
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

1/
1/

20
25

 7
:4

5:
45

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
HydroFlipper me
School of Chemistry and Biochemistry, NCC

Geneva, Switzerland. E-mail: stefan.matile

chiorg/matile; Tel: +41 22 379 6523

† Electronic supplementary information (
results for all reported experiments. See D

‡ These two authors contributed equally t

Cite this: Chem. Sci., 2022, 13, 2086

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 20th September 2021
Accepted 22nd January 2022

DOI: 10.1039/d1sc05208j

rsc.li/chemical-science

2086 | Chem. Sci., 2022, 13, 2086–2
mbrane tension probes: imaging
membrane hydration and mechanical compression
simultaneously in living cells†

José Garćıa-Calvo,‡ Javier López-Andarias,‡ Jimmy Maillard, Vincent Mercier,
Chloé Roffay, Aurélien Roux, Alexandre Fürstenberg, Naomi Sakai
and Stefan Matile *

HydroFlippers are introduced as the first fluorescent membrane tension probes that report simultaneously

on membrane compression and hydration. The probe design is centered around a sensing cycle that

couples the mechanical planarization of twisted push–pull fluorophores with the dynamic covalent

hydration of their exocyclic acceptor. In FLIM images of living cells, tension-induced deplanarization is

reported as a decrease in fluorescence lifetime of the dehydrated mechanophore. Membrane hydration

is reported as the ratio of the photon counts associated to the hydrated and dehydrated mechanophores

in reconvoluted lifetime frequency histograms. Trends for tension-induced decompression and hydration

of cellular membranes of interest (MOIs) covering plasma membrane, lysosomes, mitochondria, ER, and

Golgi are found not to be the same. Tension-induced changes in mechanical compression are rather

independent of the nature of the MOI, while the responsiveness to changes in hydration are highly

dependent on the intrinsic order of the MOI. These results confirm the mechanical planarization of

push–pull probes in the ground state as most robust mechanism to routinely image membrane tension

in living cells, while the availability of simultaneous information on membrane hydration will open new

perspectives in mechanobiology.
The detection and study of membrane mechanics in living cells is
a topic of current concern.1–14 To enable this research, appropriate
chemistry tools, that is small-molecule uorescent probes that
allow imaging ofmembrane tension, are needed.15With the direct
imaging of physical forces being intrinsically impossible, design
strategies toward such probes have to focus on the suprastructural
changes caused by changes in membrane tension.15 These
suprastructural changes are divers, oen interconnected, and vary
with the composition of the membrane.15–25 Beyond the funda-
mental lipid compression and decompression, they include
changes in membrane curvature, from rippling, buckling and
budding to tubules extending from the membrane and excess
lipid being ejected. Of similar importance are changes in
membrane organization, particularly tension-induced phase
separation and mixing, i.e. assembly and disassembly of micro-
domains. Consequences of these suprastructural changes include
microdomain strengthening and soening and changes in
membrane hydration and viscosity.16–25
R Chemical Biology, University of Geneva,
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The currently most developed uorescent ipper probes
have been introduced26,27 to image membrane tension by
responding to a combination of mechanical compression and
microdomain assembly in equilibrium in the ground state.15

Extensive studies, including computational simulations,28 have
shown that ipper probes align non-invasively along the lipid
tails of one leaet and report changes in membrane order and
tension as changes in uorescent lifetimes and shis of exci-
tation maxima.15 Among other candidates, solvatochromic
probes respond off-equilibrium in the excited state to changes
in membrane hydration and have very recently been considered
for the imaging of membrane tension in living cells.29–36 So far
not considered to image tension, ESIPT probes also report off
equilibrium in the excited state on membrane hydration, but
for different reasons.37,38 Mechanosensitive molecular rotors
respond off equilibrium in the excited state to changes in
microviscosity.17,30,32,39–53 The same principle holds for the pla-
narization of bent, papillon or apping uorophores.54–57 The
response of all possible probes to tension can further include
less desired changes in positioning and partitioning between
different domains, not to speak of more catastrophic probe
aggregation, precipitation, disturbance of the surrounding
membrane structure, and so on. Although the imaging of
membrane tension is conceivable in principle with most of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The dual sensing cycle of HydroFlippers 1–5, made to target the
indicated MOIs in living cells and responding to membrane compression
by planarization and tomembrane hydration by dynamic covalent ketone
hydration.With indication of excitationmaxima (ref. 63) and fluorescence
lifetimes (this study).
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above approaches, the complex combination of parameters that
has to be in place can thus far only be identied empirically,
followed by much optimization.15

