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Abstract 

 Synthetic unilamellar liposomes, functionalized to enable novel 

characteristics and behavior, are of great utility to fields such as drug delivery and 

artificial cell membranes.  However, the generation of these liposomes is frequently 

highly labor-intensive and time consuming whereas in situ liposome formation 

presents a potential solution to this problem.  A novel method for in situ lipid 

formation is developed here through the covalent addition of a thiol-functionalized 

lysolipid to an acrylate-functionalized tail via the thiol-Michael addition reaction 

with potential for inclusion of additional functionality via the tail.  Dilute, 

stoichiometric mixtures of a thiol lysolipid and an acrylate tail reacted in an aqueous 

media at ambient conditions for 48 hours reached nearly 90% conversion, forming 

the desired thioether-containing phospholipid product.  These lipids assemble into a 

high density of liposomes with sizes ranging from 20nm to several microns in 
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diameter and include various structures ranging from spheres to tubular vesicles 

with structure and lamellarity dependent upon the catalyst concentration used. To 

demonstrate lipid functionalization, an acrylate tail possessing a terminal alkyne 

was coupled into the lipid structure.  These functionalized liposomes enable photo-

induced polymerization of the terminal alkyne upon irradiation. 
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Introduction 

In the fields of drug1–5 and cosmetics delivery6–8, cellular membrane 

modeling9–13, artificial cell design14–21, microreactor development22–25 as well as 

others, phospholipid-based vesicles have found great potential since their discovery 

in the early 1960s26.  Composed primarily of phospholipid molecules, these lipid 

vesicles, or liposomes, mimic cell membranes. Lipids are assembled with charged 

head-groups extended into solution and hydrophobic tail domains sequestered into 

the middle of the bilayer.  The bilayers enwrap an internal aqueous compartment, 

effectively separating it from the surrounding media, minimizing contact of the 

hydrophobic chains with the aqueous environment.  This lipid-water interface 

enables encapsulation of hydrophobic molecules within the bilayer and hydrophilic 

compounds inside the interior compartment, thereby imparting their utility on this 

wide range of fields. 

However, while their structure is ideal for encapsulation, to enable the use of 

liposomes for many of these applications, it becomes necessary to introduce novel 

behavior, responsiveness or other characteristics into the phospholipid 

membrane27.  For example, synthetic phospholipid molecules bearing 

functionalities27 such as photo-cleavable structures28, double or triple bonds for 

polymerization 29,30, isomerizable structures31 and porphyrin rings32,33 have been 

studied to induce permeability of the membrane for stimuli-responsive drug 

delivery.  However, in order to generate and utilize these lipids, intensive and 

complicated syntheses are often necessary, resulting in a more laborious and time-

consuming design-build-test process.   
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Recently, a new method for the in situ formation of phospholipid molecules 

was developed for covalently attaching a hydrophobic tail to a functionalized 

lysolipid backbone utilizing the copper-catalyzed azide-alkyne cycloaddition 

(CuAAC) reaction34–36.  This lipid formation method could be employed to enable 

simplified incorporation of synthetic moieties into the lipid structure to generate 

designer lipids.  However, many systems are not amenable to the copper catalyst 

necessary for the CuAAC reaction due to ligand-dependent toxicity effects in living 

systems37–39.  Alternatively, the functionality of interest may not be orthogonal to 

the redox reaction necessary to generate the Cu(I) catalyst or if a terminal alkyne 

functionality is to be incorporated in the tail this formation chemistry could not be 

used.  More recently, imine, native chemical ligation and thioester exchange 

chemistries have been utilized to form synthetic liposomes capable of continued 

exchange40–42; however, this instability could be detrimental to the implementation 

of liposomes for commercial applications. In contrast, the thiol-Michael click 

reaction has enhanced biocompatibility in that it avoids the use of Cu, is readily 

catalyzed by relatively weak bases and nucleophiles, is amenable to the aqueous 

conditions required for in situ liposome formation, proceeds rapidly to completion 

under ambient conditions without significant side reactions, and is compatible with 

the usage of a wide range of natural and synthetic thiols as well as alkene 

functionalities.  In this reaction, thiol groups and electron deficient alkenes such as 

acrylates, maleimides, vinyl sulfones and others undergo coupling in the presence of 

basic or nucleophilic catalysts via a thiolate anion intermediate to produce a 

thioether product43.  To increase the range of designer lipid systems compatible 
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with the in situ formation method, we have incorporated acrylate and thiol 

functionalities into the tail and lysolipid structures, respectively, to enable thiol-

