1 hour, and 

subsequently every 30 minutes until three hours had elapsed. The dispersion viscosity was 

calculated to be 1.2 centipoise,98 and the refractive index was kept the same as water (1.331). 

2.2.5 Complex Coacervation of polyP and BSA 

Aqueous CaCl2, polyP and BSA were mixed in equal volumes yielding nanoscopic 

polyp-BSA complexes. Coacervation followed two protocols regarding the order of addition of 

components to investigate its ramifications on nanoparticle formation, stability, and protein 

interactions. The first complexation method examined the effects of adding BSA first to aqueous 

calcium: 500 µl BSA (15µM-2.5mM) was first saturated with 500 µl 15 mM CaCl2, followed by 

addition of one 500 µl 15 mM polyP. Each mixing event was followed by a short duration (5-

10s) of vortexing to ensure proper mixing. The second method entailed forming Ca-polyP 

complexes first, followed by addition of BSA (15µM-2.5mM). Final concentrations of CaCl2 and 
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polyP45 were both 5 mM. Final molar ratios of polyP45 to BSA (polyP:BSA ratio) ranged from 

polyP:BSA=0.13 to polyP:BSA=22.2. 

2.2.6 Turbidometric measurements for polyP-BSA Complexes 

Turbidity of the polyP:BSA complexes were determined by measuring absorbance at 405 

nm (A405) in a Finstruments Microplate Reader (MTX Lab Systems, Vienna, VA, USA). Briefly, 

immediately after coacervation, 100 µl of each sample was pipetted in triplicate into a 96-well 

plate, and the A405 was averaged to give the optical turbidity for each sample. 

2.2.7 Transmission Electron Microscopy 

2.2.7.1 Sample Preparation 

 PolyP250 (125 µM) was nanoprecipitated in 5 mM CaCl2, 8 mM Tris·HCl, pH 7.4 as 

described above.  The sample (10 µl) was micropipetted onto a 300-mesh carbon-coated 

Formvar® grid (Structure Probe Inc., West Chester, PA) and allowed to dry in air for 10 

minutes. The remaining liquid was wicked away with a Kim® wipe and the process was repeated 

two more times to increase particle density and minimize aggregation. The sample was viewed in 

a JEOL JEM-1220 Transmission Electron Microscope (JEOL, Japan).  

2.2.7.2 X-Ray Microanalysis 

 Energy-dispersive X-Ray microanalysis during TEM imaging was employed to obtain an 

elemental analysis of the granular polyP NPs by exploiting the characteristic emission spectra of 

the elements P, Ca, O, and others. PolyP250 NPs (10 µl) were micropipetted onto 300-mesh 

Holey Formvar® carbon grid. The sample was dried for 15 minutes and examined in a JEOL 

JEM-3010 Transmission Electron Microscope (JEOL, Japan) and subjected to X-Ray 

spectroscopy. 

2.2.8 Preparation of Large Unilamellar Vesicles (LUV) for Clotting Assays 
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 LUVs (200 nm) of PC to PS (80:20 molar ratio) were made by extrusion.99 Briefly, 158 

µl of 10 mg/ml L-α-PC and 42 µl of 10 mg/ml L-α-PS dissolved in chloroform were pipetted 

into a glass scintillation vial and dried under Argon gas. The resulting lipid film was then placed 

under vacuum for an additional 1 hour to remove any residual chloroform. The lipid cake was 

subsequently rehydrated with 1 mL Tris buffer, pH 7.4 and passed through an extruder with a 

polycarbonate membrane with 200-nm pore size 11 times to generate monodisperse LUV. 

Liposome diameter and polydispersity were verified by DLS. 

2.2.9 Clotting Assays 

 Clotting was evaluated using a microplate-based assay as previously described100 with 

minor modifications. The citrated plasma was pre-warmed to 37oC for 20 minutes, and polyP 

was nanoprecipitated at room temperature and evaluated by DLS before proceeding with the 

assay. Wells contained 50 µl of citrated pooled normal plasma, 50 µl of  polyP NPs in 5 mM 

CaCl2, 8 mM Tris·HCl, pH 7.4, and coagulation was initiated with 50 µl of 25 mM CaCl2,  75 

µM LUV, 8 mM Tris·HCl, pH 7.4. Final excess free calcium was estimated to be 4.72 mM. 

LUVs containing a small amount of phosphatidylserine (~20 mol%) were added in contact 

activation assays, because the prothrombinase complex, consisting of Factor Va and Factor Xa, 

assembles on negatively charged phospholipid membranes in the presence of calcium. In the 

absence of negatively charged phospholipids, thrombin formation would be significantly 

hindered. Absorbance was read at 405 nm at room temperature on a FinstrimentsTM Microplate 

Reader (MTX Lab Systems Inc., Vienna, Virginia) every minute for 30 minutes. The sigmoidal 

absorbance traces were fitted to a standard Boltzmann growth function in Origin Pro 8.6 

(OriginLab Corp., Northampton, MA). The x-coordinate of the inflection point (parameter x0) 

was defined as the time at which clotting occurred.	
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2.3 Results and Discussion	

 
 

 

 

Figure 2.1. The precipitative effects of different metal cations on very long chain polyP. 

Divalent metal cations such as Ca2+ and Mg2+ cause PolyP1000+ to robustly nanoprecipitate at 

physiological concentrations, as evidenced by the steep rise in the scattering intensity count rate, 

whereas monovalent cations such as Na+ and K+ at biologically relevant concentrations exert 

negligible effects on the polymer’s solubility. 
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Figure 2.2. 5 mM CaCl2 wields divergent precipitative effects on polyP depending on the 

polymer length. PolyP1000+ precipitates most robustly with a steep rise in scattering intensity 

at 4.3 µM monoP concentration. PolyP250 is more soluble than PolyP1000+, with the count rate 

increasing near 9.4 µM. Platelet-size polyP (PolyP80) is more soluble than both very long- and 

intermediate-chain length polyP, with the scattering intensity markedly increasing at a monoP 

concentration almost a magnitude higher than PolyP250. 
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  Figure 2.3. Solubility of polyP of different polymer lengths. PolyP’s solubility in various 

aqueous salt solutions buffered with 8 mM Tris·HCl, pH 7.4 plotted against polymer length in 

monoP units. There is a strongly non-linear relationship, with very long chains (i.e. PolyP1000+) 

being much more readily precipitated than shorter polymers, e.g. polyP80. Divalent metal cations 

like Ca2+ and Mg2+, which are known to chelate strongly to phosphate-containing compounds, 

exert precipitative effects at biologically relevant concentrations, while monovalent ions such as 

Na+ and K+ induce little or no significant effects on polyP’s solubility.		

	

 In this study, the solubilities of polyP of differing polymer lengths were first investigated 

by employing DLS. Analogous to determining the critical micelle concentration of a surfactant, 
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the light scattering count rate begins to markedly increase when polyP begins to precipitate into 

NPs. The scattering intensity of very long chain polyP (PolyP1000+, similar to the long chains in 

prokaryotes) in aqueous solutions containing various concentrations of mono- and divalent 

cations is shown in Figure 2.1. PolyP precipitated in the presence of divalent metal cations at 

biologically relevant concentrations (5 and 1.2 mM CaCl2, and 1.2 mM CaCl2 + 0.4 mM MgCl2); 

however, monovalent cations exerted far less precipitative effects than their divalent 

counterparts. At 5 mM CaCl2, concentrations typical of conventional clotting assays, polyP 

nanoprecipitated much more easily than at physiological concentrations (1.2 mM CaCl2). K+ at 

normal physiological concentration does not statistically change the scattering intensity profile, 

while Na+ at a relatively high ionic strength of 150 mM combined with 5 mM CaCl2 causes the 

scattering intensity to increase at a modestly lower monoP concentration. Ca2+ and Mg2+ function 

synergistically to promote nanoprecipitation. The solubility in 1.2 mM CaCl2 + 0.4 mM MgCl2 is 

more than 60% lower than in 1.2 mM CaCl2 alone. 	

 Nanoprecipitation was also a function of polymer length, with very long chains 

precipitating much more robustly than intermediate-length polyP (PolyP250) or platelet-size 

polyP (PolyP80) at 5 mM CaCl2 (Figure 2.2). The solubility for each precipitative condition was 

determined by finding the intersection of the two linear regressions representing molecularly 

dissolved polyP and polyP NP regimes as plotted in Figure 2.3. The solubilities for polyP1000+ 

and polyP250 at 5 mM CaCl2 were 4.3 and 9.4 µM, respectively, while platelet-sized polyP’s 

solubility at the same condition was about 78 µM. Although not measured, it is safe to assume 

that PolyP80’s solubility concentration is at or above 78 µM in 1.2 mM CaCl2. Upon platelet 

activation, the concentration of polyP in whole blood can reach up to 2-7 µM,33 which suggests 

that platelet polyP likely exerts its procoagulant effects while remaining largely molecularly 
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dissolved. However, the next experiments demonstrate that polyP nanoparticles exhibit dilution 

hysteresis, keeping open the possibility that condensed polyP precipitates remain in NP format 

after secretion from activated platelets, despite being below the thermodynamic solubility limit. 

In addition, the local concentration of secreted polyP could be orders of magnitude higher than 2-

7 µM inside platelet-rich thrombi. 

 The solubility of platelet-sized polyP in 5 mM CaCl2 as a function of pH was also 

investigated. polyP is stored intracellularly under mildly acidic conditions (~ pH 5.4) together 

with extremely concentrated levels of calcium cations, serotonin, and pyrophosphate under the 

tight regulation of a H+-ATPase pump in human platelet dense granules.18 Given that this is the 

case in prokaryotic organisms as well, one could speculate that polyP may be more easily 

precipitated under acidic conditions. However, at least for platelet-sized polyP, the solubility is 

nearly identical at both mildly acidic and basic conditions (see Figure 2.4 and Table 2.1).  

 The observed scattering behavior of polyP at nM to µM monoP is more consistent with 

nanoprecipitation of the polyelectrolyte, rather than a transition to coil overlap. In other words, 

the concentration regime is too low to suggest that the measured solubility is a progression from 

a dilute to semi-dilute regime in the vicinity of the overlap concentration, C*.101  
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Figure 2.4. Scattering intensity of heterodisperse, platelet-sized polyP (“BKGP70,” range 

20-125 phosphate units) in 5 mM CaCl2 at pH 5.4 and 7.4. The scattering intensity begins to 

rise at roughly the same concentration, even though the overall scattering count rate is slightly 

higher at pH 7.4.  

 
PolyP Polymer Length 

(Range) 
Solubility (µM) in 5 mM 

CaCl2, pH 7.4 ±S.D. 
Solubility (µM) in 5 mM 

CaCl2, pH 5.4 
PolyP80 (76-84) 78±6 -- 

BKGP70 (20-125) 34.5 33.8 
PolyP250 (100-390) 9.4±0.7 -- 
PolyP1000+ (>1000) 4.3±0.1 -- 

 
 
Table 2.1. The solubilities of polyP in 5 mM CaCl2 (aq) based on pH and polymer length.  
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Figure 2.5. PolyP250 nanoparticle stability in aqueous buffer. 125 µM PolyP250 was 

nanoprecipitated in 8 mM Tris·HCl, pH 7.4 containing 1.2 mM or 5 mM CaCl2. Average 

effective diameter was assessed every five minutes for one hour, a typical timescale for a 

bleeding event. At 5 mM CaCl2, the initial particle diameter was 169 nm and slowly grew to be 

approximately 260 nm after one hour. At 1.2 mM CaCl2 the particles were initially 58 nm and 

steadily increased to ca. 80 nm. The growth behavior of both suspensions appears to follow 

power-law kinetics typical of many metastable colloidal dispersions. 
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Figure 2.6. PolyP250 nanoparticle stability in suspensions containing BSA. 125 µM 

polyP250 was precipitated in aqueous buffer containing 5 mM CaCl2 as described previously and 

then mixed 1:1 (v:v) with 70 mg/ml BSA suspension buffered to pH 7.4 with or without 1.2 mM 

CaCl2.  Final BSA and CaCl2 concentrations were 35 mg/ml and 1.2 mM, respectively. In both 

cases, the polyP250 NPs shrank from approximately 170-180 nm before mixing with the BSA 

solution, to 100 nm immediately after mixing with the BSA solution. This was not due to 

changes in dispersion viscosity or multiple scattering effects (confirmed by more measurements 

presented in Supporting Information, Table S1). After 3 hours, the polyP NPs in BSA without 

CaCl2 equilibration shrank to approximately 50 nm in diameter, while the NPs in the BSA 

equilibrated with 1.2 mM CaCl2 were roughly the same size (ca. 80 nm). It is hypothesized that 
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BSA may be initially forming a complex with polyP (the rapid shrinkage upon addition to the 

suspension) and then competitively binding Ca2+, unless it has been pre-equilibrated. 

 

 

Figure 2.7 Lognormal size distributions for (1) BSA suspension without Ca2+ pretreatment; 

(2) BSA suspension with 1.2 mM CaCl2; (3) immediate addition of polyP 250 NPs in 35 

mg/ml BSA without CaCl2 pre-equilibration; and (4) immediate addition of polyP 250 NPs 

in 35 mg/ml BSA with 1.2 mM CaCl2.  
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 PolyP250 was chosen as a paradigmatic polymer to study nanoparticle stability. First, 

nanoparticle growth kinetics were examined in an aqueous buffer containing biologically 

relevant concentrations of ionic calcium for one hour, a time scale approximating a traumatic 

bleeding event and the half-life of polyP in plasma or serum.100 PolyP250 was nanoprecipitated 

in 8 mM Tris·HCl, pH 7.4 with 1.2 mM and 5 mM CaCl2 (Figure 2.5). Particle aggregation 

behavior follows power law kinetics, typical of metastable colloidal dispersions. Initial particle 

diameters were 169 nm and 58 nm for 5 mM and 1.2 mM CaCl2, respectively. This suggests that 

the phosphate-to-calcium ratio may be the major driving force in the thermodynamic equilibrium 

of polyP nanoprecipitation. Stoichiometry and polyP supersaturation ratio as it relates to 

nanoparticle formation will be discussed systematically below. The stability of polyP1000+ NPs 

precipitated at mildly acid conditions was also examined (see Figure 2.4), resembling the 

environment in acidocalcisomes. The growth behavior manifests power law kinetics identical to 

physiologic pH. However, the scattering count rate remains more stable.  
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Figure 2.8. Stability of polyP1000+ NPs in acidic and basic conditions. 125 µM PolyP1000+ 

was precipitated in 5 mM CaCl2 in DI H2O, pH 5.4 or 8 mM Tris·HCl, pH 7.4. Both 

precipitating conditions lead to initial particle diameters of 150-200 nm and manifest typical 

power law growth kinetics. The initial difference in size may be due to polyP’s pKa.  
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Figure 2.9. Scattering count rates at pH 5.4 and 7.4. The scattering count rate increases in the 

first 10 min then stabilizes at acidic pH, while at blood’s pH the count rate marginally decreases.  
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Figure 2.10. Polydispersity index of polyP1000+ NPs at pH 5.4 and 7.4. The polydispersity 

index (PDI) in 8 mM Tris·HCl, pH 7.4 is exceedingly low, comparable to colloidal standards, 

remaining less than 0.10 after 1 hr. The particles are slightly more polydisperse at acidic pH.  

 

 Aqueous buffer is only a poor approximation of the environment in circulation as it lacks 

many of the proteins and peptides that contribute to hemostasis and that regulate pH and plasma 

ionic strength. In addition to examining the nanoparticle growth behavior in aqueous buffer, 

stability was also investigated in Tris-buffered suspensions containing 35 mg/ml BSA, to better 

approximate the conditions found in human serum. Serum albumin is the most abundant protein 

in circulation. It binds to myriad pharmaceuticals and foreign substances,102 tightly regulates 
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serum pH,103 and robustly and competitively binds to metal cations,104-109 most notably Ca2+, 

Zn2+, and Cu2+. Due to BSA’s functionality, two conditions were considered for polyP250 NP 

stability: (1) BSA not pre-equilibrated with CaCl2, and (2) BSA pre-equilibrated with 1.2 mM 

CaCl2. Briefly, 125 µM polyP250 NPs were nanoprecipitated in 5 mM CaCl2 as described 

previously and mixed 1:1 (v:v) with the BSA suspensions. The particle size evolution was then 

monitored for three hours (Figure 2.6). At both salt conditions, the particles immediately shrank 

from 170-180 nm to approximately 100 nm when they were added to the BSA suspensions. The 

shrinkage is too rapid to suggest that this is due to enzymatic degradation. Moreover it is not an 

artifact of multiple scattering or changes in dispersion viscosity (Table 2.2.). PolyP250 NPs in 

BSA not pretreated with CaCl2 continued to shrink to ca. 50 nm after three hours, whereas the 

polyP250 NPs in BSA pre-equilibrated with 1.2 mM CaCl2 maintained approximately the same 

particle diameter, with the final size after three hours being ca. 80 nm. It is conjectured that 

serum albumin may extract Ca2+ from the polyP-Ca2+ complex.  However, much further study is 

needed to prove this claim conclusively.  
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*η = ηS(1 + 2.5φ + 6.2φ2) for dilute BSA suspensions26. 

