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ABSTRACT: Cell-like materials that sense environmental cues
can serve as next-generation biosensors and help advance the
understanding of intercellular communication. Currently, bottom-
up engineering of protocell models from molecular building blocks
remains a grand challenge chemists face. Herein, we describe giant
unilamellar vesicles (GUVs) with biomimetic lipid membranes
capable of sensing environmental redox cues. The GUVs employ
activity-based sensing through designer phospholipids that are
fluorescently activated in response to specific reductive (hydrogen
sulfide) or oxidative (hydrogen peroxide) conditions. These
synthetic phospholipids are derived from 1,2-dipalmitoyl-rac-
glycero-3-phosphocholine and they possess a headgroup with
heterocyclic aromatic motifs. Despite their structural deviation
from the phosphocholine headgroup, the designer phospholipids (0.5−1.0 mol %) mixed with natural lipids can vesiculate, and the
resulting GUVs (7−20 μm in diameter) remain intact over the course of redox sensing. All-atom molecular dynamics simulations
gave insight into how these lipids are positioned within the hydrophobic core of the membrane bilayer and at the membrane−water
interface. This work provides a purely chemical method to investigate potential redox signaling and opens up new design
opportunities for soft materials that mimic protocells.
KEYWORDS: cell-like materials, giant unilamellar vesicle, signaling, biosensing, redox, lipid membrane, MD simulation

Cell-like supramolecular assemblies, protocell models, and
semisynthetic organisms can be employed for studying

origins of cellular life,1 membrane biogenesis and regulation,2

cell development,3 differentiation,4 and signaling,5 for producing
biofuel,6,7 or hormones8, for detecting metabolites,9 patho-
gens,10 or agricultural pollutants,11 and for building cytomimetic
tissues in regenerative medicine,12 and targeted drug deliv-
ery.13,14

A central goal in building cell-like materials is to configure the
minimal requirements for cellular processes, which include,
among others, sensing “extracellular” environment.15 Much of
the focus in building protocell-based sensors has been on
compartmentalizing enzymes and well-defined genetic net-
works,4,16−20 while activity-based sensing through functional
amphiphiles localized in membranous compartments has been
overlooked. This is at odds with the surging interest in synthetic
lipids and the demand for applying them in research geared
toward biosensing, cellular imaging, and optical control of
biological processes.21−26 Lipid modifications can indeed offer
protocell designs with programmable functions or with features
that are naturally inaccessible.27−30 However, implementing
synthetic amphiphiles to construct a membranous compartment
capable of sensing its environment while maintaining its

biophysical integrity is a technical bottleneck, especially given
that we know little about how unnatural lipids behave in
membranes. In accordance, we focused our attention on
synthetic organic chemistry principles to construct giant
unilamellar vesicles (GUVs) with programmable membrane
functions. GUVs are widely used as protocell models31,32

because they have physical characteristics feasible to visualize by
light microscopy and relevant to those of eukaryotic cells, such
as dimension (1−30 μm in diameter) and membrane
mechanics.33−35 One of the GUV functions we are interested
in achieving using synthetic tools and chemical principles is to
configure biomimetic membranes that sense cues important for
redox biochemistry and cell signaling (Figure 1).
Real-time detection of redox species in proximity to a lipid

vesicle could give insight into their interactions with and
diffusivity across bilayer membranes, which are critical
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physiochemical factors for intercellular signaling.36−38 Hydro-
gen sulfide (H2S), a reactive sulfur species (RSS), and hydrogen
peroxide (H2O2), a reactive oxygen species (ROS), are two
redox molecules with significant roles in diverse biological
processes, ranging from signal transduction to pathophysiol-
ogy.38−42 There has been an increasing degree of appreciation
for both H2S and H2O2 due to their roles in cellular
communication, and the underlying mechanisms of how they
modulate signaling are the focus of evolving research.43,44 H2S
serves as a gasotransmitter in mammals38 and is involved in
signal transduction pathways pertaining to neurological45−47

and cardiovascular48,49 functions. Typically, it diffuses through
lipid membranes without specialized channels.50 H2O2 serves in
a number of diverse biological processes from signal trans-
duction41 to cell differentiation and proliferation.51 H2O2
transport across membranes occurs through simple diffusion
or is facilitated by aquaporins.52,53

