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Enzymatic Insertion of Lipids Increases Membrane Tension for
Inhibiting Drug Resistant Cancer Cells
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Abstract: Although lipids contribute to cancer drug resistance, it is challenging to target diverse range of lipids.
Here, we show enzymatically inserting exceedingly simple
synthetic lipids into membranes for increasing membrane
tension and selectively inhibiting drug resistant cancer
cells. The lipid, formed by conjugating dodecylamine to dphosphotyrosine, self-assembles to form micelles. Enzymatic dephosphorylation of the micelles inserts the lipids
into membranes and increases membrane tension. The
micelles effectively inhibit a drug resistant glioblastoma
cell (T98G) or a triple-negative breast cancer cell
(HCC1937), without inducing acquired drug resistance.
Moreover, the enzymatic reaction of the micelles promotes the accumulation of the lipids in the membranes of
subcellular organelles (e.g., endoplasmic reticulum (ER),
Golgi, and mitochondria), thus activating multiple regulated cell death pathways. This work, in which for the first
time membrane tension is increased to inhibit cancer
cells, illustrates a new and powerful supramolecular approach for antagonizing difficult drug targets.

Lipids, the predominant components of membranes of cells
and subcellular organelles, play a central role in maintaining
biological molecular organization.[1] Recently, emerging evidence suggests that lipids regulate the expression and activity
of multidrug efflux pumps in cancer cells, thus contributing to
the multidrug resistance (MDR) of cells.[2] MDR cells exhibit
unique features, including the altered composition of phospholipids and glycosphingolipids in plasma membrane[3] or
membranes of intracellular organelles (e.g., endoplasmic reticulum (ER) and mitochondria, and Golgi apparatus),[4] the high
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ratio of monounsaturated/polyunsaturated fatty acid,[5] and
highly produced precursors of phospholipids and cholesterol.[6]
All these features confer the emergence of MDR in cancer
cells, which have stimulated the efforts for targeting lipids of
MDR cells. Current approaches, such as repurposing lipid-targeting drugs[7] or lipid analogues,[8] remain ineffective. Therefore, it is necessary to develop novel approaches that simultaneously perform multiple functions, such as directly targeting
subcellular membranes, selectively inhibiting proliferation, and
effectively minimizing the emergence of drug resistance of
cancer cells.
Based on that the conjugate of cholesterol and
phosphotyrosine is able to augment lipid rafts for selectively
inhibiting ovarian cancer cells in vitro and in vivo,[9] we decided to combine phosphotyrosine with a simple alkylamine to
generate enzyme-responsive synthetic lipids for targeting cellular membranes and inhibiting cancer cells selectively. Our
studies reveal that an exceedingly simple enzyme-responsive
lipid, ((R)-4-(2-amino-3-(dodecylamino)-3-oxopropyl)phenyl dihydrogen phosphate (1)), self-assembles to form micelles,
which selectively kills a glioblastoma cell (T98G) or a triple-negative breast cancer cell (HCC1937), without inducing acquired
drug resistance to 1. The enzymatic dephosphorylation of the
micelles of 1 inserts the resulted lipid ((R)-2-amino-N-dodecyl3-(4-hydroxyphenyl)propenamide (2)) into cellular membranes
to increase membrane tension, thus activating multiple regulated cell death pathways (Scheme 1). This enzymatic reaction
also promotes the accumulation of the lipids in the membranes of subcellular organelles (e.g., ER, Golgi, and mitochondria). Using the enzymatic reaction of the micelles of synthetic
lipids for inhibiting drug resistant cancer cells, this work illustrates a simple and powerful supramolecular approach for antagonizing difficult drug targets.
