
Membrane Assembly Driven by a Biomimetic Coupling Reaction
Itay Budin† and Neal K. Devaraj*,‡

†Department of Molecular and Cellular Biology, Harvard University, Cambridge, Massachusetts 02138, United States
‡Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla, California 92093, United States

*S Supporting Information

ABSTRACT: One of the major goals of synthetic biology
is the development of non-natural cellular systems. In this
work, we describe a catalytic biomimetic coupling reaction
capable of driving the de novo self-assembly of
phospholipid membranes. Our system features a copper-
catalyzed azide−alkyne cycloaddition that results in the
formation of a triazole-containing phospholipid analogue.
Concomitant assembly of membranes occurs spontane-
ously, not requiring preexisting membranes to house
catalysts or precursors. The substitution of efficient
synthetic reactions for key biochemical processes may
offer a general route toward synthetic biological systems.

Designing synthetic substitutes for evolved biochemical
processes is a strategy toward developing artificial cellular

systems.1 Here we describe a catalytic biomimetic coupling
reaction capable of driving the de novo self-assembly of
phospholipid membranes, organizing structures ubiquitous to
all cells. In bacteria and eukaryotes, membrane assembly results
from acyl transfer reactions that couple single-chain amphi-
philes into membrane-forming phospholipids (Figure 1A).

These reactions are catalyzed in vivo by enzyme complexes,

which, along with the machinery involved in fatty acid

activation, ensure the specificity of phospholipid synthesis.2

We envisioned mimicking this biological system by using a
synthetic catalytic coupling reaction. We chose the copper-
catalyzed azide−alkyne cycloaddition because of its robustness
in water, the solvent necessary for bilayer assembly through the
hydrophobic effect.3 The reaction also benefits from high
selectivity and a nearly nonexistent background in the absence
of catalyst, features that are reminiscent of biochemical
processes.
To mimic phospholipid synthesis, we designed substrates to

replace the native precursors of the common phospholipid 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC): an
oleyl azide in lieu of oleic acid and an alkyne analogue of the
lysophospholipid 1-palmitoyl-sn-glycero-3-phosphocholine
(Figure 1B). The cycloaddition product resembles POPC,
with the exception of a triazole linker. As expected, neither the
azide nor the alkyne formed membranes in aqueous solution.
However, the purified triazole product, when hydrated, readily
formed large membrane vesicles that were visible under
fluorescence microscopy (Figure 2A). Steady-state anisotropy

measurements with the membrane fluidity probe diphenylhex-

atriene (DPH)4 indicated the triazole-containing membranes to

be well-ordered with fluidity (Figure 2B) and chain melting

temperatures [Figure S1 in the Supporting Information (SI)]

comparable to those of native POPC membranes.
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Figure 1. Biomimetic synthesis of phospholipid membranes. (A)
Native phospholipid synthesis relies on acyl transfer reactions between
lysophospholipids and thioester-activated fatty acids that are catalyzed
by membrane-associated enzymes. (B) This process is mimicked by
copper-catalyzed cycloaddition of an alkyne lysolipid substitute and
oleyl azide. The resulting triazole is an analogue of the natural
phospholipid POPC. Abbreviations: LPL AT, lysophospholipid
acyltransferase; ACP, acyl carrier protein.

Figure 2. Characterization of triazole phospholipid vesicles. (A)
Fluorescence microscopy of membrane-containing vesicles formed by
hydrating a thin film of triazole phospholipid (TPC). Membranes were
stained using 10 μM Rh-DHPE dye. The scale bar denotes 15 μm. (B)
Steady-state anisotropy of DPH in membranes formed from TPC
compared with those from native phosphocholines with the indicated
acyl chains. The unitless anisotropy ratio (R) is a measure of the acyl
packing of the bilayer, with higher values indicating a more ordered
membrane (see Methods in the SI).
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Because of the triazole coupling reaction’s aqueous
compatibility, we hypothesized that we could use it to drive
spontaneous membrane assembly in situ. Membrane assembly
has been observed as a result of pH changes,5 solvent
exchanges,6 and application of electric fields.7 Here it is driven
by covalent bond formation, which both lowers the solubility of
the substrates (Figure S2) and switches the aggregate state
from micelles to bilayers. After adding catalytic copper to an
aqueous emulsion of oleyl azide oil and the alkyne surfactant,
we observed the formation of large vesicle structures, both
spherical and tubular, on the periphery of the oleyl azide oil
droplets (Figure 3). After 24 h, with no further agitation of the
solution, the oil droplets were largely consumed, and fields of
large (>μm) heterogeneous vesicles remained. Time-lapse
fluorescence microscopy revealed that the vesicles budded off
from the oil droplet as tubules (Movie S1) in a manner similar
to thin-film hydration. Though our initial experiments were
carried out in either distilled water or HEPES buffer, we
observed similar results in numerous physiologically relevant
buffers, a solvent tolerance that is typical of such triazole
coupling reactions. To confirm that the resulting structures
were membrane compartments, we included a polar fluo-
rophore, 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS), in the
reaction buffer and observed encapsulation with fluorescence
microscopy (Figure S3A) and size-exclusion chromatography
(Figure S3B). Neither membrane self-assembly nor encapsula-
tion were observed in the absence of the copper catalyst.
To determine whether membrane formation coincided with