Michael formation of phospholipids.  The power of this formation chemistry lies in 

the fact that this system is not limited to the acrylate tail used here.  By utilizing the 

thiol-Michael addition reaction, lipids are functionalized using any number of 

acrylate and methacrylate monomers available for commercial purchase, and new 

vinyl sulfone or acrylate monomers can be easily synthesized from compounds of 

interest bearing free hydroxyl groups.  Additionally, vast quantities of bioconjugate 

chemistry have revolved around the use of maleimide-functionalized molecules and 

cysteine-functionalized peptides, making each of those systems immediately 

available for use as the ene or thiol, respectively, in this synthetic membrane 

formation method.  Beyond the array of molecules available for use in the thiol-

Michael reaction, the use of photo-bases44,45 for photo-initiated thiol-Michael 

reactions enables spatiotemporal control in liposome formation using this method.  

 

Results and Discussion 

Expanding the reaction toolbox for the generation of synthetic phospholipids 

 The highly efficient thiol-Michael addition reaction was employed to form a 

functionalized phospholipid (see 3 in Scheme 1) via functionalization of the lysolipid 

with a primary thiol [1] and the subsequent nucleophile-catalyzed reaction of the 

thiol with an aliphatic acrylate tail [2] as shown in Scheme 1.  This approach enables 

the design and implementation of an incredible range of new, functionalized 

phospholipids based on aliphatic tails, other functionalized molecules chosen from 
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the great variety of acrylate monomers already commercially available, molecules 

that are readily formed by reactions of acids or other terminal functional groups, or 

the array of maleimide-functionalized bioconjugate molecules available.    

 

Scheme 1.  A lysolipid bearing a free thiol functionality (1) readily and 

rapidly undergoes thiol-Michael addition with an acrylate functionalized tail 

(2) in the presence of a water-soluble, nucleophile catalyst, 2-

methylimidazole, to produce a thioether-containing phospholipid product 

(3).  The precursors in this process assemble into micelles and stabilized oil 

droplets and transition to bilayer structures and liposomes in situ upon 

addition of the second aliphatic tail and the subsequent Michael addition 

reaction. 

 

SHPC and the aliphatic acrylate tail (AT) were mixed at a concentration of 

5mM in the presence of 2.5mM of a water-soluble nucleophile catalyst, 2-

methylimidazole.  A weak base catalyst, triethylamine (TEA), was also explored as a 
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potential catalyst.  However, at the dilute conditions necessary, the reaction rates 

were exceedingly slow whereas increased concentrations of TEA leads to hydrolytic 

degradation of the esters present in the lipid structures.  Stronger nucleophiles were 

probed as well, but suffered from limitations in aqueous solubility.  Samples drawn 

at various time points were injected into an analytical LC-MS equipped with an 

Evaporative Light Scattering Detector (ELSD) to monitor the progression of the 

reaction.  Approximately 90% of SHPC [1] was coupled to AT [2] over the course of 

48 hours, resulting in production of the synthetic phospholipid product [3] (Figure 

1A,B).  This relatively slow reaction time is likely due to the dilute reaction 

conditions, the weak nucleophile catalyst, and the stoichiometric reactant mixture.  

It should be noted that the progression of the reaction under these disadvantageous 

reaction conditions to near-completion is another illustration of the capabilities of 

the thiol-Michael addition reaction.   

Certain alkene substituents, for example maleimides, and certain conditions, 

such as highly polar solvents, have been demonstrated to cause “catalyst-free,” 

solvent-mediated thiol-Michael addition46,47.  Here, to assess whether a catalyst is 

necessary for this reaction, SHPC [1] (5mM) and AT [2] (5mM) were mixed in the 

absence of any catalyst.  Over the course of 48 hours, approximately 50% of SHPC 

was consumed resulting in formation of phospholipid [3].  However, this insufficient 

degree of conversion demonstrates the need for a catalyst to reach satisfactory 

conversion under the desired conditions  (Figure 1C,D).  

