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ABSTRACT
Liposomal nanoscale delivery vehicles have been shown to aid in the delivery of therapeutic cargo due to their ability to encapsulate and improve the pharmacokinetic properties of a range of drug molecules. However, liposome therapeutic potential could be enhanced by exerting greater control over liposome cargo delivery and release. This is being pursued by designing lipids that are able to respond to specific stimuli, particularly those overexpressed in diseased cells. In this thesis, we describe stimuli-responsive liposomes in which the enzyme alkaline phosphatase is used as the stimulus. This trigger was selected since this enzyme is overexpressed in certain cancer cell lines as well as liver and kidney disease. To develop liposomes that respond to alkaline phosphatase, lipids switches were designed to self-immolate upon enzyme hydrolysis for programmed decomposition into small molecules that are incapable of forming a membrane bilayer. This method of self-immolation upon hydrolysis classifies these lipids as passive release, by utilizing the aberrant conditions within diseased cells to trigger release of cargo, in opposition to active release, which leverages external stimuli such as light or heat. A collection of lipids has been synthesized, each of which was envisioned to respond to excess amounts of alkaline phosphatase enzyme, thereby causing self-immolation to form small molecules that will decompose the liposomal bilayer and cause release of encapsulated cargo. The design, synthesis, and preliminary investigation of these immolating liposome designs are described in this thesis.

TABLE OF CONTENTS
CHAPTER ONE LIPIDS AND LIPOSOMES: STRUCTURE AND FUNCTION	1
1.1.	General Structure of Lipids	1
1.1.1.	Lipid Self-Assembly	5
1.2.	Biological Applications of Lipids	5
1.3.	Liposomes as Drug Delivery Vehicles	6
1.3.1.	Active vs. Passive Mechanisms of Release	7
1.4.	Summary	12
CHAPTER TWO DESIGN AND SYNTHESIS OF ALKALINE PHOSPHATASE RESPONSIVE SELF-IMMOLATING LIPIDS FOR TRIGGERED RELEASE	13
2.1.	Project Summary	13
2.2.	Enzyme Overexpression in Diseased Cells	13
2.3.	Alkaline Phosphatase Enzyme Hydrolysis as a Stimulus for Cargo Release	15
2.4.	Inspiration and Design of Alkaline Phosphatase Responsive Lipids	17
2.5.	Design and Synthesis of Phosphatase Responsive Lipids PRL1 and PRL2	17
2.5.1.	Synthesis of PRL1 and PRL2	19
2.5.2.	Liposomal Release Studies of PRL1 and PRL2	22
2.6.	Design and Synthesis of Phosphatase Responsive Lipids PRL3 and PRL4	26
2.6.1.	Synthesis of PRL3 and PRL4	26
2.6.2.	Liposomal Release Studies of PRL3 and PRL4	30
2.7.	Design and Synthesis of Phosphatase Responsive Lipids PRL5, PRL6 and PRL7	31
2.7.1.	Synthesis of PRL5, PRL6 and PRL7	34
2.7.2.	Liposomal Release Studies of PRL5, PRL6 and PRL7	37
2.8.	Summary and Future Work	42
2.9.	Synthetic Details and Material Characterization	44
2.9.1.	General Experimental Information	44
2.9.2.	Synthetic Details: PRL1 and PRL2 Compounds	45
2.9.3.	Synthetic Details: PRL3 and PRL4 Compounds	50
2.9.4.	Synthetic Details: PRL5, PRL6 and PRL7 Compounds	57
LIST OF REFERENCES	63
APPENDIX	67
VITA	121
LISTS OF TABLES
Table 1. Summary of formulations explored for forming stable PRL1 liposomes containing different percentages of PC, DOPE, or PA.	25
Table 2. Summary of formulations explored for forming stable PRL2 liposomes containing different percentages of PC, DOPE, and PA.	27
Table 3. Summary of formulations explored for triggered release using PRL3 containing different percentages of PC, DOPE, or PA.	32
Table 4. Summary of formulations explored for forming stable PRL4 liposomes containing different percentages of PC, DOPE, DOTAP, or PA.	33
Table 5. Summary of formulations explored for forming stable PRL5 liposomes containing different percentages of PC, DOPE, and PA.	40
Table 6. Summary of formulations explored for forming stable PRL6 liposomes containing different percentages of PC, DOPE, and PA.	41


LIST OF FIGURES
Figure 1. Generalized structure of biologically relevant lipids.	2
Figure 2. Lipid packing parameter and self-assembly properties.	4
Figure 3. A cartoon representation of stimuli-responsive triggered release of encapsulated cargo from liposomes.	9
Figure 4. Examples of lipid switches designed for passive release driven by conformational changes.	11
Figure 5. Previously reported enzyme hydrolysis mediated release. 	14
Figure 6. Self-immolation mechanism and examples of self-immolative linkers.	16
Figure 7. Mechanism of release of general alkaline phosphatase responsive liposomes.	16
Figure 8. Prior results indicating release of hydrophilic cargo.	18
Figure 9. Expected self-immolation mechanism of PRL1 and PRL2. 	20
Figure 10. Self-immolation mechanism of PRL3 and PRL4. 	28
Figure 11. Self-immolation mechanism of PRL5 and PRL6.	35
Figure 12. Preliminary liposomal release results utilizing PRL5.	38
Figure 13. Critical micelle concentration experimental results.	43


LIST OF SCHEMES
Scheme 1. Synthetic steps toward Frequent Intermediate PRL1.2.	21
Scheme 2. Synthetic steps towards PRL1 and PRL2.	21
Scheme 3. Synthetic steps towards synthetic intermediate PRL3.5.	29
Scheme 4. Synthetic steps towards lipids PRL3 and PRL4.	29
Scheme 5. Synthetic steps toward lipids PRL5, PRL6, and PRL7	36


LIST OF ABBREVIATIONS
CCl4			carbon tetrachloride
CDCl3			deuterated chloroform
CHCl3			chloroform
CMC			critical micelle concentration
CPP			cell penetrating peptides
DAG			diacylglycerol
DCM			dichloromethane
DIPEA			N,N-diisopropylethylamine
DLS			dynamic light scattering
DMAP			N,N’-dimethylaminopyridine
DMF			N,N-dimethylformaide
DOPE			1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
DOTAP		dioleoyl-3-trimethylammonium propane
Dox			doxorubicin
EDCI			1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
EPR			enhanced permeability and retention
EtOAc			ethyl acetate
Et2O			diethyl ether
HCl			hydrochloric acid
HCTU	O-(1H-6-hlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
H2	hydrogen gas
H2O			water
KCl			potassium chloride
KH2PO4		potassium dihydrogen phosphate
LiAlH4			lithium aluminum hydride
LysoPC		lysophosphatidylcholine
LysoPE		lysophosphatidylethanolamine
MeCN			acetonitrile
MeOH			methanol
mg			milligram
MgCl2			magnesium chloride
MgSO4		magnesium sulfate
MMP			matrix metalloproteinase
NaCl			sodium chloride
NaHCO3		sodium bicarbonate 
NaN3			sodium azide
nm			nanometers
NMR			nuclear magnetic resonance
PA			phosphatidic acid
PC			phosphatidylcholines
Pd/c			palladium on carbon
PE			phosphatidylethanolamine
PEG			polyethylene glycol
PG			phosphatidylglycerol
PIPn			phosphoinositides
PRL			phosphatase-responsive lipid
QM			quinone methide
SRB			sulfurhodamine B
TBAF			tetrabutylammonium fluoride
TBDMS		tert-butyldimethylsilyl ether
TBDMSCl		tert-butyldimethylsilyl chloride
TEA			triethylamine
THF			tetrahydrofuran
TML			trimethyl lock
TMSI			iodotrimethylsilane
Tris			tris(hydroxymetyl)aminomethane 
TsCl			4-toluenesulfonyl chloride
TsOH			p-toluenesulfonic acid
µL			microliters
UV			ultraviolet
ZnCl2			zinc chloride


2

[bookmark: _Toc131606874][bookmark: _Toc135908816]CHAPTER ONE LIPIDS AND LIPOSOMES: STRUCTURE AND FUNCTION
Lipids comprise a particular class of biological molecule with the unique ability to self-assemble into membrane bilayer structures, exemplified by liposomes, which are three-dimensional spherical vesicles. Leveraging the ability of these lipids to self-assemble allows us to mimic the benefits of vesicles found in biological environments, specifically their ability to encapsulate and deliver cargo. Liposomes are capable of being specifically tuned towards delivery of cargo in biological environments, through control of the composition of the liposome as well as their size and encapsulated cargo, known as liposomal delivery vehicles. These liposomal drug delivery vehicles are currently being used in numerous clinical applications to deliver life-saving therapeutics around the world.1,2 Here, we will discuss the nature of lipids and their ability to self-assemble and to encapsulate cargo, followed by recent advances in the mechanisms of release of that encapsulated cargo. 
[bookmark: _Toc131606875][bookmark: _Toc135908817]1.1.	General Structure of Lipids
Lipids are incredible biological molecules known for their ubiquity in myriad key biological processes, with a vast degree of variety in their structure and membrane composition.3 Each lipid is amphiphilic in nature containing both a polar or hydrophilic headgroup and a nonpolar or hydrophobic tail, and variations in the structures of each of these separate regions allows for a great degree of tuning. By adjusting these various components, factors such as the size, shape, polarity, packing parameters and model assembly can be altered in minute ways to achieve the desired conditions, with this type of tuning occurring over millions of years of evolution (Figure 1).4 

The most common lipid structure contains three distinct regions: the fatty acyl tail(s), a glycerol backbone, and a polar headgroup. The glycerol backbone or linker tying the two more important ends of the lipid together contains a three-carbon chain with each carbon labeled as the sn-1, sn-2, or sn-3 positions, with the polar headgroup generally attached to the sn-3 position. The acyl tail(s) comprise the hydrophobic portion of the lipid and are bound to the sn-1 and sn-2 positions through ester or ether linkages aiding in situating the lipid into a bilayer formation through the coalescing






[bookmark: _Toc132821510][bookmark: _Toc135910076]Figure 1. Generalized structure of biologically relevant lipids. 
The general structure of a lipid, comprised of hydrophobic alkyl tails, a glycerol backbone, and a headgroup. Different lipids are classified by their unique headgroups as well as the number and location of unsaturation points in their alkyl tails, occurring more frequently at the sn-2 position. Various polar headgroups: diacylglycerol (DAG), phosphatidic (PA), phosphatidylethanolamine (PE), phosphatidylglycerol (PG), phosphatidylcholines (PC), and phosphoinositides (PIPn). Hydrophobic tail lengths and degrees of unsaturation may vary. 
	Comment by Best, Michael Douglas: Should show the proper stereochemistry for PG
	Comment by Best, Michael Douglas: The PIPn stereochemistry doesn’t look correct to me. It kind of looks like the enantiomer of myo-inositol. Let’s make sure the stereochem is correct and also try to draw equatorial and axial positions in as clear as a manner as possible.
of numerous other acyl chains.5 These fatty acid tails come in many shapes and lengths, sometimes containing branches and points of unsaturation with such structural changes serving to decrease the rigidity of the bilayer when compared to a single long chain fully saturated acyl tail.6 With archaeal lipids containing crosslinking points in their lipid bilayers creating incredible rigidity, the ability to tailor the fatty acid tail to suit a particular need is an evolutionary advantage developed over millions of years.7 Finally, the polar headgroup is attached to the sn-3 position of the glycerol backbone and acts as the other end to the lipid’s amphiphilic nature facing the aqueous environment. These headgroups can also be comprised of several different functional groups, which take up varying amounts of space, as will discussed in the context of lipid self-assembly properties in a future section. 

Given the ability to finely tune either the headgroup or the fatty acyl tails in the standard lipid we gain the ability to modulate lipid structure to best suit our needs. Lipid packing properties are used to categorize lipids in terms of their headgroup cross sections or critical packing parameter (CPP). The CPP value allows us to quickly determine if the lipid will assemble into a liposome, inverted micelle, or micelle three-dimensional structure (Figure 2).8 With lipids having a P > 1 it is understood that their headgroups occupy a larger space than their tails and thus they resemble an inverted cone shape structure. These lipids tend to favor an inverted micelle formation with the hydrophilic headgroups clustering together and the hydrophobic tails doing the same. Additionally, collections of inverted micelles will pack tightly together to help shield the hydrophobic outer layer from aqueous media. Lipids such as dioleoylphosphatidylethanolamine (DOPE), with its two points of unsaturation, will favor this structure. In contrast, P < 1/3 indicates a lipid shaped like a cone that favors micelle formation, with hydrophobic tails bunched together surrounded by significantly larger hydrophilic headgroups. Micelles tend to be smaller than liposomes since they lack an aqueous core, and therefore can only encapsulate hydrophobic cargo. Lysophosphatidylcholine (lysoPC) falls under this category owing to its lack of a fatty acyl tail in the sn-2 position. Finally, P = 1 indicates the formation of a liposome where the hydrophobic tails and hydrophilic headgroups exist with similar cross sections. With neither negative nor positive curvature, lipids with P = 1 favor the liposomal formulation where the bilayer consists of relatively little curvature along a lipid-to-lipid basis but accounts for this by ordering itself into significantly 
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[bookmark: _Toc132821511][bookmark: _Toc135910077]Figure 2. Lipid packing parameter and self-assembly properties. 
Lipid shapes, their respective packing parameters and how those packing parameter values translate to self-assemblies are shown. Representative lipids that fall under each classification and the type of macrostructure they will self-assemble into in aqueous media. 