In this work, we describe the development, application, and
atomistic molecular dynamics (MD) simulations of biomimetic
membranes that fluoresce in response to reducing or oxidizing
conditions (Figure 1). These membranes employ designer
phospholipids DPPC-TC-H2S and DPPC-TF-H2O2 (Scheme
1), each possessing the 1,2-dipalmitoyl-rac-glycero-3-phospho-
choline (rac-DPPC) amphiphilic framework and an inactivated
fluorogen that is sensitive to redox. We utilized DPPC-TC-H2S
orDPPC-TF-H2O2 (0.5−1.0 mol %), along with 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-
oleoyl-sn-glycero-3-(phosphor-rac-(1-glycerol)) (POPG), and
cholesterol, to construct GUVs that sense either H2S or H2O2.
Based on confocal imaging, the vesicles remained intact after the
redox-induced chemical transformation of designer phospholi-
pids, which exemplifies a biomimetic membrane system with

potential for studying biological membranes.54 All-atom MD
simulations demonstrated that the designer lipids with natural
hydrocarbon tails can reside in bilayers, with their headgroups
fluctuating between the membrane core and bulk water.

■ RESULTS AND DISCUSSION

Phospholipids that Sense Redox Have Modular Chemical
Designs
Both DPPC-TC-H2S and DPPC-TF-H2O2 possess a modular
design, in which the redox-sensing group, a caged coumarin or
fluorescein, is connected to rac-DPPC through a triazole ring
(Scheme 1). The choice of using a fully saturated phospholipid
stemmed from the availability of its building block (1,2-
dipalmitoyl-rac-glycerol) at synthetically feasible costs and
scales. To facilitate quantitative investigations of the redox-
mediated fluorescence activation mechanism, kinetics, and
fidelity, we synthesized the hydrophilic analogs TEG-TC-H2S
and TEG-TF-H2O2, which contain a triethylene glycol (TEG)
in place of the rac-DPPC module to enhance water solubility.
These TEG analogs aided our analytical assessments (e.g., mass
spectrometry and plate reader measurements) of probes in
aqueous buffer without the complication of aggregation.
The syntheses of the probes harnessed alkynyl rac-DPPC 1

and readily available propargyl-TEG-OH 2. We obtained 1 from
1,2-dipalmitoyl-rac-glycerol in 54% yield over two steps, using
ethylene chlorophosphite, followed by 3-dimethylamino-1-
propyne.55 These alkynes (1 and 2) were conjugated with 3-
azido-7-hydroxycoumarin (4) via a copper-catalyzed azide−
alkyne cycloaddition (“click”) reaction, affording DPPC-TC
and TEG-TC in 33 and 55% yields, respectively. The 7-O-
coumarin atom of each click produtc was then benzylated using
4-azidobenzyl bromide (3), providing DPPC-TC-H2S and

Figure 1. Overview of redox sensors built from biomimetic lipid membranes. Each membrane system contains a mixture of natural lipids (POPC,
POPG, and cholesterol) and a synthetic lipid that specifically reacts with a target redox species.
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TEG-TC-H2S in 34 and 44% yields, respectively. The H2O2
probes DPPC-TF-H2O2 and TEG-TF-H2O2 were synthesized
from 5-aminofluorescein in three linear steps. First, 5-amino-
fluorescein was converted to 5-azidofluorescein (5) through
diazotization followed by azide treatment. Compound 5 was
functionalized at both of its exocyclic xanthene oxygens (3′ and
6′) using compound 6, the chloroformate obtained from 4-
hydroxymethylphenyl-boronic acid pinacol ester. The resulting
azido biscarbonate 7 served as a common precursor for both
DPPC-TF-H2O2 and TEG-TF-H2O2. We connected 7 with the
alkyne 1 or 2 via the click reaction to obtainDPPC-TF-H2O2 or
TEG-TF-H2O2 in 31 or 86% yield, respectively. For
fluorescence characterization studies, we separately synthesized
their redox products,DPPC-TF and TEG-TF, directly from the
azide 5 and the alkyne 1 or 2 via the click reaction.
Redox Sensing Occurs via Uncaging of the Coumarin or
Fluorescein Motif and with Good Selectivity