Page 7 of 26 Soft Matter



 8 

 

Figure 1.  LC-MS coupled with an Evaporative Light Scattering Detector 

(ELSD) monitoring the progression of the thiol-Michael addition reaction.  

Reaction solutions of 5mM thiol lysolipid (SHPC) [1], 5mM aliphatic acrylate 

tail [2], and 2.5mM 2-methylimidazole catalyst were mixed and sampled at 

various time points to determine conversion (A).  SHPC peak area, 

normalized to 0 hours, and product peak area, normalized to 48 hours, 

demonstrate almost 90% conversion over the course of 48 hours (B). When 

catalyst is absent, the reaction occurs to approximately 50% conversion over 

the course of 48 hours (C,D). 

 

 Fluorescence microscopy and cryo-TEM enable imaging of the lipid 

assemblies.  In this way, it is possible to determine the ability of the phospholipid 

products to self-assemble into lipid vesicles, or liposomes.  For fluorescence 
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microscopy, the AT and reduced SHPC (5mM) were mixed in the presence of 2-

methylimidazole catalyst (2.5mM) and a membrane bound, fluorescent dye, 

rhodamine-DHPE (2uM).  Following mixing, a drop was placed on a sealed slide and 

allowed to develop at room temperature.  Fluorescence microscopy verified the 

presence of liposomal structures following 48 hours of development, as evidenced 

by a brightly fluorescent membrane surrounding a dark interior (Figure 2A).  Cryo-

TEM was conducted on the samples to verify the formation of lipid bilayers by 

thioether-containing phospholipids.  Samples were prepared as in the fluorescence 

microscopy experiments, though excluding rhodamine-DHPE, and subsequently 

frozen following 48 hours of development.  Cryo-TEM images show the presence of 

lipid bilayer structures in single rings rather than stacked lamellae, indicating that 

thiol-Michael addition mediated liposome formation using 2.5mM 2-

methylimidazole catalyst results in predominantly unilamellar liposomes (Figure 

2B).  This configuration makes this in situ formation method particularly useful for 

applications requiring unilamellar structures for imaging purposes48 as it results in 

vesicular structures over a micron in diameter directly from the reaction mixture 

and without any requirement of further processing.  
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Figure 2. Microscopy images of liposomes assembled from thioether-

containing phospholipid products [3].  5mM reduced SHPC and aliphatic AT 

were reacted in the presence of 2.5mM 2-methylimidazole.  For fluorescence 

microscopy imaging, 2uM rhodamine-DHPE was included in the reaction 

mixture.  After 48 hours of reaction, fluorescence microscopy demonstrated 

liposome formation (left) with most liposomes assembled in a unilamellar 

fashion as demonstrated using cryo-TEM (right). 

 

Modulating the catalyst concentration also enabled control over the lamellarity 

of the synthetic liposomes formed using the in situ formation technique.  While 

2.5mM 2-methylimidazole catalyst resulted in predominantly unilamellar 

liposomes, an increase in the catalyst concentration resulted in multilamellar 

structures.  To monitor the reaction with greater catalyst concentrations, LC-MS-

ELSD samples were prepared as stated previously ([SHPC]=[AT]=5mm) with 2-

methylimidazole at a concentration of 25mM.  Samples were taken at various times 

and injected onto the LC-MS-ELSD.  After 48 hours, the reaction reached 

approximately 90% conversion, similar to the 2.5mM 2-methylimidazole samples.  