larger sizes, ranging anywhere from 20-1000 nm in diameter.9 These bilayers are unique in that they can encapsulate both hydrophobic and hydrophilic cargo in either the lipid bilayer or aqueous core, respectively. This property makes liposomes attractive targets for the encapsulation and delivery of therapeutic cargo. 
[bookmark: _Toc135908818][bookmark: _Toc131606876]1.1.1.	Lipid Self-Assembly
Using the correct formulation of lipids with appropriate packing parameters, lipids will automatically begin to assemble into liposomes but will do so in an uncontrolled manner resulting in self-assemblies of all sizes, with some even containing liposomes within liposomes. These self-assemblies can be manipulated to achieve desired uniformity through several techniques such as thin film hydration, and extrusion.10 Thin film hydration begins with the incorporation of lipids in the desired ratio into a clean glass vial followed by addition of the desired buffer. Vortexing with heat encourages the lipids residing along the walls to begin to self-assemble into liposomes, and continuing the process forces them to re-assemble repeatedly. Finally, extrusion forces the solution through a polycarbonate membrane, which agitates multilamellar vesicles and generates liposomes of the desired diameter.11 With several available stock lipids, and any number of formulation percentages, liposomes of any composition can be obtained, even those incorporating synthetic lipid analogs whose structure can be designed to resemble any number of the standard stock lipids. Unfortunately, not all formulations generate vesicles stable enough to pass through the extrusion process. If a formulation is too unstable to form vesicles of any size, which would next be extruded to force uniformity to the solution, the process of extrusion ends up requiring too much pressure to force the formulation through the membrane, resulting in the membrane rupturing.
[bookmark: _Toc135908819]1.2.	Biological Applications of Lipids
With a seemingly endless ability to vary the structural properties, lipids hold a key position in the function of biological life. Lipids comprise the majority of cell membranes and with their ability to be tailored to the specific task make for an important component of functioning organisms.12 With their unique structure, suitable for membrane formation, a majority of the lipids present in eukaryotic life are either glycerophospholipids or sphingolipids, derived from either a glycerol or sphingosine backbone. The final class of lipid structure found prominently is comprised of sterols, including cholesterol, which is important due to its ability to either increase fluidity in the bilayer up to a point or increase the rigidity once that percent incorporation of cholesterol becomes too high.13 One of the most prevalent and important lipids in the figure below is phosphatidylcholine (PC), being the most abundant lipid in eukaryotic cell membranes. Additionally, it serves as the classic example of a bilayer forming lipid given its packing parameter = 1. PC will be used later as the bulk lipid of choice to facilitate a stable liposomal delivery vehicle. Aside from PC, there exist many other functional lipids capable of performing tasks such as regulating cell proliferation, metabolism and membrane trafficking.14 Most interesting is the ability to facilitate membrane trafficking. By storing cargo either within the bilayer amongst the hydrophobic fatty acyl tails or inside the aqueous core, liposomes can transport all nature of cargo, a function that will be useful when emulating their functions. 
[bookmark: _Toc131606877][bookmark: _Toc135908820]1.3.	Liposomes as Drug Delivery Vehicles
Seeing that lipids self-assembled into liposomes are capable of transporting cargo from across the solubility spectrum provides an opportunity for us to do much the same. We have the capacity to encourage lipids to self-assemble and to tune the size and composition, all we must do now is use them to encapsulate and deliver cargo. This is where a particular method known as freeze/thaw cycling comes in, where the liposomes prior to extrusion are rapidly frozen and then thawed numerous times to encourage cargo that has been co-incubated with them to encapsulate either in the aqueous core or the liposomal bilayer. The cargo of choice for encapsulation is therapeutic cargo that would exhibit solubility problems if subjected to the aqueous environment of the body. For instance, Doxil, a brand name for doxorubicin, an anti-cancer drug has solubility issues, must be encapsulated in a liposomal delivery vehicle and was in fact the first FDA- approved liposome delivered drug.15 In the research environment, substitute materials are often used instead of the incredibly expensive and regulated therapeutics. In our case, Nile red (NR) and sulfurhodamine B (SRB) act as model replacements for hydrophobic and hydrophilic cargo, respectively. Additionally, these two compounds were chosen as model cargo due to their fluorescent properties. NR, being hydrophobic, resides in the liposomal bilayer and is fluorescent. When released to aqueous media it can precipitate out and a decrease in fluorescence is observed.16 SRB functions in the opposite manner, when tightly packed within the aqueous core the fluorescence self-quenches, and an increase in fluorescence is observed when SRB is allowed to dilute into the aqueous media.17 

With liposomes encapsulating the appropriate cargo a target must be selected and the normal target of therapeutic delivery is diseased cells. These diseased cells uptake nutrients significantly faster than normal cells and so we can utilize the enhanced permeability and retention (EPR) effect. The EPR effect states that since diseased cells uptake nutrients faster they expand the opening to the bloodstream to allow for faster uptake, and these abnormally large pores can be selectively infiltrated. By utilizing the polycarbonate extruder membranes, liposomal delivery vehicles between 100 and 200 nm can be selected, which are of the appropriate size to benefit from the EPR effect.18 Additional considerations can be taken to generate stealth liposomes that exhibit significantly longer circulation times. This is done through PEGylation, where approximately 5 percent of the lipids in the bilayer are capped with polyethylene glycol (PEG) repeat units, which prevent lysosomes from fusing to the liposomes as well as enhance solubility of liposomes.19 Liposomal delivery would benefit from the development of triggered release protocols, which can take the form of either an active or passive targeting system. Guidance systems that target these liposomal delivery vehicles to desired locations to release encapsulated cargo would further enhance the efficiency of treating diseased cells specifically.
[bookmark: _Toc135908821]1.3.1.	Active vs. Passive Mechanisms of Release	Comment by Best, Michael Douglas: Some of the section titles are in italics and some are not
Despite the significant advancements that have been made for liposome circulation and delivery, a drawback of these nanocarriers is that they often do not efficiently release drug payload following cell entry. Therefore, enhancement of cargo release is desirable, which could be classified as both the quantity of delivered cargo at one time and the speed at which that cargo can be delivered. Strategies that have been pursued for enhancing cargo delivery fall in one of two categories, either active or passive release. Active release relies on an external stimulus to cause encapsulated cargo release whereas passive release leverages the aberrant conditions of diseased cells to cause triggered release. Both approaches are considered spatially and temporally specific methods of release, given that cargo is delivered only at a desired location and time, instead of relying on the slow degradation of the liposomal bilayer. With a seemingly unlimited number of stimuli to trigger the release of cargo, a healthy field of research has developed around designing specific stimuli responsive lipids to a specific aberrant condition of a diseased cell.20 Whether it be active or passive release each method relies on similar strategies of membrane perturbation, including conformational switches, lipid or membrane restructuring, or removal of the liposomal stealth 
coating (Figure 3). Active release relies on the addition of an external stimulus to cause a change in the liposomal bilayer. This allows for the selective design of a system responsive to unique non-naturally occurring events, such as excess localized heat,21 unique wavelengths of light,22 or sonic vibrations,23 which are generally designed to induce heat, in one form or another, to trigger the decomposition of delivery vehicles. These systems have a drawback in that penetration depth of most triggers must be accounted for such as the depth penetration that different wavelengths of light have on the skin or the absorption of radiant heat to significant depths. Attempting to account for these depth issues by increasing the power output of the system has its own drawbacks in the form of several types of burns. For example, excess ultraviolet (UV) irradiation can potentially causing another form of cancer on top of the one it is being used to treat.24 In addition to the ability to damage the peripheral cells, active methods of release require consideration of the circulation time needed for a delivery vehicle to reach the target in addition to requiring a number of different treatments, both of which amount to little more than a minor inconvenience, but are not necessarily considered when applying passive release mechanisms. Altogether, active release mechanisms prove to be significantly more invasive to the patient, in comparison. 
Where active release requires an input to cause perturbation of the delivery vehicle, passive release leverages the aberrant conditions already being generated by diseased cells. These aberrant conditions are normally physiological differences or abnormalities observed between the healthy and diseased cells of the same line, such as the pH difference surrounding cancerous cells,25 overexpression of certain enzymes,26 or higher than average metabolite concentrations.27 Liposomal delivery vehicles are designed to only release cargo in and around the overexpressed stimuli, alleviating a number of the harmful side effects from the cargo these vehicles are designed to deliver through a higher delivery efficiency. These passive release methods have an advantage in that circulation times need not be heavily considered, as the nano delivery vehicles are activated when they encounter the targeted stimulus, thus circumventing protracted release or numerous rounds of treatment to trigger release. Essentially, they operate on their own schedule. Additionally, since they do not rely on external stimuli, passive release delivery strategies do not need to take into consideration the depth of the targeted tissue, in contrast to systems involving triggers such as light or heat with the triggering conditions already being present around the diseased cells. 
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[bookmark: _Toc132821512][bookmark: _Toc135910078]Figure 3. A cartoon representation of stimuli-responsive triggered release of encapsulated cargo from liposomes. 
Liposomes load either hydrophobic (green) or hydrophilic (pink) cargo in either the liposomal bilayer or aqueous core, respectively. Liposomes are comprised of various compositions of bulk lipids that self-assemble to the bilayer system seen above, depending on their packing parameters. Stimuli-responsive lipids (black) are incorporated in varying percentages and designed to regulate the spatiotemporal release of encapsulated cargo. These stimuli-responsive lipids can either be triggered actively (light, heat, or ultrasound) or passively (pH, enzyme, ions, or molecular recognition) and upon being triggered cause disruption of the bilayer and release of encapsulated cargo, through methods such as conformational change, change in lipid packing parameter, or in this case lipid degradation. 
Images made with Biorender.com

Numerous examples exist for the passive delivery of encapsulated cargo, though most involve encouraging structural changes to occur in the lipids comprising the liposomes, known as lipid switches or synthetic lipid analogs. The two examples discussed below involve synthetic lipid analogs undergoing conformational changes upon interaction with higher-than-average concentrations of either protons (H+) or calcium (Ca2+) ions (Figure 4). Figure 4A depicts a system developed by the Leblond group involving a di(methoxyphenyl)pyridine synthetic lipid analog capable of undergoing a conformational change at pH = 5.17 The di(methoxyphenyl)pyridine lipid was designed so that the pyridine and methoxy moieties would chelate excess protons and undergo a conformational change, significantly altering the cone angle of the lipid and therefore its membrane packing properties. This perturbation resulted in the release of up to 88% of encapsulated hydrophobic cargo. Along similar lines, Figure 4B demonstrates that the Best group was able to design a lipid switch capable of a similar conformational change instead utilizing chelation of Ca2+ as the trigger.27 The tetraacetic acid moieties, which function as the hydrophilic headgroup of this synthetic lipid analog, are included to chelate to Ca2+ ions, causing a conformational change resulting in a drastic inversion of the cone angle and reorientation of the way this lipid situates itself in the bilayer, perturbating the bilayer and resulting in the approximately 60% hydrophobic release or 10% hydrophilic release.

Both examples of conformational change discussed above do not eliminate the lipid itself, but rather force the alteration of lipid shape. This change in shape, though drastic, still provides a lipid scaffold capable of self-assembly, which could theoretically retain encapsulated cargo or re-encapsulate any released cargo lingering in the area. On the other hand, lipid restructuring through the cleavage of a bond is an alternative method of causing perturbation of the bilayer that has the added benefit of preventing reassembly and re-encapsulation of cargo. Enzymes can function as a trigger for the passive release of cargo given their ability to break bonds within the lipid resting in the bilayer, causing the necessary membrane perturbation. It has been shown that enzymes such as phospholipase A2 (sPLA2) can restructure lipids such as phosphatidylethanolamine (PE), which generates lysoPE, a non-bilayer forming lipid that causes membrane destabilization.28 Other enzymes such as matrix metalloproteinase (MMP)29 and cholinesterase30 can cause lipid restructuring and will be discussed in greater detail later. Given the wide variety of target stimuli 
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[bookmark: _Toc132821513][bookmark: _Toc135910079]Figure 4. Examples of lipid switches designed for passive release driven by conformational changes. 
A. A di(methoxyphenyl)pyridine synthetic lipid analog undergoes extreme conformational change depending on the pH.17 B. A tetraacetic acid synthetic lipid analog capable of extreme conformational change upon chelation to calcium ions.27


and minimal downsides, strategies involving passive release of encapsulated cargo have become prominent in the field of therapeutic cargo delivery. 
[bookmark: _Toc131606878][bookmark: _Toc135908822]1.4.	Summary
Liposomal nanoparticle delivery vehicles designed to cause triggered release in a spatiotemporal specific manner provide an encouraging approach to the delivery of therapeutic cargo. The synthetic lipid analogs composing these liposomal delivery vehicles demonstrate remarkable potential to be tailored to modulate the mechanism of release or improve the circulation time. In this thesis, we will discuss the ongoing work of triggering passive release of therapeutic cargo by leveraging the aberrant condition of diseased cells, specifically the overproduction of the alkaline phosphatase enzyme. This overproduction is designed to, in turn, trigger the synthetic lipid analogs developed below to undergo a process of self-immolation that results in disruption of the liposomal delivery vehicle’s bilayer membrane, thereby causing release of the encapsulated cargo in a spatiotemporal manner. Despite the numerous breakthroughs in the field of therapeutic delivery, challenges exist, and there has yet to be a platform for triggered release approved for clinical use. Therefore, expansion of the toolbox of viable means of liposomal release vectors is needed to aid in the future application of this technology. 

[bookmark: _Toc131606879][bookmark: _Toc135908823]CHAPTER TWO DESIGN AND SYNTHESIS OF ALKALINE PHOSPHATASE RESPONSIVE SELF-IMMOLATING LIPIDS FOR TRIGGERED RELEASE
[bookmark: _Toc131606880][bookmark: _Toc135908824]2.1.	Project Summary
The purpose of this project is to synthesize a collection of four lipids susceptible to alkaline phosphatase enzyme. Upon enzyme hydrolysis, these compounds are designed to undergo decomposition through either self-immolating linkers or acyl chain migration reactions, resulting in either small molecules or a conformational change, respectively, both of which are designed to render the synthetic lipids incapable of reforming stable liposomes. These lipids will then be incorporated with additional stock lipids used to modulate the stability of the newly formed liposomes, so that enzymatic hydrolysis of lipid switches will cause the liposomal membrane to be unstable to a point where encapsulated cargo is released into the surrounding environment. Due to the overproduction of alkaline phosphatase enzyme in diseased cells such as those in certain cancers,31,32 liver,33 and kidney disease,34 this mechanism of release is of particular interest and has the potential to provide a pathway for the spatial and temporal specific release of encapsulated cargo. 
[bookmark: _Toc131606881][bookmark: _Toc135908825]2.2.	Enzyme Overexpression in Diseased Cells 
The overexpression of enzymes is a common phenomenon in diseased cells and specific diseases are found to overexpress specific enzymes. These enzymes have previously been demonstrated to be a promising source of stimuli for the triggered release of cargo. This is advantageous as the design of lipid switches capable of responding to specific enzymatic targets allows for the site-selective disruption of the liposomal bilayer and release of encapsulated cargo. Unfortunately, efforts to probe this avenue of release have been limited to a select group of enzymatic targets, including matrix metalloproteinase (MMP),29 cholinesterase,30 and phospholipase.35 Due to the ability to directly modify the lipids that compose liposomes, phospholipase enzymes have been used previously to trigger release of cargo, as demonstrated by the Andresen group (Figure 5).36 They used the enzyme secretory phospholipase A2 (sPLA2) to cleave the fatty acid tail from the phospholipid sn-2 position, facilitating an intramolecular cyclization reaction that caused release of the chemically attached drug molecule capsaicin, and in the process disruption of the liposomal bilayer. Prior work by the Best group into probing the use of enzymatic triggered release led to the 








[bookmark: _Toc132630870][bookmark: _Toc132636601][bookmark: _Toc132821514][bookmark: _Toc135910080]Figure 5. Previously reported enzyme hydrolysis mediated release. 	Comment by Best, Michael Douglas: Arrows in middle structure need to be drawn going to the carbonyl and back down
A PG analog developed by the Andresen group demonstrates enzyme hydrolysis of the fatty acid in the sn-2 position. Immediately following enzyme hydrolysis, an intramolecular cyclization occurs, causing the release of an encapsulated prodrug, capsaicin.


development of three lipid switches, each of which is susceptible to a different enzymatic trigger, and capable of disrupting the liposomal bilayer and releasing cargo.37 This prior work involved the targeting of three enzymes, esterase, β-galactosidase and alkaline phosphatase.
[bookmark: _Toc131606882][bookmark: _Toc135908826]2.3.	Alkaline Phosphatase Enzyme Hydrolysis as a Stimulus for Cargo Release 
In this work, we proposed a series of lipids designed to respond to alkaline phosphatase since this enzyme is overexpressed in various forms of cancer,38 as well as liver,39 cardiovascular,40 and kidney disease.41 The goal of this work is to leverage the ability of this enzyme to dephosphorylate substrates to drive the release of encapsulated cargo. The enzymatic hydrolysis of the terminal phosphate group positioned within the synthetic lipid analogs is designed to cause a cascading decomposition reaction through the cleavage of a self-immolating linker. Demonstrated below are the cascading decomposition reactions of two such linkers, the 1,4-quinone methide (QM) elimination pathway as well as the trimethyl lock (TML) intramolecular cyclization, both known for their fast kinetics of decomposition upon stimulated release (Figure 6).42,43 These decomposition reactions are driven through an increase in entropy as well as the formation of more thermodynamically stable side products,44 and have been used in a number of application such as the release of small molecular drugs or fluorophores.45,46 

Incorporation of these self-immolating functionalities into the headgroups of synthetic lipid analogs means that once the trigger event and self-immolation occur, a significant imbalance in the headgroup cross-section will result. With such an imbalance, perturbation of the lipid bilayer occurs, and encapsulated cargo will begin to leak out (Figure 7). Contrary to other passive release systems studied by the Best group where only conformational changes are induced in the bilayer,47 leveraging enzymatic hydrolysis to break chemical bonds and make structural changes to the lipid bilayer is advantageous. Such advantages present themselves through the lack of any continued assembly or theoretical reassembly of the bilayer following stimulus treatment. Through structural changes, what remains after enzymatic hydrolysis and self-immolation of linker compounds fails to resemble a lipid scaffold and will be incapable of encapsulating cargo. 
A
B

[bookmark: _Toc132630871][bookmark: _Toc132636602][bookmark: _Toc132821515][bookmark: _Toc135910081]Figure 6. Self-immolation mechanism and examples of self-immolative linkers. 
A. General mechanism for the 1,4-QM-elimination reaction and its pathway of release. B. Sample TML cyclization reaction and its pathway of release.