Table 2.2. Absence of multiple scattering effects in BSA suspensions containing PolyP. The 

effective diameter of 125 µM PolyP250 NPs in 5 mM CaCl2, 8 mM Tris·HCl, pH 7.4 before and 

after addition to suspensions of Tris-buffered 35 mg/mL BSA suspensions. To verify that 

multiple scattering was not occurring, the BSA+polyP250 NP samples were serially diluted  up 

to 8 times with 5 mM CaCl2, 8 mM Tris·HCl, pH 7.4. As is evident above, the polyP NPs shrink 

in size by approximately 40% after addition to the BSA suspensions independent of the 

dispersion viscosity or scattering intensity count rate. 

 

 Figure 2.7 shows the lognormal particle population for the following conditions: (1) 

BSA without Ca2+ pre-equilibration; (2) BSA with 1.2 mM CaCl2 pre-equilibration; (3) 

immediate addition of 125 µM polyP250 NPs to BSA not pre-equilibrated with Ca2+; and (4) 

immediate addition of polyP250 NPs to BSA pre-equilibrated with 1.2 mM CaCl2. BSA without 

PolyP in the presence or absence of calcium displayed two peaks. The first peak centered around 

3 nm represents the hydrodynamic diameter of the BSA monomer. The second peak at 

Sample PolyP250 NP Effective 
Diameter (nm) 

Dispersion viscosity  
η* (centipoise) 

BSA volume 
fraction (φ) 

125 µM PolyP250 NP in 5 
mM CaCl

2
 buffer 

165.3 0.89 0.00 

PolyP250 NP in BSA (1X 
= 35 mg/mL) 

100.4 1.02 0.0531 

PolyP250 NP in BSA (2X 
diluted) 

83.5 0.953 0.0266 

PolyP250 NP in BSA (4x 
diluted) 

88.0 0.921 0.0133 

PolyP250 NP in BSA (8X 
diluted) 

86.7 0.905 0.00664 



	
	

43	

approximately 15 nm constitutes multimeric BSA. The hydrodynamic radius has been previously 

reported in the literature to be 3.42 nm.110 Quasielastic light scattering data demonstrates that the 

BSA monomer is a prolate ellipsoid. BSA dimerizes side-to-side, with significant overlap, 

leading to the dimer being less than twice the size of the monomer.111  

 Addition of CaCl2 has minimal effects on the size distribution of the BSA protein. The 

particle populations representing conditions (3) and (4) show that there is an additional peak with 

a mean diameter of approximately 100 nm. This peak must be the effective diameter of the 

polyP250 NPs. Moreover, the middle peak representing the BSA dimer has shifted to the right—

further evidence that polyP may be interacting directly with BSA and forming an adduct 

mediated by calcium. The striking discrepancy in the hydrodynamic diameter of the polyP NPs 

in aqueous buffer and in BSA suspension deserves special scrutiny. Further study is needed to 

measure PolyP-Ca2+ binding constants at these conditions to corroborate the hypothesis that the 

evolution in polyP particle diameter, characterized first by a steep drop and then a gradual 

shrinkage over a time scale of hours, is due to a competitive equilibrium process governed by the 

differential Ca2+ binding affinities of BSA and polyP.   
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Figure 2.11. Hydrodynamic diameter of polyP-BSA complexes at various polyP-to-BSA 

molar ratios. As well as precipitating polyP in BSA suspensions pre-equilibrated with CaCl2 

(noted as PolyP Last), the order of addition was reversed to interrogate the assembly 

thermodynamics by pipetting BSA suspension into a suspension of granular polyP NPs in CaCl2 

(noted as BSA Last). The polyP-BSA particle size does not significantly differ from granular 

polyP NPs in 5 mM CaCl2 across the entire the spectrum of polyP-to-BSA ratios evaluated. 

 

 The phenomenon of BSA and polyP interaction in the presence of calcium cations is 

further explored in more dilute BSA suspensions. PolyP-BSA complexes were synthesized by 

addition of molecularly dissolved polyP to BSA pre-equilibrated in aqueous calcium chloride. In 
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the second protocol, the order was reversed so that BSA was added to a suspension of granular 

polyP NPs.  The thermodynamics of self-assembly may be altered by reversing the order of 

polyelectrolytes. The final calcium and polyP concentrations for both protocols were maintained 

at 5 mM, while the BSA concentration was varied.  PolyP-BSA complexes were formed at molar 

ratios of polyP45 to BSA from 0.13 to 22.2. Figure 2.11 gives the hydrodynamic diameter of 

polyP-BSA complexes synthesized by both protocols. The size of polyP-BSA complexes across 

the entire range of polyp-to-BSA ratios does not differ appreciably from granular polyP NPs 

nanoprecipitated in 5 mM CaCl2, suggesting that the thermodynamics of self-assembly do not 

vary upon reversing the order of addition of the polyelectrolytes. 
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Figure 2.12. PolyP-BSA complex optical turbidity at 405 nm (A405) for various polyP-to-

BSA ratios. Increasing the BSA concentration while maintaining the same concentrations of 

polyP and CaCl2 (decreasing the polyP-to-BSA ratio) causes the light scattering to diminish. 

BSA may be competing with polyP for calcium cation chelation and leading to dissolution of the 

polyP granules.  

 

 The optical turbidity at 405 nm (A405) for the polyP-BSA complexes was also studied to 

gain further insights into competitive calcium binding by the two anionic polyelectrolytes and its 

ramifications on particle formation and dissolution. Figure 2.12 shows that polyP-BSA samples 

with higher BSA concentrations and equivalent polyP and calcium cation concentrations (lower 

polyP-to-BSA ratios) for both protocols scatter less light. This may indicate that the presence of 

BSA is involved in a competitive equilibrium process with polyP centered on calcium cation 

coordination. In other words, BSA may perturb the ionic calcium concentration to an extent that 

it shifts the thermodynamics of polyP granule self-assembly to particle dissolution toward the 

molecularly dissolved form.  
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Figure 2.13. PolyP250 NP initial effective diameter versus monoP and Ca2+ concentrations. 

Initial polyP250 NP sizes were measured with up to 1 mM monoP concentration at three 

different calcium concentrations: 1.2, 5, and 7.5 mM Ca2+.  No  trends are manifest except for a 

dependence on calcium concentration.  
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Figure 2.14. PolyP250 NP initial effective diameter as a function of supersaturation ratios 

and Ca2+ concentrations. When the monoP concentrations are divided by the solubility of 

polyP250 at the respective calcium concentrations, it appears that at moderate supersauration 

ratios (~1-50), the polyP particle diameter is only a function of the calcium concentration. 
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Figure 2.15.  PolyP NP solubility hysteresis. 30 µM polyP250 was nanoprecipitated in 5 mM 

CaCl2, generating a supersaturated colloidal dispersion of polyP250 NPs. The suspension was 

then serially diluted with 5 mM CaCl2, 8 mM Tris·HCl, pH 7.4 in order to decrease monoP 

concentration, while maintaining constant [Ca2+]. As is evident from the reverse solubility curve 

(shown in red above), the scattering intensity remains elevated, even approaching polyP250’s 

solubility (9.4 µM) in 5 mM CaCl2 despite a thermodynamic driving force for resolubilization. 

This suggests that polyP colloidal dispersions manifest hysteresis, a characteristic that may have 

profound ramifications for potential downstream therapeutic usage of polyP NPs as clotting 

agents. 
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 The initial effective diameter of the polyP granular NPs was systemically investigated 

against the polymer’s supersaturation ratio at three different calcium concentrations: 1.2 mM 

(calcium concentration in human serum), 5 mM (calcium concentration in in vitro coagulation 

assays), and 7.5 mM. Figure 2.13 shows the particle size plotted against monoP concentrations 

up to 1 mM for intermediate-length polyP (polyP250). PolyP precipitated in 5 mM CaCl2 at 

monoP concentrations of 250 µM or greater had to be diluted with more Tris-buffered 5 mM 

CaCl2 solution before being characterized by DLS (polyP NP diameter is hysteretic after 

dilution; see Table 2.3). No trends between particle diameter and monoP concentration are 

manifest at first glance until the monoP concentration is divided by the solubility of polyP250 at 

the given calcium concentration and plotted nondimensionally as the supersaturation ratio, as in 

Figure 2.14. At low to moderate superaturation ratios (~1-50) the particle size is only a function 

of the calcium concentration.  

 

 

Table 2.3. PolyP250 NP effective diameter is hysteretic. 125 µM polyP250 was precipitated in 

5 mM CaCl2, 8 mM Tris·HCl, pH 7.4 and immediately diluted 2X, 5X, and 10X. The effective 

diameter does not appreciably change above the solubility for polyP250 (9.4 µM).  

 

 After it was established that the solubility of polyP250 was 9.4 µM in 5 mM CaCl2, 8 

mM Tris·HCl, pH 7.4, a sample well above the solubility concentration (in this case 30 µM) was 

diluted progressively with more 5 mM CaCl2 to decrease the polyP concentration and keep the 

Sample Effective Diameter (nm) Dilution Factor 
125 µM PolyP250 158 1 
62.5 µM PolyP250 146 2 
25 µM PolyP250 161 5 

12.5 µM PolyP250 147 10 
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calcium concentration constant, and the scattering intensity was measured after each dilution. As 

can be seen in Figure 2.15, the system exhibits hysteresis: the count rate remains much higher 

even below the solubility concentration despite a thermodynamic driving force for some of the 

particles to resolubilize. Evidence that polyP NP formation manifests dilution-dependent 

hysteresis has potentially profound ramifications: for example, a bolus of condensed polyP could 

be delivered to a trauma site at locally high concentrations and be dispersed further downstream 

in the circulation without losing its NP format due to its hysteretic behavior, maintaining its 

associated biological functionality as a procoagulant and proinflammatory agent. However, in 

human serum other mechanisms may come into play, such as binding of polyP to membrane-

associated proteins on vessel walls adjacent to thrombi, which may prevent polyP NPs from 

being convected away from the wound site, thereby curtailing a potentially disastrous or even 

fatal scenario. 

 We have found that polyP exerts its most robust procoagulant effects at roughly 10 to 500 

µM when assayed at 5 mM CaCl2.
33 Indeed, this concentration range almost exactly corresponds 

to a supersaturation ratio of 1-50 for PolyP250 at 5 mM Ca2+. However, at physiological calcium 

concentration, the particle diameter for this polymer length is roughly constant between 36 µM – 

1.8 mM. One could speculate that organisms have specifically developed techniques to store and 

condense polyP in subcellular compartments such as acidocalcisomes and platelet dense granules 

in a controlled manner by exploiting polyP’s roughly constant particle diameter at low to 

moderate supersaturation ratios. Upon secretion, these polyP precipitates could potentially serve 

as concentrated stores of the polymer for biochemical processes requiring rapid, non-linear, or 

threshold-switchable behavior such as coagulation or quorum sensing.  
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Figure 2.16.  PolyP NP morphology, structure & elemental composition. A: PolyP forms 

monodisperse particles in solution.  125 µM polyP250 was precipitated in 5 mM CaCl2, 8 mM 

Tris·HCl, pH 7.4. PolyP250 forms monodisperse particle populations in the presence of 5 mM 

CaCl2. Scale bar: 5 µm. B: PolyP NPs appear spongy after prolonged electron beam 

exposure just like acidocalcisomes and platelet dense granules. Even though polyP250 NPs 
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are uniformly electron dense, after sustained exposure to the electron beam, white spots begin to 

appear so that the particles appear like round sponges or porous balls. This same phenomenon 

was also observed in Ruiz et al.’s investigation112 of polyP-containing dense granules in 

platelets. C: A granular polyP250 nanoparticle. A single polyP 250 NP is shown at higher 

magnification revealing that the granule is roughly spherical and approximately 200-250 nm in 

diameter, in good agreement with DLS data. Scale bar: 100 nm. D: Elemental composition of 

the synthetic polyP250 NPs. Copper, carbon, and silicon are from the grid. The ratio of the 

phosphorous to the calcium peak is 67:32. Ruiz et al. performed the equivalent analysis with 

human platelet dense granules, and their resulting X-Ray microspectrum is quasi-identical, 

except for the presence of a small K peak.112 However, potassium was not used here for polyP 

nanoprecipitation. 

 

 Transmission electron microscopy was used to examine the polyP particle structure, 

elemental composition, and morphology. Figure 2.16A is an electron micrograph taken at low 

magnification with a large population of polyP250 NPs, showing that the granules are spherical 

in shape and relatively monodisperse, despite the presence of some larger aggregates. The 

particle diameter is a function of the calcium concentration; inevitably, some aggregation is 

bound to occur during the drying process and grid preparation. When the particles undergo 

substantial exposure from the electron beam, the polyP250 NPs develop white spherical spots, 

resulting in the granules resembling round sponges or soccer balls, despite their uniform electron 

density as seen in Figure 2.16B. Indeed, Ruiz et al. has shown using TEM that polyP bodies in 

acidocalcisomes and human platelet dense granules also appear spongy after bleaching with the 

electron beam, resembling the polyP NPs synthesized here.112  
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 Figure 2.16C shows a single polyP250 nanoparticle at high magnification. The polyP 

granule is spherical and approximately 200-250 nm in diameter, corroborating DLS data. Figure 

2.16D is an X-Ray microspectrum of the particle in C showing its elemental composition. 

Copper, carbon, and silicon are from the grid. It is very typical for X-Ray microspectra to have 

small peaks (~1-2%) of Si and alkali earth metals arising from the detector itself or, more rarely, 

from silicon-containing oils deposited on the Formvar® grids during the manufacturing process. 

In fact, a small Si peak was also observed in the X-Ray microanalysis of human platelet dense 

granules in the past.18 The P:Ca ratio is 67:32. Ruiz et al., in their investigation of human platelet 

dense granules, also determined the elemental composition of the polyP bodies, yielding very 

similar results.112 The P:Ca was 1.76 with trace amounts of K+. However, dense granules are 

mildly acidic subcellular compartments, which may lead to a different P:Ca stoichiometry, and 

platelets contain substantial cellular stores of potassium.113 Potassium was not used here to 

precipitate polyP into synthetic polyP granules. 
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 Figure 2.17. PolyP NPs as contact activators. A. Possible mechanisms by which 

polyP exerts its contact pathway activity. PolyP could serve as a surface for FXII activation as 

a colloidal particle like kaolin (left) or as a soluble anionic polymer like dextran sulfate (right) 

with a threshold molecular weight needed to elicit a conformational change in the FXII 

zymogen. B: Schematic of the intrinsic pathway of blood coagulation. A negatively charged 

surface serves as the site for assembly of the primary complex consisting of FXII, kallikrein, and 

high molecular weight kininogen. Long-chain polyP is able to support activation of the contact 

pathway, while shorter polymer lengths (like those in human platelets) are weak contact 

activators. PolyP also exhibits procoagulant effects further downstream in the final common 

pathway of blood clotting. 

 

 Smith et al. demonstrated that polyP is a potent activator of the contact pathway of 

coagulation, and its activity is related nonlinearly with its polymer length,33 with long polymers 

being more robust activators than shorter chains, which exert their effects at different points in 

the cascade such as via acceleration of FV activation and alteration of fibrin clot architecture and 

morphology. Figure 2.17B shows a schematic representation of the intrinsic pathway of 

coagulation and the points in which polyP exerts its effects. It is well accepted in the literature 

that anionic “surfaces” such as collagen, glass or kaolin are required to form the primary 

complex consisting of FXII (Hageman Factor) and its activation partners, plasma prekallikrein 

and high molecular weight kininogen (HMWK)50.  However, countless other soluble substances 

serve as scaffolds for the (auto)activation of FXII. Examples include ellagic acid, 

lipopolysaccharides, dextran sulfate, and phospholipids.114 It has been reported previously that 

there exists a threshold molecular weight for activation of the intrinsic pathway for polystyrene 
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polymers and dextran derivatives, with contact activity for both polymer types rising sharply 

~25,000 Da.115 Others have communicated that the threshold molecular weight for dextran 

sulfate is as low as 10,000 Da.116 Nonetheless, the mechanism by which polyP acts on FXII has 

yet to be clearly elucidated.  