200 nm 
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However, the initial reaction rate was greater with approximately 60% conversion 

occurring in the first 6 hours while the reactions with 2.5mM 2-methylimidazole 

only reached approximately 40% conversion over the same period (figure 3A).  To 

assess lamellarity, samples were prepared for fluorescence microscopy imaging 

([SHPC]=[AT]=5mM, [2-methylimidazole]=25mM, [rh-DHPE]=1-2μM) and for cryo-

TEM ([SHPC]=[AT]=5mM, [2-methylimidazole]=25mM).  Fluorescence microscopy 

verified the assembly of giant (greater than 1 micron in diameter) liposomes (figure 

3B) while cryo-TEM enabled imaging of lipid bilayers assembled in concentric rings, 

thereby verifying multilamellarity (figure 3C).  This dependency on catalyst 

concentration for liposome lamellarity suggests that as lipid bilayers grow from oil 

droplets stabilized by lysolipids, as observed previously35, sufficient catalyst 

concentrations may diffuse across the forming bilayers to initiate new bilayer 

growth from the droplet surface.  This behavior prompts the formation of bilayers 

within bilayers, or multilamellar structures.  Control over liposome lamellarity 

makes this formation technique useful for not only lipid functionalization but also 

for producing a range of assembly structures for a wide range of applications.  
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Figure 3.  Formation of multilamellar liposomes via increased catalyst 

concentration.  Reaction of SHPC and AT (5mM) with increased 2-

methylimidazole (25mM) results in approximately 60% conversion over the 

first 6 hours and 90% over 48 hours (A).  Liposomes formed using this 

increased catalyst concentration result in multilamellar structures as 

evidenced using fluorescence microscopy (B) and cryo-TEM (C). 

 

Demonstration of the facile incorporation of functional moieties into the 

phospholipid structure 

 To demonstrate the utility of the thiol-Michael induced formation of 

phospholipids capable of self-assembling into liposomal structures and to highlight 

the capacity of this approach to incorporate a variety of acrylic (or other) moieties, a 

second molecule capable of modifying the characteristics of the liposome system 

was reacted and incorporated into the phospholipid.  A new aliphatic tail was 
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designed and synthesized with an acrylate functionality for the thiol-Michael 

coupling as well as a terminal alkyne capable of a number of subsequent reactions.  

In particular, alkynes are orthogonal to the thiol-Michael addition reaction, 

providing a downstream functionality for a variety of reactions such as copper-

catalyzed azide-alkyne cycloaddition (CUAAC)49,50, radical-mediated polymerization 

or radical-mediated thiol-yne addition51,52.  This reactive capability could be used to 

modify the vesicle structure or characteristics, such as  temporary enhancement of 

the permeability of the liposome systems upon polymerization as has been 

demonstrated in the literature29,30 (scheme 2). 
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Scheme 2.  A schematic illustrating the formation of a designer lipid bearing 

a terminal alkyne using the thiol-Michael formation method.  A new terminal 

alkyne functionalized AT [4] couples to SHPC [1] in the presence of 2-

methylimidazole resulting in liposomes with terminal alkynes buried in their 

hydrophobic core.  These liposomes themselves enable subsequent 

modification of the membrane characteristics or behavior and as a whole 

demonstrate the ability to incorporate a wide array of new functionalities 

using this formation chemistry.  As one example of characteristics enabled 
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with this formulation, homopolymerization could be used to temporarily 

enhance permeability upon the generation of radicals. 

 

 Samples were injected into the LC-MS-ELSD to determine the reaction 

progress with samples prepared from stoichiometric reactants ([reduced 

SHPC]=[tail]=5mM and [2-methylimidazole]=2.5mM) including the acrylate-alkyne 

tail in place of the aliphatic acrylate tail.  Additionally, a photoinitiator, lithium 

phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), was included at a concentration 

of 5mM to enable subsequent photopolymerization and reaction of the alkyne tail 

following vesicle formation.  Forty-eight hours after mixing, the reaction reached 

approximately 90% conversion (Figure 4A).  The vesicle-containing solution was 

subsequently irradiated using 400-500nm light at 10mW/cm2 for 10 minutes to 

react the alkyne.  Injection of the sample on analytical LC-MS-ELSD after irradiation 

shows complete disappearance of the phospholipid product [5] upon radical 

generation, due to homopolymerization52.  Lack of appearance of a new peak in the 