Currently, there are mixed reports on the physiological
concentrations of free H2S, suggesting that accurate measure-
ments of its concentrations have been challenging.56 Recently,
mammalian cell responses triggered by H2S, such as angio-
genesis of endothelial cells, have been investigated using 10−

600 μM exogenous H2S.
57 Guided by this study, we reasoned

that administering 500 μMNa2S into a pH 7.5 medium (Tris, 5
mM) would generate H2S at a concentration that falls within the
biologically relevant concentration range. At this pH, roughly
20% of the sulfur species is expected to exist in the form of H2S
(∼100 μM) as the pKa of H2S is ∼7.0.58 Based on a combined
experimental and computational investigation, it has been
proposed that sulfide-mediated reduction of aryl azides to aryl
amines is induced by HS− as the active sulfur species.59 Our aryl
azide-containing probes, which are named as DPPC-TC-H2S
and TEG-TC-H2S by convention, would therefore likely detect
an equilibrium mixture of H2S and HS− in a physiologically
relevant milieu. As for H2O2, we sought to employ the
concentration conditions under which the biogenesis of H2O2
has been investigated through peroxidase kinetics analyses.60 In
accordance with these analyses, the rate of H2O2 production
from isolated peroxisomes has been estimated to be 90 nmol/
min per gram of rodent liver.60 Furthermore, a concentration
range of 10−100 μM is correlated with oxidative stress under
physiological conditions based on protein activity assays in
human alveolar adenocarcinoma cells.61 In light of these reports,
we used H2O2 concentrations of up to 100 μM in the
investigations of TEG-TF-H2O2 and DPPC-TF-H2O2.

Scheme 1. Chemical Syntheses of the Phospholipid-Based Redox Probes DPPC-TC-H2S and DPPC-TF-H2O2, Along with Their
Hydrophilic Analogs TEG-TC-H2S and TEG-TF-H2O2

a

aTHPTA: tris(3-hydroxypropyltriazolylmethyl)amine. Solvent mixture in click condition toward TEG-TF: THF/H2O (3:1).
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To gain a mechanistic understanding of the redox trans-
formations (Figure 2A), we analyzed themixtures of probes with
their cognate redox species by high-resolution mass spectrom-
etry (HRMS) (Figure 2B,C, Table S1). It is worth noting that

the reaction samples containing amphiphilic probes,DPPC-TC-
H2S and DPPC-TF-H2O2, displayed poor electrospray
ionization profiles in both positive and negative ion modes. In
contrast, their hydrophilic analogs,TEG-TC-H2S andTEG-TF-

Figure 2. Fluorescence activation of the amphiphilic and hydrophilic redox probes. (A) Chemical transformations of the probes treated with their
cognate redox species. DPPC-TF and TEG-TF shown in ring-opened form. (B, C) HRMS analyses of the mixtures initially containing (B) TEG-TC-
H2S and Na2S and (C) TEG-TF-H2O2 and H2O2. The spectral data were collected in positive ionization mode and through direct injection of the
reaction aliquots taken after (B) 3 h or (C) 1 h. (B) 4-Aminobenzyl alcohol, [M + Na]+, requires 146.0576; found 146.0588; TEG-TC, [M + Na]+,
requires 414.1272; found 414.1288; TEG-TC-H2S, [M+Na]+, requires 545.1755; found 545.1772; (C) 4-hydroxybenzyl alcohol, [M +Na]+, requires
147.0417; found 147.0426; TEG-TF, [M +Na]+, requires 584.1640; found 584.1641. TEG-TF-H2O2m/z peak ([M +Na]+, requires 1104.4079) was
not observed here, suggesting that its consumption ([M + Na]+ peak is detectable for the isolated compound, see the Supporting Information).
Reaction conditions: (B) TEG-TC-H2S (20 μM), Na2S (500 μM), and Tris (50mM, pH 7.5). (C) TEG-TF-H2O2 (50 μM),H2O2 (100 μM), and Tris
(50 mM, pH 7.5).