the synthesis of the triazole phospholipid, we analyzed the
reaction over time using combined liquid chromatography,
mass spectrometry, and evaporative light scattering detection
(ELSD) measurements (Figure 4). The addition of the copper
catalyst led to triazole formation within minutes, and this
process progressed to near completion over a period of 20 h,
correlating well with vesicle formation.

Our observations of vesicle assembly support a model in
which the reaction takes place primarily at the interface of the
insoluble oleyl azide emulsion droplets and the isotropic alkyne
lysolipid analogues, which exist as micelles in the aqueous
solvent (Figure 5). However, we cannot rule out the possibility
that the reaction also occurs in mixed azide/alkyne micelles.
Controlling the interface between the azide and alkyne, either
through use of carrier agents or fluidics, may prove to be a
route to controlling membrane assembly in this system.
Despite its simplicity, our unnatural approach to phospho-

lipid synthesis shares key characteristics with evolved enzymatic
reactions, including (1) hydrolytically stable substrates, which
are unreactive in the absence of catalyst; (2) robust and highly
specific product formation in the presence of a multiturnover
catalyst; and (3) compatibility with aqueous solvents, which
leads to organization of the product into bilayer membranes.
These features are in contrast to traditional synthetic reactions,
which utilize highly reactive substrates and are challenged by
reaction specificity and solvent compatibility, with water often

Figure 3. Spontaneous vesicle assembly driven by triazole phospholipid synthesis. An aqueous emulsion of oleyl azide (5 mM) and alkyne lysolipid
(5 mM) imaged without catalyst (left), 30 min after addition of catalyst (0.25 mM) (middle), and 12 h after addition of catalyst (right). The upper
panels are fluorescence micrographs of vesicles obtained using a membrane dye (Rh-DHPE, 2 μM); the bottom panels show the corresponding
phase-contrast images. Before addition of the catalyst, only the emulsion oil droplets were visible, and phospholipid membranes were not present.
Shortly after addition of copper, several vesicle and tubular structures were observed, a large number of which appeared at the periphery of the azide
oil droplets. After 12 h, the oil droplets were consumed and replaced with large fields of vesicles. The scale bar denotes 10 μm.

Figure 4. HPLC/ELSD traces monitoring the progress of the
cycloaddition reaction. The time scale of alkyne lysolipid consumption
and triazole phospholipid formation was consistent with that observed
for vesicle self-assembly. The alkyne lysolipid and triazole
phospholipid retention times were verified by mass spectrometry
and the use of known standards.
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acting as a competing nucleophile. Notably, our method
provides an advantage over enzymatic systems: natural lipid
acyltransferases are primarily membrane-bound, requiring pre-
existing membranes to function, and are thus unlikely to be
useful for de novo membrane assembly. Furthermore, previous
attempts to reconstitute acyltransferase enzyme activity using
activated natural precursors have met with poor results, likely
because of the complexity of the enzymes and inherent
difficulties of reconstitution in synthetic systems.8 In contrast,
our approach uses highly selective azide/alkyne reactive groups
and an exceedingly simple hydrated copper ion as the catalyst.
The minimal nature of our approach will likely lend itself to
further elaboration, as we envision incorporating this system
into a fully synthetic cell. We are also exploring practical
applications of triazole membrane assembly, for instance in
packaging and delivering therapeutics, improving transfection
efficiencies, reconstituting functional membrane proteins, and
performing confined biochemical reactions.
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Figure 5. Model of membrane assembly. Reactive azide oil droplets
(green) interact with alkyne lipid micelles in solution (blue) to form
an emulsion. After addition of the copper catalyst, the cycloaddition
begins to take place, primarily at the interface between the oil droplets
and the aqueous solution. The reaction results in the formation of
phospholipid membranes at the substrate interface. Over time, the oil
droplets are consumed and replaced with spherical and tubular vesicles
composed of phospholipid membranes.
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