ELSD chromatogram suggests that the increased hydrophobic character of the 

polymer results in extensive interaction with the HPLC column causing increased 

retention, or the size of the polymer product results in removal from the flow by 

filtration upstream of column separation.  Additionally, the disappearance of the 

phospholipid peak, without equivalent loss of SHPC, promotes the idea that 

phospholipid product [5] is undergoing homopolymerization and not thiol-yne 

reactions.  To verify the persistence of liposome assembly in the presence of the 

terminal alkyne functionality, fluorescence microscopy was employed.  Mixtures 

were prepared ([SHPC]=[alkyne AT]=[LAP]=5mM, [2-methylimidazole]=2.5mM, 
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[rhodamine-DHPE]=2 μM, [fluorescein]=500 μM) and placed in a sealed glass slide. 

Fluorescence microscopy verified the assembly of giant liposomes following 48 

hours of development (figure 4B).   

 

Figure 4. Designer lipid with terminal alkyne functionality synthesized using 

thiol-Michael addition.  LC-MS with ELSD tracks the formation reaction with 

SHPC peak values normalized to the peak area at 0 hours while product peak 

values were normalized to the peak area at 48 hours.  SHPC [1] and an 

alkyne-terminated acrylate tail [4] were reacted in the presence of 2.5mM 2-

methylimidazole and 5mM LAP photoinitiator resulting in nearly 90% 

conversion to phospholipid [5] over the course of 48 hours. Subsequently, 

alkyne-functionalized phospholipids were irradiated with 10mW/cm2 400-

500nm light for 10 minutes, resulting in complete consumption of the 

phospholipid as the alkyne polymerizes (A).  Fluorescence microscopy 

verified the assembly of functionalized lipids into giant liposomes (B).  

 

These results illustrate the ability to form liposomes in situ while 

incorporating new functionalities into the lipid structure by utilizing the thiol-

Michael coupling reaction to functionalize the phospholipid.  This formation 

reaction becomes part of a two-step formation and modification system where 
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lipids can be functionalized with any of a wide range of compounds bearing electron 

deficient double bonds in the presence of nucleophilic catalysts followed by a 

second stimulus to use the incorporated moiety to enact changes in the bilayer 

characteristics or behavior.  An added benefit of the system is the linkage connecting 

the lysolipid with its primary thiol is part of a class highly sensitive to hydrolytic 

degradation, offering future opportunities in pH-sensitive lipid degradation or 

triggered release of attached molecules.  It should be noted also that free thiols 

present in biological materials enable labelling of macromolecules using this 

chemistry but also require attention as a potential cause of side product formation. 

 

Conclusions 

Synthetic liposomal systems have a vast array of potential applications, many 

of which require enhanced characteristics, tunable responses or modified behavior 

of the vesicles.  The use of thiol-Michael click reactions for forming phospholipids to 

enable the facile incorporation of novel functionalities into the phospholipid 

structure is demonstrated here through the coupling of acrylate-functional tails with 

a thiol-functional lysolipid.  This approach is compatible with the use of a wide array 

of acrylate, vinyl sulfone, maleimide and other functionalized compounds available 

commercially or readily synthesized. 

The covalent coupling of thiol-functionalized lysolipids and acrylate 

functionalized tails using the thiol-Michael reaction enabled generation of synthetic 

phospholipids, and by extension liposomes, in situ.  Assembled lipids formed giant 

vesicles with control over lamellarity making them highly useful for applications 
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such as membrane dynamics studies and artificial cell membranes.   By further 

modification of the acrylate tail, the ability to readily incorporate new 

characteristics or behaviors into the final lipid structure was demonstrated.  This 

two-step process added a terminal alkyne tail to SHPC via thiol-Michael addition to 

produce phospholipids capable of assembling into liposomes.  After the coupling 

reaction was complete, polymerization initiated by visible-light induced radical 

generation resulted in triggered homopolymerization of the lipid tails.  This 

approach is suitable for incorporating functionalities needed to achieve a range of 

synthetic behaviors or characteristics based upon moieties coupled into the 

phospholipid structure.  