[bookmark: _Toc132821516][bookmark: _Toc135910082]Figure 7. Mechanism of release of general alkaline phosphatase responsive liposomes. 
A cartoon depicting the hypothetical model for liposomal release. Once subjected to alkaline phosphatase enzyme the synthetic lipid analogs are designed to self-immolate into small molecules, causing decomposition of the liposomal bilayer and preventing reassembly and encapsulation of cargo.
Images made with Biorender.com

[bookmark: _Toc131606883][bookmark: _Toc135908827]2.4.	Inspiration and Design of Alkaline Phosphatase Responsive Lipids
Inspiration for this class of lipid stems from prior work done by Dr. Jinchao Lou and co-workers where a DOPE scaffold was capped with a self-immolating linker and a phosphoester.37 Subsequent enzymatic hydrolysis caused release of a self-immolating linker and the bulk lipid DOPE, with this system capable of releasing upwards of 50% of encapsulated Nile red when subjected to alkaline phosphatase enzyme. However, this system exhibited little to no release of sulfurhodamine B and nominal change to the average size of synthetic liposomes. The lower than desirable release of encapsulated cargo has been attributed to a slower and less than sufficient perturbation of the liposomal bilayer. While this system produces DOPE, a non-bilayer forming lipid that destabilizes membranes, it is believed that resulting lipid self-assemblies are still capable of encapsulating cargo, blunting the release of the maximum amount of cargo (Figure 8). To address this drawback, we propose the development of a class of lipids with a phosphate headgroup susceptible to alkaline phosphatase capable of near total self-immolation, designed without a DOPE scaffold. The previously discussed self-immolating linker will remain present between the phosphate headgroup and the hydrophobic hydrocarbon tails, required to anchor the lipid into the membrane bilayer. These self-immolating moieties will serve as the decomposable unit designed to trigger rapid liposome headgroup perturbation upon phosphate hydrolysis into non-bilayer forming small molecules and prevent the synthetic lipids from being able to reassemble, enabling the maximum release of cargo. 
[bookmark: _Toc131606884][bookmark: _Toc135908828]2.5.	Design and Synthesis of Phosphatase Responsive Lipids PRL1 and PRL2
The design and results from the previously reported triggered release platform utilizing alkaline phosphatase enzyme by Dr. Lou and coworkers influence the development of our approach to total liposome immolation. Examining the original phosphatase-responsive lipid (PRL, Figure 8) from top to bottom, we will maintain the phosphate headgroup that provides a substrate for enzyme hydrolysis and acts as the hydrophilic headgroup in a stereotypical lipid design. Instead of the TML previously used we will instead exchange it for the QM linker seen on a prior galactosidase-responsive lipid, equally capable of self-immolation yet synthetically easier to access. Differing greatly from the previously discussed designs we will instead substitute the DOPE scaffolding used by Dr. Lou with a synthetically generated glycerolipid scaffold containing a pair of fatty acid tails attached via ester groups acting as the anchor to position these synthetic lipids, PRL1 and 


[bookmark: _Toc132474689][bookmark: _Toc132541684][bookmark: _Toc132548414][bookmark: _Toc132630872][bookmark: _Toc132636603][bookmark: _Toc132821517][bookmark: _Toc135910083]Figure 8. Prior results indicating release of hydrophilic cargo. 
Previously synthesized by Dr. Jinchao Lou, synthetic lipid PRL is depicted prior to alkaline phosphatase enzyme hydrolysis. Upon treatment with alkaline phosphatase enzyme, over a 20-hour period, release of encapsulated hydrophobic fluorescent dye was demonstrated in slight excess of 50% (blue trace). Red, yellow, and green traces demonstrate lack of release of cargo upon treatment with various controls, indicating a shelf stable liposomal formulation. This work has been previously reported by Lou et. al and reproduced with permission.37 

PRL2, into the liposomal bilayer. Instead of relying solely on the changes to the headgroup cross-section changes observed through enzyme hydrolysis and single self-immolation of the QM linker, PRL1 and PRL2 will also incorporate the acyl chain migration mechanism reported by the Vermillion group48 or the intramolecular cyclization reported by the Andresen group, respectively. With both a headgroup cross section change due to self-immolation and an acyl chain migration it is believed that significantly more disruption of the liposomal bilayer can be achieved than the previously reported systems utilizing the alkaline phosphatase enzyme (Figure 9). The acyl chain migrations theorized below differ in terms of the final product generated, with lipid PRL1 breaking an ester bond and instead forming an amide functional group, owing to the decreased steric strain caused by moving the interior acyl chain.49 PRL2 is instead designed to cyclize to form an amide bond and eject an alcohol moiety, a favorable reaction due to stability of the resulting amide bond. These non-membrane forming compounds are designed to cause destabilization of the lipid bilayer trigger release of contents. In comparison to previous work in which DOPE was created as a result of triggered self-immolation, PRL2 is designed to generate only small molecules which have no little resemblance to a lipid and cause maximum release of cargo, through the inability encapsulate cargo.
[bookmark: _Toc135908829]2.5.1.	Synthesis of PRL1 and PRL2
Synthesis of lipids PRL1 and PRL2 began with the formation of protected phosphotriester headgroup PRL1.5 containing the QM linker and a p-nitrophenyl group for subsequent attachment to lipid scaffolds (Scheme 1), following similar procedures outlined in previous work done by the Best lab.37 This compound will be required for all lipids synthesized as both the trigger responsive moiety as well as the self-immolative linker. We began with 4-hydroxybenzyl alcohol, which was phosphorylated with dibenzyl phosphite in the presence of 4-dimethylaminopyridine (DMAP) and  N,N-diisopropylethylamine (DIPEA), carbon tetrachloride (CCl4), and acetonitrile (MeCN) to produce PRL1.1.50 Next, PRL1.1 underwent a coupling to 4-nitrophenyl chloroformate to form the carbonate ester of PRL1.2 through nucleophilic attack using triethylamine (TEA) as a proton scavenger in tetrahydrofuran (THF). With a supply of the phosphotriester-containing PRL1.2, we began the synthesis of the lipid scaffolds PRL1 and PRL2 (Scheme 2). With a nitrophenyl leaving group priming PRL1.2 for amide bond formation, PRL1.2 was reacted with commercially available 2,2-dimethyl-1,3-dioxolane-4-methanamine, which serves to join the reactive headgroup 





[bookmark: _Toc132548415][bookmark: _Toc132630873][bookmark: _Toc132636604][bookmark: _Toc132821518][bookmark: _Toc135910084]Figure 9. Expected self-immolation mechanism of PRL1 and PRL2. 	Comment by Best, Michael Douglas: This is the wrong figure!!! It shows PRL3 and 4 and is repeated below. Need to replace with PRL1 and 2.
Each lipid is subjected to alkaline phosphatase enzyme to hydrolyze the phosphorous-oxygen bond, causing QM self-immolation to occur, releasing one moiety of 4-hydroxybenzyl alcohol. From there PRL1, after QM self-immolation, is designed to undergo an acyl chain migration breaking an ester bond and forming an amide bond instead. The expected pathway for PRL2 is instead designed to involve one intramolecular cyclization forming a heterocycle and one moiety of dodecanol.




[bookmark: _Toc135910026][bookmark: _Toc135910378]Scheme 1. Synthetic steps toward Frequent Intermediate PRL1.2. 
Conditions: i) Dibenzyl phosphite, DMAP, DIPEA, CCl4, dry MeCN ii) 4-nitrophenyl chloroformate, TEA, dry THF







[bookmark: _Toc135910027][bookmark: _Toc135910379]Scheme 2. Synthetic steps towards PRL1 and PRL2.  
Conditions: i) 2,2-dimethyl-1,3-dioxolane-4-methanamine, TEA, dry MeCN ii) 4-toluenesulfonyl alcohol (TsOH), methanol (MeOH) iii) stearic acid, DMAP, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDCI), dry dimethyl foramide (DMF)/chloroform (CHCl3) 50/50 iv) dodecyl chloroformate, pyridine, dry ethyl acetate (EtOAc) v) trimethylsilyl iodide (TMS-I), dry dichloromethane (DCM), MeOH/H2O 95/5 vi) TMS-I, dry DCM, MeOH/H2O 95/5
to the glycerol scaffold. Carbamate bond formation occurred, resulting in the production of 4-nitrophenol as a colorimetric leaving group to visually indicate that the reaction is proceeding, producing PRL1.3. Deprotection of PRL1.3 using TsOH in methanol produced PRL1.4 as a diol, ready to be used for subsequent nucleophilic attacks to attach the fatty acid tails. This acetonide deprotection was a precarious step due to the acidic conditions, which also had a habit of deprotecting the phosphate group through removal of one or more benzyl alcohols. This is undesirable because having a charged phosphate at this stage could produce side products in the upcoming Steglich esterification or acyl chloride carbonate ester formation by acting as a nucleophile to attack the carbonyls in both fatty acid tail coupling reactions.

From here two different synthetic pathways were taken with X= O or CH2, creating both lipids PRL1 and PRL2, respectively. Towards the goal of synthetic lipid PRL1, a Steglich esterification was used to couple together the carboxylic acid of stearic acid and the vicinal diol of PRL1.4, using catalytic amounts of DMAP with EDCI in a 50/50 mixture of DMF/CHCl3 to produce PRL1.5. On a parallel path towards lipid PRL2, molecule PRL1.4 underwent an additional chloroformate coupling through nucleophilic attack with dodecyl chloroformate using catalytic amounts of pyridine in ethyl acetate to produce PRL2.1. Both the Steglich esterification and acyl chloride carbonate ester coupling are sterically strained reactions that initially resulted in a large percentage of product containing only one hydrophobic tail addition at a time, requiring sequential reactions to the additional tail with purification in between. Such a requirement resulted in a loss of material and needed to be accounted for in overall yield calculations. Finally, both PRL1.5 and PRL2.1 were treated with trimethylsilyl iodide in DCM followed by MeOH/H2O to produce lipids PRL1 and PRL2, respectively, using TMS-I as a Lewis acid to deprotect the phosphate group releasing two benzyl alcohol moieties.
[bookmark: _Toc135908830]2.5.2.	Liposomal Release Studies of PRL1 and PRL2
With newly acquired lipids PRL1 and PRL2 we sought to begin release studies to determine if these lipids would cause membrane perturbation and subsequent release of encapsulated cargo. For all experiments, liposomes were formed using the thin film hydration method.10 Stock solutions of lipids PRL1 and PRL2 (5 mM) were solubilized in a solvent solution of 10/10/3/1 chloroform/methanol/water/trifluoroacetic acid, which was found to be the best solvent for these PRL synthetic lipid analogs. Additionally, PC (32.5 mM), hydrophobic dye Nile red (5 mM), DOPE (33.6 mM) and PA (5 mM) were solubilized in chloroform or a chloroform/methanol mixture. Lipids were measured out into clean one-dram vials to obtain various compositions to a total concentration of 2 mM. For all the formulations used in the Nile red release experiments seen below, the same procedure was performed. For an experimental formulation containing 10% PRL1 in egg PC, 14 µL of PRL1 followed by 19.4 µL of egg PC and 7 µL of Nile red were charged to a one-dram vile and concentrated under an N2 stream. After thoroughly drying the residue under the N2 stream, the vial was placed under high vacuum for one hour before being hydrated with 350 µL of an appropriate buffer to achieve a total lipid concentration of 2 mM. 

The buffer used for the formulation and release of the PRL liposomes was a solution containing 1x TBS with cation activators (pH 8, containing 25 mM Tris/Tris hydrochloric acid (HCl), 0.13 M sodium chloride (NaCl), 0.0027 M potassium chloride (KCl), 0.25 mM magnesium chloride (MgCl2) and 0.25 mM zinc chloride (ZnCl2)) since magnesium and zinc ions are necessary for proper enzyme function. After addition of buffer solution, a process of hydration was used to encourage the lipids to self-assemble into liposomes, through incubation of the liposomal formulation in a 60°C hot water bath followed by vortexing, a process that was repeated once every ten minutes for 140 minutes. After ten cycles of vortexting, the newly formed liposomes were subjected to ten freeze-thaw cycles utilizing the same 60°C hot water bath followed by a freeze in a dry ice/acetone bath. These liposomes were then extruded through a 200 nm polycarbonate membrane to generate liposome samples that are smaller than 200 nm. These newly formed uniform liposomes, with PDIs around 0.2, were then subjected to enzyme hydrolysis to ascertain the best formulation for synthetic lipid analogs within stock lipids for the release of the maximum amount of encapsulated cargo. 

Initial fluorescence studies were completed with varying percentages of PRL1 or PRL2 in only egg PC. The percent incorporation was raised until extrusion failed to yield stable liposomes, or it was experimentally determined through fluorescence that unstable liposomes were produced. Extruded liposomes were subjected to enzymatic hydrolysis no later than 48 hours after preparation and were never refrozen. Experimental analysis of release of encapsulated cargo will follow the same procedure through this document, for each set of synthetic lipid analogs. The newly extruded liposomes were added to a 90 µL microcuvette and the initial fluorescence measurements were recorded at time zero with readings being recorded from 560 – 700 nm using an excitation wavelength of 552 nm. A series of three liposome solutions was used for each experiment: 1. The study sample consisted of a formulation containing the synthetic lipid switch under consideration subjected to enzyme addition, 2. A control liposome comprised of no synthetic lipid analogs that received enzyme addition, with the synthetic lipid portion being replaced by egg PC, and finally 3. A formulation including the synthetic lipid that did not receive enzyme addition, but instead received an aliquot of the buffer solution that the enzyme is solubilized in. Control formulations without the synthetic lipid analog routinely resulted in no change in fluorescence intensity, normally residing around plus or minus 10% of the initial fluorescence for each sample. For synthetic formulations receiving enzyme treatment, it was generally accepted that any perturbation between 0 and 20% decrease or increase in fluorescence could be attributed to the time requirements of the incubation with enzyme, and only formulations that produced fluorescence changes greater than 20% were considered for repeat experiments. Given the time requirements for the enzyme to hydrolyze enough lipid and that the enzyme needed to be incubated in a 25°C warm water bath, fluorescence experiments generally began by acquiring before and after snapshots where the initial and final fluorescence were detected. Any experiments showing significant perturbation of only the study sample including synthetic liposomal formulation receiving enzyme was repeated for accuracy as well as to determine the percent decrease in fluorescence plateau driven by the synthetic formulation, an indication of the extent of release of encapsulated cargo that had been achieved. 