 Previous studies assaying the procoagulant effects of polyP were performed under 

conditions where the polymer would presumably exist in its molecularly dissolved state. 

Typically, polyP was incubated together with pooled normal plasma (PNP) for 3-5 minutes prior 

to recalcification.  Since the plasma is citrated, there would be very little ionic calcium available 

to chelate polyP, and thus no calcium-dependent precipitation would take place. The activation 

of contact enzymes and the generation of FXIIa are calcium-independent; therefore prior studies 

investigating polyP’s contact activity are confined to an examination of the polymer in the 

absence of calcium-dependent precipitation. Moreover, plasma contains countless proteins and 

peptides such as serum albumin which may prevent or hinder its precipitation after 

recalcification.  Due to polyP’s role in the early stages of natural selection, pre-dating the arrival 

of polypeptides and quite possibly serving as the precursor to deoxyribonucleic and ribonucleic 

acid, it is only natural that polyP would serve as the paradigmatic anionic scaffold for serum and 

cytosolic proteins, emerging as a favored binding partner for peptides with cationic amino acid 

residues.  

 Figure 2.20 shows the clotting time of polyP molecules or nanoparticles when assaying 

for contact activity using citrated PNP. The polyphosphates (PolyP80, PolyP305, and 

PolyP1000+) were first added to 5 mM CaCl2, 8 mM Tris·HCl, pH 7.4 at three times the final 

assay concentration and characterized by DLS (data not shown). Once the polyP was incubated 

with the calcium solution, it was added to the PNP and immediately recalcified to initiate 
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coagulation. Platelet-size polyP (polyP80) weakly shortened time to clot formation, saturating 

near 10-50 µM monoP. PolyP305 and polyP1000+, on the other hand, were robust contact 

activators, drastically reducing clotting times even at sub-micromolar concentrations. 

Interestingly, the clotting activities of the two longer polymer sizes are quasi-identical (the error 

bars overlap for every concentration except one).  

 
 
Figure 2.18. Lognormal particle size distribution of polyP1000+ in 5 mM Mg2+ only. 125 

µM polyP1000+ was precipitated in 5 mM MgCl2, 8 mM Tris·HCl, pH 7.4 in the absence of 

ionic calcium, yielding monodisperse nanoparticles approximately 180 nm in diameter, 

comparable to polyP precipitates synthesized in 5 mM CaCl2 alone. Interestingly, polyP305 and 

polyP80 could not be precipitated at equivalent monoP and Mg2+ concentrations, implying that 
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ionic magnesium’s influence on polyP precipitation is an even more highly nonlinear function of 

polymer size in relation to calcium’s exerted effects (data not shown). Moreover, polyP1000+ 

could not be precipitated at 0.4 mM MgCl2, pH 7.4 (ionic [Mg2+] in blood) (data also not 

shown).  

 

 
 
Figure 2.19. Particle size distribution of polyP1000+ precipitates in Fe2+/Fe3+. 50 µM 

polyP1000+ was precipitated in DI H2O, pH 5.4 with either 5 mM FeCl2 or 5 mM FeCl3. Both 

conditions lead to bimodal particle populations. In the case of Fe2+, there are particles 

approximately 180 nm in diameter, with a smaller population approximately one micron in 
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diameter. Fe3+ produces particles that are several hundred to several thousand nanometers in size, 

suggesting that increasing cation valency leads to bigger precipitates. 

 

 These data suggest that platelet polyP only weakly promotes the activation of FXII, with 

the reduction in clotting time deriving mostly from effects on the final common pathway of 

clotting. On the other hand, the longer polymer sizes are large enough to serve as scaffolds for 

primary complex formation after treatment with calcium. One possibility is that there is a 

threshold polymer length (molecular weight) (as was previously reported for polystyrene and 

dextran sulfate) needed to exert the conformation change on the FXII zymogen (or to recruit a 

sufficiently high local surface density of FXII and its activators) as shown in Figure 2.17A. 

Interestingly, polyP305’s molecular weight is approximately 24 kDa, corroborating past results 

on threshold contact activation measured using polystyrene and dextran sulfate polymers. The 

fact that the concentration dependence is identical for polyP305 and polyP1000+ also suggests 

that the nanoparticle solubility is not the threshold condition for contact pathway activation for 

polymers over the threshold size, as polyP1000+’s solubility is approximately two-fold lower in 

5 mM CaCl2. If the solubility were the limiting condition, then polyP1000+’s clotting time 

would drop at ~4 µM, whereas polyP305’s would drop at ~ 9 µM. However, there are several 

important caveats that limit the completeness of this analysis: (1) polyP NPs have been shown to 

exhibit dilution-dependent hysteresis; (2) the solubility of polyP in plasma or serum with its 

diversity of proteins and peptides and additional polyvalent cations such as Mg2+, Cu2+, Zn2+, 

Mn2+, and Fe2+/Fe3+ (see Figures 2.18 & 2.19) could be vastly different than in aqueous buffer 

containing only calcium; and (3) the effect of citrate and other calcium chelators such as EDTA 

on polyP nanoparticle stability has yet to be investigated.  
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Polymer Length (range, 
phosphate units) 

Mean Zeta Potential in mV 
±S.E. 

Mean Particle Effective 
Diameter in nm ±S.D. 

BKGP70 (20-125) -16.53±3.83 159.55±3.32 
PolyP250 (100-390) -17.89±3.69 169.40±6.97 
PolyP1000+ (>1000) -15.41±0.53 162.50±11.46 

 
 
Table 2.4. Average zeta potential and effective diameter of polyP NPs precipitated at 125 

µM monoP in 5 mM CaCl2, 8 mM Tris·HCl, pH 7.4. The zeta potential is approximately -15 

to -20 mV irrespective of polymer length. The average initial effective diameter is approximately 

160 nm regardless of the polymer molecular weight, being only a function of the calcium 

concentration. 

 
 

Precipitating Condition Mean Zeta Potential in mV 
±S.E. 

Mean Particle Effective 
Diameter in nm ±S.D. 

5 mM CaCl2, 10 mM NaCl, 
pH 5.4 

-14.94±1.54 170.20±2.55 
 

5 mM CaCl2, 10 mM NaCl, 8 
mM Tris·HCl, pH 7.4 

-19.28±1.15 177.30±4.38 

1.2 mM CaCl2, 10 mM NaCl, 
8 mM Tris·HCl, pH 7.4 

-15.72±0.65 47.80±4.81 

 
 
Table 2.5. Average zeta potential and effective diameter of 125 µM polyP1000+ NPs 

synthesized at various precipitating conditions. The mean zeta potential is again in the range 

of -15 to -20 mV. The potential does not change substantially as a function of [Ca2+], with the 

surface charge at physiologic calcium being comparable to 5 mM CaCl2.  

 

 The zeta potential of the polyP NPs was determined to be between -15 and -20 mV 

independent of particle diameter and polymer length (see Tables 2.4 & 2.5). The negative 

surface charge of PolyP precipitates could therefore conceivably support autoactivation of Factor 
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XII or recruitment of its activators, plasma prekallikrein and high molecular weight kininogen 

independent of polymer molecular weight, discounting other factors that would influence polyP 

NP stability in human plasma mentioned above.  

 Regardless of the physical interpretation, the fact remains that polyP precipitation under 

aqueous conditions at physiologic salt concentrations is a facile means to synthesize large 

amounts of condensed PolyP granules similar in structure to human platelet dense granules for 

potential downstream uses such as a biocompatible procoagulant agent.    
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Figure 2.20. Initiation of the contact pathway by polyP based on polymer length and 

concentration. Clotting time of polyP is plotted as a function of monoP concentration from 0-

100 µM.  PolyP was added to 5 mM CaCl2, 8 mM Tris·HCl, pH 7.4 at concentrations above and 

below its solubility. The presence of precipitated polyP was monitored by DLS before addition 

to plasma. Intermediate- and very long-chain length polyP (polyP305 and polyP1000+) are 

clearly more robust contact activators than platelet-sized polyP (polyP80). The concentration 

dependence on clotting time for polyP305 and polyP1000+ are identical, suggesting that a 

“saturating condition” has been established. 
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Figure 2.21. A: Microfluidic device for measuring procoagulant behavior of polyP NPs at 

physiologic and pathophysiologic shear rates (1-128 s-1) simultaneously. Citrated PNP is 

mixed with CaCl2 buffer and rapidly recalcified in a tortuous, serpentine channel before the 

channel branches into multiple outlets with various widths for determination of clotting time at 

shear rates varying across two orders of magnitude. B: Bare polyP160 NPs (NP) exert 

threshold-switchable procoagulant activity as a function of shear rate. When plasma is 

nearly static, an environment that approximates the flow conditions near a catastrophic 

hemorrhage site, polyP  produces a significant decrease in the clotting time compared to control, 

whereas at higher shear rates typical of normal venous flow, polyP160 NPs are not nearly as 
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procoagulant compared to control with no activator present. C: Cartoon of  granular polyP 

NPs autoactivating FXII by serving as a negatively charged, templating surface. 

 

 In addition to evaluating the procoagulant behavior of bare polyP NPs under static (no 

flow) conditions, the ability for the granular particles to induce coagulation as a function of shear 

rate was also investigated. Collaborating with Dr. Christian Kastrup’s research group at 

University of British Columbia, we investigated the effects of polyP localization on the 

hemostatic agent’s ability to form fibrin clots by examining two other forms employing polyP of 

equivalent polymer length: molecularly dissolved (in the absence of precipitative metal cations) 

and confined to the microfluidic channel walls (surface-immobilized).117 Two inlet channels 

containing citrated pooled normal plasma (PNP) and fluorescent beads (as a tracer) and  50 mM 

calcium chloride in 150 mM NaCl, respectively, were homogeneously mixed in a serpentine 

winding channel to rapidly recalcify the plasma and initiate clotting. The bare polyP160 NPs 

were added to the calcium chloride buffer. Figure 2.21A shows a schematic of the microfluidic 

device that is capable of measuring coagulation at shear rates of 1-128 s-1, flow conditions that 

span the nearly stagnant pooling of blood characteristic of catastrophic hemorrhaging (~1 s-1) 

and more typical venous flow rates (~100 s-1) absent any coagulopathy.118 The rectangle outlined 

by the dotted line encompasses the length of the channel where the shear rate was varied. Figure 

2.21B contrasts the ability of molecularly dissolved, nanoparticulate, and surface-immobilized 

polyP160 to generate fibrin clots at the various flow conditions. The ability of polyP160 NPs to 

completely occlude the microfluidic channel is manifested by a sigmoidal curve, indicating that 

the granular particles are potent procoagulant agents at low shear rates, e.g. 1 s-1, while they are 

weakly activating at typical venous flow rates.117 Figure 2.21C is a cartoon of granular polyP 
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NPs acting as a templating surface for the autoactivation of FXII zymogen, the preliminary step 

in the initiation of the contact pathway of clotting. These microfluidics experiments create the 

groundwork for evaluating the clotting ability at physiologic and pathophysiologic flow 

conditions for downstream hemostatic drug delivery platforms incorporating granular polyP NPs. 

 

Conclusion 

 Herein, we demonstrate the size-controlled synthesis of monodisperse polyP NPs at 

physiological concentrations of calcium and magnesium.  The solubility is related nonlinearly to 

the polymer length, with very long-chain polyP precipitating much more facilely than platelet 

polyP.  Further, the NP size is only a function of the calcium concentration across a wide 

supersaturation range. The granules are stable for at least an hour in aqueous buffer solutions, 

displaying typical power-law growth kinetics, and are stable in BSA suspensions for three hours. 

 The polyP NPs possess promising procoagulant activity. Given that the polyP particles 

are stable on the same time scale as a catastrophic bleeding event raises the question that polyP’s 

powerful procoagulant effects on the intrinsic pathway may be related to its precipitation into 

micron or sub-micron granular particles serving as negatively charged surfaces for FXII 

activation. The facile, size-controlled synthesis of these particles in the laboratory serves as a 

foundation for the future development of targeted procoagulant nanotechnologies exploiting 

polyP precipitation to mitigate the effects of a diversity of bleeding phenomena such as internal 

hemorrhage and hemophilia in a minimally invasive manner. 
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CHAPTER 3. BIONSPIRED ARTIFICIAL PLATELET NANOPARTICLES 

The text in this chapter was originally published in part as Donovan, A.J. et al. “Artificial dense 
granules: a procoagulant liposomal formulation modeled after platelet polyphosphate storage 
pools.” Biomacromolecules 2016, 17(8): 2572-2581. 
 
3.1 Introduction 

 Hemorrhagic events arising from trauma in either the civilian or military setting 

contribute to a significant proportion of avoidable fatality.2, 119, 120 In countless combat scenarios 

proper management of hemorrhage is not immediately feasible without invasive surgical 

intervention. Topical hemostatic wound dressings and other pharmacological agents, which can 

be delivered on-demand on the battlefield, are therapeutically inferior in mitigating internal, 

incompressible bleeding sources.121   

 Clinical guidelines created to diminish poor outcomes in patients experiencing an 

uncontrolled post-traumatic bleeding event have focused on restoring normal circulatory 

perfusion to the wounds after swiftly determining and suppressing the source of bleeding by a 

trained clinician rather than via administration of a hemostat as a first-line therapy.122, 123 

However, these guidelines have largely failed to eradicate trauma-related complications even in 

developed countries with relatively more medical resources.1 Both private and public entities 

have invested heavily into developing a targeted, on-demand, broad-spectrum procoagulant 

agent.121 The FDA has approved a myriad of pharmacological therapies in recent years to 

address external compressible trauma, enhancing survival and reestablishing hemostasis without 

surgery.64 Factor VIIa is one such example of a recombinant coagulation protein that has been 

used to treat internal bleeding.124 However, the efficacy of factor VIIa therapy for treating 

traumatic injuries is controversial.57 The recombinant clotting factor is expensive and requires 

special storage and handling conditions.   
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 Nanoscale drug delivery has emerged as a novel therapeutic platform in recent decades 

with the potential to drastically transform medical treatment,14 promising reduced side effects, 

enhanced efficacy, and targeted delivery to only effected organs and tissues.125 The conventional 

strategy to design this next generation of smart drugs entails the encapsulation of therapeutic 

and/or imaging agents into supramolecularly assembled depots126 such as phospholipid 

vesicles,18 polymersomes,20, 127 viral capsids,128 polymeric micelles,129 and other self-assembled 

nanostructures.130 Among these candidate drug architectures, vesicles have garnered the most 

tangible success, with several liposomal nanoformulations being approved by the FDA to treat a 

myriad of disorders, especially cancer.23, 131 The liposomal envelope of these smart drugs usually 

contains a small molar percentage of poly(ethylene glycol)-phosphatidylethanolamine (PEG-PE), 

which is used for steric stabilization and long blood circulation time.132, 133  

 Given both the limitations of the available treatments to improve hemostasis and the 

promise of nanotherapeutics, numerous candidate nanoparticle hemostats have been developed in 

recent years. These nanotherapeutics attempt to imitate at least some aspects of platelet 

morphology and the procoagulant response adjacent to the bleeding site. Platelet-like 

nanoparticles (PLNs) were synthesized by alternative deposition of the polyelectrolytes bovine 

serum albumin (BSA) and poly(allylamine) hydrochloride on a polystyrene (PS) core.26, 134 

Further functionalization of the PLN with targeting peptide ligands allow PLNs to accumulate at 

the bleeding site, bind and interact synergistically with the body’s own activated platelets, and 

rapidly induce coagulation at the site of trauma.26 However, the synthesis of the PLNs involves 

multiple steps and toxic organic solvents to dissolve the nonbiodegradable polymer. 