Table 1. Characterization of the Amphiphilic and Hydrophilic Probes and Their Uncaged Forms

entry compound max ex (nm) max em (nm) extinction coefficient (M−1 cm−1) quantum yield brightness relative brightnessa

1 TEG-TC-H2S 392.3 475.5 5347 0.07 374 5.2
2 TEG-TC 397.0 471.4 15 613 0.66 10 305 143.2
3 DPPC-TC-H2S 396.5 473.5 2411 0.03 72 1.0
4 DPPC-TC 398.0 472.0 13 749 0.64 8799 122.2
5 TEG-TF-H2O2 492.0 526.0 13 429 0.04 537 2.5
6 TEG-TF 494.3 522.6 35 982 0.73 26 267 122.7
7 DPPC-TF-H2O2 495.2 519.5 10 685 0.02 214 1.0
8 DPPC-TF 498.1 523.6 28 990 0.63 18 264 85.3

aSamples were prepared using ethanol. Entries 1, 2, and 4: Brightness compared to that of DPPC-TC-H2S (entry 3). Entries 5, 6, and 8: Brightness
compared to that of DPPC-TF-H2O2 (entry 7).
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H2O2, provided evidence for the expected redox transformations
with H2S and H2O2, respectively. The aliquot taken from the
reaction mixture of TEG-TC-H2S and Na2S showed 4-
aminobenzyl alcohol ([M + Na]+ = 146, Figure 2B), suggesting
a 1,6-elimination followed by hydration of the putative
elimination byproduct. The aliquot from the solution of TEG-
TF-H2O2 incubated with H2O2 showed 4-hydroxybenzyl
alcohol ([M + Na]+ = 147, Figure 2C), suggesting a similar
elimination/hydration cascade triggered by the oxidation of
both phenylboronic pinacol esters.
Next, we assessed the impact of caging and uncaging of the

coumarin or fluorescein on their fluorogenicity by measuring the
relative fluorescence quantum yield (ΦFrel) values (Table 1). We
used coumarin 343 as the standard for measuring ΦFrel of the
triazole-coumarin compounds (TEG-TC-H2S, TEG-TC,
DPPC-TC-H2S, and DPPC-TC), whereas we used fluorescein
for the triazole-fluorescein compounds (TEG-TF- H2O2, TEG-
TF, DPPC-TF-H2O2, and DPPC-TF). Relative to coumarin
343, whose absolute fluorescence quantum yield (ΦF) is 0.63 in
ethanol,62 ΦFrels ofTEG-TC-H2S (entry 1) andDPPC-TC-H2S
(entry 3) were determined to be 0.07 and 0.03, respectively.
Their O-uncaged forms, TEG-TC (entry 2) and DPPC-TC
(entry 4), exhibited a 10- to 20-fold increase in quantum yield,
with ∼30- and 120-fold enhanced brightness, respectively. The
pKa of TEG-TC is 7.1 ± 0.1 based on UV−vis spectrophoto-
metric measurements.55 Under the redox conditions here (Tris

50 mM, pH 7.5), a substantial population of the coumarin
should exist in aryloxide anion form (−O-aryl), which is expected
to exhibit a stronger fluorescence compared to the neutral form
(HO-aryl). Relative to fluorescein, whose ΦF is 0.79 in
ethanol,63 ΦFrel values of the H2O2 probes TEG-TF-H2O2
(entry 5) and DPPC-TF-H2O2 (entry 7) were determined to
be 0.04 and 0.02, respectively. Their uncaged forms, TEG-TF
(entry 6) and DPPC-TF, (entry 8) exhibited a 20- to 30-fold
increase in quantum yield and 49-fold or higher enhanced
brightness. See Figure S1 for the emission spectra of the probes
and their uncaged forms. These results validated that caging the
coumarinmoiety through benzylation of its 7-O atom and caging
the fluorescein moiety via carbonylation of its 3′ and 6′-O-
xanthene atoms decrease ΦFrel and brightness.
The redox-specificities of the hydrophilic probes, TEG-TC-

H2S or TEG-TF-H2O2, were assessed by subjecting them to
various RSS or ROS (Figure 3A,B). Change in fluorescence
intensity following excitation of each sample containing the
respective probe was measured over 120 min of incubation and
presented based on the signal-to-background ratio F/F0, where F
and F0 are defined as the fluorescence with and without the
redox species. The F/F0 values of the untreated samples were set
to 1 for comparisons. In this study, we used higher
concentrations of sulfur species due to fluorescence generation
rates being somewhat slower than expected. While it is outside
the scope of this work, we are interested in exploring ways to

