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Labeled ammonium cations with pKa ~7.4 accumulate in acidic
organelles because they can be neutralized transiently to cross
the membrane at cytosolic pH 7.2 but not at their internal pH<
5.5. Retention in early endosomes with less acidic internal pH
was achieved recently using weaker acids of up to pKa 9.8. We
report here that primary ammonium cations with higher pKa

10.6, label early endosomes more efficiently. This maximized
early endosome tracking coincides with increasing labeling of
Golgi networks with similarly weak internal acidity. Guanidinium
cations with pKa 13.5 cannot cross the plasma membrane in
monomeric form and label the plasma membrane with

selectivity for vesicles embarking into endocytosis. Self-
assembled into micelles, guanidinium cations enter cells like
arginine-rich cell-penetrating peptides and, driven by their
membrane potential, penetrate mitochondria unidirectionally
despite their high inner pH. The resulting tracking rules with an
approximated dynamic range of pKa change ~3.5 are expected
to be generally valid, thus enabling the design of chemistry
tools for biology research in the broadest sense. From a
practical point of view, most relevant are two complementary
fluorescent flipper probes that can be used to image the
mechanics at the very beginning of endocytosis.

Introduction

In biology, the pKa of functional groups can change strongly to
enable function because the alternative change in pH is usually
not possible.[1–7] In enzymatic catalysis, for example, neutral
amines are essential to access enamine and iminium
chemistry.[8–11] However, alkyl ammonium cations, present in the
side chain of lysines (Lys) in proteins, are only weak acids with
pKa ~10.5 and remain thus protonated in neutral water (Fig-
ure 1A). To produce a neutral amine in neutral water, a second
ammonium cation is thus placed nearby, and charge repulsion
between the two ammonium cations triggers the release of a
proton.[1–4,12–18] This corresponds to an increase of the acidity of
one of the two ammonium cations from pKa ~10.5 to pKa<

8.[8–12] The reverse proximity effect allows to protonate carbox-
ylates in neutral water and provides access to acid catalysis in
biology, including glycosidases, proteases and steroid cycliza-
tion, folding, assembly, transport, and so on.[19–23]

The dynamic range of acidity describes the difference
between the intrinsic pKa of a given acid and the most extreme
pKa this acid can assume temporarily or permanently in
response to demands from the local environment. Naturally,

this dynamic range is not infinite and depends on the context.
In neutral water, the guanidinium cation in the side chain of
arginine is commonly considered beyond the dynamic range of
this acid (Figure 1B).

Examples of deprotonated arginines in protein chemistry
are extremely rare. For instance, a pKa =8.0 has been reported
for pH-sensitive TALK ion channels with a single arginine in a
hydrophobic environment.[24] Their intrinsic pKa is usually given
as 12.5, although it has been argued that this is an under-
estimate, caused by coinciding deprotonation of water, and
that pKa ~13.5 could be more reasonable.[25] This pKa is too high
to allow deprotonation in neutral water to reduce charge
repulsion between guanidinium cations. The only alternative to
minimize charge repulsion within oligoarginines is the tight
binding of counterions (Figure 1B).[26] Repulsion-driven ion
pairing is very strong, but counterion exchange is facile. This
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Figure 1. Acidity changes by proximity effects. (A) The acidity of ammonium
cations, as in lysine, is sufficient to respond to charge repulsion by
deprotonation, producing neutral amines in neutral water. (B) The acidity of
guanidinium cations as in arginine (Arg+) is insufficient for deprotonation in
neutral water, which provides access to repulsion-driven ion pairing with
anions X� as a response to charge repulsion.
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means that counterions will always be bound to oligoarginines
in solution, but their nature can easily change. Such repulsion-
driven counterion exchange cascades to and from anionic lipids
account for the cell-penetrating nature of oligoarginines, which
is the most prominent class of cell-penetrating peptides (CPPs,
Figure 2A).[26–36] Among charge inverted systems, oligonucleo-
tides stand out. For instance, repulsion-driven ion pairing with
cationic amphiphiles produces oligonucleotides that penetrate
membranes[37,38] and is used for their delivery into cells (Fig-
ure 2B).[36,39–45]