The force-induced suprastructural changes are accompanied
by the alteration in several unrelated physical properties of
membranes. It is, for instance, well documented that
membrane hydration increases with membrane disorder, from
solid-ordered (So) to liquid-disordered (Ld) phases.29,58

Increasing cholesterol content decreases membrane hydration
in solid- and liquid-ordered membranes.59 However, studies in
model membranes also indicate that membrane hydration and
membrane uidity do not necessarily correlate.59 The dissection
of the individual parameters contributing to the response of
uorescent membrane tension probes would be important for
probe design and understanding of their responses, but it
remains a daunting challenge. In this study, we introduce
uorescent ipper probes that simultaneously report on
mechanical membrane compression and membrane hydration
at equilibrium in the ground state. Changes of both in response
to changes in membrane tension and membrane composition
are determined in various organelles in living cells.

The dual hydration and membrane tension probes are
referred to as HydroFlippers to highlight the newly added
responsiveness to membrane hydration. The mechanosensing
of lipid compression in bilayer membranes by ipper probes
has been explored extensively.15 Fluorescent ippers27 like 1 are
designed as bioinspired60 planarizable push–pull probes26

(Fig. 1). They are constructed from two dithienothiophene u-
orophores that are twisted out of co-planarity by repulsion of
methyls and s holes on sulfurs61,62 next to the twistable bond.
The push–pull system is constructed rst from formal sulde
and sulfone redox bridges in the two twisted dithienothio-
phenes. These endocyclic donors and acceptors are supported
by exocyclic ones, here a triuoroketone acceptor and a triazole
donor.63 To assure stability, these endo- and exocyclic donors
are turned off in the twisted ground state because of chalcogen
bonding and repulsion, respectively.62

Mechanical planarization of the ipper probe establishes
conjugation along the push–pull systems, electrons ow from
endocyclic donors to acceptors, which turns on the exocyclic
donors and acceptors to nalize the push–pull system.62 This
elaborate, chalcogen-bonding cascade switch has been
described elsewhere in detail, including high-level computa-
tional simulations.62 The planar high-energy conformer 1dp
excels with red shied excitation and increased quantum yield
and lifetime compared to the twisted conformer 1dt because the
less twisted Franck-Condon state favors emission through
planar intramolecular charge transfer (PICT) over non-radiative
decay through twisted ICT, or conical intersections.15

Flipper probe 1 was considered for dual responsiveness to
membrane tension and hydration because of the tri-
uoroketone acceptor.63 Dynamic covalent hydration of 1dt
yields hydrate 1ht.64–76 Blue-shied excitation and short lifetime
of 1ht are not expected to improve much upon planarization
because the hydrate is a poor acceptor and thus, the push–pull
system in 1hp is weak. The dynamic covalent chemistry of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
triuoroketone acceptor has been characterized in detail in
solution and in lipid bilayer membranes.63

To explore dual responsiveness to membrane tension in any
membrane of interest (MOI) in living cells, HydroFlippers 2–5
were synthesized. While HydroFlipper 1 targets the plasma
membrane (PM), HydroFlippers 2–4 were equipped with
empirical targeting motifs.77 HydroFlipper 5 terminates with
a chloroalkane to react with the self-labeling HaloTag protein,
which can be expressed in essentially any MOI.78 Their
substantial multistep synthesis was realized by adapting re-
ported procedures (Schemes S1–S4†).