Figure 3. Specificity (A, B) and limit of detection (LoD) (C, D) of TEG-TC-H2S and TEG-TF-H2O2. LoD measurements for the probes TEG-TC-
H2S (390/475 nm) and TEG-TF-H2O2 (485/525 nm) were performed in Tris buffer (50 mM, pH 7.5). Error bars represent the standard deviation; n
= 3. Single-tailed Student’s t-test: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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speed up the reduction process and will report our findings in
due course. Upon addition of Na2S (1 mM estimated initial H2S
concentration), the sample containing TEG-TC-H2S exhibited
a steady increase in fluorescence intensity over 2 h of incubation,
reaching 2.2-fold fluorescence compared to the sample un-
treated (Figure 3A). The sample containingTEG-TF-H2O2 and
treated with 100 μM H2O2 presented a steady fluorescence
enhancement within 2 h, resulting in 4.4-fold higher
fluorescence than that of the untreated sample (Figure 3B).
Interestingly, the untreated sample showed a spontaneous
increase in fluorescence over the course of 2 h, suggesting that a
small quantity of TEG-TF-H2O2 was possibly being hydrolyzed
at pH 7.5.
We evaluated the selectivity of these hydrophilic probes

against nontarget RSS and ROS.TEG-TC-H2Swas subjected to
cysteine (Cys), glutathione (GSH), sulfite (SO3

2−), and

thiosulfate (S2O3
2−). At 1 mM initial concentration and for a

total incubation time of 2 h, these sulfur species induced an
increase in coumarin fluorescence by less than 25% compared to
the untreated sample (Figure 3A). The measurements indicated
that TEG-TC-H2S undergoes fluorescence activation by a
degree of 5-fold or more in the presence of H2S, which induced a
120% increase in fluorescence intensity, compared to the other
RSS. The specificity of TEG-TF-H2O2 toward H2O2 was
assessed against 100 μM hydroxyl radical (•OH), nitric oxide
(•NO), or superoxide radical (O2

•−). Among these three
reactive oxygen species, •OH induced the highest fluorescence
increase (2.2-fold), which was still lower than that for H2O2
(4.4-fold). The relatively low yet observable reactivity of •OH
may have been due, in large part, to the residual unreacted H2O2
used for generating •OH.64

Figure 4.GUVs that can sense (A) reductive or (B) oxidative environments. Confocal images acquired for the (A)HS−/H2S-sensingGUVs at 405:475
nm (ex/em) and (B) H2O2-sensing GUVs at 490:520 nm. Lipid compositions of GUVs: (A) POPC, POPG, cholesterol, and DPPC-TC-H2S
(48:21:30:1 molar ratio); (B) POPC, POPG, cholesterol, and DPPC-TF-H2O2 (48.5:21:30:0.5 molar ratio). To label vesicle membranes, Liss-Rhod
PE dye (ex/em channel: 560:610 nm) was introduced to the lipid mixture at an insignificant molar ratio (0.1 mol %). Initial concentrations of RSS and
ROS were set to 500 and 100 μM, respectively. Scale bar = 5 μm. (C) Quantitative assessment of fluorescence signals from vesicle membranes. Error
bars represent the standard error of the mean (SEM).

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.4c00041
JACS Au 2024, 4, 1841−1853

1846

https://pubs.acs.org/doi/10.1021/jacsau.4c00041?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00041?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00041?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00041?fig=fig4&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


LoD for each probe was determined by evaluating the

statistical differences between F and F0 at varying concentrations

of H2S or H2O2, where F and F0 are the fluorescence intensities

with and without the corresponding redox-active species. Here,

LoD is defined as the minimum redox species concentration at

which F is higher than F0 using the one-tailed Student’s t-test.

The LoD of TEG-TC-H2S was determined as 100 μM (Figure

3C), and the LoD of TEG-TF-H2O2 was determined as 10 μM

(Figure 3D).