 Inorganic polyP, on the contrary, is virtually omnipresent in biology and degradable in 

human blood plasma on therapeutic time scales.31  The polymer is often stored intracellularly in a 
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precipitated form as ~250 nm granules40, 135, 136 in conjunction with calcium and other divalent 

and multivalent cations. These subcellular phosphate-containing bodies are called dense granules 

in human platelets40 due to their uniformly high electron density. Their contents are secreted 

upon platelet activation, where they exert potent procoagulant and proinflammatory effects,137 

especially on Factor V33 and thrombin-promoted Factor XI activation.34 We have previously 

shown that polyP self-assembly into granular NPs in the presence of physiological amounts of 

metal cations is thermodynamically controlled, and that these particles retain their robust 

procoagulant effects.135  

 Herein we envision a biomimetic procoagulant nanoparticle composed of a granular 

polyP NP core encapsulated in a sterically stabilized liposome, which we call an Artificial Dense 

Granule (ADG). The ADG assembly process is scalable and highly reproducible, and there are 

no toxic organic solvents or nonbiodegradable materials involved. The size distribution of the 

ADGs was characterized by DLS measurements. Electron microscopy techniques demonstrate 

that the ADGs are virtually indistinguishable from dense granules isolated from human platelets 

in terms of morphology and structure,40 consisting of a 150 nm uniformly dense core surrounded 

by a 200 nm shell. Electron energy loss spectroscopy (EELS) confirms the co-localization of P, 

Ca, and O in the core and P, C and O in the phospholipid lamella. The ADGs are procoagulant as 

demonstrated by in vitro clotting factor assays. The ADGs can be triggered to initiate FXII 

autoactivation, the initial step in the contact pathway of blood clotting, via enzymatic hydrolysis 

by phospholipase C (PLC), which modulates platelet degranulation. Furthermore, ADGs 

manifest contact activity in human plasma, and are roughly equivalent to molecularly dissolved, 

long-chain polyP at physiologically relevant concentrations. 

3.2 Experimental Section 
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3.2.1 Materials and reagents 

 CaCl2·6H2O, phospholipase C (PLC) from Clostridium perfringens (C. welchii), and 

secretory phospholipase A2 from honey bee venom (bvsPLA2) were purchased from Sigma-

Aldrich (St. Louis, MO). Water was deionized using a Nanopure II  filtration system (Barnstead, 

Dubuque, IA) to 18.2 MΩ-cm. 1,2-dipalmitoly-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (ammonium salt) (PEG2kDPPE), L-α-phosphatidylcholine 

(L-α-PC), and Avanti ® Mini Extruder Kit, together with a 200-nm pore-diameter polycarbonate 

membrane, were purchased from Avanti Polar Lipids (Alabaster, AL). Citrated human pooled 

normal plasma (PNP) from thirty healthy donors was purchased from George King Biomedical 

(Overland Park, KS).The polyP preparation used throughout for synthesis of ADGs was 

Natriumpolyphosphat P70 (BKGP70, approximate range 20-125 phosphate units, mode ~45) 

from BK Guilini GmbH (Ludwigshafen am Rhein, Germany).  PolyP>600 (‘long chain polyP’) 

used in clotting assays, and polyP>1000, used to synthesize “Artificial Acidocalcisomes,” were 

size-fractioned as previously described by differential isopropanol precipitation.33 All materials 

were purchased at standard grades and used as received. 

3.2.2 Synthesis of Sterically Stabilized Liposomes 

 Sterically-stabilized liposomes (~200 nm) composed of 95 mol% L-α-PC/ 5 mol% 

PEG2kDPPE were synthesized by standard protocol via extrusion99 through a 200-nm pore-

diameter polycarbonate membrane. Briefly, 14.3 µl of 25 mg/mL PEG2kDPPE and 76.1 µl of 25 

mg/mL L-α-PC (both dissolved in chloroform) were micropipetted into a 7 mL glass scintillation 

vial and dried under a gentle stream of Argon gas. The dried lipid film was then placed under 

vacuum for an additional 60 min to remove any residual traces of organic solvent. The desiccated 

lipid cake was subsequently rehydrated with 1 mL of filtered, deionized H2O (DI H2O) and 
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stored for up to two weeks at 4oC. Liposome effective diameter and polydispersity index (PDI) 

were characterized by DLS after rehydration. 

3.2.3 Synthesis of ADGs 

 5 mM polyP NPs were synthesized as described above. Following precipitation the bare 

NP effective diameter, polydispersity, and scattering intensity were characterized by DLS before 

addition of 106.6 µl of 2.6 mM 200-nm L-α-PC/PEG2kDPPE liposomes in DI H2O. The 

dispersion was bath sonicated for 10 min to encapsulate the granular polyP NPs at high 

efficiency. 

3.2.4 FXII Autoactivation Assay with Detergent 

 FXII autoactivation was measured in 96-well microplates as described previously138 with 

some small modifications. In short, ADGs were synthesized at 5 mM [monoP] in 5 mM CaCl2, 

pH 5.4 as delineated in Synthesis of ADGs above. The ADGs were diluted with more 5 mM 

CaCl2, pH 5.4 after solubilization with 0.5 % (v:v) Tween 20 or an equivalent volumetric amount 

of pure DI H2O (as a control) to a final monoP concentration of 500 µM. Final concentrations of 

FXII zymogen and S-2302 substrate were 50 nM and 0.5 mM, respectively. FXII autoactivation 

was measured at room temperature. 

3.2.5 FXII Autoactivation Assay with PLC from C. welchii 

 In lieu of solubilization with Tween 20, the 5 mM ADGs were prepared, as above, and 

diluted into 5 mM CaCl2, 10 µM ZnCl2, 0.1% bovine serum albumin (BSA), 5 mM Tris·HCl, pH 

5.5, and preincubated with 30 µg/ml PLC for 20 minutes at 37oC before addition of FXII 

zymogen and S-2032 chromogenic substrate. BSA was added as a carrier protein for maximal 

PLC activity. Final concentrations of ADG, FXII zymogen and S-2302 substrate were 500 µM, 

50 nM and 0.5 mM, respectively. FXII autoactivation was measured at room temperature. 
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3.2.6 Determination of PolyP NP Encapsulation Efficiency 

 A facile assay was devised employing DLS to measure the stability of ADGs after 

modulation of [Ca2+] with and without the presence of surface-active agents which would disrupt 

phospholipid vesicular integrity. Bare granular polyP NPs and ADGs at equivalent monoP 

concentration were monitored for stability by DLS at 5 mM CaCl2 for 30 minutes. Immediately 

prior to the 30-minute measurement, the calcium concentration was adjusted to 7.5 mM with 

gentle mixing (to prevent  local concentration inhomogeneities) with or without the addition of 

0.5% (v:v) Tween 20. 

3.2.7 Monitoring Digestion of ADGs by bvsPLA2 and PLC via DLS 

 The scattering intensity of 5 mM ADGs in 5 mM CaCl2, pH 5.4 at room temperature 

(RT) was observed in 10-min increments for 30 min to ensure colloidal stability. The ADGs 

were then diluted 10X in enzyme buffer pre-warmed to 37oC containing either 25 mM Tris·HCl, 

pH 7.4, 100 mM NaCl, 7.5 mM CaCl2 and 10 µg/ml bvsPLA2 or 50 mM Tris·HCl, pH 5.5, 10 

µM ZnCl2, 7.5 mM CaCl2, 0.1% (w:v) BSA, and 1 µg/ml PLC. The scattering intensity 

continued to be monitored in 10-min intervals at 37oC as phospholipid hydrolysis occurred.  

3.2.8 ADG Contact Activity in Human Plasma 

 Before addition to citrated PNP, 30 µM ADGs were digested with 100 ng/ml PLC from 

C. perfringens for 20 min in a buffer containing 5 mM CaCl2, 10 µM ZnCl2, 0.1% (w:v) BSA, 

and 50 mM Tris·HCl, pH 7.4 for 20 min at 37oC. After phospholipase digestion, 50 µl citrated 

PNP was recalcified with 50 µl of 25 mM CaCl2, 5 mM imidazole, pH 7.4 and 50 µl sample was 

immediately added (after recalcification). Final concentrations of molecularly dissolved, long-

chain polyP (polyP>600) and ADGs were 10 µM. Turbidity was measured at 405 nm every minute 

for 60 min at room temperature using a FinstrimentsTM Microplate Reader (MTX Lab Systems, 
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Vienna, Virginia). The resulting sigmoidal absorbance traces were fitted to a Boltzmann 

sigmoidal function in OriginPro 8.6 (OriginLab Corporation, Northhampton, MA). The time to 

clot was defined as the inflection point x0±S.E. The percent reduction in the time to clot was 

normalized against the control (with no activator present).   

3.2.9 Conventional Transmission Electron Microscopy 

3.2.9.1 Sample Preparation 

 Briefly, 10 µl of the undiluted sample was pipetted onto a 300-mesh Holey, copper-on-

carbon Formvar grid (Structure Probe Inc., West Chester, PA). After two minutes the liquid that 

did not evaporate was wicked away by placing the tip of a Kim wipe in close proximity to the 

liquid droplet. The grid was subsequently allowed to dry at ambient conditions for at least five 

minutes before examination in a JEM-1220 transmission electron microscope (JEOL Ltd., 

Tokyo, Japan). 

3.2.9.2 High-Resolution Scanning Transmission Electron Microscopy (HR-STEM) 

 The biocompatible graphene sandwich containing the ADG was prepared by: (1) etching 

the copper layer away from a copper/graphene film to expose the graphene monolayer before 

transfer to the surface of DI H2O; (2) forming a thin liquid film containing the ADG sample on a 

standard TEM grid coated with monolayer graphene; and (3) exploiting the evanescent wave 

generated by total internal reflection to place the grid on top of the graphene monolayer to form 

the graphene sandwich.91 The EELS spectrum images of the ADGs and the bare particles are 

background subtracted. In Figure 3.2B, the P L-edge in the shell EELS spectrum (red) is taken 

from the shell of the EELS map of the ADG. The P L-edge in the core EELS spectrum (blue) is 

generated by first extracting the spectrum from the core region of the EELS map, which contains 

both the core and the shell signal, and then by subtracting the shell spectrum. In Figure 3.2B, the 
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O, P, and Ca line profiles are normalized to the maximum intensity, while the C line profile is 

normalized with P at the maximum intensity position. 

 10 mM bare granular polyP NPs and 5 mM ADGs were prepared in biocompatible 

graphene sandwiches using previously established methodology91 and transferred to JEOL 

JEM200CF STEM/TEM (JEOL Ltd., Tokyo, Japan) operated at 80 keV for imaging and EELS 

acquisition. HAADF and ABF images were taken simultaneously. 

 

3.3 Results and Discussion 

 

 

 

 

Figure 3.1. A: Schematic of ADG design and structure. ADGs are 150-nm granular polyP 

NPs encapsulated in 200-nm sterically stabilized, PEGylated liposomes. B: Illustration of a 

biocompatible graphene sandwich trapping an ADG for high resolution imaging. To 

prevent beam-induced morphology change and mass loss in the electron microscopy analysis, the 

ADG is directely sandwiched between two layers of free-standing graphene.  
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Figure 3.2. A: HAADF images of the ADG (1) and the bare polyP NP (2). B: Elemental and 

structural maps of the ADG. B1-B4: Individual Ca, P, O and composite (C, Ca, P, O) map 

extracted from EEL spectrum images with the graphene background subtracted. The color-coded 

outlines of the Ca, P and O distribution shown in B1-B3 are superimposed in composite map B4. 

B5: Phosphorous L-edges extracted from the shell and core of the ADG shown in A. B6: 

Elemental line scan of the C, O, P and Ca map extracted from the graphene background-

subtracted spectrum image of the ADG (Figure B1-4) from top left to lower right. C: Elemental 

maps of the bare particle. C1-C4: Individual Ca, P, and O maps as well as composite (C, Ca, P, 

O) map extracted from the background subtracted spectrum image.  
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 A facile nanoprecipitation process was devised to encapsulate granular platelet-sized 

polyP into sterically stabilized liposomes rapidly on the benchtop, creating a nanoscale drug 

delivery platform modeled after the human body’s intrinsic arsenal for controlling hemorrhage. 

The ADGs consist of a 150-nm granular polyP core surrounded by a 200-nm PEGylated 

liposome (Figure 3.1A), mimicking the size and structure of human platelet dense granules.40 

 The nanostructure of the ADGs was subsequently examined by imaging and 

spectroscopic methods. Conventional transmission electron microscopy (TEM) and high-

resolution scanning transmission electron microscopy (HR-STEM) were employed to show that 

the ADGs possess narrow size distribution and a defined core-shell architecture, with a 

homogeneously dense polyP granule serving as the core and a ring of lighter electron-density 

consisting of the phospholipid lamella (Figure 3.2A & Figure 3.3 ). Further, EELS was 

exploited to map the ADG’s elemental components to prove unambiguously that the synthetic 

scheme yielded encapsulated polyP particles as intended. 
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Figure 3.3.  TEM of ADGs and Artificial Acidocalcisomes. A: Monodisperse ADG 

population. Encapsulation of polyP NPs in sterically stabilized liposomes yields ADGs of low 

polydispersity without any aggregates visibly present. Scale bar: 5 µm. B: Liposomally-

encapsulated polyP NPs appear to have a core-shell architecture. At higher magnification, 

one can notice a spherical spongelike core (the polyP precipitate) surrounded by a lighter shell, 

which presumably is the phospholipid envelope. The white spots are most likely hydrogen gas 

bubbles formed after prolonged electron beam exposure, ubiquitously observed among biological 

electron microscopy samples4 including isolated human platelet dense granules5. Scale bar: 100 

nm. C: Liposomally-encapsulated long-chain polyP forms Artficial Acidocalcisome. 

Conventional TEM micrograph of polyP>1000 encapsulated in a sterically stabilized liposome 

following the same synthetic route as for platelet-sized polyP. Scale bar: 100 nm. 

 

 An inherent disadvantage of conventional TEM for structural characterization of 

biological or biomimetic nanomaterials is radiation damage from the electron beam,90 limiting 

imaging resolution to length scales of nanometers and spectroscopy to angstroms.139, 140 Standard 

electron dose and dose rates directed at polyP bodies transform the granular structures into round 

sponges most likely due to electron beam-induced hydrogen gas bubbling and mass loss, and this 

therefore necessitates an alternative imaging and structural characterization tool for finer sample 

elucidation. To overcome these limitations, ADGs suspended in aqueous 5 mM CaCl2 were 

directly sandwiched between two graphene layers, before transferal to the transmission electron 

microscope (JEOL JEM-ARM200CF) for high-resolution STEM and EELS analysis91 (Figure 

3.1B). The presence of the graphene monolayers has been shown to substantially abrogate the 

deleterious electronic effects on the sample, minimizing covalent bond cleavage during electron 
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microscopy visualization of biological materials and biochemical reactions of experimental 

interest.141-145 As a comparison, bare granular polyP NPs prepared in graphene sandwiches are 

spherical particles of uniform electron density, with the characteristic white spots, observed by 

Docampo and Ruiz40 using conventional TEM, being absent (Figure 3.2A). The polyP granules 

are approximately 150-200 nm in diameter, in very good agreement with DLS measurements (cf. 

Figure 3.4). In contrast to the bare particles, the ADGs exhibit a clear core-shell 

nanoarchitecture characteristic of a polyP NP encapsulated in a liposome. A high angle annular 

dark-field (HAADF) image of an ADG reveals a dense, 150-nm core surrounded by an 

irregularly-shaped 25-nm thick shell of decreased electron density (Figure 3.2A). These length 

scales are in good agreement with light scattering data, as the granular polyP NP was measured 

to have an initial hydrodynamic diameter of ~160 nm and the liposomes were formed via 

extrusion through a polycarbonate membrane with 200-nm pores.  
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Figure 3.4. HAADF images of the ADGs (1-3), as well as the bare particles (4-6) protected 

by the graphene sandwich approach. Compared to the images of ADGs taken using 

conventional TEM (Supporting Figure S1), the morphology of the graphene-protected ADGs 

are better preserved, and thus reveal more structural details. Comparison of the ADGs (1-3) and 

the bare particle images (4-6) clearly show a morphology difference between the bare polyP 

granules and the liposomally encapsulated ADGs. While the bare polyP granule mostly 

manifests a uniform sphere structure, the ADGs clearly reveal a core-shell architecture.  

  

 To the best of our knowledge, this is the first time that EELS has been used to probe the 

elemental consituents of polyP NPs and their liposomally encapsulated counterparts, ADGs. 