The MOIs labeling selectivity of HydroFlippers was deter-
mined in HeLa Kyoto (HK) cells by confocal laser scanning
microscopy. Co-localization experiments of ippers 1–4with the
corresponding trackers gave Pearson correlation coefficients
(PCCs) >0.80 for the targeting of mitochondria, lysosomes and
the endoplasmic reticulum (ER, Fig. S4–S6†). HydroFlipper 5
was rst tested with stable HGM cells, which express both
HaloTag and GFP on mitochondria (referred to as 5M).78,79 The
well-established chloroalkane penetration assay demonstrated
the efficient labeling of HaloTag protein by 5 as previously re-
ported HaloFlippers (Fig. S3†).78 By transient transfection,
HydroFlippers 5 were also directed to lysosomes (5L), Golgi
apparatus (GA, 5G)80 and peroxisomes (5P) with HaloTag and
Chem. Sci., 2022, 13, 2086–2093 | 2087
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Fig. 3 FLIM images of HK cells labelled with ER flipper 4 before (a, c)
and after (b, d) hyper-osmotic shock, showing average lifetimes sav (a,
b) and s1 (c, d) from triexponential reconvolution; scale bars ¼ 10 mm.
(e) Distribution of the photon counts associated with the s1 compo-
nent of 4 in HK cells after triexponential reconvolution of FLIM images
before (c, s1i) and after (d, s1h) hyper-osmotic shock, showing

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

1/
1/

20
25

 7
:4

5:
45

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
GFP expressed on their surface.78 PCCs >0.80 for co-localization
of ipper and GFP emission conrmed that MOI labeling with
genetically engineered cells was as efficient as with empirical
trackers (Fig. S7–S11†).

Dual imaging of membrane compression and hydration was
envisioned by analysis of uorescence lifetime imaging
microscopy (FLIM) images using a triexponential model
(Fig. 2).81 FLIM images of ER HydroFlipper 4 in iso-osmotic HK
cells were selected to illustrate the concept (Fig. 3a). Contrary to
classical ipper probes, the uorescence decay curve of the total
FLIM image (Fig. 2a, grey) showed a poor t to a biexponential
model (Fig. 2a, cyan, b). Consistent with their expected dual
sensing mode, a triexponential t was excellent (Fig. 2a, dark
blue, c). Lifetimes s1i ¼ 4.3 ns (Table 1, entry 5) and s2i ¼ 1.5 ns
(Table S4†) were obtained besides background. This three-
component model was then applied to every pixel of FLIM
images (Fig. 3c). The resulting reconvoluted FLIM histogram
revealed three clearly separated populations for s1 (red), s2
(green), and background (s3, blue, Fig. 2d). Maxima of these
three clear peaks were at the lifetimes estimated by triexpo-
nential t of the global decay curve, thus demonstrating the
validity of the methodology at necessarily small photon counts.
Irreproducible tting would give randomly scattered data
without separated peaks.

Extensive lifetime data for monofunctional ipper probes
supported that the intensities associated to s1i (i for iso-osmotic,
see below) originate from at least partially planarized ippers 4d
in the ER (Fig. 2d, red, 3c, 1). The population of the s2i
component in the reconvoluted FLIM histogram was attributed
to the presence of hydrated 4h in the ER (Fig. 2d, green, 1). This
assignment was consistent with lifetime differences in solution
between s ¼ 2.7 ns for the dehydrated and s ¼ 0.7 ns for the
hydrated form of a hydrophobic ipper analog in dioxane-water
mixtures (Fig. S2†), and model studies in GUVs (see below).63
Fig. 2 (a) Fluorescence decay curve (grey, corresponding to the total
image, not to a single pixel) with biexponential (cyan) and triexpo-
nential fit (dark blue). (b, c) Residual plots for bi- (b) and triexponential
fit (c). (d) Histogram with the intensities associated with the s1 (red), s2
(green), and s3 (blue, background) components obtained by triexpo-
nential fit of the fluorescence decay curve of each pixel of the FLIM
image, fit to Gaussian function (black solid curves).