GUVs Respond to Either Hydrogen Sulfide or Hydrogen
Peroxide

In most biomimetic systems that rely on compartmentalization,
eukaryotic membrane boundaries are often modeled using
GUVs comprised of phospholipids and cholesterol.34

We produced GUVs from a mixture of POPC, POPG,
cholesterol, and the DPPC-derived probe (∼48:21:30:0.5−1.0
molar ratio) using electroformation65 and imaged the resulting
vesicles via confocal microscopy (Figure 4). To locate vesicle
membranes prior to redox treatment and to assess whether the
lipid redox products (DPPC-TC andDPPC-TF) remain within
the bilayers, we used the fluorescentmembrane dye 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B

Figure 5.MD simulated positioning of DPPC-TC-H2S and DPPC-TC in bilayer membranes. (A) Color-coded representations of DPPC-TC-H2S
andDPPC-TC (top). Lipid headgroup densities in the water/membrane interface (bottom). The density of specific moieties along the bilayer normal
(z) calculated with 1 Å bins. The water density is scaled down by 100x to be on a similar scale as the moiety densities (TIP3P water has a bulk density of
∼0.0333 molecules/Å3). The dotted vertical lines indicate the hydrophobic core of the bilayer defined as the region between the acyl chain carbonyl
groups. (B) Snapshots of the simulated water−membrane interface taken from 2 μs time point. Left image: Bilayer containingDPPC-TC-H2S. Right
image: Bilayer with DPPC-TC.
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sulfonyl) (18:1 Liss-Rhod PE) at 0.1 mol % of the total lipid
composition. Solutions of the lipids in organic solvents
(chloroform with or without methanol) were mixed and
concentrated to a thin film, which was then hydrated with
sucrose (300 mM) and Tris (5 mM) at pH 7.5. Using this
relatively high sucrose concentration was critical for the
formation of GUVs, which can be explained by the stabilizing
effects of carbohydrates.66 The vesicle size distribution was
analyzed by dynamic light scattering (DLS), confirming the
presence of giant vesicles (Figure S2). DLS analysis showed that
for the vesicles containing DPPC-TF-H2O2, 86.4% had

diameters ranging from ∼1 to 20 μm, with 12.7% had an
average size of 5 μm in diameter, while 76.2% of the vesicles
containing DPPC-TC-H2S are at an average size of 2 μm in
diameter. All GUVs were freshly prepared prior to confocal
imaging, treated with the redox species, and mounted directly
onto a microscope slide. When incubated with the target redox
species, GUVs lit up at the bilayer membrane while displaying
good-to-excellent selectivity against other physiologically
relevant RSS or ROS. Qualitative confocal imaging of GUVs
that contain DPPC-TC-H2S, POPC, POPG, and cholesterol
showed a significant increase in fluorescence upon incubation

Figure 6.MD simulated positioning ofDPPC-TF-H2O2 andDPPC-TF in bilayer membranes. (A) Color-coded representations ofDPPC-TF-H2O2
and DPPC-TF (top). Lipid headgroup densities in water/membrane interface (bottom). The parameters used for the plots are the same as those
described in Figure 5. (B) Snapshots of the simulated water−membrane interface taken from 2 μs time point. Left image: Bilayer containing DPPC-
TF-H2O2. Right image: Bilayer with DPPC-TF.
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with Na2S (500 μM) over 1 h, while incubation with equimolar
amounts of the other RSS (Cys, GSH, SO3

2−, and S2O3
2−)

reached fluorescence intensities similar to those of the untreated
GUVs (Figure 4A). These observations were conceptually in
line with the assays conducted under oxidative conditions:
GUVs containing DPPC-TF-H2O2, POPC, POPG, and
cholesterol displayed a substantial fluorescence increase at the
membrane after being incubated with H2O2 (100 μM) over 90
min (Figure 4B). In comparison, the fluorescence intensities of
those incubated with equimolar amounts of the other ROS
(•NO, •OH, and O2

•−) were comparable to those for the
untreated GUVs. Figure 4C provides a quantitative evaluation of
fluorescence signals obtained from the membranes of multiple
giant vesicles (mostly unilamellar), prepared in three
independent electroformation experiments (see Figures S3
and S4 for confocal images). Collectively, these results indicated
that (i) both DPPC-TC-H2S and DPPC-TF-H2O2 can form
lipid membranes together with POPC, POPG, and cholesterol,
(ii) the resulting vesicle membrane responds to a specific redox
condition, displaying a high level of RSS or ROS selectivity, and
(iii) the fluorescently activated redox products, DPPC-TC and
DPPC-TF, remain in the membrane without disrupting it. Of
note, our attempts to prepare redox-sensing GUVs from lipid
compositions other than those presented here were only
partially successful. Specifically, mixtures of POPC/POPG/
DPPC-TC-H2S (69:30:1 molar ratio) and POPC/POPG/
DPPC-TF-H2O2 (69.5:30:0.5 molar ratio), without cholesterol,
provided GUVs (Figure S5). In contrast, we have observed a
significant decrease in GUV populations when we replaced
POPC with DPPC, or used mixtures of sphingomyelin and
cholesterol.
Photophysical investigations on coumarin fluorophores