 

Materials and Methods 

General.  1H nuclear magnetic resonance (NMR) spectra for product verification 

were gathered on a Bruker Ascend 400 spectrometer. Reactions were monitored on 

an Agilent 1100 Series HPLC fitted with an Agilent Zorbax 5um 4.6x50mm C8 

column coupled with Agilent G1946D Mass Spectrometer and SedeX Evaporative 

Light Scattering Detector.  

LAP was synthesized following a previously published method53 and other 

compounds were purchased from standard sources and were used as received. 

Synthesis of Thiol Lysolipid (SHPC): 

To a dry 10mL round-bottomed flask equipped with magnetic stir bar was added 

70mg (0.14mmol, 1 equiv.) 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine 

and 3-3.5mL chloroform.  Following stirring for 30 minutes under argon the 
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solution was cooled to 0oC and 60mg (0.28mmol, 2 equiv.) 3,3’-dithiodipropionic 

acid, 80mg (0.42mmol, 3 equiv.) EDAC and 5mg (0.042mmol, 0.3 equiv.) DMAP was 

added while stirring.  The solution was allowed to react overnight under argon.  

Following reaction, the CHCl3 was removed and products were dissolved in H20 for 

30 minutes.  This solution was transferred to 1,000MW cutoff dialysis tubing and 

dialyzed overnight.  Following dialysis, the solution was transferred to a vial 

equipped with stir bar and 200mg (0.7mmol, 5 equiv.) TCEP-HCl was added.  1M 

NaOH was added dropwise to neutralize the solution followed by spinning 

overnight.  This solution was then transferred to fresh 1,000MW cutoff dialysis 

tubing for overnight dialysis.  The product was lyophilized to produce a white 

powder. Yield = 71% 1H NMR (400mHz, CDCl3) δ: 5.24 (m, 1H), 4.36 (dd, J=12.1, 3.0 

Hz, 1H), 4.27 (m, 2H), 4.15 (dd, J=12.1, 7.4 Hz, 1H), 3.95 (m, 2H), 3.75 (m, 2H), 3.32 

(s, 9H), 2.74 (m, 2H), 2.67 (m, 2H), 2.28 (m, 2H), 1.80 (t, J=8.2 Hz, 1H), 1.57 (m, 2H), 

1.25 (m, 24H), 0.86 (t, 3H).  13C NMR (101 MHz, CDCl3) δ = 173.7, 171.2, 71.3, 66.3, 

63.6, 62.9, 59.4, 54.4, 38.6, 34.2, 32.1, 29.8, 29.8, 29.8, 29.8, 29.8, 29.8, 29.7, 29.5, 

29.5, 29.3, 25.0, 22.8, 19.8, 14.3.  HRMS m/z: calcd. for [C27H54NO8PS+Cl]- 618.3002; 

found 618.3032. 

Synthesis of Dodecyl Acrylate:  

To a round bottom flask with stir bar was added 1.86g (10mmol, 1 equiv.) 1-

dodecanol in 10mL THF and allowed to dissolve.  10mL of a THF mixture with 1.02g 

(10mmol, 1 equiv.) TEA was added to the round bottom and cooled to 0oC.  1.09g 

(12mmol, 1.2 equiv.) acryloyl chloride was added dropwise and the solution was 

allowed to equilibrate to room temperature.  Stirring continued for at least 3 hours.  
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Dodecyl acrylate product was extracted with methylene chloride and washed with 

water. 1H NMR (400mHz, CDCl3) δ: 6.35 (dd, J=17.3, 1.6 Hz, 1H), 6.07 (dd, J=17.3, 

10.4 Hz, 1H), 5.75 (dd, J=10.4, 1.6 Hz, 1H), 4.10 (t, J=6.8 Hz, 2H), 1.62 (m, 2H), 1.23 

(m, 18H), 0.83 (m, 3H). 

Synthesis of Alkyne-Acrylate Tail: 

To a round bottom flask with stir bar was added 0.57mL (3 mmol, 1 equiv.) 10-

undecyn-1-ol, 1.25mL (9 mmol, 3 equiv.) TEA and 33mg (0.15mmol, 0.05 equiv.) 