decreasing lifetimes for s1 (4d). (f) The dehydration factor dhi defined as
total integrated photon counts for s1 (Ss1) divided by Ss2 (i.e., dhi¼ area
Ss1i/area Ss2i) for 4 in strongly hydrated ER (dhi < 2, turquoise) and 1 in
weakly hydrated plasma membrane (dhi > 6, purple) of HK Kyoto cells
under iso-osmotic conditions.

2088 | Chem. Sci., 2022, 13, 2086–2093
The ratio between the s1i (red) and s2i (green) populations in
the reconvoluted FLIM histogram was used to extract a quanti-
tative measure for hydration of the MOI (Fig. 2d, 3f). A dehy-
dration factor dh was dened by dividing the total integrated
counts for s1 (Ss1) by Ss2. For 4 in iso-osmotic ER, dhi ¼ 1.8 �
0.1 was obtained (Table 1, entry 5). For comparison, 1 in iso-
osmotic PM gave a dhi ¼ 6.3 � 0.8 (Fig. 3f, Table 1, entry 1).
This difference was consistent with poor hydration of the more
ordered plasma membrane and high hydration of the less
ordered ER membranes. Further in support of this interpreta-
tion, 1 in uniform liquid-ordered (Lo) sphingomyelin/
cholesterol (SM/C) giant unilamellar vesicles (GUVs) gave
signicantly larger dhi ¼ 11� 3 (s1 ¼ 5.2 ns, s2 ¼ 1.9 ns) than in
Ld dioleoyl-phosphocholine (DOPC) GUVs (dhi ¼ 1.2 � 0.1, s1 ¼
3.4 ns, s2 ¼ 1.3 ns, Fig. S12,† Table 1, entries 9, 10). Previous
uorescence and NMR studies in large unilamellar vesicles and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Dual response of HydroFlippers to changes in membrane
tensiona

Probeb dhi
c dhh

d Ddhe (%) s1i
f (ns) s1h

g (ns) Ds1
h (%)

1 1 (PM) 6.3 6.5 -3 4.8 4.4 8
2 1 (-C)i 6.1 — 8j 4.8 — 3k

3 2 (Lyso) 2.9 2.8 4 4.4 4.0 10
4 3 (Mito) 2.3 1.9 17 4.4 4.0 8
5 4 (ER) 1.8 1.5 17 4.3 3.7 15
6 4 (–C)i 1.1 — 39l 4.1 — 10m

7 5G (GA)n 2.5 2.3 8 4.2 3.8 10
8 5E (ER)o 1.7 1.2 29 3.8 3.7 5
9 1 (Lo)

p 11 — — 5.2 — —
10 1 (Ld)

q 1.2 — — 3.4 — —

a From triexponential t of FLIM images in HK cells (errors, see ESI).
b Flipper (target MOI). c dhi ¼ area Ss1i/area Ss2i in FLIM histogram
under iso-osmotic (i) conditions (e.g. Fig. 3f). d dhh ¼ area Ss1h/area
Ss2h in FLIM histogram under hyper-osmotic (h) conditions. e Flipper
hydration change in response to membrane tension: Ddh ¼ (1 – dhh/
dhi) � 100%. f Fluorescence lifetime value of the slowest component
from the tted uorescence decay under iso-osmotic (i) conditions
(e.g. Fig. 2d). g Same as f, under hyper-osmotic (h) conditions.
h Flipper planarization in response to membrane tension: Ds1 ¼ (1 –
s1h/s1i) � 100%. i Measured aer cholesterol (C) removal from cells
with MbCD. j Compared to dhi of 1 (6.6) in untreated cells measured
on the same day. k Compared to sih of 1 (5.0) in untreated cells
measured on the same day. l As j using 4 and compared to dhi ¼ 1.8.
m As k using 4 compared to sih ¼ 4.5. n Measured in transiently
transfected HK cells with ST-HaloTag-HA expressed inside GA.80
o Measured in transiently transfected HK cells with HaloTag-Sec61B
expressed inside ER.78 p Measured in SM/C GUVs. q Measured in
DOPC GUVs.