Membrane penetration operating within the dynamic range
of acidity is also relevant in chemical biology (Figure 3). In
general, permanent monomeric hydrophilic ions fail to cross
bilayer membranes because they are insoluble in the apolar
core of membranes (Figure 2). However, ammonium cations
with low enough pKa can release their proton on one side of
the membrane and pick up a new proton on the other side
(Figure 3A).[5–7,46] The reverse is also true for sufficiently basic
anions such as carboxylates or fluorides.[47–49]

In the presence of an inside acidic pH gradient from pH 7 to
pH 5, ammonium cations can still cross the membrane toward
the acidic side by transient deprotonation.[5–7,46,50] However, they
cannot return because deprotonation of an ammonium cation
of pKa ~10 at pH~5 is beyond the dynamic range of acidity
(Figure 3B).[51–58] Thus, the passage of ammonium cation across
the membrane with an inside acidic pH gradient is irreversible.

Basic anions such as carboxylates also cross membranes
along inside acidic pH gradients. However, they do not
accumulate on the acidic side because protonation at low pH is
favored (Figure 3B). Although irrelevant in a biological context,
unidirectional translocation of carboxylates should occur along
inside basic pH gradients because their protonation at pH~9 is
beyond the dynamic range of acidity, while ammonium cations

should not accumulate on the basic side of the membrane
(Figure 3C).

Within cells, lysosomes excel with the steepest inside acidic
pH gradient.[51–71] Unidirectional penetration along this strong
pH gradient makes fluorescently labeled ammonium cations
accumulate in the acidic interior of lysosomes (pH~4.7). This is
the molecular basis of most LysoTrackers.[51–58] Morpholinium
cations as in 1 with pKa =7.4 are most commonly used in
LysoTrackers (Figure 4).

During endocytosis, the internal pH gradually decreases
from early endosomes to late endosomes (LE) and lysosomes
(LY, Figure 5a). While morpholino trackers like 1 still label late
endosomes with pH~5.5, they miss early endosomes (EE) with
pH ranging from 6.0 to 6.5 (Figure 5C–E). We reasoned that
morpholinos 1 with pKa =7.4 can enter early endosomes as well
as late endosomes, but also exit by transient deprotonation at
pH>6.0 (Figure 5C, D). The labeling of early endosomes thus
called for less acidic trackers with pKa>7.4. Systematic variation
of the pKa of benzylammonium cations revealed that early

Figure 2. Membrane penetration beyond the dynamic range of acidity. (A)
While the acidity of monomeric guanidinium cations is insufficient to
temporarily release a proton, oligomeric guanidinium cations (e.g., CPPs)
can cross membranes due to repulsion-driven ion pairing and counterion
exchange. (B) Same for weakly basic anions: monomers do not, while
counterion-activated oligomers do penetrate membranes (e.g., DNA lip-
oplexes).

Figure 3. Membrane penetration within the dynamic range of acidity. (A)
The acidity of ammonium cations and the basicity of the carboxylate are
sufficient to temporarily release and accept a proton and cross membranes
as neutral monomers, thereby producing pH gradients in the opposite
direction. (B) Unidirectional penetration of membranes with inside acidic pH
gradient by transient deprotonation of ammonium cations but not
protonation of carboxylates, because the former resist deprotonation at low
pH and are retained, while the latter get protonated at low pH and are not
retained. (C) The complementary unidirectional penetration with inside basic
pH gradient by transient protonation of carboxylate anions but not by
deprotonation of amines.
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endosome labeling increases with decreasing acidity until the
Dmb probe 2 with pKa =9.8 (Figures 4, 5D).[51] This result
supported that unidirectional penetration along minimalist pH
gradients is possible.