Scheme S1 shows the structures of molecules as the enzymatic-instructed lipids for targeting membranes. The synthetic
lipids consist of two crucial features: an enzymatic trigger (i.e.,
a tyrosine phosphate as a substrate of phosphatase) and a
simple alkylamine. By connecting dodecan-1-amine to the carboxyl group of d-configuration of phosphotyrosine, we generated the representative synthetic lipid, 1. The direct capping
the C-terminal of tyrosine by dodecan-1-amine produces 2 to
verify whether enzymatic dephosphorylation is essential for inhibiting cancer cells. To visualize the uptake and distribution of
the synthetic lipids in cells, we conjugated an environmentsensitive fluorophore (i.e., 4-nitro-2,1,3-benzoxadiazole, NBD)
at the end of alkyl chain of 1, forming 3 for fluorescent imag-
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Scheme 1. Illustration of enzymatically inserting synthetic lipids to increase
cell membrane tension and to induce cell death.

ing of the assemblies of the lipids. 4 is the enzymatic product
of 3. To understand the effect of stereochemistry of phosphotyrosine on the activity of the synthetic lipid, we used the lconfiguration of phosphotyrosine to produce 5. We made 6
and 7 to compare the inhibitory activity of C-terminal synthetic
lipids with that of N-terminal synthetic lipids against cancer
cells. Capping the hydroxyl group in phosphotyrosine with
ethyl group generates 8 to compare phosphate ester with
phosphate in the enzymatic response. We used phosphoserine
and phosphothreonine to replace phosphotyrosine, generating
9 and 10, respectively, in order to understand the difference of
tyrosine with serine and threonine. In addition, we also investigated the influence of the hydrophobic chain length on the inhibitory activity of the lipids against cancer cells by using hexylamine and hexadecylamine to cap the C-terminal of d-phosphotyrosine to prepare 11 and 12, respectively. Trimethylation
of the N-terminal of 1 produces 13, for further confirming the
need to expose the N-terminal amine.
The TEM images (Figure S1) confirm the self-assembly of 1
to form big aggregates or micelles at different concentrations.
The critical micelle concentration (CMC) of 1 is 22.0 mm in PBS
buffer, whereas the CMC of 2 is 11.0 mm (Figure S2), confirming
that dephosphorylation increases the hydrophobicity of the
synthetic lipids for membrane insertion. Because the insertion
of lipids in the membrane likely alters the mechanical properties of the plasma membrane that involves in regulating various biochemical processes in cells, we used a mechanosensitive flipper probe (Flipper-TR),[10] which responded to the
change of plasma membrane tension by changing its fluorescence lifetime and thus allowed tension imaging by fluorescent lifetime imaging microscopy (FLIM), to measure the
change of the membrane tension of T98G and HCC1937 cells.
As shown in Figure 1, the lifetime of Flipper-TR in T98G cells is
5.05 ns in the absence of 1. After being treated with 1 at the
concentration of 10 mm for 30 min or 2 h, the lifetime of Flipper-TR is 5.07 and 5.08 ns, respectively, which are similar with
that of non-treated cells, implying little change of membrane
tension at the concentrations below CMC of 1 for short times.
Chem. Eur. J. 2020, 26, 15116 – 15120
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Figure 1. The FLIM of (A) T98G and (B) HCC1937 cells incubated with 1 at
the concentration of 10 mm and 20 mm for 30 min and 2 h, respectively, and
then stained with Flipper-TR.

After increasing the concentration of 1 to 20 mm and incubating T98G cells for 30 min or 2 h, the lifetime of Flipper-TR rises
to 5.10 and 5.14 ns, respectively, indicating that the more assemblies of the 2 generated from longer incubation of 1 slightly increase plasma membrane tension of T98G cells. The FLIM
in HCC1937 cells shows significant increase of membrane tension (Figure 1 B). The lifetime of Flipper-TR in HCC1937 cells is
4.65 ns in the absence of 1. After being treated with 1 at the
concentration of 10 mm for 30 min, the lifetime of Flipper-TR is
4.77 ns, which is slightly higher than that of non-treated cells.
With continuously increasing the incubation time of 1 to 2 h,
the lifetime of Flipper-TR increases to 5.12 ns, implying the increased tension. After increasing the concentration of 1 to
20 mm for treating the HCC1937 cells, the lifetime of Flipper-TR
is 5.16 ns and 5.27 ns, for 30 min and 2 h incubation, respectively. The increase of the membrane tensions with the increase of the concentration and incubation time of 1 confirms
that enzymatic dephosphorylation of the micelles of 1 inserts
2 into the plasma membrane to increase membrane tension
(Scheme 1).