Fig. 4 (a) Reconvoluted FLIM histograms for 1–5 obtained by fitting
each pixel of the FLIM image to a three-exponential model under iso-
osmotic (top) and hyper-osmotic (bottom) conditions in HK cells; *dhi
analysis in Fig. 3f; **Ds1 analysis in Fig. 3e. (b–e) Trend plots for
membrane compression (s1) and hydration (dh) for 1–5 in HK cells
without (b, e) and in response to hyper-osmotic membrane tension
(c–e). (b) s1i (iso-osmotic compression) vs. dhi (iso-osmotic hydration).
(c) s1i–s1h vs. s2i–s2h (compression response in ns). (d) Ds1 (compres-
sion response, %) vs. Ddh (hydration response, %), (e) Ds1 andDdh upon
compression (s) and cholesterol depletion (C). #Discontinuous, see
Table 1.
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in solution demonstrated ipper 1 to be mainly in dehydrated
planar 1dp form in Lo membranes, whereas in hydrated twisted
1ht form in Ld membranes.63 Thus, these results implied that
the dehydration factor dh obtained from reconvoluted triexpo-
nential FLIM images reports quantitatively on membrane
hydration, that is the local water concentration around Hydro-
Flippers in their MOI.

In uniform model membranes composed of only one lipid,
ipper probes like 1 respond to increasing membrane tension
with decreasing lifetimes.15,18 This response can be explained by
ipper deplanarization upon lipid decompression. In the mixed
membranes composed of different lipids, ipper probes reliably
respond to increasing membrane tension with increasing life-
times, and lifetime changes can be calibrated quantitatively to
the applied physical force.18,77 This indicates that in these bio-
logically relevant membranes, the response is dominated by
factors other than lipid decompression. Tension-induced
microdomain formation is conrmed to account for, or at
least contribute to, increasing lifetimes with increasing tension,
or membrane decompression.15,18 Not only microdomain
disassembly but also changes in membrane curvature from
rippling, budding and microdomain soening to tube forma-
tion and lipid ejection combine to afford decreasing lifetimes
with membrane compression, or decreasing tension.17,18

Membrane tension was applied to the ER by extracellular
hyper-osmotic stress. This causes membrane tension to decrease,
i.e., membrane compression to increase.18,77 Consistent with
tension-induced deplanarization from 4p to 4t (Fig. 1), lifetimes of
© 2022 The Author(s). Published by the Royal Society of Chemistry
4 visibly decreased in response to decreasing membrane tension
(Fig. 3b). The reconvoluted FLIM histogram clearly shows that
compression caused the decrease of s1 of 4 in the ER from s1i¼ 4.3
ns to s1h ¼ 3.7 ns, whereas s2i ¼ 1.5 ns was less mechanosensitive
(s2h ¼ 1.4 ns, Fig. 3e, 4a–c). These different mechanosensitivities
were meaningful considering that in three-component histo-
grams, s1 originates from dehydrated HydroFlipper 4d that loses
a strong push–pull dipole and thus shortens lifetime upon
tension-induced deplanarization from 4dp to 4dt (Fig. 1). In
contrast, hydrated HydroFlipper 4h accounting for s2 lacks
a strong dipole and thus features short lifetimes with poor
sensitivity for tension-induced deplanarization from 4hp and 4ht.
This result was consistent with the central importance of turn-on
push–pull systems for ipper probes to function as mechano-
sensitive planarizable push–pull probes.81