Partial tracking of early endosomes with Dmb-Flipper 2
defined the dynamic range of acidity for unidirectional pene-
tration to be larger than pKa (2) – pH (cytosol) and around pKa

(2) – pH (EE). Namely, the dynamic range has to be larger than
ΔpKa =2.6, that is pKa =9.8 of the probe 2 minus pH=7.2 of the
cytosol, otherwise the probe could not penetrate acidic
organelles from the cytosol by transient deprotonation. How-
ever, the dynamic range has to be around ΔpKa =3.5, that is
pKa =9.8 of the probe minus the average pH=6.3 of early
endosomes, otherwise the retention of probe 2 would not be
only partial in early endosomes (Figure 5C, D). This ΔpKa =3.5
for the dynamic range of acidity to penetrate membranes by
transient deprotonation should be quite accurate. With the pH
of early endosomes ranging from 6.0 to 6.5, ΔpKa =3.8 for
probe 2 with pKa =9.8 should result in labeling of all and
ΔpKa =3.3 should give none, while partial labeling is observed.
These hypotheses suggested that probes with pKa =10.1 could
already be sufficient to track all early endosomes. However,
going to the limit of ΔpKa =3.5 for inward penetration from the
cytosol with pH ~7.2, the ideal early endosome tracker would
have a pKa at 7.2+3.5~10.7. In the following, we introduce the
collection of probes 1–5 to provide experimental support for
this conclusion.

MitoTrackers operate with permanent hydrophobic
cations.[51,56–58,72–75] Most common are triphenylphosphonium
cations as in probe 5.[58] The outer membrane of mitochondria
(MC) is generally permeable for small molecules due to the

presence of large pores with little selectivity. The inner
mitochondrial membrane is characterized by a strong, inside
negative potential.[76] This potential drives fluorophores with
permanent positive charge across the membrane, while the
release is hindered by the same potential (Figure 5B). This
potential-mediated directional penetration suggests that weak
cationic acids beyond the dynamic range of acidity around
pKa ~10.7 should track mitochondria instead of endolysosomes.
In support of this hypothesis, after crossing the plasma
membrane (Figure 2A), short CPPs accumulate in mitochondria
while longer ones end up in the nucleoli due to cumulative
repulsion-driven ion pairing with DNA.[72] In the following, also
this hypothesis is validated experimentally.

Trackers 1, 2 and 5 have been prepared to label intracellular
membranes of interest with fluorescent flippers (Figure 4).[58]

These bioinspired[77,78] mechanosensitive probes have been
introduced to image membrane order as well as changes in
membrane tension.[79–81] They are built around two DTT
fluorophores that are twisted out of co-planarity by repulsion
between sulfurs and methyls around the twistable bond.
Physical compression by the surrounding membrane forces the
two DTTs into co-planarity. This turns on a push-pull system
produced by endo- and exocyclic donors and acceptors, which
causes a red shift of the excitation maximum and an increase in
fluorescence intensity and lifetime (Figure 5F). Because it is
concentration-independent, the response in lifetime to physical
compression is most reliable to visualize membrane tension in
live cells by fluorescence lifetime imaging microscopy (FLIM).
Unlike most alternative membrane probes operating off-
equilibrium in the excited state, flippers report physical
compression in equilibrium in the ground state.[81] In uniform
model membranes, increasing tension is reported as a decrease
in lifetime, consistent with lipid decompression. In mixed model
membranes and biomembranes, increasing tension is reported
as an increase in lifetime, suggesting that the response is
dominated by tension-induced membrane reorganization, par-
ticularly domain dis/assembly.

In this report, mechanophoric flipper probes 3 and 4 with
lower acidity of pKa =10.6 and pKa ~13.5 are introduced to
develop universal tracking rules for probes that operate by
unidirectional penetration and determine the dynamic range of
acidity in this context. Being less acidic than 1 and 2, flippers 3
and 4, if within the dynamic range of acidity, should accumulate
within organelles with less acidic interior, label the inner leaflet
of the membrane of these organelles, and image membrane
order and tension in this inner leaflet. The envisioned tracking
rules should be general and work also for simpler fluorophores
as long as they are sufficiently hydrophobic to diffuse across
membranes in neutral form.[6] Fluorescent flippers[81] were
selected to develop the concept because the resulting mem-
brane tension probes, if operational along the envisioned rules,
should provide the chemistry tools to elucidate the mechanics
of early stages on endocytosis.