Figure 3.2B shows the elemental distribution of Ca, P and O within the ADG particle. The 

compositional map reveals that the shell consists of C, O, and P, but not Ca, suggesting the 



	
	

80	

presence of a phospholipid envelope. The carbon signal in the shell stems most likely from the 

PEG brushes and the hydrocarbon tails, glycerol backbone, and headgroup carbons of the 

phospholipid lamella (cf. Figure 3.4). The dense core exhibits a homogeneous distribution of Ca, 

P and O, demonstrating that the granular polyP NPs were successfully encapsulated by the 

phospholipid envelope. As a control group, Figure 3.2C shows the elemental distribution of Ca, 

P,  and O of the bare particle. These elemental maps match well with the acquired HAADF 

image, and show a uniform distribution of Ca, P and O in the bare particle, consistent with the 

elemental composition of granular polyP NPs. The pixel-size in Figure 3.2B is larger than in 

Figure 3.2C to minimize the effects of electron-dose induced changes to the shell. In order to 

rule out the possibility that in the ADG, the O and P signals in the core region shown in Figure 

3.2B are only coming from the phospholipid envelope, which also contains O and P, we perform 

elemental line scans of the C, O, P and Ca to show the distribution of these elements, shown in 

Figure 3.2B. Elemental line scans of C and Ca indicates the presence of a Ca core encapsulated 

by a ~25 nm thick C shell. The shape of the C and Ca signal is consistent with the typical core-

shell structure. Unlike the “saddle” shape of C, which indicates the absence of C in the core, the 

Gaussian shape of the O and P signals indicates that these two elements are present in both the 

core and the shell. Furthermore, analysis of the P L-edges is used to compare the local P bonding 

between the core and the shell. Both spectra show a near-edge fine-structure typical for PxOy,146 

while the P spectrum from the shell shows an additional pre-peak, indicating a loss in P-O 

bonding. These EELS data are consistent with our expectation of the P bonding structure in the 

granular polyP core as well as the liposome shell.  
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Figure 3.5. Intensity-weighted, lognormal particle size distribution of ADGs by DLS 

prepared for HR-STEM. A: ADG particle size distribution immediately after 

encapsulation. ADGs are monodisperse and approximately 180 nm in diameter. B: ADG 

particle size at 5 h after 30 s of gentle vortexing. The ADG intensity-weighted particle size 

distribution has a major peak at 180 nm and a minor peak above 1 micron. Very little irreversible 

aggregation has occurred. 
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Figure 3.6. Scattering intensity of ADGs after phospholipase digestion. ADGs were prepared 

in 5 mM CaCl2 at room temperature (RT) and monitored for stability for 30 min before transferal 

to an enzyme buffer at 37oC containing either 10 µg/mL sPLA2 from bee venom (bvsPLA2) or 1 

µg/mL PLC from C. perfringens. The scattering count rate drops significantly for both 10 µg/mL 

bvsPLA2 and 1 µg/mL PLC ADG digestions, implying that the phospholipases are inducing 

hydrolysis of the lipid envelope, leading to degradation and agglomeration of ADGs and 

precipitation of the polyP NP cargo.  
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Figure 3.7 Stability of ADGs in suspension. The average effective diameter was determined for 

the bare polyP NP (immediately before adding liposome, t=-10 min), immediately after 

sonication (t=0 min), and every ten minutes thereafter until 1 h had elapsed. The ADGs do not 

appreciably change in size over the duration of the experiment. The bare polyP NPs, on the other 

hand, prepared at the same supersaturation ratio, grow in a power-law manner to a mean 

effective diameter of approximately 220 nm in 1 h.  
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Figure 3.8 Verification of the ADG encapsulation efficiency by measuring ADG diameter 

shifts after exposure to detergent and changes in calcium concentration. Liposome 

solubilization by the non-ionic detergent Tween 20, in conjunction with an increase in the 

calcium concentration, was exploited to judge the ADG encapsulation efficiency semi-

quantitatively. In the absence of Tween 20 and an increase in calcium concentration to 7.5 mM at 

t=30 min, there is no statistically significant perturbation in the ADG effective diameter (solid 

red dots). However, increasing the calcium concentration after dissolution of the lipid envelope 
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by detergent exposure allows for the polyP NPs to be exposed to the higher amount of calcium, 

resulting in an increased effective diameter (hollow red dots).  

 

 The stability of the ADGs was subsequently investigated for 1 h at room temperature in 

the same solution in which they were prepared (5 mM CaCl2, pH 5.4) utilizing DLS, measured in 

10-min intervals (Figure 3.7). The initial effective diameter of the bare polyP granules is 

approximately 160 nm with a PDI ~0.1 (t=-10 min in Figure 3.7), in agreement with our 

previous report.135 After addition of a stoichiometric excess of sterically stabilized liposomes and 

10 min of bath sonication, encapsulated polyP granules are monodisperse with a PDI~0.2, 

(Figure 3.5), with an effective diameter only marginally bigger than their unencapsulated 

counterparts (t=0 min in Figure 3.7). Further DLS measurements reveal that the diameter 

remains unchanged ca. 165 nm after 60 min has elapsed, whereas bare polyP NPs (black symbols 

and line in Figure 3.7) in the same solution environment manifest power-law type growth 

kinetics. At the time of nanoprecipitation the bare polyP granules are approximately 160 nm, 

ripening to ~220 nm in 1 h. The equivalent power-law growth phenomenon is clearly absent with 

the ADGs (red symbols and line in Figure 3.7). The particle diameter of the ADGs as 

determined by electron microscopy is comparable qualitatively to the hydrodynamic diameter 

measured by dynamic light scattering, which strongly suggests that the encapsulated particles 

observed in HR-STEM are stable in suspension for at least an hour, a time scale sufficient to 

potentially mitigate bleeding after a severe hemorrhagic event. 
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Figure 3.9. Colloidal stability of granular polyP NPs in the presence of non-ionic detergent. 

Intermediate chain length polyP250 was nanoprecipitated in 5 mM CaCl2 + 0.5% (v:v) Tween 20 

and the particle growth was monitored by DLS every 5 min until 1 h had elapsed. The presence 

of the surface-active agent appears to exert no influence on the ability of polyP to assemble into 

granular nanoparticles, nor diminish its colloidal stability, as polyP nanoprecipitated in 5 mM 

CaCl2 alone also manifests equivalent power-law growth kinetics and comparable particle 

diameters. 
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 ADG encapsulation efficiency was investigated by modulating the calcium concentration, 

since the presence of calcium controls the thermodynamic equilibrium of granular polyP NP self-

assembly.135 Changes in the calcium concentration would have nearly immediate effects on the 

polyP NP effective diameter, as the polyP NP size is solely determined by the calcium 

concentration over an extensive range of polyP supersaturation values.135 5 mM ADGs were 

synthesized in 5 mM CaCl2, pH 5.4, and monitored by DLS every 10 min. Once 30 min had 

elapsed the calcium concentration was increased to 7.5 mM and an excess of a non-ionic 

detergent, Tween 20, (which would not affect polyP nanoprecipitation in a measurable way, cf. 

Figure 3.9) was added to solubilize the vesicular envelope and expose the polyP cargo to the 

higher calcium environment (Figure 3.8). Upon addition of 0.5% (v:v) Tween 20 and increasing 

the calcium concentration to 7.5 mM, the average particle size rapidly increases above 200 nm 

(red line with open circles in Figure 3.8). 10 min after detergent solubilization, the particle 

population is no longer unimodal (data not shown), with a Gaussian-averaged effective diameter 

greater than 300 nm. Visible sedimentation of agglomerated granular polyP occurs 20 min after 

adding detergent, with the effective diameter bigger than the micron length scale and the 

scattering count rate tending to 0. In the absence of detergent, an increase in calcium 

concentration, in contrast, causes only a negligible change in size, with the average effective 

diameter centered around 165-180 nm (red line with solid circles in Figure 3.8), comparable to 

the instance with no modulation in the calcium concentration (red line with solid circles in 

Figure 3.8). Bare polyP NPs subjected to the same experimental scheme show typical power-law 

growth before calcium concentration increase and subsequently rapidly precipitate into micron-

sized particles after 10 min independent of the presence of detergent. These results suggest that 

the particle encapsulation efficiency is close to the theoretically maximum value. 
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Figure 3.10. Illustration of phospholipase-induced degradation of the lipid envelope. 

Secretory phospholipases such as human sPLA2 encountered at locally high concentrations near 

sites of trauma and inflammation, as well as intracellular isoforms like PLC, involved in platelet 

degranulation, are envisioned to degrade the liposome vesicle, exposing the granular polyP NP to 

induce FXII autoactivation.  
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Figure 3.11. Autoactivation of FXII zymogen via detergent-triggered solubilization of ADG 

vesicular envelope. ADGs initiate autoactivation of FXII after addition of 0.5% (v:v) Tween 20, 

similar to the bare polyP NPs (as a positive control). In contrast, ADGs without detergent 

treatment yield no significant conversion of FXII to FXIIa. As a negative control empty 

liposomes at the same concentration elicit no FXII autoactivation.  
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Figure 3.12. FXII autoactivation after ADG preincubation with PLC. ADGs were incubated 

with 30 µg/ml PLC (from C. perfringens) at 37oC for 20 min before initiation of FXII 

autoactivation in a buffer containing BSA to ensure optimal phospholipase digestion. Bare polyP 

NPs without BSA were included as a positive control. ADGs preincubated with PLC manifest a 

similar rate of absorbance increase to both bare polyP NPs and ADGs digested with Tween 20. 

ADGs without PLC do not measureably promote FXII autoactivation at the concentration tested. 

Empty liposomes digested with PLC show some absorbance increase, which is likely a result of 

vesicle aggregation after phospholipid hydrolysis. 	
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 Not only do the ADGs structurally resemble human platelet dense granules, they also 

manifest potentially promising  procoagulant effects in vitro like their biological counterparts 

when triggering agents are used to disassemble the phospholipid envelope and expose the 

procoagulant polyP cargo. Inspired by the platelet degranulation process that occurs in vivo, we 

present a paradigm through which hydrolytic enzymes present in human platelets or secreted into 

the circulation after hemorrhage can be exploited to induce clotting factor activity on a time scale 

sufficient to cease bleeding.  

 The targeted delivery of polyP relies on the presence of phospholipases (e.g. PLC and 

sPLA2), which occur at much higher concentrations at local bleeding sites (at the scale of µg/ml) 

compared to global baseline physiological levels (at the scale of ng/ml) to quickly degrade 

phospholipid vesicles. Immediately after traumatic hemmorhage, a concatenation of carefully 

orchestrated biochemical events must occur near the wound site, with platelets serving as the 

principal actors in establishing primary hemostasis.147 Platelets adjacent to the trauma site stick 

to the damaged endothelium creating a temporary “plug,” recruit other platelets via secreted 

small molecule messengers, and initiate the coagulation cascade by supporting activation of 

circulating clotting factors.148-150 PLC plays a major role in platelet activation, and is central to 

the platelet degranulation process151, 152— the exocytosis of dense and α granules into the 

vasculature, ensuring that high local concentrations of polyP are established in platelet-rich 

thrombi. PLC is an intracellular lipase which hydrolyzes phospholipids at the 3 position,151 

leading to mobilization of intracellular calcium stores and activation of G protein-coupled 

secondary messenger systems with diverse physiological consequences extending beyond 

hemostasis and inflammation.153 Although PLC in human platelets exclusively hydrolyzes 

phosphoinositides,154 numerous other PLC isoforms exist in nature that do not discriminate 
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between phospholipids. Many bacterial toxins referred to as “lecithinases” possess robust PLC 

activity for phosphatidylcholines and phosphatidylethanolamines.155, 156  

 An additional strategy employs secreted phospholipases at sites of inflammation, e.g. 

around tumors and sites of vascular injury, to promote hydrolysis of the vesicular envelope. It 

has been clinically documented that in human patients with a constellation of inflammatory 

diseases, such as rheumatism and atherosclerosis, that the serum concentration of secretory 

phospholipase A2 (sPLA2) can reach 10-30 ng/mL.157 Local plasma concentrations of sPLA2 in 

the boundary layer directly adjacent to sites of trauma can be 100- to 1000-fold higher, 

approaching 10 µg/mL.  Moreover, several studies have shown that degradation of phospholipid 

vesicles by phospholipase hydrolysis could be an order faster when conjugated to PEG chains.158 

The likely mechanism is that PEG chains cause extrusion of the phospholipid to the exterior of 

the bilayer, promoting more rapid and facile phospholipase adsorption at the interface.159 

Therefore, PEGylated phospholid vesicles, as with our design of encapsulating polyP NPs, not 

only offer steric stabilization and immunoprotection, but also a means for controlling and 

targeting drug release upon phospholipid degredation at the sites where phospholipases are 

overexpressed. 
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Figure 3.13. FXII autoactivity assay of bare polyP NPs. The initiation of FXII autoactivation 

elicited by bare granular polyP NPs manifests typical saturable, concentration-dependent kinetic 

behavior, with 250-500 µM being the most potent concentration range. 
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Figure 3.14: PLC concentration dependence of ADG-induced FXII autoactivity. A: ADGs 

pre-incubated with increasing amounts of PLC. 500 µM ADGs were digested in the presence 

of 10, 30, or 60 µg/mL PLC from C. perfringens at 37oC for 20 min prior to initiation of FXII 

zymogen autoactivation in the presence of chromogenic substrate. There is a clear correlation 

between increasing concentration of phospholipase and FXII autoactivity.  
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Figure 3.15 : Empty sterically stabilized liposomes in the presence of phospholipase. Empty 

vesicles with the equivalent concentrations of enzyme also display a notable absorbance 

increase. However, the mechanisms underlying this increase in absorbance likely stem from 

aggregation of vesicles or interaction of phospholipid degradation products with FXII zymogen 

or S-2032 substrate, as negatively charged phospholipids are known activators of the contact 

pathway of blood coagulation. 30 µg/mL PLC appears to be the optimal triggering dose for 

comparable activity to the bare polyP NP and minimal activation from the vesicular hydrolytic 

products.  
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Figure 3.16.  Subthreshold phospholipase concentrations do not trigger ADG-induced FXII 

zymogen conversion. Physiological PLC concentrations below 1 µg/ml are below threshold to 

uncoat the ADG lipid envelope, implying that only pathologically extreme phospholipase 

concentrations encountered in the vicinity of hemorrhagic sites would induce ADG envelope 

hydrolysis and polyP NP unloading.  

 

 The phenomenon of ADG liposomal envelope digestion by model phospholipases was 

explored by DLS to estimate time scales of hydrolysis and  protein concentrations necessary for 

polyP cargo release to suitably modulate clotting factor activity. The colloidal stability of ADGs 
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was surveyed in 5 mM CaCl2, pH 5.4 at RT for 30 min before dilution into an enzymatic assay 

buffer at 37oC. Upon transfer to the enzymatic buffers tailored for optimal PLC and sPLA2 

activity, respectively, the scattering intensity marginally drops, likely due to changes in liposome 

phase behavior and fluidity due to the low melting temperature of L-α-phosphatidylcholine, the 

major constituent in the sterically stabilized liposomes (Figure 3.6). Moreover, the calcium 

concentration for both buffers is 7.5 mM in order to gauge polyP release after hydrolysis. In the 

absence of enzyme, the size of the ADGs does not change significantly, suggesting that the 

majority of the granular polyP NPs are completely encalpsulated. After addition of 1 µg/mL PLC 

or 10 µg/mL sPLA2 at 30 minutes, however, the scattering intensities drop siginificantly. This 

suggests that the phospholipases have begun to hydrolyze the liposomal barrier surrounding the 

polyP NP, leading to polyP NP precipitation in the more calcium-enriched environment, 

decreasing the total number of colloidal particles due to sedimentation. Further investigation 

reveals that 30 µg/ml PLC is an ideal concentration for in vitro autoactivation of FXII (Figure 

3.14-3.16).  

 The ability of ADGs to autoactivate isolated FXII zymogen after detergent-induced 

solubilzation was first assessed as a proof-of-principle demonstrating that the polyP NP cargo 

retains its procoagulant  functionality. Corroborating Engel et al.’s results that platelet-sized 

polyP robustly supports zymogen conversion,138 we show under similar experimental conditions 

that 500 µM ADGs are able to promote autoactivation of FXII after detergent solubilization by 

0.5% (v:v) Tween 20, whereas ADGs not treated with detergent are largely inert, exhibiting 

minimal FXII autoactivity (Figure 3.11). Empty sterically stabilized liposomes are also unable to 

initiate conversion of FXII to FXIIa, suggesting that promotion of autoactivation stems from 

release of the granular polyP NPs. FXII autoactivity of the bare granular polyP NPs is 
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concentration-dependent, and manifests saturating kinetic behavior with maximal autoactivation 

occurring at 500 µM monoP for BKGP70, the same polyP used in this study (see Figure 3.13 for 

concentration dependence). Figure 3.12 shows that ADGs preincubated in a 0.1% (w:v) BSA 

suspension with PLC for optimal phospholipase activity for 20 min before addition of zymogen 

initiate conversion of FXII in a manner consistent with ADGs subjected to detergent treatment 

with Tween 20. ADGs preincubated in the same buffer without PLC are largely “contact 

inactive”. Likewise, empty sterically stabilized liposomes are unable to support autoactivation of 

FXII zymogen. The absorbance intensity of empty sterically stabilized liposomes preincubated 

with the equivalent concentration of PLC does increase slightly during the duration of the 

experiment; however, this rise is likely due to vesicle aggregation or zymogen activation 

stemming from interaction with negatively charged degradation products. 
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Figure 3.17. Mean particle diameter of platelet-sized polyP NPs precipitated in 1.5 mM 

CaCl2, 10 µM ZnCl2, conditions mimicking the ionic concentrations for the FXII 

autoactivation assay, at nearly neutral and slightly acidic pH. The granular polyP NPs are 

approximately 160-200 nm and do not exhibit the same power-law growth behavior 

characteristic of polyP NPs in aqueous media containing only CaCl2. 
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Figure 3.18. Scattering intensity of Ca2+/Zn2+-polyP NPs at physiologic and dense-granular 

pH environments. The scattering count rate decreases precipitously at pH 7.4, but is remarkably 

stable at pH 5.4, equivalent to the mildly acid lumen of human platelet dense granules. 