In response to decreasing membrane tension, or increasing
compression, with hyper-osmotic stress, the dehydration factor
dhi ¼ 1.8 � 0.1 of 4 in the ER decreased to dhh ¼ 1.5 � 0.1 (Table
1, entry 5, S1, entry 6). Decreasing dehydration factors dh corre-
sponded to increasing counts from hydrated ipper 4h upon
decreasing membrane tension. Increasing ipper hydration from
4d to 4h was consistent with increasing ipper deplanarization
from 4p to 4t with decreasing membrane tension, or increasing
compression. Like for planarization, these results implied that the
response of the dual probe to tension-induced membrane
hydration in mixed membranes is dominated by the same
combination of membrane deformation and microdomain so-
ening and disassembly, and not by lipid compression.17,18
Chem. Sci., 2022, 13, 2086–2093 | 2089
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The uniform response of HydroFlipper planarization and
hydration thus provided corroborative support that membrane
deformation and reorganization dominate the uorescence
imaging of membrane tension under the condition that the
probe partitions equally between different phases.63 However,
the dual response HydroFlipper dissects the consequences of
these tension-induced suprastructural changes. HydroFlipper
planarization 4t/4p detected by s1 reports on lipid compression
in the local environment in the MOI. HydroFlipper hydration
4d/4h detected by the dehydration factor dh reports on local
membrane hydration. Pertinent reports from model
membranes in the literature indicate that the two do not have to
be the same.59

To elaborate on these implications, FLIM images were
recorded for all HydroFlippers 1–5 in their respective MOIs
before and aer the application of hyper-osmotic stress and
then analyzed using the three-component model (Fig. 4a, Table
1). As already stated above, excellent correlations were found
between lifetimes at the maxima in histograms (Fig. 4a) and
estimated by global triexponential t (Table 1), conrming
validity of the results. Three clear peaks in the FLIM histograms
of all testedmembranes thus revealed remarkable robustness of
the introduced method. However, results must be interpreted
carefully. Namely, quantitative comparison of results from
changes during experiments, including hyper-osmotic stress, is
reliable, also for experiments made in series (e.g., Ds1 1, 4 � C,
Table 1). In contrast, absolute values from parallel experiments
with different cell cultures (e.g., s1i of trackers 1–4 vs. Halo-
Flipper 5 in GA (5G) vs. 5 in ER (5E)) and identical cell cultures
measured at different days (e.g., s1i 1, 4 � C, Table 1), with
different levels of transfection, etc., should not be over-
interpreted. These absolute values (but not their relative
changes) from different cell culture and experiments from
different days can uctuate within a small range for reasons
beyond experimental control (e.g., cell cycle progression,
transfection side effects, media). The values for s2i vary also with
changing membrane environments within a small range below
2 ns (Fig. 3f, 4a). However, these changes do not affect dhi,
which compares areas rather than maxima in the histograms.

Trends for membrane hydration and compression reported
by dhi and s1i, respectively, should reect the overall composi-
tion and thus nature of the different membranes. For PM 1,
Lyso 2, GA 5G and ER 5E, coinciding trends were found for
hydration (dhi, blue) and compression (s1i, red, Fig. 4b).
Hydration and deplanarization increased in parallel, consistent
with increasingly disorderedmembranes. WithMito 3 and ER 4,
increasing hydration (blue) was not reected in increasing
deplanarization (red, Fig. 4b).

For the comprehensive analysis of the changes caused by
hyper-osmotic stress, the differences in lifetimes for s1 and s2
were claried rst. Whereas s1i–s1h values (red) around 0.3 ns
were large and signicant in all MOIs, s2i–s2h values (pink) were
negligible (Fig. 4c). The mechano-insensitive s2, corresponding
to hydrate 4h, were thus not further considered as a valid
measure of membrane compression.