Synthetic lipid analog PRL1 displayed minimal release of encapsulated cargo at lower percentages of synthetic incorporation when mixed with egg PC in liposome (Table 1). Moving on, it was decided to try a formulation similar to that which was successful for Dr. Lou for release using PRL lipid analog, a mixture of 30/15/45/10 PRL/PC/DOPE/PA, entry 13 in Table 1. This also resulted in minimal change to the percent fluorescence observed and subsequent adjustments to that formulation again yielded little to no results. PRL2 with its carbonate ester linkages displayed the 

[bookmark: _Toc132821451][bookmark: _Toc135910093]Table 1. Summary of formulations explored for forming stable PRL1 liposomes containing different percentages of PC, DOPE, or PA. 
[image: ]


[bookmark: _Toc132821452]same lack of liposomal perturbation as PRL1 at lower percentages of incorporation into an egg PC liposome. With initial egg PC incorporation yielding little results, experimentation with variations of the previously successful 30/15/45/10 PRL/PC/DOPE/PA, entry 13 in Table 2, formulation began, again with little to show in terms of positive results (Table 2). PRL1 and PRL2 were shelved as the synthesis for PRL3 and PRL4 was completed, anticipating that the newer lipid analogs would have a larger cross section and upon enzyme hydrolysis cause an even greater perturbation to the liposomal bilayer and induce a larger change towards the release of encapsulated cargo.
[bookmark: _Toc131606885][bookmark: _Toc135908831]2.6.	Design and Synthesis of Phosphatase Responsive Lipids PRL3 and PRL4
We additionally proposed lipids PRL3 and PRL4 as targets since they were expected to exihibit enhanced ability to disrupt the lipid bilayer through increased self-immolation owing to the existence of two phosphate trigger moieties. It was envisioned that the hydrolysis of two phosphate trigger moieties followed by a double QM self-immolation could cause significant change to the packing parameter of the theorized synthetic lipids. Lipid analog PRL3 is designed with an ester tail and will rely on the acyl chain migration mechanism to encourage membrane perturbation and release of encapsulated cargo. In contrast, compound PRL4 was designed with carbonate ester tails to release both chains in an effort to enhance liposome decomposition through an intramolecular cyclization (Figure 10). Once hydrolyzed, the QM linker was expected to rapidly decompose, driving conversion into a stable non-lipid small molecule to cause membrane destruction. The symmetrical primary amines remaining were designed to act as nucleophiles, attacking the carbonyls attached to the fatty acid tails and relieving steric strain of 2 ester tails in such proximity and forming a new heterocyclic amide and two primary alcohols, all of which are unsuited to conform to a liposomal bilayer system. The diamine linker was specifically designed with C2 symmetry in mind to avoid the production of stereoisomers during the synthesis.
[bookmark: _Toc135908832]2.6.1.	Synthesis of PRL3 and PRL4
Synthesis of lipids PRL3 and PRL4 began with the development of a symmetrical diamine linker for attaching the two phosphate headgroups to the two hydrophobic tails, required to anchor the synthesized target lipid into the lipid bilayer. We began with commercially available diethyl-L-tartrate, which was protected with cyclopentanone using TsOH in toluene producing PRL3.1 (Scheme 3).51 Subsequent reduction of the ethyl esters of PRL3.1 using lithium aluminum hydride in THF produced intermediate PRL3.2. The alcohols of PRL3.2 were converted to 

[bookmark: _Toc135910094]Table 2. Summary of formulations explored for forming stable PRL2 liposomes containing different percentages of PC, DOPE, and PA.
[image: ]






[bookmark: _Toc132541685][bookmark: _Toc132548416][bookmark: _Toc132630874][bookmark: _Toc132636605][bookmark: _Toc132821519][bookmark: _Toc135910085]Figure 10. Self-immolation mechanism of PRL3 and PRL4. 	Comment by Best, Michael Douglas: You fixed the arrows for the amine attack in PRL3, but it is not fixed in PRL4	Comment by Justin Kirby: It looks like a did a real shoddy job of making the corrections from last time to this doesn't it?... Both the changes were made in my figures PPT, but how only a version with 1 got in im unsure...
Self-immolation mechanism for synthetic lipids PRL3 and PRL4. Each lipid is subjected to alkaline phosphatase enzyme, hydrolyzing the phosphorous-oxygen bond, and causing two QM self-immolations to occur, releasing two moieties of 4-hydroxybenzyl alcohol. From there PRL3, after QM self-immolation, is designed to undergo an acyl chain migration breaking an ester bond and forming an amide bond instead. PRL4 instead is envisioned to undergo two intramolecular cyclizations forming a bis-heterocycle and two moieties of dodecanol. 
	Comment by Best, Michael Douglas: For PRL3, only one acyl chain migration is shown, but it would be expected for both tails	Comment by Justin Kirby: We speak about the acyl chain migration in this instance being both the formation of the more stable amide in conjunction with reduced steric strain, so would a second event occur with only the formation of the amide driving it?


[bookmark: _Toc135910028][bookmark: _Toc135910380]Scheme 3. Synthetic steps towards synthetic intermediate PRL3.5. 
Conditions: i) cyclopentanone, TsOH, Toluene ii) LiAlH4, dry THF iii) Tosyl chloride, dry DCM iv) Sodium azide, dry DMF v) 10% Pd/C, H2(g), EtOAc





[bookmark: _Toc135910029][bookmark: _Toc135910381]Scheme 4. Synthetic steps towards lipids PRL3 and PRL4. 
Conditions: i) PRL3.5, TEA, dry DCM ii) TsOH, MeOH iii) Stearic acid, DMAP, EDCI, dry DMF/CHCl3 50/50 iv) dodecyl chloroformate, pyridine, dry EtOAc v) TMS-I, dry DCM, MeOH/H2O 95/5 vi) TMS-I, dry DCM, MeOH/H2O 95/5

leaving groups through reaction with 4-toluenesulfonyl chloride (TsCl) in DCM to yield PRL3.3, priming it for the substitution of protected alcohols with azide groups.52 Once the addition of the tosyl groups were confirmed, azidation using sodium azide (NaN3) in DMF produced intermediate PRL3.4. Finally, full hydrogenation using palladium on carbon (Pd/C) with hydrogen gas (H2) gas was used to generate linker PRL3.5.

Once the diamine linker was generated, lipids PRL3 and PRL4 were produced using steps similar to those that were previously successful for lipids PRL1 and PRL2 (Scheme 4). Amide bond formation between two equivalents of headgroup PRL1.4 and one equivalent of linker PRL3.5 using catalytic amounts of TEA in a DCM solution produced protected intermediate PRL3.6. This product was then deprotected using the same procedure as above with TsOH in methanol, being careful to consume any excess TsOH with sodium bicarbonate before workup and purification to produce diol PRL3.7 with cyclopentanone as a side product. Compound PRL3.7 was then divided among two different synthetic paths to form both lipids PRL3 and PRL4. A Steglich esterification was used to produce PRL3.8, the final intermediate before lipid PRL3, and a nucleophilic attack of the chloroformate, 4-nitrophenyl chloroformate, was utilized to form PRL4.1, the final intermediate before lipid PRL4. Both reactions were optimized in the previous synthesis of lipids PRL1 and PRL2, using stearic acid with catalytic amounts of DMAP and EDCI, in a 50/50 mixture of DMF/CHCl3 to yield compound PRL3.8, and dodecyl chloroformate and catalytic amounts of pyridine in ethyl acetate to yield compound PRL4.1. Finally, intermediates PRL3.8 and PRL4.1 underwent the same TMS-I deprotection of their benzyl alcohol protecting groups and MeOH/H2O workup to form their free phosphate trigger, lipids PRL3 and PRL4.
[bookmark: _Toc135908833]2.6.2.	Liposomal Release Studies of PRL3 and PRL4
With lipid target PRL3 and PRL4 successfully synthesized and characterized, liposomal release studies began. Following the liposomal formulation procedure discussed above PRL3 or PRL4 was incorporated in varying percentages with other purchased stock lipids. Formulations vary from incorporation of only synthetic lipid analogs mixed with only egg PC to complex formulations containing the synthetic lipid analog, egg PC, DOPE, DOTAP, and PA, all to find the ideal formulation for a shelf stable liposome when undisturbed yet unstable enough to cause maximum cargo release once subjected to enzyme hydrolysis and subsequent lipid self-immolation. Following experimental procedures previously discussed, initial release experiments using either PRL3 or PRL4 in only egg PC were evaluated. All formulations of PRL3 in egg PC were found to be shelf stable, in fact, too stable to trigger release of encapsulated cargo. This was inferred when the experimental formulation under investigation not subjected to enzyme hydrolysis maintained the same level of fluorescence after 12 hours as at the beginning of measurement collection. Initial results from PRL4 on the other hand, proved that there existed a line between 50 and 75% PRL incorporation where the liposome was teetering between being stable and unstable. Since significantly less PRL3 was synthesized, this compound was shelved until a suitable formulation for PRL4 could be elucidated (Table 3). 

Theorizing that PRL4 could cause greater release of encapsulated cargo, owing to the intramolecular cyclization reaction that would occur causing release of dodecanol, this compound was chosen for further experiments. Harkening back to the formulation that achieved the best result for the prior iteration of PRL lipid by Dr. Lou, the formulation percentages of 30/15/45/10% PRL/PC/DOPE/PA, entry 17 in Table 4, was tested in the next series of formulations. Starting there and manipulating all the variables up or down 5% at a time yielded no positive results after significant time investment (Table 4). After numerous attempts and no positive results to show, we attempted to understand what could be going wrong and how the next series of lipids analogs could remedy this issue. We concluded that despite previous results from Dr. Lou and the Best lab demonstrating the ability of the enzyme to trigger hydrolysis and previously designed lipid switches proving the QM self-immolation occurs the problem might reside in the theorized intramolecular cyclization or acyl chain migration. We came to believe that relying on the newly released primary amine to dip below the surface of the bilayer and trigger an intermolecular attack nay be too much to ask of these lipid analogs. Thus, a new class of lipid analogs needed to be designed, one which removed this mechanism yet still achieve the desired goal of near total lipid self-immolation. 
[bookmark: _Toc131606886][bookmark: _Toc135908834]2.7.	Design and Synthesis of Phosphatase Responsive Lipids PRL5, PRL6 and PRL7
Lipids PRL5, PRL6, and PRL7 were designed to eliminate the need for an acyl chain migration, believed to be one of the possible reasons lipids PRL1-4 failed to achieve the desired release of encapsulated cargo, by instead causing liposome decomposition through only a series of sequential 
[bookmark: _Toc132742422][bookmark: _Toc132821453][bookmark: _Toc135910095]Table 3. Summary of formulations explored for triggered release using PRL3 containing different percentages of PC, DOPE, or PA. 
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[bookmark: _Toc132742423][bookmark: _Toc132821454][bookmark: _Toc135910096]Table 4. Summary of formulations explored for forming stable PRL4 liposomes containing different percentages of PC, DOPE, DOTAP, or PA. 
[image: ]
QM self-immolations (Figure 11). Lipids PRL5-7 are also designed with a phosphoester headgroup, being capable of enzyme hydrolysis upon subjection to alkaline phosphatase enzyme, followed by two quinone methide self-immolating groups, and finally an acyl chain composed of either an ester or carbonate ester fatty acid tail. Once hydrolyzed by the enzyme these lipids were again expected to self-immolate into small molecules incapable of reassembly and re-encapsulation of cargo. These lipids are designed to be incorporated in higher percentages amongst stock lipids into liposomes and once enzyme hydrolysis has proceeded to completion, theoretically lipids will no longer exist to encapsulate cargo. Given its theoretical packing parameter the synthetic lipid analog PRL7 could also possess the ability to self-assemble into micelles, providing another avenue of approach towards the goal of enhanced delivery of cargo, albeit only hydrophobic cargo.
[bookmark: _Toc135908835]2.7.1.	Synthesis of PRL5, PRL6 and PRL7
Synthesis of PRL5-7 began with the protection of the benzyl alcohol of commercially available 4-hydroxybenzyl alcohol using tert-butyldimethylsilyl chloride (TBDMSCl) (Scheme 5). 4-Hydroxybenzyl alcohol was stirred under an argon atmosphere dissolved in DMF, followed by deprotonation of the benzyl alcohol using imidazole as a weak base. Finally, introduction of commercially available tert-butyldimethylsilyl chloride provided intermediate PRL5.1.53 Next, the phenol of PRL5.1 was attached through a carbonate ester linkage to the benzylic alcohol of PRL1.1 utilizing triphosgene as a means to provide the carbonyl. This reaction proved quite challenging in terms of finding the right equivalencies of each reagent as well as timing the additions of each. The final reaction proceeded by dissolving 4 equivalents of DMAP as well as 0.3 equivalents of triphosgene in DCM. After allowing the two reagents to react and form the activated intermediate, 1.0 equivalent of the newly protected PRL5.1 was introduced and allowed to stir for 30 minutes at room temperature. After such time, 3.0 equivalents of PRL1.1 were introduced to act as a second nucleophile being tied together with PRL5.1 to form PRL5.2. Next, the TBDMS group protecting the benzylic alcohol of PRL5.2 needed to be removed. It was discovered that the industry standard TBAF deprotection of a TBDMS group resulted in the material immediately beginning to breakdown, never producing the desired product. This required us to consider alternate pathways for releasing the benzyl alcohol, from tetrabutylammonium fluoride (TBAF) deprotection at neutral pH through the use of a 
	Comment by Best, Michael Douglas: Not correct here. First of all, we don’t refer to the pKa of a base, it is the pKa of the conjugate acid. Secondly, imidazole is not deprotonating the benzyl alcohol, which wouldn’t make sense since the phenol is the stronger acid. Imidazole is used to deprotonate the oxonium ion formed after attachment of the silane.





[bookmark: _Toc132474690][bookmark: _Toc132541686][bookmark: _Toc132548417][bookmark: _Toc132630875][bookmark: _Toc132636606][bookmark: _Toc132821520][bookmark: _Toc135910086]Figure 11. Self-immolation mechanism of PRL5 and PRL6. 
Self-immolation mechanism for synthetic lipids containing only QM moieties. Lipids PRL5 and PRL6 are each subjected to alkaline phosphatase, which is expected to hydrolyze the phosphorous-oxygen bond, causing a chain reaction of self-immolations to drive release of two QM moieties followed by one CO2 molecule and a fatty acid tail in the case of PRL5 or two CO2 molecules and an alcohol in the case of PRL6.