To investigate the inhibitory activity against cancer cells, we
examined the viability of HeLa cells (a cervical cancer cell line)
cultured with 1–13. Figure S3 shows the IC50 values of these
synthetic lipids against the HeLa cells for 24 h. 1, containing dphosphotyrosine, exhibits the highest cytotoxicity with IC50 of
21.0 mm (9.0 mg mL@1). 2 hardly displays any cytotoxicity against
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HeLa cells with IC50 of more than 100 mm, indicating that the
enzymatic dephosphorylation is essential for inhibiting cancer
cells, and the tyrosine lipids, if not being generated in situ, are
innocuous to the cancer cells. 3, as the fluorescent analog of 1,
exhibit a comparable IC50 value, 37.6 mm, with that of 1. After
the replacement of d-tyrosine phosphate by l-tyrosine phosphate, 5 shows a slightly lower cytotoxicity than that of 1 with
IC50 of 43.4 mm. The IC50 of 6 and 7 are both more than 100 mm
against HeLa cells, which are much higher than that of 1, suggesting that the amine at N-terminal of synthetic lipids is essential for the inhibitory activity against the cancer cells. This
feature differs from the case of cholesterol-tyrosine conjugate,
which exposes C-terminal.[9b] With the ethyl group to cap the
hydroxyl group in phosphotyrosine, 8 exhibits a IC50 value of
80.3 mm, which implies that the enzymatic response of the
phosphate ester is lower than that of phosphate towards
cancer cells. 9 and 10 exhibit with IC50 values of 61.8 mm and
96.8 mm, respectively, indicating that dephosphorylation of
phosphoserine or phosphothreonine on the synthetic lipids is
ineffective for inhibiting cancer cells. While 11 shows IC50 of
more than 100 mm, the IC50 of 12 is 25.2 mm (12.2 mg mL@1), indicating that sufficient chain length of the lipids for self-assembly is a prerequisite for the inhibitory activity against cancer
cells. 13 shows IC50 of 33.8 mm, implying that the exposure of
N-terminal amine is significant for the high activity of the synthetic lipids.
Figure 2 A shows the IC50 values of 1 and 2 incubated with
HCC1937 and T98G cells for 24 h. While 1, exhibits the IC50 of
14.6 mm (6.2 mg mL@1) and 20.0 mm (8.6 mg mL@1) against
HCC1937 and T98G cells, respectively, compound 2 hardly displays cytotoxicity against both of HCC1937 and T98G cells with
IC50 of more than 100 mm. This result indicates that the enzymatic dephosphorylation of the micelles of 1 is essential for
generating 2 in situ for inserting in the membrane and inhibiting the cancer cells. We also compared the viability of HEK293
(embryonic kidney cell, as a model of normal cells), T98G, and
HCC1937 cells, incubated with 1 and cisplatin (Figure 2 B).
Compound 1 exhibits high cytotoxicity against T98G and
HCC1937 cells, while shows low cytotoxicity against HEK293
cells, with IC50 of 88.6 mm. Meanwhile, cisplatin, at relatively
high concentrations, inhibits HCC1937 (IC50 : 38.2 mm) and T98G
(IC50 : 152.9 mm), which are higher than that of 1. This result
also indicates that 1 is more effective and selective than cisplatin against T98G and HCC1937 cancer cells, two of most malignant tumor cells. Moreover, the cytotoxicity of 1 towards T98G
and HCC1937 cells agrees with the increment of membrane
tension by 1. In addition, we also examined several different
cell lines incubated with 1 to investigate its applicability to
other cancer cells. As shown in Figure S4, 1 shows slightly different inhibitory activity against different cells (HeLa: IC50 of
36.8 mm, Saos-2: IC50 of 30.7 mm, MCF7: IC50 of 62.1 mm, A2780:
IC50 of 31.7 mm, OVCAR-4: IC50 of 34.0 mm, JHOS-4: IC50 of
37.5 mm, SKOV-3: IC50 of 40.0 mm, HepG2: IC50 of 45.2 mm,
A2780Res: IC50 of 55.2 mm, GEMM4306: IC50 of 57.6 mm, and
ACHN: IC50 of 25.0 mm), which likely are resulted from different
expression levels of phosphatases in different cell lines. Notably, 1, at the concentration of 25.0 mm, inhibits renal cancer
Chem. Eur. J. 2020, 26, 15116 – 15120
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Figure 2. The IC50 values of (A) 1 and 2 against HCC1937 and T98G cells and
of (B) 1 and cisplatin against HCC1937, T98G and HEK293 cells for 24 h. Cell
viability of unstimulated (C) HCC1937 and (D) T98G cells or selected
HCC1937 and T98G cells incubated with 1 at different concentrations for
24 h.