To facilitate direct comparability, membrane compression
Ds1 and membrane dehydration Ddh in response to hyper-
2090 | Chem. Sci., 2022, 13, 2086–2093
osmotic stress were converted in percentage of decrease (posi-
tive) or increase (negative) from the value under iso-osmotic
conditions (Fig. 4d, Table 1). Throughout the different MOIs,
decompression Ds1 reported reliably an about 10% decrease
upon hyper-osmotic stress (Fig. 4d, red). In clear contrast,
dehydration Ddh varied from 3% increase to 29% decrease
(Fig. 4d, blue). The most extreme deviations concerned ER
probes with maximal Ds1 responsiveness for tracker 4 and
minimal Ds1 responsiveness for Halo ipper 5E. For dehydra-
tion Ddh, both probes showed high responsiveness. These
extremes could reect the diverse membrane properties of the
ER, with s ¼ 4.1, 3.5 and 3.4 ns reported previously for different
ipper mechanophores in tubular, sheet, and nuclear
membranes of COS7 cells, respectively.15,77 Although less
resolvable in HK cells, this heterogeneity of ER membranes is
also visible in the FLIM images with 4 (Fig. 3). Tracker 4 and
Halo ipper 5E both react covalently with membrane proteins
and report on the respective surrounding ER membrane, which
differs signicantly according to the two HydroFlipper probes.
The extreme values for Halo ipper 5E suggested that other
factors like fractions of mispositioned ipper in more hydro-
philic environment could also contribute to the global outcome
(Fig. 4b, Table 1, entry 8).

The result of the mostly MOI-independent Ds1 and the more
MOI-dependent Ddh naturally afforded inconsistent trends. For
Ds1, the response to tension decreased with 4 > 2, 5G, 3, 1 > 5E,
while Ddh followed the order 5E > 3, 4 > 5G > 2 > 1. In general,
Ddh values (Fig. 4d, blue) increased with membranes disorder
characterized by shorter s1i and low dhi (Fig. 4b), while Ds1
remained more constant until the possible onset of decreases at
very high hydration (5E, Fig. 4d, red). Both observations -
independence of mechanical ipper planarization and depen-
dence of dynamic covalent hydrate formation on the water
concentration in the surrounding membrane - were chemically
meaningful.

The validity of these conclusions was tested by removing
cholesterol with methyl-b-cyclodextrin (MbCD). As expected for
the increased hydration level and decreased order of cholesterol
depletedmembranes, Ddh and Ds1 of 1 and 4 increased by MbCD
treatment compared to those obtained on the same day without
the treatment (Fig. 4e, C). Stronger response of ER HydroFlipper 4
to the cholesterol removal can be attributed to the poorer
cholesterol content in ER membranes than in PM.82 Consistent
with the overall trend, Ddh was more signicantly affected by
changes of the MOI by MbCD treatment than by tension change
(Fig. 4e, blue, C vs. s), while Ds1 responded better to membrane
tension than MOI change (Fig. 4e, red, C vs. s).

Taken together, these results reveal HydroFlippers as rst
dual mode uorescent membrane tension probe, reporting on
membrane hydration and membrane compression at the same
time. Mechanical compression is reported as shi in s, while
tension-induced hydration is reported as change in relative
photon counts for hydrated and dehydrated probes in the
reconvoluted FLIM histograms. The response of ipper depla-
narization to membrane tension is robust and less dependent
on the nature of the MOI, including plasma membrane, ER,
mitochondria, lysosomes and Golgi. In contrast, the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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responsiveness of ipper hydration to membrane tension
depends strongly on the nature of the MOI, generally increasing
with increasing intrinsic disorder, that is hydration, already
under iso-osmotic conditions. These results validate the ipper
probes as most reliable to routinely imagemembrane tension in
cells, while the simultaneous information provided on
membrane dehydration provides attractive possibilities for
biological applications.

Experimental section

See ESI.†
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