 

 Interestingly, 500 µM bare polyP NPs in the presence of 0.1% (w:v) BSA evince no 

contact activity over the 120 min assay, whereas bare polyP NPs without BSA elicit robust FXII 

autoactivation within 1 h (Figure 3.12). BSA is an established divalent metal chelator, with low 

dissociation constants for Ca2+, Zn2+ and Cu2+.107, 109 Moreover, zinc cations greatly accelerate 

FXII autoactivation, and hence signficantly reduce the autoactivation doubling time.160, 161 The 
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presence of millimolar amounts of divalent metals like Ca2+ and Zn2+ ensures that the 

predominant polyP species is either an NP or polyP-metal complex (see Figures 3.17-3.18 for 

zinc’s nanoprecipitative effects). It is well established that foreign contact activators manifest as 

either negatively charged colloids or granules like kaolin50 or as polymer-metal complexes, e.g. 

ellagic acid coordinated with copper.162 The fact that BSA effectively lowers the free ionic 

concentration of these precipitative divalent metal cations and completely abrogates polyP NP 

contact activity in this simplified in vitro model of the contact pathway of blood clotting suggests 

that divalent metal ion complexation to the polymer may be required for polyP to elicit FXII 

zyomgen autoactivation. Additionally, recent work by Ursula Jakob and colleagues at the 

University of Michigan provides compelling evidence that polyP is a nonspecific protein binder, 

facilitating protein folding in a fashion comparable to conventional protein chaperones.36 Surface 

plasmon resonance measurements have identified numerous blood proteins that bind to polyP, 

including thrombin.163 We have also observed by DLS that bare polyP NPs may complex with 

BSA via a calcium-mediated process.135 However, enzymatically triggered hydrolysis of ADGs 

by PLC even in the presence of BSA still yields siginificant proteolytic autoactivation (Figure 

3.12). Although there is a high concentration of serum albumin in human plasma, polyP still 

manages to function as a very potent procoagulant agent, implying  that the inhibitory effect of 

serum albumin cannot be too strong. Nonetheless, the precise mechanism by which BSA and 

polyP interact demands further investigation. Taken together, these data suggest that PLC 

hydrolysis of the lipid envelope is occurring, quickly exposing a negatively charged surface to 

autoactivate the FXII zymogen, and, further, that the sterically stabilized liposome shields the 

granular polyP NP from interacting with FXII and other proteins like BSA over a duration of at 

least two hours.  
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Figure 3.19. Colloidal stability of ADGs and empty liposomes in 35 mg/ml BSA, 1.2 mM 

Ca2+, approximating the solvent environment of human blood plasma. A: Effective 

diameter of ADGs and empty PEGylated liposomes in BSA suspension over a 24-h period.  

The hydrodynamic diameter of ADGs and empty liposomes were measured in 35 mg/ml BSA 

suspensions with 1.2 mM Ca2+ by DLS for 24 h. The particle diameter was determined by 

calculating the intensity-weighted average of the largest peak in the MSD summary (see below in 

Figure 3.xx). The particle diameter does not change significantly over the trial period.  
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Figure 3.20 Trimodal particle size distributions of ADGs and empty liposomes 40 min after 

addition to the BSA suspension. The particle populations for both ADGs and empty liposomes 

in BSA manifest as three distinct peaks: the first, centered around 3 nm, is likely the protein 

monomer; the second, with a hydrodynamic diameter of approximately 21 nm, appears to be a 

BSA aggregate; and third, the largest peak is most likely the liposomal sample, i.e. the ADG or 

empty PEGylated vesicle. As the calcium cation concentration is 1.2 mM, any unencapsulated 

polyP is favored to form 50-nm diameter granular particles, which are clearly absent in the 

particle size distribution above.  Taken together, these data suggest that ADGs are sufficiently 
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colloidally stable to properly interrogate their procoagulant effects in recalcified human plasma. 

Similar studies with bare polyP NPs in BSA/Ca2+ have already been performed.135 

 

 

Figure 3.21. Contact activity of ADGs in human plasma. A: Absolute clotting time in 

human plasma. 10 µM ADGs + 100 ng/ml PLC are comparably procoagulant to 10 µM 

molecularly dissolved, long-chain polyP. 10 µM ADGs without trigger and 100 ng/ml PLC alone 

marginally reduce the time to clot compared to the control (with no activator present). Absolute 

clotting time is given by the fitted inflection point of a Boltzmann sigmoidal growth function ± 
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S.E. of the averaged absorbance traces of each sample group (n=11). * represents p<0.05 for a 

two-sided t test compared to control (without activator).  

 

 

Figure 3.22. Clotting times given as percent reduction from the control. 

 

 In addition to assessing the ability of ADGs to catalyze the conversion of FXII zyomgen 

to FXIIa in isolation, the particles’ contact activity was determined in pooled normal plasma 

(PNP) by measuring changes in turbidity upon coagulation. ADGs were preincubated for 20 min 

with 100 ng/mL PLC from C. perfringens before initiation of clotting.  Figure 3.21-3.22 shows 

that 10 µM ADGs + 100 ng/ml PLC reduce the time to clot equivalently compared to 10 µM 
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molecularly dissolved, long-chain polyP, with 21% and 19% diminutions compared to control, 

respectively. 10 µM ADGs and 100 ng/ml PLC alone both clot slightly more rapidly than control 

(with no activator present). The fact that ADGs minimally reduce the clotting time suggests that 

either a small fraction of the polyP remains unencapsulated, or that some polyP can be 

transported across the relatively fluid ADG bilayer, of which 95 mol% is the low Tm L-α-PC, 

when it is diluted into PNP. Given that PLC also reduces the time to coagulation compared to 

control implies that the phospholipase possesses marginal intrinsic contact activity at the 

concentration tested. It is also noteworthy that molecularly dissolved, long-chain polyP is not as 

robust a contact activator as previous reports in the literature demonstrate33, 135; however, the 

assay protocol was suitably modified to gauge the ADG procoagulant activity, accounting for the 

divergent behavior. Altogether, PLC is able to digest the ADG lipid envelope, allowing the 

polyP granule inside to initiate the contact pathway of blood coagulation.  

 

3.4 Conclusion 

 We present the facile, rapid, and inexpensive synthesis of a polyP NP encapsulated in a 

liposome as a potential procoagulant nanotherapy imitating human platelet dense granules. All 

the materials are biocompatible and biodegradable, and the process could conceivably be scaled 

in an economical manner. High-resolution TEM and EEL spectrum imaging of ADGs confirm 

the nanostructure of a 200-nm sterically stabilized liposome shell encapsulating a 150-nm 

diameter granular polyP NP core. A label-free direct graphene sandwich approach was used in 

electron microscopy experiments to prevent beam-induced mass loss and morphology change. 

Light scattering measurements of ADGs in suspension indicate that the procoagulant 

nanoparticle is colloidally stable. Triggered initiation of FXII autoactivation by ADGs via 
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detergent solubilization or phospholipase hydrolysis of the liposomal envelope in an in vitro 

model lends direction in the future for an in vivo investigation into ADGs’ efficacy in activating 

the contact system of clotting with the objective to limit blood loss following a severe 

hemorrhagic event.  
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CHAPTER 4. INORGANIC POLYPHOSPHATE FOR GENERIC PROTEIN DELIVERY 

APPLICATIONS 

4.1. Introduction 

 Perfected by natural selection over countless iterations, proteins are evolution’s 

molecular machines tasked with implementing the majority of cellular processes.164 At the 

nanoscale, a polypeptide’s function is interwoven with its ability to form a specific complex 

configuration called the folded state.165 This process is driven by a concatenation of interactions, 

including hydrogen bonding, disulfide bridging, electrostatic and van der Waals forces, 

information all encapsulated in the linear arrangement of the protein’s amino acids.166 Even 

subtle deviations in the physiological environment may disturb the thermodynamics of protein 

folding and lead to denaturation and loss of crucial biochemical functions.167 However, 

countervailing measures, activated in response to environmental triggers such as elevated 

temperatures or changes in cytosolic pH, exist to limit negative ramifications to cellular 

metabolism.168 Organisms employ biochemical “chaperones,” which are normally other proteins 

that are more robust and resistant to environmental changes themselves.169  

 Although several examples of generic protein chaperones exist, for instance those that aid 

in the folding of translated polypeptides,170 there is little precedent, to the best of our knowledge, 

for a non-proteinaceous chaperone with similar depth and versatility of function documented in 

the literature. Some low molecular weight species like trehalose and betaine have some canonical 

“chaperone-like” effects, but fail to exert the full suite of protective functionality.171 Recently, 

however, Ursula Jakob and colleagues at the University of Michigan argue that polyP has 

fulfilled the gamut of molecular chaperone functionality since life’s earliest stages, and continues 

to protect myriad polypeptides from chemical and environmental stressors.36  
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 FVIII zymogen is encountered in the blood stream bound to von Willebrand Factor 

(vWF).172 It plays an indispensable role in hemostasis, as it forms part of the intrinsic tenase 

complex together with FIXa after proteolytic activation by thrombin.48 Congenital deficiencies in 

the coagulation factor present as uncontrolled bleeding episodes, a condition referred to as 

Hemophilia A.173  

 The intrinsic tenase complex self-assembles on negatively charged phospholipid 

membranes together with calcium cations. Previous results in the literature suggest that 

templating surfaces with increasing mole fractions of phosphatidylserine (PS) more facilely 

promote protein co-localization,174 suggesting that the presence of negatively charged 

phospholipids dictates protein binding. Indeed, FVIIIa possesses a short (~20 amino acid), highly 

conserved motif rich in arginines and other positively charged amino acid residues capable of 

forming electrostatic interactions with PS.175 

 When two oppositely charged polyelectrolytes, such as positively charged poly(arginine) 

and negatively charged poly(glutamic acid), are mixed at neutral pH in an aqueous solvent 

environment, electrostatic forces drive association of the two polymers together to form a 

polyelectrolyte complex.176 Complex coacervation is a phenomenon characterized by the 

creation of another liquid phase after addition of a third component to a two-polyelectrolyte 

suspension.177 One liquid phase is depleted of the polyelectrolytes, while the coacervate phase 

has a high density of colloidal polyelectrolyte complexes.178 The coacervate phase often 

manifests as suspended droplets in the suspension.179  

 Leveraging the physiological phenomenon of intrinsic tenase self-assembly on negatively 

charged templating surfaces with calcium cations and the coacervative ability of polyP, it is 

proposed that polyP and FVIII can be co-nanoprecipitated in the presence of calcium cations to 
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form a polyP-FVIII complex and subsequently encapsulated in sterically stabilized liposomes for 

possible directed delivery of proteinaceous procoagulant agents to the bleeding site. DLS 

demonstrates that ADG-FVIII NPs are colloidally stable if stored at 4oC for 20 h, whereas bare 

polyP-FVIII NPs precipitate out of suspension in less than 1 h. The encapsulation efficiency is 

quantified to be about 50% by Bradford Assay following a conventional protocol before any 

additional separation steps. Therefore, unencapsulated FVIII is removed by ultracentrifugation 

before downstream clotting tests with modest success. Purified ADG-FVIII NPs are 

subsequently assayed for their ability to reduce their time to clot in FVIII-deficient human 

plasma, a simplified in vitro model of Hemophila A. The data suggest that ADG-FVIII NPs in 

the presence of above-threshold concentrations of PLC begin to restore the normal clotting time 

phenotype when measured against FVIII-deficient plasma spiked with 0.7 nM FVIII concentrate 

and polyP. Taken together, these results support the hypothesis that ADGs may be loaded with 

therapeutic proteins by leveraging the ability of polyP to function as a molecular chaperone.     

   

4.2. Experimental Section 

4.2.1. Materials and Reagents 

Human FVIII concentrate (FVIII), CaCl2�6H2O, and PLC from C. perfringens were 

purchased from Sigma Aldrich (Saint Louis, MO, USA). Citrated pooled normal plasma (PNP) 

and FVIII-deficient plasma were purchased from George King Biomedical (Overland Park, KS, 

USA). 1,2-dilinoleoyl-sn-glycero-3-phosphocholine (DLPC, 16:2), 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC, 16:0), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (ammonium salt), (PEG2kDPPE, 16:0), in addition to the 

Avanti® Mini Extruder and 200-nm polycarbonate membranes were obtained from Avanti Polar 
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Lipids (Alabaster, AL). PolyP70, or Natriumpolyphosphat P70 (BKGP70) was purchased BK 

Guilini GmbH (Ludwigshafen am Rhein, Germany). Water was deionized using a Nanopure II  

filtration system (Barnstead, Dubuque, IA) to 18.2 MΩ-cm. All materials were purchased at 

standard grades and used as received. 

4.2.2 Co-nanoprecipitation of PolyP and FVIII 

Aqueous polyP70 (BKGP70, 2 µl of 737 mM) was micropipetted into a mixture 

containing 50 µl of 0.139 mM FVIII. The polyP/FVIII mixture was subsequently added dropwise 

to 1500 µl of 5 mM CaCl2 to give a final polyP polymer: FVIII protein stoichiometric ratio of 

approximately 1:1. The polyP/FVIII coprecipitate’s hydrodynamic diameter, polydispersity, and 

scattering count rate were determined by DLS (Brookhaven NanoDLS™, Brookhaven, NY).  

4.2.3 Synthesis of DLPC/DPPC/PEG2kDPPE Liposomes 

Large unilamellar vesicles (LUVs) (size about 200 nm, with 37.5mol% DLPC/57.5mol% 

DPPC/ 5mol% PEG2kDPPE) were synthesized by membrane extrusion by a conventional 

protocol in the literature with minor modifications. In short, 81.38 µl 10 mM DLPC and 14.51 µl 

10 mM DPPC, both in chloroform, were pipetted into a small scintillation vial, and 186.1 µl of 

the resulting 40 mol% DLPC/60 mol% DPPC mixture was added to 14.7 µl 10 mM PEG2kDPPE 

in chloroform, yielding 37.5mol% DLPC/57.5mol% DPPC/ 5mol% PEG2kDPPE after 

combination. The solution was subsequently bubbled with Ar gas to form a lipid cake, further 

dried under vacuum for 1 h, and finally rehydrated with 1 mL DI H2O. To form 200-nm LUVs, 

the rehydrated phospholipids were passed through an Avanti® mini-extruder with a 200-nm 

pore-diameter polycarbonate membrane at least 11 times. 

 

 



	
	

112	

4.2.4 Encapsulation of polyP-FVIII NPs in Sterically Stabilized Liposomes 

Bare polyP-FVIII NPs suspension (450 µl) produced in 4.2.2. are added to 78.89 µl of 2.6 

mM 200-nm 37.5mol% DLPC/57.5mol% DPPC/ 5mol% PEG2kDPPE LUVs and sonicated for 

10 min.  

4.2.5 Ultracentrifugation of ADG/FVIII NPs 

  ADG-FVIII NPs suspension (500 µl of 5 mM monoP) were centrifuged 5X at 4500 rpm. 

After each centrifugation step the supernatant was removed and the pellet was gently 

resuspended in 500 µl of 5 mM CaCl2. 

4.2.6 FVIII Encapsulation Efficiency 

FVIII encapsulation efficiency was determined by measuring the difference in the total 

mass of free floating FVIII in ADG-FVIII NP suspension incubated with and without 0.5% (v:v) 

Tween 20 and 10 mM sodium citrate, dividing the result by the total mass of FVIII added and 

multiplying by 100%. The nonionic detergent Tween 20 solubilizes the phospholipid envelope, 

exposing the bare polyP-FVIII NPs. Excess citrate ions will then dissolve the polyP-FVIII 

complex by outcompeting polyP for calcium chelation. Therefore, addition of these two agents 

will result in FVIII and polyP returning to a molecularly dissolved state. In short, 5 mM ADG-

FVIII NPs were ultracentrifuged at 4500 rpm for 10 minutes and the supernatant was collected. 