[bookmark: _Toc135910030][bookmark: _Toc135910382]Scheme 5. Synthetic steps toward lipids PRL5, PRL6, and PRL7 
Conditions: i) TBDMS-Cl, imidazole, dry DMF ii) triphosgene, DMAP, PRL1.1, dry DCM iii) 1% v/v 12M HCl, MeOH iv) octanoic acid, DMAP, HCTU, dry DMF/CHCl3 50/50 v) octyl chloroformate, pyridine, dry EtOAc vi) palmitic acid, DMAP, HCTU, dry DMF/CHCl3 50/50 vii) TMS-I, dry DCM, MeOH/H2O 95/5 viii) TMS-I, dry DCM, MeOH/H2O 95/5 ix) TMS-I, dry DCM, MeOH/H2O 95/5

dipotassium hydrogen phosphate (K2HPO4) buffer,54 or a TsOH in MeOH deprotection protocol,55 finally settling upon a 1% by volume 12 M HCl deprotection.56 PRL5.2 was dissolved in MeOH and set to stir for 40 minutes while reacting with 1% by volume 12 M HCl. After the reaction time had come to completion saturated sodium bicarbonate (NaHCO3) was added and the reaction was extracted with DCM, dried using magnesium sulfate (MgSO4), and concentrated to dryness, leaving behind PRL5.3 in quantitative yield. 

From here, PRL5.3 was evenly divided along three pathways to develop the three separate lipids, PRL5, PRL6, and PRL7. Beginning with the pathway towards PRL5, PRL5.3 was subjected to an esterification with octanoic acid as the fatty acid tail, using O-(1H-6-chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HCTU) and DMAP as the coupling reagents in a 50:50 mixture of DMF and CHCl3 to form intermediate PRL5.4. An additional aliquot of PRL5.3 was reacted with octyl chloroformate using pyridine as a base in EtOAc to form intermediate PRL6.1. The final collection of intermediate PRL5.3 was reacted with lauric acid, HCTU, and DMAP in a 50:50 mixture DMF and DCM to form intermediate PRL7.1. All three penultimate intermediates, PRL5.4, PRL6.1, and PRL7.1 were subjected to the same deprotection conditions mentioned above, TMSI deprotection followed MeOH/H2O workup to free the amphiphilic lipids PRL5, PRL6, and PRL7 all ready to begin incorporation and release experiments.
[bookmark: _Toc135908836]2.7.2.	Liposomal Release Studies of PRL5, PRL6 and PRL7
With the completion and characterization of lipids PRL5-7, liposomal release studies began. Lipids PRL5 and PRL6 were prepared to a concentration of 5 mM stock solution utilizing a solvent mixture of 10/10/3/1 chloroform/methanol/water/trifluoroacetic acid, the only mixture found to solubilize these lipids, a similar solvent mixture required by prior lipid scaffold PRL1-4. PRL5 and PRL6 were then incorporated into liposomes following the same technique seen in section 2.5.1. Liposomes comprising 0, 10, 25, 50, and 75% PRL5 or PRL6 in egg PC were hydrated with MilliQ water to a concentration of 2 mM liposomal solution for initial incorporation and release experimentation. Upon initial fluorescence measurements and subjection to stock alkaline phosphatase enzyme for an incubation period of 20 hours at 35°C, PRL5 at 75% incorporation showed significant release, 70% of encapsulated cargo (Figure 12). PRL5 at all other percent incorporations showed minimal release of cargo in relation to the control synthetic formulation not 





[bookmark: _Toc132548418][bookmark: _Toc132630876][bookmark: _Toc132636607][bookmark: _Toc132821521][bookmark: _Toc135910087]Figure 12. Preliminary liposomal release results utilizing PRL5. 
Liposomes composed of PC and synthetic lipid analog PRL5. Significant release observed at higher concentrations of synthetic lipid PRL5, 75% synthetic lipid intermixed with 25% PC, demonstrating 70% release of encapsulated hydrophobic fluorescent cargo. Liposomes of lower synthetic incorporation percentages show significantly less release with the next most effect only demonstrating approximately 20% release of encapsulated hydrophobic fluorescent cargo. Synthetic formulations not subjected to enzymatic hydrolysis maintain fluorescent intensities after 20 hours.


subjected to stock enzyme. PRL6 at 75% synthetic lipid incorporation also showed promise with a decrease of 45% fluorescence intensity upon being subjected to enzymatic hydrolysis for 20 hours, with both being determined to show promise enough to repeat for accuracy and to observe the plateau in release of encapsulated cargo, a phenomenon indicative of having achieved the maximum release of cargo for that system. An additional point of note is that the 25% decrease in fluorescence of stock 100% egg PC liposome control that did receive enzymatic treatment provided a red flag that brought this study under scrutiny. Repeat experiments were conducted utilizing fresh egg PC in both control and synthetic formulations, with measurements taken every hour instead of an initial and final scan found that neither formulation was stable. This conclusion was drawn from the observation that during measurements both the synthetic formulation with and without enzyme treatment decreased in fluorescence intensity in lockstep with each other. The false positive result may result from the liposome solution being studied a significant period of time after initial formulation, since liposomes are known to decompose over time. Further formulations were attempted along two different fronts, one where the percent of egg PC was increased to hopefully repeat the test results seen originally and another series of formulations stemming those that achieved positive results in the original enzymatic release paper led by Dr. Lou. All attempts proved unsuccessful in generating a liposomal formulation that was both stable without enzyme treatment as well as unstable enough to cause significant perturbation of the bilayer and release of cargo upon enzymatic treatment (Table 5) (Table 6).

While PRL5 and PRL6 were both being formulated for incorporation into liposomes, PRL7 was also studied for micelle formation. PRL7, containing a longer of an acyl tail, would theoretically function better in the formation of micelles instead of incorporating within a bilayer of stock lipids. Initial studies on this process began with the determination of the critical micelle concentration (CMC), the concentration at which surfactants begin to favor the formation of micelles over partitioning along the air water surface interface.57 The industry standard method for determining  CMC is to monitor the encapsulation of pyrene as micelles begin to form around the hydrophobic cargo as the concentration of the surfactant increases. With the two aromatic rings built into PRL7, encapsulation of pyrene is unnecessary and changes in absorbance measured by UV-Vis spectrophotometry were utilized to determine the CMC. Solutions of PRL7, being solubilized in 
[bookmark: _Toc132742424][bookmark: _Toc132821455][bookmark: _Toc135910097]Table 5. Summary of formulations explored for forming stable PRL5 liposomes containing different percentages of PC, DOPE, and PA. 
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[bookmark: _Toc132742425][bookmark: _Toc132821456][bookmark: _Toc135910098]Table 6. Summary of formulations explored for forming stable PRL6 liposomes containing different percentages of PC, DOPE, and PA. 
[image: ]

the 10/10/3/1 chloroform/methanol/water/trifluoroacetic acid mixture, were dried down into two-dram vials before being solubilized in the stock Tris buffer solution previously required for release experiments involving PRL lipids, beginning at a concentration 0.0125 mM and increasing by a concentration of 0.0125 mM to an upper concentration of 1.29 mM, skipping around at the higher concentrations and filling in gaps in an effort to expend as little lipid stock solution as possible. Solutions of lipid PRL7 in buffer had their absorbances measured using a Cary 5000 Spectrophotometer which measured the absorbance from 800 to 200 nm. From that raw data, the critical micelle concentration was determined by the inflection point 
along the graph of the inverse log of concentration plotted against absorbance and was found to be 0.11 mM (Figure 13). From here further studies utilizing PRL7 need to be conducted to determine the size of the micelles generated followed by the upper limit of encapsulation of cargo that can be achieved in the core of these micelles before any release experimentation can begin.
[bookmark: _Toc131606887][bookmark: _Toc135908837]2.8.	Summary and Future Work
Enzyme overproduction as a trigger for the release of encapsulated cargo from therapeutic liposomes represents a new tool in the toolbelt of those designing new ways to combat diseases that affect so many. The ability to passively target a diseased system utilizing one aspect of its aberrant nature has tremendous potential for the elimination of diseased cells without causing undue collateral damage. This work proposes several synthetic lipid analogs responsive to alkaline phosphatase, which utilize the overproduction of this enzyme, a phenomenon noted in several cancers, as well as kidney and liver diseases to trigger structural changes in the lipid scaffold. These lipids were designed to undergo enzyme hydrolysis and self-immolation both structural decomposition mechanisms that were envisioned to eliminate the lipid scaffold altogether in contrast to conformation changes observed in many previously reported lipid switch systems. This radical change to the lipid scaffolding would theoretically destabilize the membrane to the point where significant cargo release could be observed. 

Currently, lipids switches PRL1-4 utilizing the self-immolation and acyl chain migration or cyclization have not resulted in significant release of encapsulated cargo and require further alterations to the liposomal composition to find the perfect ratio to achieve optimal cargo release or further re-designs of their structures. It is noted that a number of lipid compositions achieved 
CMC = .11mM

[bookmark: _Toc132548419][bookmark: _Toc132630877][bookmark: _Toc132636608][bookmark: _Toc132821522][bookmark: _Toc135910088]Figure 13. Critical micelle concentration experimental results. 
Determination of the critical micelle concentration of PRL7 involves generating solutions of increasing concentration of PRL7 and using a Cary 5000 Spectrophotometer to monitor the changes in the absorbance of the aromatic rings that makeup the QM moieties of PRL7. Plotting of the absorbance vs the log of concentration provided the inflection point indicating the concentration of PRL7 that was needed to self-assemble into micelles. For the synthetic lipid PRL7 that concentration is 0.11mM.

[bookmark: _Toc131606888]stable liposomes over a prolonged period of time but were unable to cause significant perturbation of the bilayer to trigger adequate release of cargo. Tailoring the composition for each specific synthetic lipid analog will require significant time, due to the number of formulations required, in addition to considering additional bulk lipid options to tune the liposomal bilayer to be either more or less initially stable. Synthetic lipids PRL5-7 have not yet been subjected to nearly as many formulations attempts as lipids PRL1-4 and therefore have even further to go in order to elucidate the perfect liposomal composition to achieve a shelf stable liposome yet unstable enough that once subjected to enzyme hydrolysis will undergo the maximum amount of release of encapsulated cargo. In addition, preliminary studies have been conducted regarding the optimum concentration of PRL7 for the formation of micelles, but further experiments such as accurate DLS results and TEM images need to be conducted to determine if and how these new surfactants can encapsulate hydrophobic cargo. Together, these synthetic lipid analogs will provide researchers with a component in the development of enzyme-responsive self-immolative liposomal delivery vehicles. 
[bookmark: _Toc135908838]2.9.	Synthetic Details and Material Characterization
[bookmark: _Toc135908839]2.9.1.	General Experimental Information
Reagents and solvents were generally purchased from Acros, Sigma-Aldrich, Fisher Scientific, Oakwood Scientific or Tokyo Chemical Industry and were used without further purification. Bulk lipids: such as PC (L-α-Phosphatidylcholine, mixed isomers from chicken eggs), DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine), PA (L-α-phosphatidic acid sodium salt from chicken eggs), DOTAP (1,2-dioleoly-3-trimethylammonium-propane, chloride salt) were purchased from Avanti Polar Lipids, Inc (Alabaster, AL). The alkaline phosphatase enzyme from Escherichia coli was purchased from Sigma-Aldrich (in 2.5 M ammonium sulfate, SKU: P4252). Dry solvents were obtained from a Pure Solv MD-7 delivery system from Innovative Technology, Inc (Newburyport, MA). Column chromatography was performed using 230-300 mesh silica gel purchased from Sorbent Technologies. NMR spectra were obtained through a Varian 500 MHz spectrometer. Mass spectra were obtained through a Waters Synapt G2-Si mass spectrometer (Milford, MA). Liposome extruder and size exclusion membranes were obtained from Avanti Polar lipids Inc (Alabaster, AL). Ultrapure water was obtained via a Millipore Water system. Fluorescence studies were run on a Cary Eclipse Fluorescence Spectrophotometer. UV-Vis spectra were obtained using a Cary 5000 Spectrophotometer. And all plots were generated using either Origin Pro 2021 or Microsoft Excel. 
[bookmark: _Toc135908840]2.9.2.	Synthetic Details: PRL1 and PRL2 Compounds


Dibenzyl (4-hydroxymethyl)phenyl) phosphate (PRL1.1)
Commercially available 4-(hydroxymethyl)phenol (2.000 g, 16.100 mmol, 1.0 equiv.) was dissolved in 100 mL dry MeCN under stirring and argon atmosphere and cooled to -10℃ using an ice/ acetone bath. DMAP (0.197 g, 1.670 mmol, 0.1 equiv.), DIPEA (4.160 g, 33.370 mmol, 2.0 equiv.) were added in as solids through removal of the septum. Carbon tetrachloride (7.810 mL, 83.430 mmol, 5.0 equiv.) was added using a syringe through the septum. After five minutes of stirring, dibenzylphosphite (5.200 mL, 23.360 mmol, 1.5 equiv.) was added slowly, dropwise. The reaction was spun at -10℃ for 5 hours, then allowed to warm to room temperature, at which point 100mL of 0.5 M aq. potassium dihydrogen phosphate (KH2PO4) was added. The mixture was then extracted 3 times with 100 mL of EtOAc and the combined organic layer was washed once with 100 mL saturated NaCl, dried with MgSO4, filtered, and concentrated under reduced pressure. Purification via column chromatography with 25-75% EtOAc in hexane yielded PRL1.1 as a white solid (4.954 g, 59% yield). Rf = 0.3 (50% EtOAc:hexane). 1H NMR (500 MHz, CDCl3): δ 7.36 – 7.26 (m, 13H), 7.13 (d, J = 7.4 Hz, 2H), 5.12 (d, J = 8.3 Hz, 4H), 4.65 (s, 2H) 31P NMR (202 MHz): δ -6.19. 



4-((Bis(benzyloxy)phosphoryl)oxy)benzyl (4-nitrophenyl) carbonate-dibenzyl (4-(hydroxymethyl)phenyl) phosphate (PRL1.2)
Compound PRL1.1 (1.000 g, 2.601 mmol, 1.0 equiv.) was dissolved in 50 mL of dry THF under stirring and an argon atmosphere and then cooled to 0℃ using an ice bath. TEA (1.800 mL, 13.608 mmol, 5.0 equiv.) was added as a liquid through the septum. Commercially available 4-nitrophenol chloroformate (0.760 g, 3.772 mmol, 1.45 equiv.) was added as a solid and the reaction was allowed to stir at room temperature overnight. Upon completion, the reaction was concentrated by rotary evaporation, and the residue was solubilized in EtOAc and washed with saturated NaHCO3 until the aqueous layer was no longer yellow in coloration and then once with 100 mL of saturated NaCl. The organic layer was then dried with MgSO4, filtered, and solvent removed under reduced pressure. Column chromatography with 0-50% EtOAc in hexane gave 1.201 g of the product as a white solid (84% yield). Rf = 0.3 (50% EtOAc:hexane). 1H NMR (500 MHz, CDCl3): δ 8.28 (d, J = 9.3 Hz, 2H), 7.39 – 7.31 (m, 14H), 7.17 (d, J = 7.5 Hz, 2H), 5.25 (s, 2H), 5.13 (d, J = 8.5 Hz, 4H) 31P NMR (202 MHz): δ -6.28.