suggest that photodimerization of two coumarin molecules is a
potential mechanism for photobleaching.67 Further, coumarin-
derived fluorophores display increased photostability in non-
polar solvents.68 Therefore, we expect that the photostability of
DPPC-TC-H2S and DPPC-TC likely increases due to their
restricted molecular motions within lipid membranes as well as
the nonpolar nature of these environments. Fluorescein has
relatively low photostability compared to other fluorophores.69

It has been reported that the photodegradation of fluorescein
occurs within a time scale of minutes.70 For the applications of
TEG-TF-H2O2 in GUVs, confocal images were captured within
seconds and a decrease of fluorescein signals was not observed
during the course of imaging.
MD Simulations Provide Insights into the Positioning and
Conformations of Designer Lipids within Bilayer
Membranes

The headgroups of both DPPC-TC-H2S and DPPC-TF-H2O2
contain (hetero)cyclic motifs and hydrophobic carbon exten-
sions. In DPPC-TC-H2S, phosphocholine is extended with a
triazole-coumarin fluorophore caged by an azidobenzyl group.
In DPPC-TF-H2O2, it is connected to a triazole-fluorescein
motif with, at both of the exocyclic xanthene oxygens, a benzyl
boronic acid pinacol ester. This probe design has no net charge .
In comparison, the head groups of their redox reaction products,
DPPC-TC and DPPC-TF, are expected to display increased
hydrophilicity. Both fluorescently activated lipids should possess
a higher ionic character, as their charged states will be the
predominant form. Whether caged or uncaged, the headgroups
of these designer phospholipid structures deviate significantly
from the natural phosphocholine structure. Therefore, we

sought to gain insight into their positioning within a lipid bilayer
by using all-atomMD simulations. They have the resolution and
dynamics necessary to describe partitioning across the
heterogeneous polarity of the membrane surface. As a result,
MD simulations can model to what degree probe moieties are
exposed to water or the oily lipid tails.
Each designer lipid headgroup (Figures 5A and 6A) was

parametrized using previously published work71,72 and
CHARMM-GUI’s Ligand Reader & Modeler module,73,74

which automatically parametrizes small molecules using the
CHARMM General Force Field (CGenFF) program.75−77 See
the Supporting Information for details on the parametrization.
All systems were built using scripts from CHARMM-GUI’s
Membrane Builder module73,78 with one designer lipid per
leaflet. The surrounding lipid matrix in each leaflet was 30
cholesterol, 48 POPC, and 21 POPG molecules, yielding a total
of 100 lipids/leaflet. Net negative charge from the lipids was
neutralized with K+, and physiological salt was added into bulk
water (∼80 K+, ∼40 Cl−, and 80 H2O/lipid). For DPPC-TC-
H2S,DPPC-TC, andDPPC-TF, five independent replicas were
constructed with the designer probes in solution. For DPPC-
TF-H2O2, five independent replicas were constructed with the
probe in solution, and five replicas were constructed with the
probes buried in the membrane. After minimization and brief
equilibration, unrestrained simulations were run using Am-
ber22′s pmemd.cuda79−83 and the CHARMM all-atom lipid
force field84 with added parameters. All simulations were
performed at 25 °C and 1 bar of pressure. All replicas ofDPPC-
TC-H2S, DPPC-TC, and DPPC-TF were simulated 2 μs,
yielding 10 μs aggregate sampling. The DPPC-TF-H2O2
replicas were simulated 2.5 μs each (25 μs aggregate) to allow
conformational convergence for all replicas. See the Supporting
Information for details on the system build, simulation, and
analysis.
Figures 5A and 6A plot the variation of the densities of the