cells (ACHN), but is innocuous to human embryonic kidney
cells (HEK293).
Since acquired drug resistance remains a challenge for developing anticancer therapeutics, we further examined whether the micelles of 1 would result in acquired resistance. According to an established method to select drug resistant
cancer cells,[11] we incubated HCC1937 and T98G cells with 1
by gradually increasing the concentrations of 1 from 5 mm to
15 mm for 30 days and selected the cells that survived the
treatment. Subsequently, we assessed the selected HCC1937
and T98G cells with 1 by MTT assay. As shown in Figure 2 C
and D, the IC50 of 1 against the selected HCC1937 and T98G
cells are 14.0 and 28.0 mm, respectively. These values are close
to the IC50 values of 1 against unstimulated HCC1937 (16.0 mm,
30 days incubation in culture medium) and T98G cells
(32.0 mm, 30 days incubation in culture medium), indicating
that 1 hardly induces the acquired drug resistance. These results suggest that enzymatic reaction of lipid micelles promises
a new strategy for minimizing acquired drug resistance.
The lack of acquired drug resistance by T98G and HCC1937
to 1 suggests that the enzymatic reaction of the micelles of 1
likely activates multiple cell death pathways. Firstly, we co-incubated the cocktail of phosphatase inhibitor Set IV, which inhibited protein phosphatases and alkaline phosphatases,[12]
with 1, and found that the inhibitor cocktail doubles the viability of T98G and HCC1937 (Figure 3). This result confirms that
the in situ dephosphorylation contributes to the cell death.
Considering that the main types of regulated cell death in-
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Figure 3. Cell viability of HCC1937 and T98G cells treated by 1 (20 mm) in
the presence of phosphatase inhibitors or cell death signaling inhibitors at
24 h. [zVAD-fmk] = [Nec-1] = [SP600125] = 50 mm; [Chloroquine] = [DFO] =
100 mm; phosphatase inhibitor cocktail IV (Set IV) was diluted 4000 times.

clude apoptosis, necroptosis, lysosome-dependent cell death,
ferroptosis and autophagy-dependent cell death,[13] we selected several representative inhibitors to examine whether they
rescue cells from 1, such as zVAD-fmk (carbobenzoxy-valylalanyl-aspartyl-[O-methyl]-fluoromethylketone, a caspase inhibitor that blocks apoptosis),[14] Nec-1 (necrostatin-1, a RIPK1 inhibitor that blocks necroptosis),[15] chloroquine (a lysosomal inhibitor that blocks autophagy-dependent cell death),[16]
SP600 125 (a JNK inhibitor that blocks necrosis and apoptosis),[17] DFO (deferoxamine mesylate, an iron-chelating agent
that blocks ferroptosis and lysosome-dependent cell death)[18]
and NAC (N-acetyl cysteine, an ROS (reactive oxygen species)
inhibitor that blocks ferroptosis, lysosome-dependent cell
death, and oxeiptosis).[19] As shown in Figure 3, zVAD-fmk
hardly rescues HCC1937 and T98G cells and Nec-1 only moderately increases the cell viability of HCC1937 and T98G cells. In
addition, neither of chloroquine and SP600125 rescues
HCC1937 and T98G cells, while DFO can only rescue T98G cells
slightly. NAC, at 1 mm, is able to significantly increase the viabilities of HCC1937 and T98G (Figure S5). Notably, the co-incubation of chloroquine and SP600125 with 1 actually increases
the toxicity against T98G cells, implying enhanced cell death,
which is consistent with reported literatures that inhibitors of
autophagy (e.g., chloroquine) induce protective autophagy in
glioblastoma[20] and the inhibition of glioblastoma cell proliferation is a direct consequence of JNK inhibition (e.g.,
SP600125).[21] Since none of the inhibitors completely rescue
the cancer cells from the inhibitory activity of 1, the enzymatic
lipid insertion induces the cell death via multiple regulated cell
death pathways, likely depends more on ferroptosis, lysosomedependent cell death, and/or oxeiptosis.