Figure 4. Cationic flipper probes to elucidate tracking rules in cells, with pKa

and symbols used, counterions not indicated; planarization of the twisted
probes by mechanical forces σ shifts absorption maxima to the red and
increases fluorescence lifetime.
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Results and Discussion

Synthesis and characterization

The synthesis of flippers 1, 2 and 5 has been reported.[81]

Flippers 3 and 4 were prepared analogously by CuAAC (copper-

catalyzed azide-alkyne cycloaddition) of alkyne flipper 6,
accessible in 14 steps from tetrabromothiophene 7,[81] and the
corresponding azides (Schemes 1, S1, S2). The synthesis of
flipper 4 is shown as an example (Scheme 1). Aminohexylazide
9 was reacted with S-methylthiourea 10 to give protected
guanidine azide 11. After the removal of Boc groups, the

Figure 5. Tracking rules for cellular compartments according to the dynamic acidity of probes 1–4, covering a) endocytosis, b) secretory pathway, and c)
mitochondria. (A) Sufficiently acidic cationic probes (1-3) cross the plasma membrane by transient deprotonation; less acidic probes either label the PM (4) or
cross it as CPP-like self-assembled micelles (4m). (B) Probes with pKa ~13.5 that cross the PM accumulate in mitochondria (4m). (C) Due to unidirectional
penetration across minimalist pH gradients, probes with pKa ~10.6 completely label early endosomes, together with GA, LE and LY (3). (D) Probes with
pKa ~9.8 label early endosomes incompletely, together with mostly LE and LY. (E) Probes with pKa ~7.4 label only LE and LY but neither early endosomes nor
Golgi apparatus. (F) In their target membranes, flipper probes report order and tension (σ) by red shift and lifetime increase upon physical compression in the
ground state (Figure 4).
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obtained azide 12 underwent CuAAC with alkyne 6 to afford
target molecule 4.

Mor-Flippers

The morpholino (Mor) flipper 1 with pKa =7.4 has been reported
to target lysosomes and late endosomes (Figure 5) with high
selectivity and report on changes in membrane tension by
changes in fluorescence lifetime.[58] Referred to here as Mor-
Flipper 1 for consistency, it has been commercialized as Lyso-
Flipper-TR® and has already been used to explore the
mechanics of endocytosis.[81]

Dmb-Flippers

With pKa =9.8, the less acidic dimethoxybenzylamine (Dmb)
flipper 2 has been shown to track also early endosomes besides
late endosomes and lysosomes (Figure 5).[51] Changes in mem-
brane tension in early endosomes were detectable by FLIM
using masks made by co-localization with fluorescently labeled
dextran (A647-Dextran) transiting through early endosomes.

Lys-Flippers

The headgroup of flipper probe 3 reproduces the side chain of
lysine (Lys, Figure 4). The acidity of the primary alkyl ammonium
cation is known to be at pKa =10.6.[82] This literature value was
used in this study. The pKa =10.6 of Lys-Flipper 2 exceeds the
pKa =9.8 of Dmb-Flipper 2 substantially. However, as outlined
in the introduction, there is much support in the literature that
the acidity of this ammonium cation should be sufficient to
temporarily deprotonate at pH 7.2–7.4 to diffuse across the
plasma membrane.[1–13] Indeed, many small molecule drugs are
expected to reach their intracellular target by this mechanism.[6]

The unidirectional penetration of early endosomes of Lys-
Flipper 3 should thus be more efficient than with Dmb-Flipper

2 (Figure 5C, D), while the approaching edge of the dynamic
range of acidity foretold a more complex behavior (Figure 5).

Intracellular tracking with Lys-Flipper 3 was explored by
confocal laser scanning microscopy (CLSM) in HeLa Kyoto (HK)
cells (Figure 6). CLSM images were characterized by bright
puncta on an intense intracellular background (Figure 6A). The
nature of the bright puncta was explored by co-localization
with EGF labeled with Alexa-647 (Far-Red, FR). This probe binds
to the EGF receptor (EGFR) and enters cells by endocytosis
(Figure 5a), thus temporarily labeling early endosomes after
10 min (Figure 6B) and then moving on to label late endosomes
one hour after addition.[51] Co-incubation of Lys-Flipper 3 with
EGF-FR for 10 min showed excellent co-localization (Figures 6C,
S2). In merged images with flipper emission colored in green
(Figure 6A) and EGF-FR in red (Figure 6B, left), most of bright
puncta turned yellow (Figure 6B, right). This qualitative impres-
sion was supported by automated high-content microscopy,
which allows the quantitative analysis of many cells in a short
time. The co-localization ratio was defined as the number of
yellow (co-positive) puncta divided by the number of red (EGF-
positive endosomes) puncta. The result confirmed that Lys-
Flipper 3 labeled about 70% of all early endosomes, while the
previous best Dmb-Flipper 2 labeled only about 45% (Fig-
ure 6C).[51] This result was in agreement with the expectation
that the raised pKa of Lys-Flipper 3 hinders the outward passage
across the EE membrane to result in its retention despite the
weak acidity of the EE interior (Figure 5C).