The protein concentration was measured by Bradford Assay following a standard protocol. A 

FVIII calibration curve from 0-2 mg/ml was used as an internal standard. 

4.2.7 Microplate-Based Clotting Assay in FVIII-Deficient Human Plasma with PLC 

ADG-FVIII (10 µM monoP) suspensions were assayed for their ability to reduce the time 

to clot in FVIII-deficient plasma in the presence of above-threshold concentrations of PLC 

before (ADG-FVIII BC) and after (ADG-FVIII AC) centrifugation to remove any free-floating 
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FVIII. For the ADG-FVIII samples digested with phospholipase enzyme, the ADG-FVIII NPs 

were digested with either 0.3 or 3.3 µM PLC from C. perfringens for 20 min at 37oC in a buffer 

containing 5 mM CaCl2, 10 µM ZnCl2, 0.1 wt% BSA, and 50 mM Tris·HCl, pH 7.4. Coagulation 

was initiated by adding 50 µl of citrated FVIII-deficient plasma containing 75 µM PCPS vesicles 

to 50 µl of 25 mM CaCl2, 5 mM imidazole pH 7.4. 50 µl of the PLC-digested ADG-FVIII NPs 

were then immediately added to the recalcified plasma, and the optical turbidity at 405 nm (A405) 

was measured every min for 90 min using a FinstrumentsTM Microplate Reader (MTX Lab 

Systems, Vienna VA). The curvilinear turbidity curve was fitted to a standard Boltzmann 

sigmoidal function in OriginPro 8.6 (OriginLab Corporation, Northhampton, MA). The 

coagulation time was defined as the averaged x-coordinate at which the inflection point (xo) 

occurs of the respective fitted Boltzmann functions plus or minus the standard error of the mean. 

 

4.3 Results and Discussion 

 FVIII was co-nanoprecipitated with polyP in aqueous calcium chloride and encapsulated 

in sterically stabilized, 200-nm liposomes by ultrasonication, forming ADG-FVIII NPs for 

delivery of clotting factors to the bleeding site. The lipid composition of the vesicle envelope 

was modified from the original composition to contain a controlled combination of 37.5 mol% 

DLPC, 57.5 mol% DPPC, and 5 mol% mPEG2000-DPPE for enhanced structural stability. Figure 

4.2 shows the colloidal stability of bare polyP-FVIII NPs and ADG-FVIII NPs over 20 hours. 

Upon addition of 5 mM polyP to a 5 mM CaCl2-FVIII suspension, the resulting particles have a 

hydrodynamic diameter of approximately 200 nm, marginally larger than bare polyP NPs 

prepared at equivalent supersaturation ratios (Chapter 2). The polyP-FVIII complex is 

incipiently unstable and rapidly precipitates out of suspension within 1 h. In contrast, after 10 
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min of ultrasonication with PEGylated vesicles, the ADG-FVIII NPs are approximately 160 nm, 

in close agreement with pure ADGs without complexed protein. Moreover, the size of ADG-

FVIII NPs maintain approximately the same size 20 h after synthesis when refrigerated at 4oC. 

 

 

Figure 4.1. Colloidal stability of bare polyP-FVIII and ADG-FVIII NPs in 5 mM CaCl2. 

ADG-FVIII NPs are approximately 160 nm and are colloidally stable for nearly 20 h if they are 

refrigerated at 4oC. However, the effective diameter of bare polyP-FVIII NPs is initially 200 nm, 

and the particles substantially ripen within 1 hr, at which point they begin to sediment from the 

suspension.  
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Figure 4.2 Free un-encapsulated FVIII in ADG-FVIII NPs Suspensions Determined by 

Bradford Assay. The fraction of free form FVIII measured in ADG-FVIII suspensions is 

approximately 50%, indicating that half of the protein is unencapsulated. ADG-FVIII incubated 

with the non-ionic detergent Tween 20 to dissolve the liposomal envelope and sodium citrate to 

dissolve the polyP particle shows nearly complete recovery of free form FVIII in suspension. 

Therefore, the encapsulation efficiency is approximately 50%.   

 

 After characterizing the particle’s colloidal stability by light scattering, the FVIII 

encapsulation efficiency was determined by Bradford (Coomassie Blue) assay following 

conventional protocol in the literature. Briefly, the total mass of free unencapsulated FVIII in 
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suspension was measured in ADG-FVIII NP suspensions incubated with and without 0.5% (v:v) 

Tween 20 and 10 mM sodium citrate before any additional separation steps. The nonionic 

detergent solubilizes the lipid envelope, while the citrate ions present at stoichiometric excess 

will readily outcompete polyP for calcium cation chelation, leading to particle dissolution and 

disassembly of complexed FVIII. ADG-FVIII NPs treated with Tween 20 and excess sodium 

citrate then should theoretically give approximately 100% recovery of free FVIII by mass 

balance, and the encapsulation efficiency is given by subtracting this quantity from the 

percentage of free FVIII in the ADG-FVIII suspension not incubated with detergent or calcium 

chelator. The results indicate that close to 100% (reasonably close to the margin of experimental 

error) is recovered in the ADG-FVIII sample treated with 0.5% (v:v) Tween 20 and 10 mM 

sodium citrate, while 50% of FVIII remains in suspension in ADG-FVIII samples without 

incubation with detergent or calcium chelator. Thus, the FVIII encapsulation efficiency is 

measured to be approximately 50%.  

 Given the significant fraction of free FVIII remaining in suspension, it was attempted to 

separate the unencapsulated FVIII ADG-FVIII NPs by ultracentrufugation to mitigate 

downstream adverse ramifications on potential, targeted drug delivery applications. ADG-FVIII 

NPs were centrifuged 5X at 4500 rpm for 10 min, and the pellet consisting of the liposomal 

particles was gently resuspended in fresh calcium chloride solution before assaying for 

procoagulant activity in Hemophiliac plasma. The sedimentation conditions and pelleting time 

were determined by calculating the ADG-FVIII sedimention coefficient in Svedberg units given 

the radius of the centrifuge.180 
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Estimated density ρ Ratio of radii k ADG-FVIII Mass (Sv) rpm t  min 

1.3 4730 32500 4500 >8.73 

 

Table 4.1. Centrifugation parameters for removing free FVIII from ADG-FVIII NPs. 

 

 A Bradford Assay performed on ADG-FVIII NPs after 5X centrifugation indicates, 

however, that the free FVIII concentration in the ADG/FVIII eluate has not substantially 

decreased, and the total mass of FVIII recovered in ADG/FVIII samples incubated with 0.5% 

(v:v) Tween 20 and 10 mM sodium citrate remains equivalent to the total amount of FVIII added 

(in fact much greater than 100%). Clearly, the equivocal results indicate that the protocol for 

separating free FVIII from the ADG-FVIII suspension demands further optimization. 

 



	
	

118	

 

Figure 4.3 Free un-encapsulated FVIII in ADG-FVIII NPs Suspensions Determined by 

Bradford Assay.  
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Figure 4.4. Clotting activity of ADG-FVIII NPs before centrifugation (ADG-FVIII BC) in 

FVIII-Deficient plasma after PLC digestion.  
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Figure 4.5. Clotting activity of ADG-FVIII NPs after centrifugation (ADG-FVIII AC) in 

FVIII-deficient plasma after PLC digestion. 

  

 The procoagulant behavior of ADG-FVIII NPs was assessed in FVIII-deficient human 

plasma, a simplified in vitro model of Hemophilia A. Figure 4.4 shows the sigmoidal optical 

absorbance traces measured at 405 nm (A405) in a microplate reader every min for 90 min against 

a control containing 0.7 nM FVIII (normal physiologic serum concentration in non-Hemophiliac 

human patients) and 10 µM molecularly dissolved polyP that manifests typical reductions in 

clotting time similar to recalcified PNP with added polyP activator reported in the literature. 10 

µM ADG-FVIII NPs before and after centrifugation steps to eliminate unencapsulated, free 
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floating FVIII were digested with above-threshold PLC concentrations of 0.3 and 3.3 µM (cf. 

Chapter 3; PLC at these concentrations alone does not activate the contact pathway of clotting 

in citrated PNP.). Figure 4.4A shows that 10 µM ADG-FVIII NPs before centrifugation (noted 

as ADG/FVIII BC in Figure 4.4A) incubated with 3.3 µM PLC are equivalent to the control 

containing 0.7 nM FVIII + 10 µM molecularly dissolved polyP, whereas the reduction in the 

clotting time of 30 µM ADG-FVIII BC with 0.3 µM PLC is moderately less procoagulant than 

its counterpart with more phospholipase, presumably due to incomplete phospholipase digestion 

and release of clotting factor and available polyP surface. 10 µM ADG-FVIII BC without 

phospholipase trigger show a significant absorbance increase, suggesting that free form FVIII 

that was not encapsulated in the ADGs is able to reduce the time to clot compared to control 

without any activator present. Figure 4.4B indicates that 10 µM ADG-FVIII NPs after 

centrifugation (noted as ADG-FVIII AC in Figure 4.4B) are not nearly as robust as ADG-FVIII 

NPs BC digested with equivalent PLC concentrations. This phenomenon may be attributed to the 

fact that the separation protocol has not been fully developed. Furthermore, it may be that the 

ADG-FVIII NP yieldis less than 100% after the separation and purification steps due to the 

presence of unpelleted ADG-FVIII NPs remaining in the supernatant. Thus, the stated monoP 

concentration for the ADG-FVIII NPs AC may be less than that for the ADG-FVIII NPs BC. In 

order to quantify the recovered ADG-FVIII concentration after the separation steps, the total 

mass of phospholipids could be quantitated by a myriad of techniques known in the literature. 

Moreover, ADG-FVIII AC without phospholipase still is more active than control with no 

activator, suggesting that free form FVIII remains in suspension or that polyP and FVIII may be 

prematurely released in FVIII-deficient plasma. The sample containing no activator or 0.7 nM 

FVIII did not coagulate during the time measured in the assay as noted by the horizontal 
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absorbance trace. An additional control experiment not yet performed would be to rescue the 

normal phenotype by spiking human FVIII concentrate into FVIII-deficient plasma without 

activator present.  

 

4.4 Conclusion & Future Directions 

 Employing polyP’s ancient evolutionary functionality as a critical molecular chaperone in 

the design of a threshold-switchable procoagulant nanoparticle to transport therapeutic proteins, 

an initial platform is constructed for the complex coacervation of human FVIII and polyP with 

aqueous calcium cations serving as the coacervating agent. The protein and anionic 

polyelectrolyte are mixed and co-nanoprecipitated in 5 mM CaCl2. The resulting polyP-FVIII 

complexes are encapsulated into PEGylated phospholipid vesicles by brief ultrasonication, 

following the synthetic protocol for the original ADG prototype. Investigation of the particles’ 

colloidal stability by DLS indicates that bare polyP-FVIII complexes are incipiently unstable and 

sediment out of suspension within 1 h, while the encapsulated ADG-FVIII NPs are 

approximately 160 nm like ADG without encapsulated protein and are stable for at least 20 h if 

refrigerated at 4oC. FVIII encapsulation efficiency was measured to be approximately 50% by 

Bradford Assay, and free floating FVIII could be partially removed by successive centrifugation 

steps. Further optimization is required to further reduce free FVIII and premature release of 

FVIII. The procoagulant behavior of the ADG-FVIII NPs was evaluated in a simplified in vitro 

model of FVIII deficiency by a turbidity-based microplate assay using FVIII-deficient plasma 

obtained from human patients. ADG-FVIII NPs incubated with above-threshold concentrations 

of PLC begin to restore normal clotting behavior, although more study is necessary to elucidate 

its procoagulant behavior: the true monoP concentration of ADG/FVIII NPs AC was not 
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quantified. Further, another control containing only FVIII that resembles recalcified, citrated 

PNP without activator present in clotting time would be of interest to compare against results 

with ADG/FVIII NPs samples in FVIII-deficient plasma. 
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CHAPTER 5. FUTURE DIRECTIONS TOWARD A BIOINSPIRED NANOPARTICLE 

HEMOSTAT 

5.1 Introduction 

 The foundation has been constructed in earlier chapters for an artificial platelet 

nanotherapy employing condensed granules of inorganic polyP and a stealth liposome 

technology. In addition, it has been shown that these particles serve as vectors for therapeutic 

protein delivery. These ADGs have a demonstrated ability to initiate conversion of FXII 

zymogen to its activated form FXIIa in isolated clotting factor assays and reduce the time to clot 

in in vitro models of the contact pathway of blood coagulation in recalcified human blood 

plasma. In vitro release of polyP from the PEGylated lipid envelope is triggered by the enzyme 

activity of phospholipases at concentrations above a threshold value. In the human body certain 

isoforms of the enzyme are present at sites of inflammation including hemorrhage at 

concentrations orders of magnitude higher than normal physiological serum levels. After dosing 

ADGs to treat a bleeding event, it is imagined that these threshold-switchable characteristics 

would translate in vivo to exploit the human body’s intrinsic inflammatory and hemostatic 

mechanisms to accelerate blood clotting.  

 Notwithstanding, the ADGs described here only represent the first iteration of a prototype 

in the synthesis of a veritable nanoparticle hemostat with threshold-switchable characteristics. 

Presently evidence solely demonstrates that ADGs are threshold-switchable particles with 

procoagulant (not hemostatic) effects in simplified in vitro models. To progress past the proof-

of-principle stage and to later, more robust iterations of an ADG hemostat, a systematic 

experimental agenda is therefore necessary. The objective toward a veritable threshold-

switchable nanoparticle hemostat is to be realized by improving ADG structural integrity, 
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enhancing homing to the injury site, improving its ability to act synergistically with the human 

body’s own blood platelets, and enhance its procoagulant effects via incorporation of small 

molecules, peptides, or proteins. Further, these new ADG iterations must necessarily be assayed 

in more complex and realistic models of traumatic hemorrhage, including assays entailing the 

use of fresh whole blood without anticoagulant, endogenous phospholipases, platelet releasates, 

microfluidic devices with physiologic flow conditions, and live animal experiments. The 

components of this two-sided experimental agenda are presented in detail below. 

 

5.2 Synthesis of Novel ADG Iterations 

 The synthetic approach toward an efficacious, threshold-switchable nanoparticle 

hemostat is further divided into three strategies, which entails modification of the liposomal 

envelope composition, surface decoration by covalent conjugation or physical adsorption of 

ligands, and encapsulation of other adjuvant small molecules, peptides and proteins with 

procoagulant and antifibrinolytic properties. 

5.2.1 Improve ADG Structural Integrity 

 The original ADG prototype consists of a liposomal envelope of 95 mol% L-α-PC 

derived from a natural source (soy) and 5 mol% PEG2kDPPE. While deriving materials from 

natural sources (as in the case of L-α-PC) may be generally advantageous in the construction of a 

nanoscale drug delivery platform as a first principle, the structural stability of nanotherapeutic 

liposomes demands further development beyond these natural phospholipid sources, so as to 

ensure longer circulation half-life and optimize drug release kinetics.181 Further, the liposome 

hydrolysis kinetics, itself dependent on the liposome composition, has not been tailored for 

acceleration of coagulation subsequent to hemorrhagic events. 
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 As such, a systematic investigation of liposomal colloidal stability, polyP release rate, 

and phospholipase hydrolysis kinetics will be performed to identify optimal combinations of 

saturated and unsaturated phospholipids, sterols (e.g. cholesterol), sphingolipids (e.g. 

sphingomyelin), and polymer-conjugated phospholipids (e.g. PEG2kDPPE). It would be logical 

to construct the next ADG iteration by beginning with a liposomal shell composed of a 

controlled combination of the two most abundant components in L-α-PC, 

dipalmitoylphosphatidylcholine (DPPC, 16:0), and dilinoleoylphosphatidylcholine (DLPC, 18:2 

cis), and a small molar percentage of PEGylated PE for steric stabilization and enhanced enzyme 

degradation. By varying the ratio of DPPC:DLPC away from the 14.9:63.0 mol/mol ratio in L-α-

PC, one could investigate ADG structural integrity as a function of membrane fluidity.  