probe headgroups from the aqueous layer into the hydrophobic
bilayer interior. For each probe, the triazole moieties peak
between 20 and 30 Å, which is near the interface of water and the
hydrophobic core (Figures 5A-left and 6A-left, violet curve;
Figures 5B-left and 6B-left, violet space-filling). Interestingly, the
azido group in DPPC-TC-H2S was largely embedded in the
hydrophobic core (Figures 5A-left, dark brown curve; and 5B-
left, dark brown space-filling), which is likely a result of the
overall preferred conformation of the lipid headgroup consisting
of aromatic substituents (benzene, coumarin, and triazole rings).
The modeled coumarin moiety of DPPC-TC resides in the
water layer (Figure 5A-right, cyan curve; and Figure 5B-right,
cyan space-filling), indicating an increase in the hydrophilicity of
the headgroup following the redox reaction. Simulations of
DPPC-TF-H2O2 (Figure 6A-left and 6B-left) suggested that
after bending at the triazole moiety near the leaflet hydrophilic/
hydrophobic interface, the probe favors the hydrophobic core.
Of note, this was only clear following 1.5 μs of simulation, after
which all ten replicas dipped back below the surface of the leaflet.
Figure S6 shows a time series of these replicas that justify
dropping extensive time, allowing the probes to equilibrate. The
model of DPPC-TF begins in water and also transiently
populates a minor conformation with the xanthene moiety
embedded below the interface (Figure 6A-right, bright green
curves; and Figure 6B-right, bright green space-filling). Over the
entire simulation, each simulatedDPPC-TF had 1−5 conforma-
tional transitions (i.e., fully hydrated to interfacial/embedded
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conformations, vice versa), yielding ∼30 total transitions in the
ensemble.

■ CONCLUSIONS
Artificial cells have the potential to advance life sciences,
nanobiotechnology, and precision medicine.31 One of the
requirements to configure cell-like systems is to realize a
mechanism for sensing. In this work, we described the design,
characterization, modeling, and applications of synthetic
phospholipids (DPPC-TC-H2S and DPPC-TF-H2O2) that,
with natural lipids, can form GUVs exhibiting activity-based
sensing of redox cues. These GUVs responded to either a
reductive or an oxidative condition by lighting up at the
membrane, remained physically intact over the course of redox
sensing, and showed good-to-excellent selectivity against
nontarget redox species. The redox-sensing processes described
here are irreversible, which poses a limitation for the use of
GUVs in environments with a dynamic redox condition. GUV
designs that allow for reversible redox sensing would be of
particular interest and would likely require fluorophores that
undergo redox-mediated conformational switching or chelation-
induced activation.
Both DPPC-TC-H2S and DPPC-TF-H2O2 possess sterically

bulky and hydrophobic moieties (a modified coumarin or
fluorescein) attached to the phosphocholine headgroup of
DPPC and, thus, display significant structural deviation from the
natural phospholipids. Both the coumarin and fluorescein
segments likely impose favorable hydrophobic interactions
with the inner bilayer membrane. Dynamic, microsecond-scale
simulations indicated that bothDPPC-TC-H2S andDPPC-TF-
H2O2 bend at the triazole moiety, inserting the bulky
hydrophobic portions below the headgroup surface. We note
that while the azido group in DPPC-TC-H2S can be accessible
to H2S within the bilayer because the uncharged form of
hydrogen sulfide permeates the membrane,50 it may also display
fast conformational dynamics in between the hydrophobic core
and water/membrane interface, where it reacts with HS−.
Corresponding dynamics of the redox reaction products
(DPPC-TC and DPPC-TF) indicate that the resulting
phosphocholine derivatives flip, with the predominant con-
formations exposing the headgroup regions to water. These
experimental and computational results show that our
phosphocholine modifications represented at 0.5−1.0 mol %
of the total lipid mixture are biophysically feasible and allow
vesiculation.
This work provides a purely chemical platform for the

development of lipid self-assemblies capable of sensing environ-
mental chemical cues, one of the essential functions of artificial
cells. The intrinsic chemical reactivity and self-assembling
property of synthetic lipids offer new bottom-up design
opportunities for laboratory models of protocells and soft
materials with previously inaccessible functions.85 We expect
that future implementation of the described lipids in biological
membranes could help elucidate poorly understood mecha-
nisms by which the transient redox species affect cellular
signaling.
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