4-((Bis(benzyloxy)phosphoryl)oxy)benzyl ((2,2-dimethyl-1,3-dioxolan-4-yl)methyl)carbamate (PRL1.3)	Comment by Best, Michael Douglas: For the next 6 products, stereochemistry needs to be drawn in the structures and included in the names.
Commercially available (2,2-dimethyl-1,3-dioxolan-4-yl)methanamine (0.100 g, 0.762 mmol, 1.0 equiv.) was dissolved in 50 mL of dry MeCN under an argon atmosphere with stirring. TEA (0.500 mL, 3.049 mmol, 4.0 equiv.) was added through the septum and the reaction was cooled to 0℃. Compound PRL1.2 (0.629 g, 1.144 mmol, 1.5 equiv) was added as a solid and the reaction was allowed to warm to room temperature and set to stir overnight. The reaction was then concentrated under reduced pressure, and the residue taken up in 100 mL EtOAc. The solution was extracted with saturated NaHCO3 continuing to separate and re-extract until the aqueous layer was no longer yellow in coloration and then once with 100 mL of saturated NaCl. The organic layer was then dried with MgSO4, filtered, and solvent removed under reduced pressure, followed by column chromatography with gradient elution of 25-50% EtOAc in hexane resulting in 0.355 g of the product as a clear oil (87% yield). Rf = 0.35 (50% EtOAc:hexane).1H NMR (500 MHz, CDCl3): δ 7.35 – 7.26 (m, 11H), 7.12 (d, J = 7.5 Hz, 2H), 5.12 (d, J = 8.4 Hz, 4H), 5.06 (s, 2H), 4.27 – 4.18 (m, 1H), 4.07 – 3.62 (m, 2H), 3.50 – 3.21 (m, 2H), 1.42 (s, 3H), 1.34 (s, 3H) 31P NMR (202 MHz): δ -6.28.



4-((Bis(benzyloxy)phosphoryl)oxy)benzyl (2,3-dihydroxypropyl)carbamate (PRL1.4)
Compound PRL1.3 (0.250 g, 0.460 mmol, 1.0 equiv.) was added to a 50 mL round bottom flask and dissolved in 25 mL of MeOH. The reaction was set to stir before TsOH (0.194 g, 1.385 mmol, 3.0 equiv.) was added as a solid. The reaction was set to stir overnight before being quenched with solid NaHCO3. The reaction mixture was filtered before being concentrated to dryness then taken up in 100 mL of EtOAc and washed three times with 50 mL of H2O followed once with 50 mL of saturated NaCl. The organic layer was dried using MgSO4, filtered, and had the solvent removed under reduced pressure. The crude was purified by column chromatography with a gradient elution of 50-100% EtOAc in hexane resulting in 0.217 g of the product as a white solid (93% yield). Rf = 0.2 (100% EtOAc). 1H NMR (500 MHz, CDCl3): δ 7.37 – 7.25 (m, 12H), 7.11 (d, J = 7.5 Hz, 2H), 5.11 (d, J = 8.4 Hz, 4H), 5.05 (s, 2H), 3.75 (p, J = 5.2 Hz, 1H), 3.62 – 3.48 (m, 2H), 3.39 – 3.23 (m, 2H) 31P NMR (202 MHz): δ -6.27.



3-((((4-((Bis(benzyloxy)phosphoryl)oxy)benzyl)oxy)carbonyl)amino)propane-1,2-diyl distearate (PRL1.5)
Compound PRL1.4 (0.600 g, 1.196 mmol, 1.0 equiv.) was added to a 100 mL round bottom flask charged with argon. The compound was then dissolved in 50 mL of a 50:50 mixture of dry DMF:CHCl3 with stirring. Next, DMAP (0.073 g, 0.598 mmol, 0.5 equiv.) was added as a solid, followed next by commercially available stearic acid (0.748 g, 2.632 mmol, 2.2 equiv.) as a solid. Finally, EDCI (0.492 g, 3.171 mmol, 2.65 equiv.) was added and the reaction was allowed to stir at room temperature overnight. The reaction was then diluted with 50 mL H2O and extracted three times, each with 50 mL of DCM. The organic layer was collected, washed once with 50 mL of saturated NaCl, dried over MgSO4, filtered, and concentrated to dryness. The crude product was subjected to column chromatography using a gradient elution of 25-75% EtOAc in hexane, producing 0.392 g as a white viscous oil (31% yield). Rf = 0.2 (75% EtOAc/hexane). 1H NMR (500 MHz, CDCl3): δ 7.37 – 7.26 (m, 11H), 7.12 (d, J = 7.3 Hz, 2H), 5.11 (d, J = 8.4 Hz, 4H), 5.05 (s, 2H), 5.00 (t, J = 6.4 Hz, 1H), 4.30 – 4.09 (m, 3H), 3.50 – 3.35 (m, 2H), 2.33 – 2.27 (m, 4H), 1.60 (p, J = 6.9 Hz, 5H), 1.25 (s, 54H), 0.88 (t, J = 7.0 Hz, 6H) 31P NMR (202 MHz): δ -6.27.



4-((Bis(benzyloxy)phosphoryl)oxy)benzyl (2,3-bis(((dodecyloxy)carbonyl)oxy)propyl)carbamate (PRL2.1)
To a dry, degassed, argon filled 50 mL round bottom flask containing a stir bar compound PRL1.4 (0.100 g, 0.199 mmol, 1.0 equiv.) was added. EtOAc (25 mL), having sat under sieves for 48 hours, was added through the septum and the reaction was set to stir at 0℃. Commercially available dodecyl chloroformate (0.200 mL, 0.798 mmol, 4.0 equiv.) was added through the septum followed by dry pyridine (0.100 mL, 1.196 mmol, 6.0 equiv.) and the reaction was allowed to stir for 6 hours at 0℃ followed over night at room temperature. The reaction mixture was then charged to a separatory funnel and washed three times each with 50 mL of H2O followed by one wash with 50 mL of saturated NaCl. The organic layer was dried with MgSO4, filtered, and concentrated to dryness. The crude reaction mixture was subjected to column chromatography with gradient elution of 25-50% EtOAc in hexane, providing 0.116 g of a white viscous oil (56% yield). Rf = 0.2 (25% EtOAc/hexanes). 1H NMR (500 MHz, CDCl3): δ 7.37 – 7.25 (m, 12H), 7.13 (d, J = 7.4 Hz, 2H), 5.12 (d, J = 8.4 Hz, 4H), 5.05 (s, 2H), 4.96 (p, J = 5.0 Hz, 1H), 4.31 (ddd, J = 86.7, 12.1, 4.6 Hz, 2H), 4.17 – 4.09 (m, 4H), 3.51 (d, J = 32.1 Hz, 2H), 1.66 (p, J = 6.7 Hz, 4H), 1.34 (d, J = 9.9 Hz, 4H), 1.25 (s, 38H), 0.88 (t, J = 7.0 Hz, 7H) 31P NMR (202 MHz): δ -6.27.



4-((((2,3-Bis(stearoyloxy)propyl)carbamoyl)oxy)methyl)phenyl phosphate (PRL1)
Compound PRL1.5 (0.075 g, 0.0752 mmol, 1.0 equiv.) was added to a 25 mL round bottom flask charged with argon. The compound was then dissolved in 10 mL of dry DCM and set to stir at 0℃. TMS-I (0.030 mL, 0.181 mmol, 2.5 equiv.) was introduced through the septum and the reaction was allowed to stir for 1 hour at 0℃. After the one-hour mark, the reaction was concentrated under a stream of N2, followed by 30 minutes under high vacuum. After 30 minutes had elapsed 10 mL of a 5:95 mixture of H2O:MeOH was added and the reaction was allowed to stir overnight. The reaction mixture was then concentrated under an N2 stream, followed by high vacuum. Afterwards it was taken up in a minimal amount of a mixture composed of 65/25/4 parts CHCl3/MeOH/H2O and subjected to column chromatography using an elution of 100% CHCl3 followed by the 65/25/4 mixture yielding 0.059 g of a white solid (96% yield). Rf = 0.35 (65/25/4 CHCl3/MeOH/H2O). 1H NMR (500 MHz, CDCl3): δ 7.41 (ddd, J = 66.8, 5.7, 3.3 Hz, 4H), 4.89 (s, 1H), 4.78 (s, 4H), 3.99 (s, 2H), 2.12 – 2.10 (m, 4H), 1.50 – 1.30 (m, 19H), 1.03 (s, 55H), 0.70 (t, J = 7.5 Hz, 6H) 31P NMR (202 MHz): δ -3.52.



4-(6-(((Dodecyloxy)carbonyl)oxy)-3,9-dioxo-2,8,10-trioxa-4-azadocosyl)phenyl phosphate (PRL2)
Compound PRL2.1 (0.050 g, 0.054 mmol, 1.0 equiv.) was added to a 25 mL round bottom flask charged with argon. The compound was then dissolved in 10 mL of dry DCM and set to stir at 0℃. TMS-I (0.020 mL, 0.135 mmol, 2.5 equiv.) was introduced through the septum and the reaction was allowed to stir for 1 hour at 0℃. After the one-hour mark, the reaction was concentrated under a stream of N2, followed by 30 minutes under high vacuum. After 30 minutes had elapsed 10 mL of a 5:95 mixture of H2O:MeOH was added and the reaction was allowed to stir overnight. The reaction mixture was then concentrated under an N2 stream, followed by high vacuum. Afterwards it was taken up in a minimal amount of a mixture composed of 65/25/4 parts CHCl3/MeOH/H2O and subjected to column chromatography using an elution of 100% CHCl3 followed by the 65/25/4 mixture yielding 0.029 g of a white solid (73% yield). Rf = 0.4 (65/25/4 CHCl3/MeOH/H2O). 1H NMR (500 MHz, CDCl3): δ 7.50 – 7.33 (m, 4H), 4.89 (s, 2H), 3.99 (d, J = 5.9 Hz, 6H), 3.44 (s, 1H), 1.42 (s, 4H), 1.03 (s, 35H), 0.70 (t, J = 7.5 Hz, 6H) 31P NMR (202 MHz): δ -3.34.

[bookmark: _Toc135908841]2.9.3.	Synthetic Details: PRL3 and PRL4 Compounds


Diethyl (2R,3R)-1,4-dioxaspiro[4.4]nonane-2,3-dicarboxylate (PRL3.1)	Comment by Best, Michael Douglas: Italicize R and S
In a 250 mL round bottom flask, filled with argon and equipped with a stir bar, commercially available Diethyl-L-Tartrate (3.400 mL, 19.560 mmol, 1.0 equiv.) was added followed by 130 mL of toluene and the reaction was allowed to stir. Cyclopentanone (8.700 mL, 98.250 mmol, 5.0 equiv.) was added dropwise in addition to solid TsOH (0.380 g, 1.99 mmol, 0.1 equiv.). The reaction was set up with a Dean stark trap filled with toluene, and a condenser, and set to heat at 130℃ overnight. The following day, the reaction was removed from heat and excess solid NaHCO3 was introduced and allowed to stir until room temperature was achieved. The reaction was filtered and concentrated under reduced pressure and the crude was subjected to column chromatography following a gradient elution of 0-20% EtOAc in hexane yielding 4.138 g of a yellow oil (77% yield). Rf = 0.3 (25% EtOAc/hexane). 1H NMR (500 MHz, CDCl3): δ 4.72 (s, 2H), 4.27 (q, J = 7.2 Hz, 5H), 2.02 – 1.81 (m, 5H), 1.75 – 1.66 (m, 5H), 1.31 (t, J = 7.2 Hz, 7H).



((2S,3S)-1,4-Dioxaspiro[4.4]nonane-2,3-diyl)dimethanol (PRL3.2)
To a round bottom flask, charged with argon, excess LiAlH4 (0.246 g, 1.180 mmol, 2.2 equiv.) was added as a solid and the reaction was allowed to stir at 0℃. To the stirring reaction, 25 mL of dry THF was introduced dropwise. Intermediate PRL3.1 was then diluted in an additional 25 mL of dry THF and introduced dropwise, followed by stirring at room temperature overnight. The following morning, the reaction vessel was cooled to 0℃, the septum was removed, and 2 mL of H2O was added dropwise, followed by 2 mL of 2.0 M NaOH, and once again with 5 mL of H2O. The reaction was allowed to stir at 0℃ for one hour, followed by one hour at room temperature. The contents of the round bottom flask were then filtered through a celite plug and rinsed with excess THF, (50 mL). The contents of the filtrate were dried with MgSO4 and refiltered, concentrated to dryness under reduced pressure, and subjected to column chromatography with a solvent gradient from 50-100% EtOAc in hexane yielding 0.425 g of a clear oil (77% yield). Rf = 0.4 (40% EtOAc/hexane). 1H NMR (500 MHz, CDCl3): δ 3.96 (tq, J = 2.7, 1.5 Hz, 2H), 3.75 (dddd, J = 43.8, 11.7, 2.8, 1.5 Hz, 5H), 1.83 – 1.62 (m, 8H).



((2S,3S)-1,4-Dioxaspiro[4.4]nonane-2,3-diyl)bis(methylene) bis(4-methylbenzenesulfonate) (PRL3.3)
To a dry, degassed, argon filled 100 mL round bottom flask 50 mL of dry DCM was charged. PRL3.2 (1.000 g, 5.310 mmol, 1.0 equiv.) was then added as a solid and allowed to stir as the reaction vessel was set to 0℃. TEA (3.000 mL, 21.250 mmol, 4.0 equiv.) was added as a lipid through the septum followed by solid 4-toluene sulfonyl chloride TsCl (4.050 g, 21.250 mmol, 4.0 equiv.) and the reaction was allowed to stir overnight at room temperature. The reaction was then added to a 250 mL separatory funnel and washed 3x each with 50 mL H2O followed once with 50 mL of saturated NaCl. The organic layer was then dried with MgSO4, filtered, concentrated to dryness, and subjected to column chromatography using gradient elution ranging from 0-50% EtOAc in hexane yielding 1.840 g of a white solid (70% yield). Rf = 0.4 (50% EtOAc/hexane). 1H NMR (500MHz, CDCl3): δ 7.78 (d, J = 8.3 Hz, 4H), 7.36 (d, J = 7.9 Hz, 5H), 4.06 (d, J = 3.4 Hz, 5H), 3.96 (t, J = 3.3 Hz, 2H), 2.46 (s, 7H), 1.66 – 1.54 (m, 8H).