BHT in 15mL methylene chloride under nitrogen.  The mixture was cooled to 0oC 

and 0.36mL (4.5mmol, 1.5 equiv.) acryloyl chloride was added dropwise.  36mg (0.3 

mmol, 0.1 equiv.) DMAP was added and the mixture was allowed to equilibrate to 

room temperature and left to react overnight.  The product was washed with 

sodium bicarbonate, water and brine, dried and filtered before methylene chloride 

was removed leaving the product as an oil.  Yield = 69% 1H NMR (400mHz, CDCl3) δ: 

6.40 (dd, J=17.3, 1.5 Hz, 1H), 6.12 (dd, J=17.3, 10.4 Hz, 1H), 5.81 (dd, J=10.4, 1.5 Hz, 

1H), 4.14 (t, J=6.7 Hz, 2H), 2.18 (td, J=7.1, 2.6 Hz, 2H), 1.94 (t, J=2.7 Hz, 1H), 1.66 (m, 

2H), 1.57-1.44 (m, 2H), 1.42-1.2 (m, 10H) 

 

Preparation of Lipid Solutions. Prior to use, SHPC was reduced overnight in an 

equimolar mixture of TCEP-HCl and NaOH in a 2:1 SHPC:TCEP solution.  For 

monitoring of the phospholipid coupling reaction via LCMS, a 100uL solution was 

prepared of aliphatic acrylate in water (5mM), reduced SHPC mixture (5mM SHPC), 

and 2-methylimidazole (2.5mM or 25mM) in HPLC vials fitted with 350uL Supelco 

glass inserts.  The solution was then left at room temperature to react. 
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Fluorescence microscopy samples were prepared similarly ([reduced 

SHPC]=[acrylate tail] = 5mM, [2-methylimidazole]= 2.5mM or 25mM) with the 

addition of 1-2μM rhodamine-DHPE.  Samples were mixed, sealed under coverslips, 

and allowed to develop for 48 hours prior to imaging. 

Polymerizeable lipids were prepared similarly to those described above ([reduced 

SHPC]=[alkyne AT]=5mM, [2-methylimidazole]=2.5mM, and [LAP]=5mM, as well as 

[rhodamine-DHPE]=2μM and [fluorescein]=500 μM if sample was to be imaged 

under fluorescence microscopy).   

 

Microscope Imaging.  Fluorescence imaging was performed using a Nikon A1R 

laser scanning confocal microscope equipped with Nikon Elements software version 

4.20.  In all cases, a 561nm laser was employed to excite the rhodamine-DHPE.  For 

acquisition of TEM images, 4 µl of sample solution was transferred onto a lacey 

holey-carbon grid, blotted for 1-2 seconds, and then plunge-frozen using an FEI-

Vitrobot Mark IV at room temperature.  The resulting vitrified sample was imaged 

on an FEI Tecnai F20 FEG-TEM, operating at 200kV and 25,000x magnification, 

using a Gatan US4000 CCD camera.  The electron dose per image was limited to 20 

electrons/Å2, with a defocus of -2µm, using the low-dose mode of Serial EM 

acquisition software. 

 

LC-MS of Product Formation.  Phospholipid formation was conducted in HPLC 

vials fitted with 350uL glass inserts as described above with 5uL samples taken over 

the course of the reaction.  Samples were injected onto an analytical Agilent LC-MS 
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with SedeX Evaporative Light Scattering Detector controlled by ChemStation 

software and fitted with Agilent Zorbax 5um 4.6x50mm C8 column column.  A 

binary solvent system of 0.1% formic acid in water and methanol was used at a flow 

rate of 1mL/minute for the 25mM 2-methylimidazole reaction while 0.1% formic 

acid in 5:4:1 isopropanol:water:methanol and methanol was used at a flow rate of 

0.9mL/minute for all other reactions.  Peak areas of SHPC precursors were 

normalized to the peak area measured at 0 hours while products were normalized 

to the peak area at 48 hours.  Degree of conversion was calculated from the 

consumption of SHPC over the course of the reaction, with the assumption that all 

SHPC was converted to phospholipid product, an assumption made due to the 

specificity of the reaction and the lack of any other product peak appearance on the 

HPLC chromatogram 
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