To visualize the distribution of the synthetic lipids in cells,
we conjugated an environment-sensitive fluorophore (i.e., 4nitro-2,1,3-benzoxadiazole, NBD) at the end of alkyl chain of 1,
forming 3 for fluorescent imaging of the assemblies of the
lipids (Scheme S1).[22] Similar to the case of 1, the enzymatic reaction of the micelles of 3 would insert the assemblies of 4
(Scheme S1) into membranes and inhibit the cancer cells,
albeit with slightly higher IC50 (Table S2). Figure 4 shows the
Chem. Eur. J. 2020, 26, 15116 – 15120
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Figure 4. CLSM images of T98G and HCC1937 cells stained with Lyso-Tracker
(red), ER-Tracker (red), Mito-Tracker (red) or transfected with Golgi-RFP (red),
and then treated with 3 (Green, 20 mm) for 30 min. Scale bar is 10 mm.

confocal laser scanning microscopy (CLSM) images of T98G
and HCC1937 cells stained with LysoTrackerTM Deep Red (LysoTracker),[23] ER-TrackerTM Red dye (ER-Tracker),[24] MitoTrackerTM
Deep Red FM (Mito-Tracker)[25] or transfected with CellLightTM
Golgi-RFP (Golgi-RFP),[26] and then treated with 3, respectively.
In T98G cells, most of green fluorescent dots, belonging to the
assemblies of 4, co-localize well with the red dots of ER-Tracker, suggesting that most of the enzyme-instructed lipid assemblies accumulate on the membrane of ER. Meanwhile, the red
dots of Lyso-Tracker, Mito-Tracker and Golgi-RFP also overlap
with the green dots from the assemblies of 4. The co-localization with Lyso-Tracker likely implies the uptake of the synthetic
lipids by cells via endocytosis. The co-localization with MitoTracker and Golgi-Tracker indicates that the synthetic lipids
also accumulate in these two cellular organelles (i.e., mitochondria and Golgi) after escaping from the lysosomes. In the
case of HCC1937 cells, the assemblies of 4 also localize in multiple subcellular membranes (i.e., ER, mitochondria and Golgi).
Notably, 4 appears to overlap less with the Golgi of HCC1937
than with that of T98G. This observation is consistent with that
1 shows the high cytotoxicity against HCC1937 cells. The cellular distribution of the assemblies of 4 in the membranes of
multiple cellular organelles also agrees with the activation of
multiple regulated cell death pathways by 1.
In summary, by rationally designing the enzyme-responsive
lipids, examining membrane tensions, and evaluating the acquired drug resistance, we validated the use of enzymatic reaction of the micelles of lipids as an effective approach for inserting lipids in the membranes. Notably, this simple lipid is more
than 10 times effective than peptide amphiphiles that are the
substrates of matrix metalloproteinases (MMPs).[27] In addition,
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it is unusual that the enzymatic reaction of such an exceedingly simple lipid is able to inhibit cancer cells. These enzyme-responsive micelles of lipids illustrate novel alternatives of peptides[28] for interacting with cell membrane holistically and underscore the promise of the reactions of supramolecular assemblies for inhibiting drug-resistant cancer cells, which eventually may open up new directions to address the enormous
complexity of cancer cells.
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