(2S,3S)-2,3-Bis(azidomethyl)-1,4-dioxaspiro[4.4]nonane (PRL3.4)
To a dry, degassed, 100 mL round bottom flask argon was added followed by 50 mL of dry DMF. PRL3.3 (1.000 g, 2.010 mmol, 1.0 equiv.) was added as a solid followed by NaN3 (0.524 g, 8.050 mmol, 4.0 equiv.) and the reaction vessel was affixed with a reflux condenser and set to stir overnight at 100℃. The reaction was then allowed to cool to room temperature before being diluted with H2O and extracted 3x each with 100 mL Et2O. The organic layer was collected and washed once with saturated NaCl, dried using MgSO4, filtered, and concentrated to dryness under reduced pressure. The crude reaction mixture was subjected to column chromatography using a gradient elution from 0-25% Et2O in hexane resulting in 0.431 g of a white solid (90% yield). Rf = 0.3 (25% Et2O/hexane). 1H NMR (500 MHz, CDCl3): δ 3.99 (t, J = 3.1 Hz, 2H), 3.54 – 3.33 (m, 5H), 1.93 – 1.79 (m, 4H), 1.78 – 1.62 (m, 4H)



((2S,3S)-1,4-Dioxaspiro[4.4]nonane-2,3-diyl)dimethanamine (PRL3.5)
To a dry, degassed, 100 mL round bottom flask PRL3.4 (0.100 g, 0.420 mmol, 1.0 equiv.) was added and diluted with 25 mL of EtOAc. Pd/C (0.010 g, 0.094 mmol, 10% w/w) was added and the reaction was set to stir aggressively. A double layered balloon filled with H2 with a long needle was driven through the septum and to the bottom of the round bottom flask. An additional needle was pierced through the septum exposing the reaction vessel to the fume hood. The H2 balloon was squeezed to fully expel the H2 gas before being replaced and the venting needle removed. The H2 balloon was monitored for an additional 6 hours, replacing, if necessary, followed by filtration through a pad of celite with 75 mL of EtOAc. The reaction was concentrated to dryness to yield 0.078 g of the product as a white solid (95% yield). 1H NMR (500 MHz, CDCl3): δ 3.76 – 3.68 (m, 2H), 2.91 – 2.80 (m, 4H), 1.87 – 1.72 (m, 4H), 1.72 – 1.61 (m, 4H).



Bis(4-((bis(benzyloxy)phosphoryl)oxy)benzyl) (((2S,3S)-1,4-dioxaspiro[4.4]nonane-2,3-diyl)bis(methylene))dicarbamate (PRL3.6)
To a dry, degassed, 250 mL round bottom flask filled with argon, 100 mL of dry MeCN was added. PRL3.5 (0.227 g, 1.219 mmol, 1.0 equiv.) was added as a solid. TEA (0.700 mL, 4.880 mmol, 4.0 equiv.) was added and the reaction was set to stir at 0℃. PRL1.2 (1.676 g, 3.049 mmol, 2.5 equiv.) was added and the set to stir overnight. The following morning the reaction was concentrated under reduced pressure and then resuspended in 100 mL of EtOAc, washed once with 50 mL of saturated NaHCO3 until the aqueous layer was no longer yellow in coloration followed by once with 100 mL saturated NaCl. The organic layer was then dried with MgSO4, filtered, concentrated to dryness under reduced pressure, and subjected to column chromatography using a gradient elution of 25-75% EtOAc in hexane providing 0.847 g of a white solid (70% yield). Rf = 0.4 (50% EtOAc/hexane). 1H NMR (500 MHz, CDCl3): δ 7.36 – 7.27 (m, 22H), 7.12 (d, J = 7.5 Hz, 4H), 5.11 (d, J = 8.4 Hz, 8H), 5.05 (d, J = 3.3 Hz, 4H), 3.79 (s, 2H), 3.51 – 3.33 (m, 4H), 1.79 – 1.61 (m, 8H) 31P NMR (202 MHz): δ -6.25.



Bis(4-((bis(benzyloxy)phosphoryl)oxy)benzyl) ((2S,3S)-2,3-dihydroxybutane-1,4-diyl)dicarbamate (PRL3.7)
To a 50 mL round bottom flask, PRL3.6 (0.500 g, 0.497 mmol, 1.0 equiv.) was added as a solid followed by 25 mL of MeOH. The starting material was spun to dissolve followed by addition of solid TsOH (0.209 g, 1.490 mmol, 3.0 equiv.) and the reaction mixture was set to stir overnight. Excess solid NaHCO3 (0.500 g, 5.952 mmol, 10.0 equiv.) was added as a solid and the reaction was then filtered, concentrated to dryness, and subjected to column chromatography using a gradient elution from 50-100% EtOAc in hexane providing 0.359 g of a white solid (77% yield). Rf = 0.2 (100% EtOAc). 1H NMR (500 MHz, CDCl3): δ 7.36 – 7.26 (m, 23H), 7.11 (d, J = 7.4 Hz, 4H), 5.30 (s, 4H), 5.11 (d, J = 8.4 Hz, 8H), 3.51 (s, 2H), 3.32 (dd, J = 71.5, 10.8 Hz, 6H) 31P NMR (202 MHz): δ -6.29.



(6S,7S)-1,12-Bis(4-((bis(benzyloxy)phosphoryl)oxy)phenyl)-3,10-dioxo-2,11-dioxa-4,9-diazadodecane-6,7-diyl distearate (PRL3.8)
To a dry, degassed, argon-filled 100 mL round bottom flask 50 mL of a 50:50 mixture of DMF:CHCl3 was added and the reaction vessel was set to stir. PRL3.7 (0.150 g, 0.159 mmol, 1.0 equiv.) was added as a solid followed by DMAP (0.010 g, 0.080 mmol, 0.5 equiv.). Stearic acid (0.100 g, 0.351 mmol, 2.2 equiv.) was next added as a solid and finally, EDCI (0.066 g, 0.422 mmol, 2.65 equiv.) was added and the reaction was allowed to stir overnight. The reaction was concentrated to dryness, taken up in 100 mL EtOAc, washed 3x with 50 mL H2O, and once with 50 mL saturated NaCl. The organic layer was then dried with MgSO4, filtered, concentrated to dryness, and subjected to column chromatography using a gradient elution from 0-50% EtOAc in hexane to yield 0.071 g of a colorless oil (30% yield). Rf = 0.7 (50% EtOAc/hexane). 1H NMR (500 MHz, CDCl3): δ 7.55 – 7.22 (m, 24H), 7.12 (d, J = 8.2 Hz, 4H), 5.12 (s, 6H), 5.10 (s, 8H), 5.03 (q, J = 12.3 Hz, 4H), 3.50 – 3.23 (m, 4H), 2.33 (t, J = 7.6 Hz, 4H), 1.61 (q, J = 7.2 Hz, 5H), 1.25 (s, 56H), 0.88 (t, J = 6.9 Hz, 6H) 31P NMR (202 MHz): δ -6.25.



4-((6S,7S)-3,10-Dioxo-12-(4-(phosphonatooxy)phenyl)-6,7-bis(stearoyloxy)-2,11-dioxa-4,9-diazadodecyl)phenyl phosphate (PRL3)
Compound PRL3.8 (0.075 g, 0.075 mmol, 1.0 equiv.) was added to a 25 mL round bottom flask charged with argon. The compound was then dissolved in 10 mL of dry DCM and set to stir at 0℃. TMS-I (0.050 mL, 0.181 mmol, 2.5 equiv.) was introduced through the septum and the reaction was allowed to stir for 1 hour at 0℃. After the one-hour mark, the reaction was concentrated under a stream of N2, followed by 30 minutes under high vacuum. After 30 minutes had elapsed 10 mL of a 5:95 mixture of H2O:MeOH and the reaction was allowed to stir overnight. The reaction mixture was then concentrated under an N2 stream, followed by high vacuum. Afterwards it was taken up in a minimal amount of a mixture composed of 65/25/4 parts CHCl3/MeOH/H2O and subjected to column chromatography using an elution of 100% CHCl3 followed by the 65/25/4 mixture yielding 0.059 g of a white solid (96% yield). Rf = 0.35 (65/25/4 CHCl3/MeOH/H2O). 1H NMR (500 MHz, CDCl3): δ 7.06 (d, J = 10.1 Hz, 4H), 6.97 (d, J = 8.2 Hz, 4H), 4.80 (s, 2H), 4.19 (s, 4H), 3.10 – 2.81 (m, 4H), 2.13 (d, J = 16.6 Hz, 4H), 1.38 (s, 4H), 1.04 (s, 56H), 0.65 (s, 6H) 31P NMR (202 MHz): δ -5.19.



(((6S,7S)-1,12-Bis(4-((bis(benzyloxy)phosphoryl)oxy)phenyl)-3,10-dioxo-2,11-dioxa-4,9-diazadodecane-6,7-diyl)bis(oxy))bis((dodecyloxy)carbonate) (PRL4.1)
To a dry, degassed, argon-filled 50 mL round bottom flask containing a stir bar compound PRL3.7 (0.050 g, 0.053 mmol, 1.0 equiv.) was added. EtOAc (25 mL), having sat under sieves for 48 hours, was added through the septum and the reaction was set to stir at 0℃. Commercially available dodecyl chloroformate (0.060 mL, 0.213 mmol, 4.0 equiv.) was added through the septum followed by dry pyridine (0.030 mL, 0.319 mmol, 6.0 equiv.) and the reaction was allowed to stir for 6 hours at 0℃ followed over night at room temperature. The reaction mixture was then transferred to a separatory funnel and washed three times with 50 mL of H2O followed by a wash with 50 mL of brine. The organic layer was dried with MgSO4, filtered, and concentrated to dryness. The crude reaction mixture was subjected to column chromatography following a gradient elution of 25-50% EtOAc in hexane, providing 0.116 g of a white viscous oil (38% yield). Rf = 0.4 (50% EtOAc/hexanes). 1H NMR (500 MHz, CDCl3): δ 7.37 – 7.25 (m, 24H), 7.12 (d, J = 7.4 Hz, 4H), 5.11 (d, J = 8.4 Hz, 8H), 4.96 (q, J = 4.4 Hz, 2H), 4.13 (td, J = 6.9, 2.2 Hz, 4H), 3.48 (ddd, J = 56.9, 14.7, 8.8 Hz, 4H), 1.65 (dd, J = 14.1, 7.0 Hz, 4H), 1.33 (d, J = 4.3 Hz, 7H), 1.25 (s, 38H), 0.88 (t, J = 7.0 Hz, 6H) 31P NMR (202 MHz): δ -6.26.



4-((6S,7S)-6-(((Dodecyloxy)carbonyl)oxy)-3,9-dioxo-7-(((((4-(phosphonatooxy)benzyl)oxy)carbonyl)amino)methyl)-2,8,10-trioxa-4-azadocosyl)phenyl phosphate (PRL4)
Compound PRL4.1 (0.050 g, 0.037 mmol, 1.0 equiv.) was added to a 25 mL round bottom flask charged with argon. The compound was then dissolved in 10 mL of dry DCM and set to stir at 0℃. TMS-I (0.030 mL, 0.183 mmol, 5.0 equiv.) was introduced through the septum and the reaction was allowed to stir for 1 hour at 0℃. After the one-hour mark, the reaction was concentrated under a stream of N2, followed by 30 minutes under high vacuum. After 30 minutes had elapsed 10 mL of a 5:95 mixture of H2O:MeOH was added and the reaction was allowed to stir overnight. The reaction mixture was then concentrated under an N2 stream, followed by high vacuum. Afterwards it was taken up in a minimal amount of a mixture composed of 65/25/4 parts CHCl3/MeOH/H2O and subjected to column chromatography first using an elution of 100% CHCl3 followed by the 65/25/4 mixture yielding 0.028 g of a white solid (72% yield). Rf = 0.35 (65/25/4 CHCl3/MeOH/H2O). 1H NMR (500 MHz, CDCl3): δ 7.51 – 7.45 (m, 4H), 7.38 – 7.33 (m, 4H), 5.94 (s, 2H), 4.91 (s, 4H), 4.00 (s, 4H), 3.44 (s, 4H), 1.39 (s, 4H), 1.04 (s, 32H), 0.66 (s, 6H) 31P NMR (202 MHz): δ -3.22.

[bookmark: _Toc135908842]2.9.4.	Synthetic Details: PRL5, PRL6 and PRL7 Compounds


4-(((Tert-butyldimethylsilyl)oxy)methyl)phenol (PRL5.1)
To a dry, degassed, argon filled 100 mL round bottom flask commercially available 4-hydroxybenzyl alcohol (0.400 g, 3.22 mmol, 1.0 equiv.) was charged as well as 50 mL of dry DMF. Imidazole (0.263 g, 3.87 mmol, 1.2 equiv.) was added as a solid and the reaction was set to stir at 0℃. TMS-Cl (0.583 g, 3.870 mmol, 1.2 equiv.) was then added as a solid and the reaction was warmed to room temperature and set to stir for 1.5 hours. The reaction was then diluted with 100 mL of Et2O and charged to a separatory funnel. The organic mixture was washed 2x each with 50 mL saturated NH4Cl followed by once with 50 mL saturated NaCl. The organic layer was dried using MgSO4, filtered, concentrated to dryness, and subjected to column chromatography using a gradient elution of 0-50% EtOAc in hexane. The product was collected yielding 0.737 g of a yellow tinted oil (96% yield). Rf = 0.5 (25% EtOAc/hexanes). 1H NMR (500 MHz, CDCl3): δ 7.19 (d, J = 8.7 Hz, 2H), 6.79 (d, J = 8.5 Hz, 2H), 4.66 (s, 2H), 0.93 (s, 9H), 0.09 (s, 6H).



4-((Bis(benzyloxy)phosphoryl)oxy)benzyl (4-(((tert-butyldimethylsilyl)oxy)methyl)phenyl) carbonate (PRL5.2)
To a dry, degassed, argon-filled 250 mL round bottom flask 100 mL of DCM was added followed by solid DMAP (0.108 g, 0, 0.888 mmol, 4.0 equiv.) and the reaction mixture was stirred to dissolve at 0℃. Triphosgene (0.020 g, 0.067 mmol, 0.3 equiv.) was added as a solid and the reaction mixture was allowed to stir at 0℃ for 30 minutes. Afterwards, PRL5.1 (0.053 g, 0.222 mmol, 1.0 equiv.) was added as an oil dissolved in a dry DCM solution, dropwise. The reaction was allowed to stir for an additional 30 minutes, followed by the addition of a solution of PRL1.1 (0.171 g, 0.443 mmol, 2.0 equiv.) in dry DCM solution. The reaction mixture was allowed to warm to room temperature and stir overnight. The reaction mixture was then charged to a separatory funnel and washed 3x each with 50 mL of H2O followed by once with 50 mL of saturated NaCl. The organic layer was collected, dried with MgSO4, filtered, concentrated to dryness, and subjected to column chromatography using a gradient elution 0-50% EtOAc in hexane. The product was collected yielding 0.047 g of a clear oil (33% yield). Rf = 0.25 (25% EtOAc/hexanes). 1H NMR (500 MHz, CDCl3): δ 7.38 – 7.31 (m, 14H), 7.18 – 7.10 (m, 4H), 5.21 (s, 2H), 5.13 (d, J = 8.5 Hz, 4H), 4.73 (s, 2H), 0.94 (s, 9H), 0.10 (s, 6H) 31P NMR (202 MHz): δ -6.30.



4-((Bis(benzyloxy)phosphoryl)oxy)benzyl (4-(hydroxymethyl)phenyl) carbonate (PRL5.3)
To a 50 mL round bottom flask PRL5.2 (0.131 g, 0.202 mmol, 1.0 equiv.) was added, as was 25 mL of MeOH. HCl (0.25 mL, 12 M, 1% v/v) was added, and the reaction was spun for 45 minutes. After 45 minutes had elapsed 20 mL of saturated NaHCO3 was added and the reaction was transferred to a separatory funnel containing 50 mL of DCM. The reaction was extracted twice more with 50 mL of DCM each, and the organic layers were combined. The organic layer was then washed once with 50 mL of saturated NaCl, dried with MgSO4, filtered, and concentrated to dryness resulting in 0.103 g of a white solid (95% yield). 1H NMR (500 MHz, CDCl3): δ 7.40 – 7.31 (m, 12H), 7.19 – 7.14 (m, 4H), 5.21 (s, 2H), 5.13 (d, J = 8.5 Hz, 4H), 4.69 (s, 2H) 31P NMR (202 MHz): δ -6.31.