 Further modifications could be attempted to supplement membrane strength and rigidity 

if a DPPC: DLPC: PEG-PE combination is not sufficient by incorporating sterols or 

sphingolipids such as cholesterol, sphingomyelin, or cardiolipin. These lipids function as spacers 

between phospholipids, simultaneously creating stiffer and more impermeable vesicles.182 

Several liposomal nanotherapeutics on the market typically contain high-melting temperature, 

long-chain saturated phospholipids (e.g. HSPC) and up to 40mol% cholesterol to ensure vesicle 

structural integrity and prevent premature drug release.183  

 The effect of PEGylation on hydrolysis kinetics has not been substantially corroborated 

in the literature. Scattering techniques such as DLS, SAXS, and SANs could also be exploited to 

interrogate the relationship between vesicle composition and its degradation rate in the presence 

of phospholipases. DLS in flow mode is a robust method to determine kinetic parameters with a 

temporal resolution of approximately 1 s. ADGs will be incubated with various phospholipase 

isoforms at 37oC, and continuously flowed through the DLS, where the hydrodynamic diameter 



	
	

127	

will be measured versus time after addition of the enzyme. As the vesicles are degraded, the 

effective diameter will increase and follow a conventional sigmoidal growth curve, characterized 

by a lag phase (no hydrolysis occurring), an exponential growth phase (hydrolysis rapidly 

occurs), and a plateau phase (the rate of hydrolysis has slowed substantially). The sigmoidal 

growth curve will be fitted to a Boltzmann sigmoidal growth function to extract the enzyme lag 

time, initiation of hydrolysis, and other kinetic parameters pertaining to hydrolysis.  

5.2.2 Enhance Homing to the Injury Site & Promoting Synergistic Activity with Human 

Platelets 

 While optimization of lipid composition will ensure superior structural integrity, prevent 

premature polyP leakage, and promote faster ADG hydrolysis at the inflammation site, additional 

synthetic strategies should pursued to develop multiple targeting pathways. This approach may 

entail covalently modifying or physically decorating the liposomal envelope with proteins, 

peptides, and/or small molecules that are directed to hemorrhagic injuries and, furthermore, 

additional moieties that interact with other prohemostatic actors such as human platelets, 

coagulation factors, and fibrin. 

 Possible candidates include the proteins p-selectin, fibrinogen, and integrin α2β1. P-

selectin is stored on the inner membrane of human platelet α granules. Upon platelet stimulation, 

the protein is flipped to the outer leaflet after the granule is secreted into the circulation, where it 

functions to mobilize and marginate activated platelets.184 Fibrinogen is the precursor to 

monomeric fibrin and would accelerate fibrin clot formation in the presence of thrombin.185 

Integrin α2β1 is a collagen adhesion protein expressed on the outer leaflet of activated platelets, 

allowing ADGs to co-accumulate with platelets at the injury site, where collagen is exposed to 

the vasculature.186 
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 Several benign coupling chemistries are compatible with phospholipids for covalently 

attaching generic polypeptides to the surface of liposomes, two of which will be discussed here 

for their biocompatibility and robustness. Maleimide chemistry involves the covalent coupling of 

a maleimide-functionalized substrate with a polypeptide containing a cysteine residue under 

aqueous conditions at near neutral pH.81 The primary sulfhydryl group on the protein’s cysteine 

residue serves as the nucleophile, attacking the double bond and forming a strong thioether 

linkage. Maleimide groups can easily be conjugated to PEGylated phosphoethanolamines and are 

readily commercially available.187 Polypeptides of tens to hundreds of residues generally have 

one or more available cysteines, and, as such, maleimide coupling serves as a robust conjugation 

platform regardless of protein substrate.  

 Another alternative is carbodiimide coupling chemistry involving the formation of an 

amide bond between a carboxylic acid and the amino terminus of a protein substrate. The 

carboxylate of a PEG2kDPPE-COOH could be activated by addition of a commercially available 

carbodiimide such as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) to form a high 

energy isourea intermediate in an aqueous solvent at slightly acidic. The amino terminus of a 

protein substrate functions as the nucleophile to form an amide bond to yield Protein-NH-OOC-

PEG2kDPPE, for example.188 Protein conjugation could be accomplished by adding the protein 

substrate directly into a suspension of preformed ADGs with functionalized PEGPE, in 

conjunction with activators such as EDC. In order to separate unconjugated protein substrate 

after reaction, dialysis or centrifugation could be performed. 
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5.2.3 Encapsulation of Small Molecules, Peptides, and Proteins to Enhance Procoagulant 

Effect 

 After the liposomal envelope composition has been optimized for structural stability and 

phospholipase hydrolysis rate and functionalized with proteins to improve its homing to the 

bleeding site and its synergistic activity with human platelets, the third ADG iteration would 

leverage polyP’s molecular chaperone characteristics in order to enhance ADG procoagulant 

efficacy. Surface plasmon resonance (SPR) and DLS experiments can be employed to screen 

polyP binding with a multitude of proteins or peptides with prohemostatic effects, as in the 

previous chapter. Possible targets for encapsulation already known to bind with polyP with Kd’s 

below 100 nM include von Willebrand Factor (vWF), FXIa, thrombin, and kallekrein. VWF is a 

large glycosylated polypeptide that binds to collagen exposed at the bleeding site and stimulates 

platelet margination via interaction with another glycosylated protein expressed on platelets’ cell 

membranes.189 FXIa and kallekrein are consequential in propagation of the procoagulant 

stimulus in the contact pathway of blood clotting. Fibrinogen-functionalized ADGs 

encapsulating thrombin would thus greatly accelerate fibrin clot formation.190  

 In order to synthesize the third generation platelet-mimetic ADG, a generic scheme 

would be as follows: (1) polyP would be co-nanoprecipitated with vWF, FXI, thrombin, and/or 

kallekrein in 5 mM CaCl2, (2) mixed with terminus-modified PEGylated liposomes, (3) 

sonicated for 10 min, (4) allowed to react with multiple protein substrates such as p-selectin, 

fibrinogen, and/or integrin α2β1for surface decoration, and (5) separated from unconjugated 

protein substrate by dialysis or ultracentrifugation.  
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5.3 Assaying Hemostatic Efficacy in More Complex Models of Traumatic Hemorrhage 

 The tripartite synthetic approach could be validated by experiments more representative 

of hemorrhagic bleeding scenarios in order to justify ADG’s use as a potential hemostatic agent. 

The prohemostatic effects of the platelet-mimetic ADGs developed in Section 5.1 could be 

assessed by increasingly elaborate in vitro clotting assays and in in vivo traumatic injury models, 

as described below.  

5.3.1 In Vitro Clotting Assays 

 PolyP exerts multivariate procoagulant effects by interacting with several coagulation 

factors and inhibitors including FV, FXI, FXII, FXIII, TFPI, and thrombin according to its 

size.31-34 ADGs have only been assayed for their contact activity via their ability to autoactivate 

FXII zymogen in isolation and their ability to reduce clotting time in recalcified PNP, with both 

assays conducted in microwell plates. In order to more fully explore a wider range of the platelet 

mimetic ADG’s procoagulant effects, other models that study the mechanical, viscous, and 

optical changes upon coagulation of blood and blood products could be undertaken. Furthermore, 

these models could help elucidate ADG’s role in modulating both the tissue factor pathway and 

the final common pathway of blood clotting, which are more relevant to hemostasis following 

traumatic injury. Indeed, polyP’s most powerful hemostatic effects are derived from its capacity 

to attenuate TFPI (tissue factor pathway mechanism) and accelerate prothrombinase formation 

(final common pathway mechanism) by promoting more rapid FV conversion.31 In addition to 

isolated clotting factor or protein assays and employing citrated PNP, serum, fresh whole blood 

without anticoagulant, and extracts of endogenous phospholipases derived from human blood 

platelet releasates could be used extensively when it is practicable. Below, an array of in vitro 
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experiments is proposed to more clearly determine the procoagulant ability of platelet-mimetic 

ADGs. 

 The procoagualant ability of platelet-mimetic ADGs would also be evaluated in a 

coagulometer, a device that employs the oscillatory motion of a metallic ball in a cuvette filled 

with blood or plasma to determine mechanical and viscous changes upon gelation. As clotting is 

initiated blood becomes increasingly viscoelastic and impedes the ball’s motion until it 

completely ceases upon crosslinking of the fibrin mesh.191 To complement the microwell-based 

clotting assays, the ability for platelet-mimetic ADGs to act as a contact pathway activator could 

be assessed in a coagulometer by addition of ADGs preincubated with Tween 20, PLC, or a 

platelet releasate containing endogenous secreted phospholipases, to recalcified, citrated PNP or 

fresh whole blood without anticoagulant following previous reports.180 Likewise, to interrogate 

other locations in the coagulation cascade in which polyP intercedes, one could add 83 pM FXa 

or 33 ng/ml TFPI+167 pM FXa to quantitate ADG’s ability to accelerate FVa formation and 

hinder TFPI function, respectively. A summary of the proposed experimental protocols are given 

in Table 5.1: 
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Coagulation Pathway Coagulometric Experiment 

Contact Pathway 10-50 µM ADGs 
8.33 mM CaCl2 
1.67 mM Imidazole pH 7.0 
25 µM PCPS  
33% PNP or Fresh Whole Blood 

Final Common Pathway 83 pM FXa 
10-50 µM ADGs 
8.33 mM CaCl2 
1.67 mM Imidazole pH 7.0 
25 µM PCPS  
33% PNP or Fresh Whole Blood 

Tissue Factor Pathway 33 ng/ml TFPI 
167 pM FXa 
10-50 µM ADGs 
8.33 mM CaCl2 
1.67 mM Imidazole pH 7.0 
25 µM PCPS  
33% PNP or Fresh Whole Blood 

 

Table 5.1. Coagulometric Experiments to Assay ADGs’ Ability to Initiate the Contact, 

Final Common, and Tissue Factor Pathways of Blood Clotting. 

 

5.3.2 Animal Models of Internal Hemorrhage 

 Once the platelet-mimetic ADGs have realized positive results in further in vitro 

coagulation models in in vitro models, successful candidate ADG iterations should be evaluated 

for their ability to act as a prohemostatic therapy in vivo. Although murine and lapine preclinical 

models of traumatic hemorrhage have been used extensively and successfully in the past,192 pigs 

are ideal test subjects due to their similarity in physiology to humans with respect to hemostasis 

and thrombosis.193  Before qualifying the prohemostatic effect, ADG toxicology should be 

qualified by incrementally titrating upward intravenously administered dosages of ADGs and 

evaluating thrombogenic, inflammatory, and complement parameters.  

 Upon completion of a systematic toxicological investigation, in vivo trials of ADG 

prohemostatic efficacy could begin. A robust, preclinical model of traumatic hemorrhage 
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involves conjoining an artery and an adjacent vein together by a diverting conduit called a shunt. 

Procoagulant agents may then be administered to marginate in the shunt and trigger fibrin clot 

formation.194 This arteriovenous shunt model, as it has become known, will be utilized with 

platelet-mimetic ADGs in a porcine model with a few modifications. A polymeric shunt 

composed of a contact-inert material will be layered with streptavidin and blocked with BSA 

according to standard protocol and conjoined between the femoral artery and vein. Platelet-

mimetic ADGs, which have been surface-decorated with biotinylated PEG-PE could be 

administered intravenously to anaesthetized pigs and elicited to marginate in the femoral shunt 

via streptavidin binding. Upon sufficient margination of ADGs and platelets, a fibrin clot should 

form and occlude blood flow. The reduction in the time to clot, and parameters relating to fibrin 

clot morphology and volume could serve as qualifiers to determine if platelet-mimetic ADGs 

function as veritable nanoparticle hemostats. 

 

5.4 Conclusion 

 Transitioning from a successful proof-of-concept toward an efficacious nanoparticle 

hemostat with threshold-switchable functionality should entail an iterative synthetic strategy, 

followed by a multivariate experimental evaluation.  To begin, the liposomal envelope’s 

composition should be modified to enhance structural integrity and modulate degradation 

kinetics for optimal procoagulant cargo deployment at the bleeding site. Further modifications to 

the liposomal surface should promote hemostatic synergism between human platelets at the 

injury site and encapsulation of polypeptides with adjuvant procoagulant and antifibrinolytic 

properties can be incorporated to exert further effects on the coagulation cascade. As soon as a 

platelet-mimetic ADG is perfected from an engineering perspective, it could be evaluated with 
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more complex models of traumatic hemorrhage. First, the ability of the new ADG iterations to 

exert procoagulant effects via the final common pathway and TFPI abrogation should be 

examined by observing optical, mechanical, and viscous changes upon coagulation. As soon as 

conclusive in vitro data supporting the procoagulant behavior of platelet-mimetic ADGs is 

gathered, the nanoparticles can undergo toxicological studies and evaluations of hemostatic 

efficacy in a porcine model of hemorrhagic bleeding. Determinants from these in vivo 

experiments should serve as a means to conclude if platelet-mimetic ADGs satisfy the 

requirements of a hemostatic, threshold-switchable, nanoscale drug delivery platform as 

originally intended.  
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CHAPTER 6. CONCLUSIONS 

 The development of a versatile, on-demand hemostatic agent to mitigate traumatic 

hemorrhage is arguably consistent with engaging biology’s procoagulant actors and mechanisms, 

leveraging the implicit positive and negative feedback loops in its threshold-switchable 

networks, and implementing novel combinations thereof to achieve hemostasis more effectively. 

Compatible with this overarching theme of bioinspiration in medicine, the principal elements of 

a nanoparticle hemostatic agent are constructed, which rely on the behavior of polyP to self-

organize into condensed structures on the nanoscale and, moreover, its complex procoagulant 

effects through mediation via multiple actors in the clotting cascade. The thermodynamic self-

assembly of polyP in metal cation solutions is utilized to store high concentrations of the 

polyelectrolyte in phospholipid vesicles, nanoscale lipid vectors that resemble cell membranes. 

In order to exert procoagulant effects in a triggered, nonlinear fashion, an enzyme found in the 

blood stream which also triggers secretion of human platelet granules, is recruited to hydrolyze 

the liposome shell.  

 A complete analysis of the precipitative ability of electrolytes on polyP is given first, 

with emphasis on biologically encountered concentrations of metal cations such as calcium, 

magnesium, zinc, sodium, and potassium. Light scattering techniques are utilized to quantify the 

solubility of polyP under these solvent conditions, and the colloidal stability of the resulting 

nanoprecipitated polymer. PolyP’s tendency to precipitate in metal cation solutions is determined 

to be correlated with the polyelectrolyte’s molecular weight. Larger polymer sizes more easily 

condense into granules, whereas polymers with less repeating units have higher solubilities. 

Moreover, the particle’s effective diameter is solely controlled by the metal ion concentration, 

and virtually unaffected by the polyelectrolyte’s supersaturation ratio. Finally, the ability of 
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condensed polyP to reduce coagulation time in a model of the contact pathway of blood clotting 

is shown in citrated human plasma by a microwell plate assay. This raises the question that polyP 

granules may play a direct role in the blood clotting cascade. 

 With knowledge regarding the physicochemical behavior of polyP nanoprecipitation in 

hand, a benchtop process is sought to construct a procoagulant nanoparticle drug delivery system 

with injury-homing attributes. Towards this objective, polyP is condensed into nanoparticles 

under optimized conditions and loaded into stealth phospholipid vesicles. The liposome is 

composed of 95mol% L-α-PC from soy, a mixture of saturated and doubly unsaturated 

phosphocholines resembling natural cell membranes, and 5mol% PEG2000-DSPE. A high 

resolution imaging method suited for biologically inspired materials is used to discern the 

complex core-shell architecture. Further, the hybrid particle is mapped by EELS to determine its 

composition. The threshold-switchable procoagulant behavior is qualified by assays involving 

activation of isolated proteins and models in human plasma for the intrinsic pathway of blood 

coagulation. These results suggest that the Artificial Dense Granules (ADG) duplicates to the 

first degree the form and function of its electron dense counterparts in human platelets. 

 Finally, the framework is created for employing polyP as a protein delivery vector and 

leveraging this ability to construct targeted procoagulant drug delivery platform potentially 

capable of transporting clotting factors to the bleeding site. FVIII and polyP are co-

nanoprecipitated in the presence of aqueous calcium chloride, and the resulting polyelectrolyte 

complex is loaded into sterically stabilized liposomes after brief ultrasonication. The ADG/FVIII 

NPs partially restore clotting in a simplified in vitro model of Hemophilia A employing 

recalcified citrated plasma deficient in FVIII. This raises the possibility for additional 

procoagulant and antifibrinolytic proteins to be co-delivered in a future ADG prototype for 
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treating multiple bleeding presentations and coagulopathy beyond traumatic hemorrhage. More 

broadly speaking  More broadly speaking, polyP may serve as a generic platform for nanoscale 

delivery of  myriad classes of  therapeutics polypeptides and as a vehicle aiding in the 

characterization efforts of structural biology, such as in X-Ray crystallography applications. 
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