4-((((4-((Bis(benzyloxy)phosphoryl)oxy)benzyl)oxy)carbonyl)oxy)benzyl octanoate (PRL5.4)
To a dry, degassed, argon-filled 100 mL round bottom flask HCTU (0.093 g, 0.225 mmol, 1.23 equiv.) was added as a solid followed by 25 mL of dry DMF. Next, DMAP (0.046 g, 0.374 mmol, 2.90 equiv.) was added as a solid followed by octanoic acid (0.100 mL, 0.374 mmol, 2.0 equiv.) and the reaction was set to stir at room temperature for 45 minutes. PRL5.3 (0.100 g, 0.187 mmol, 1.0 equiv.) was added as a solid followed by 25 mL of dry DCM and the reaction was allowed to stir at room temperature overnight. The reaction was then dried under reduced pressure, taken up in 100 mL of EtOAc, washed 3x each with 50 mL of H2O, followed once by 50 mL of saturated NaCl. The organic layer was dried using MgSO4, filtered, concentrated to dryness, and subjected to column chromatography using a gradient elution 0-50% EtOAc in hexane. The product was collected as 0.045 g of a clear oil (37% yield). Rf = 0.2 (25% EtOAc/hexanes). 1H NMR (500 MHz, CDCl3): δ 7.40 – 7.30 (m, 12H), 7.19 – 7.14 (m, 4H), 5.22 (s, 2H), 5.13 (d, J = 8.5 Hz, 4H), 5.10 (s, 2H), 2.34 (t, J = 7.5 Hz, 3H), 1.64 (d, J = 14.6 Hz, 2H), 1.28 (dddd, J = 8.9, 7.5, 3.6, 1.7 Hz, 8H), 0.88 (q, J = 3.0 Hz, 4H) 31P NMR (202 MHz): δ -6.33.



4-((((4-((Bis(benzyloxy)phosphoryl)oxy)benzyl)oxy)carbonyl)oxy)benzyl heptyl carbonate (PRL6.1)
To a dry, degassed, argon filled 50 mL round bottom flask PRL5.3 (0.100 g, 0187 mmol, 1.0 equiv.) was added followed by 25 mL of EtOAc which had been sitting for 48 hours under sieves. Pyridine (0.100 mL, 1.120 mmol, 6.0 equiv.) was added as a liquid through the septum and the reaction was set to stir at 0℃. Octyl chloroformate (0.100 mL, 0.374 mmol, 2.0 equiv.) was added as a liquid and the reaction was allowed to warm to room temperature to stir overnight. The reaction mixture was then transferred to a separatory funnel and washed three times each with 50 mL of H2O followed by once with 50 mL of saturated NaCl. The organic layer was dried with MgSO4, filtered, and concentrated to dryness. The crude reaction mixture was subjected to column chromatography following a gradient elution of 0-50% EtOAc in hexane, providing 0.097 g of a clear oil (77% yield). Rf = 0.3 (25% EtOAc/hexanes). 1H NMR (500 MHz, CDCl3): δ 7.43 – 7.30 (m, 12H), 7.20 – 7.14 (m, 4H), 5.21 (s, 2H), 5.14 (s, 4H), 5.12 (s, 2H), 4.14 (t, J = 6.7 Hz, 2H), 1.65 (dd, J = 15.0, 6.9 Hz, 3H), 1.31 – 1.25 (m, 8H), 0.88 (t, J = 6.9 Hz, 3H) 31P NMR (202 MHz): δ -6.33.



4-((((4-((Bis(benzyloxy)phosphoryl)oxy)benzyl)oxy)carbonyl)oxy)benzyl palmitate (PRL7.1)
To a dry, degassed, argon filled 100 mL round bottom flask HCTU (0.093 g, 0.225 mmol, 1.23 equiv.) was added as a solid followed by 25 mL of dry DMF. Next, DMAP (0.046 g, 0.374 mmol, 2.90 equiv.) was added as a solid followed by palmitic acid (0.096 g, 0.374 mmol, 2.0 equiv.) and the reaction was set to stir at room temperature for 45 minutes. PRL5.3 (0.100 g, 0.187 mmol, 1.0 equiv.) was added as a solid followed by 25 mL of dry DCM and the reaction was allowed to stir at room temperature overnight. The reaction was then dried under reduced pressure, taken up in 100 mL EtOAc, washed 3x each with 50 mL of H2O, followed once by 50 mL of saturated NaCl. The organic layer was dried using MgSO4, filtered, concentrated to dryness, and subjected to column chromatography using a gradient elution 0-50% EtOAc in hexane. The product was collected as 0.122 g of a clear oil (85% yield). Rf = 0.3 (25% EtOAc/hexanes). 1H NMR (500 MHz, CDCl3): δ 7.39 – 7.30 (m, 12H), 7.19 – 7.14 (m, 4H), 5.22 (s, 2H), 5.13 (d, J = 8.5 Hz, 4H), 5.10 (s, 2H), 2.34 (t, J = 7.6 Hz, 2H), 1.64 (p, J = 7.3 Hz, 3H), 1.27 (d, J = 16.3 Hz, 26H), 0.88 (t, J = 6.9 Hz, 3H) 31P NMR (202 MHz): δ -6.30. 



4-((((4-(Phosphonooxy)benzyl)oxy)carbonyl)oxy)benzyl octanoate (PRL5)
Compound PRL5.4 (0.055 g, 0.083 mmol, 1.0 equiv.) was added to a 25 mL round bottom flask charged with argon. The compound was then dissolved in 10 mL of dry DCM and set to stir at 0℃. TMS-I (0.050 mL, 0.249 mmol, 3.0 equiv.) was introduced through the septum and the reaction was allowed to stir for 1 hour at 0℃. After the one-hour mark, the reaction was concentrated under a stream of N2, followed by 30 minutes under high vacuum. After 30 minutes had elapsed, 10 mL of a 5:95 mixture of H2O:MeOH was added and the reaction was allowed to stir overnight. The reaction mixture was then concentrated under an N2 stream, followed by high vacuum. Afterwards it was taken up in a minimal amount of a mixture composed of 65/25/4 parts CHCl3/MeOH/H2O and subjected to column chromatography first using an elution of 100% CHCl3 followed by the 65/25/4 mixture yielding 0.019 g of a white solid (48% yield). Rf = 0.35 (65/25/4 CHCl3/MeOH/H2O). 1H NMR (500 MHz, CDCl3): δ 7.20 (dd, J = 8.2, 5.8 Hz, 4H), 7.07 (d, J = 8.0 Hz, 2H), 6.98 (d, J = 8.4 Hz, 3H), 5.03 (s, 2H), 4.92 (s, 2H), 2.18 (t, J = 7.6 Hz, 2H), 1.44 (dt, J = 13.9, 7.0 Hz, 4H), 1.09 (s, 8H), 0.69 (d, J = 6.9 Hz, 5H) 31P NMR (202 MHz): δ -5.16.



Heptyl (4-((((4-(phosphonooxy)benzyl)oxy)carbonyl)oxy)benzyl) carbonate (PRL6)
Compound PRL6.1 (0.119 g, 0.176 mmol, 1.0 equiv.) was added to a 25 mL round bottom flask charged with argon. The compound was then dissolved in 10 mL of dry DCM and set to stir at 0℃. TMS-I (0.075 mL, 0.527 mmol, 3.0 equiv.) was introduced through the septum and the reaction was allowed to stir for 1 hour at 0℃. After the one-hour mark, the reaction was concentrated under a stream of N2, followed by 30 minutes under high vacuum. After 30 minutes had elapsed 10 mL of a 5:95 mixture of H2O:MeOH was added and the reaction was allowed to stir overnight. The reaction mixture was then concentrated under an N2 stream, followed by high vacuum. Afterwards it was taken up in a minimal amount of a mixture composed of 65/25/4 parts CHCl3/MeOH/H2O and subjected to column chromatography first using an elution of 100% CHCl3 followed by the 65/25/4 mixture yielding 0.107 g of a white solid (94% yield). Rf = 0.35 (65/25/4 CHCl3/MeOH/H2O). 1H NMR (500 MHz, CDCl3): δ 7.24 (d, J = 8.3 Hz, 2H), 7.19 (d, J = 7.8 Hz, 2H), 7.06 (d, J = 13.3 Hz, 2H), 6.99 (d, J = 8.2 Hz, 2H), 5.02 (s, 2H), 4.97 (s, 2H), 3.97 (t, J = 6.7 Hz, 3H), 1.51 – 1.47 (m, 2H), 1.09 (s, 8H), 0.70 (s, 3H) 31P NMR (202 MHz): δ -5.13.



4-((((4-(Phosphonooxy)benzyl)oxy)carbonyl)oxy)benzyl palmitate (PRL7)
Compound PRL7.1 (0.166 g, 0.215 mmol, 1.0 equiv.) was added to a 25 mL round bottom flask charged with argon. The compound was then dissolved in 10 mL of dry DCM and set to stir at 0℃. TMS-I (0.075 mL, 0.537 mmol, 2.50 equiv.) was introduced through the septum and the reaction was allowed to stir for 1 hour at 0℃. After the one-hour mark, the reaction was concentrated under a stream of N2, followed by 30 minutes under high vacuum. After 30 minutes had elapsed 10 mL of a 5:95 mixture of H2O:MeOH was added and the reaction was allowed to stir overnight. The reaction mixture was then concentrated under an N2 stream, followed by high vacuum. Afterwards it was taken up in a minimal amount of a mixture composed of 65/25/4 parts CHCl3/MeOH/H2O and subjected to column chromatography first using an elution of 100% CHCl3 followed by the 65/25/4 mixture yielding 0.021 g of a white solid (17% yield). Rf = 0.35 (65/25/4 CHCl3/MeOH/H2O). 1H NMR (500 MHz, CDCl3): δ 7.22 – 7.14 (m, 4H), 7.07 (d, J = 8.3 Hz, 2H), 6.97 (d, J = 8.7 Hz, 2H), 5.01 (s, 2H), 4.91 (s, 2H), 2.17 (t, J = 7.6 Hz, 2H), 1.44 (d, J = 7.4 Hz, 2H), 1.07 (s, 31H), 0.69 (d, J = 1.4 Hz, 3H) 
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Spectrum 1: 1H NMR (500 MHz, CDCl3) Compound PRL1.1

Spectrum 2: 31P NMR (202 MHz) Compound PRL1.1

Spectrum 3: 1H NMR (500 MHz, CDCl3) Compound PRL1.2
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Spectrum 4: 31P NMR (202 MHz) Compound PRL1.2


Spectrum 5: 1H NMR (500 MHz, CDCl3) Compound PRL1.3


Spectrum 6: 31P NMR (202 MHz) Compound PRL1.3


Spectrum 7: 1H NMR (500 MHz, CDCl3) Compound PRL1.4


Spectrum 8: 31P NMR (202 MHz) Compound PRL1.4


Spectrum 9: 1H NMR (500 MHz, CDCl3) Compound PRL1.5


Spectrum 10: 31P NMR (202 MHz) Compound PRL1.5


Spectrum 11: 1H NMR (500 MHz, CDCl3) Compound PRL2.1


Spectrum 12: 31P NMR (202 MHz) Compound PRL2.1


Spectrum 13: 1H NMR (500 MHz, CDCl3) Compound PRL1


Spectrum 14: 31P NMR (202 MHz) Compound PRL1


Spectrum 15: Mass Spectrum (Waters Synapt G2-Si mass spectrometer) Compound PRL1 [M-1] predicted: 852.5755 [M-1] found: 852.5806


Spectrum 16: 1H NMR (500 MHz, CDCl3) Compound PRL2


Spectrum 17: 31P NMR (202 MHz) Compound PRL2


Spectrum 18: Mass Spectrum (Waters Synapt G2-Si mass spectrometer) Compound PRL2 [M-1] predicted: 744.409 [M-1] found: 744.414


Spectrum 19: 1H NMR (500 MHz, CDCl3) Compound PRL3.1


Spectrum 20: 1H NMR (500 MHz, CDCl3) Compound PRL3.2


Spectrum 21: 1H NMR (500 MHz, CDCl3) Compound PRL3.3


Spectrum 22: 1H NMR (500 MHz, CDCl3) Compound PRL3.4


Spectrum 23: 1H NMR (500 MHz, CDCl3) Compound PRL3.5


Spectrum 24: 1H NMR (500 MHz, CDCl3) Compound PRL3.6


Spectrum 25: 31P NMR (202 MHz) Compound PRL3.6


Spectrum 26: 1H NMR (500 MHz, CDCl3) Compound PRL3.7


Spectrum 27: 31P NMR (202 MHz) Compound PRL3.7


Spectrum 28: 1H NMR (500 MHz, CDCl3) Compound PRL3.8


Spectrum 29: 31P NMR (202 MHz) Compound PRL3.8


Spectrum 30: 1H NMR (500 MHz, CDCl3) Compound PRL3


Spectrum 31: 31P NMR (202 MHz) Compound PRL3


Spectrum 32: 1H NMR (500 MHz, CDCl3) Compound PRL4.1


Spectrum 33: 31P NMR (202 MHz) Compound PRL4.1


Spectrum 34: 1H NMR (500 MHz, CDCl3) Compound PRL4


Spectrum 35: 31P NMR (202 MHz) Compound PRL4


Spectrum 36: Mass Spectrum (Waters Synapt G2-Si mass spectrometer) Compound PRL4 [M-1] predicted: 1003.433 [M-1] found: 1003.439 


Spectrum 37: 1H NMR (500 MHz, CDCl3) Compound PRL5.1


Spectrum 38: 1H NMR (500 MHz, CDCl3) Compound PRL5.2


Spectrum 39: 31P NMR (202 MHz) Compound PRL5.2


Spectrum 40: 1H NMR (500 MHz, CDCl3) Compound PRL5.3


Spectrum 41: 31P NMR (202 MHz) Compound PRL5.3


Spectrum 42: 1H NMR (500 MHz, CDCl3) Compound PRL5.4


Spectrum 43: 31P NMR (202 MHz) Compound PRL5.4


Spectrum 44: 1H NMR (500 MHz, CDCl3) Compound PRL6.1


Spectrum 45: 31P NMR (202 MHz) Compound PRL6.1


Spectrum 46: 1H NMR (500 MHz, CDCl3) Compound PRL7.1


Spectrum 47: 31P NMR (202 MHz) Compound PRL7.1


Spectrum 48: 1H NMR (500 MHz, CDCl3) Compound PRL5


Spectrum 49: 31P NMR (202 MHz) Compound PRL5


Spectrum 50: Mass Spectrum (Waters Synapt G2-Si mass spectrometer) Compound PRL5 [M-1] predicted: 479.147 [M-1] found: 479.149 


Spectrum 51: 1H NMR (500 MHz, CDCl3) Compound PRL6


Spectrum 52: 31P NMR (202 MHz) Compound PRL6


Spectrum 53: 1H NMR (500 MHz, CDCl3) Compound PRL7


Spectrum 54: Mass Spectrum (Waters Synapt G2-Si mass spectrometer) Compound PRL7 [M-1] predicted: 591.272 [M-1] found: 591.272 
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