Compared to Dmb-Flipper 2 and particularly Mor-Flipper
1,[51] Lys-Flipper 3 showed clearly more background
fluorescence beyond the bright puncta of early endosomes,
particularly near the nucleus (Figure 6A). According to the
global tracking rules envisioned in this study, unidirectional
penetration and thus retention in the Golgi apparatus (GA)

Scheme 1. Synthesis of Arg-Flipper 4. a) Et3N, CH2Cl2, 16 h, 73%. b) TFA,
CH2Cl2, quant. c) CuSO4

.5H2O, Na-ascorbate, TBTA, CH2Cl2, H2O, MeOH, 1.5 h,
38%. d) 14 steps.[81]

Figure 6. (A) CLSM images of HK cells labeled with Lys-Flipper 3 (green). (B)
Zoomed area of (A) merged with EGF-FR after a 10 min pulse (right), with
the EGF-FR channel for the zoomed area for comparison (red, left). (C) The
ratio of EGF-FR labeled organelles (i. e., EE) co-localized with Lys-Flipper 3,
compared to Mor-Flipper 1, Dmb-Flipper 2 and previously reported benzyl-
amine flipper analogs with finetuned pKa.

[51] (D� F) CLSM images of HK cells
expressing GFP-HaloTag on the membrane of Golgi apparatus (GTS-HaloTag-
GFP, red, E) labeled with Lys-Flipper 3 (green, D) and merged (F). Scale
bars=10 μm.
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could contribute to this additional fluorescence (Figure 5Cb)
besides the obvious retention in late endosomes and lysosomes
(Figure 5D,E). The luminal pH of the Golgi apparatus is similar to
early endosomes and increases from pH 6.0 for trans GA to
pH 6.7 for cis GA (Figure 5b).[59]

To explore this hypothesis, HK cells were transiently trans-
fected to express GTS-HaloTag-meGFP in the Golgi
apparatus.[83,84] After incubation of these cells with Lys-Flipper 3,
significant co-localization of the flipper (green, Figure 6D) and
GFP emission (red, Figure 6E) was found (yellow, Figures 6F, S5).
Most important was the absence of red areas in merged images,
implying complete tracking of all GFP-labeled GA by Lys-Flipper
3 (Figure 6D). In reverse, GA labeling with GTS-HaloTag-meGFP
was clearly incomplete, best visible with entire cells without
GFP (Figure 6D vs 6E, missing red but not green). Incomplete
GA labeling with GTS-HaloTag-meGFP was known to originate
from incomplete transfection, with possible contributions also
from specific localization of the expressed protein, GA fragmen-
tation and other damage. The overall appearance of the Golgi
apparatus in GTS-HaloTag-meGFP transfected HK cells was as
observed previously.[84]

Besides dominant EE and GA tracking, Lys-Flipper 3 also
labeled the plasma membrane weakly (Figure 6A, D). This minor
retention in the plasma membrane decreased and disappeared
within 30 minutes (Figure S12). Incubated at 4 °C, the disappear-
ance of this partial plasma membrane (PM) labeling was slower
(Figure S15). This minor temperature dependence did not imply
that Lys-Flipper 3 enters cells and labels early endosomes
through endocytosis. Temperature and time independent EE,
GA, LE and LY labeling was clearly not consistent with the
endocytic trafficking illustrated by EGF-FR (Figures 6B, right vs
left side, S12). Several parameters were likely to contribute to
the minor temperature dependence of the direct translocation
across the plasma membrane by transient deprotonation of Lys-
Flipper 3, including the poor acidity of the linear alkyl
ammonium cation, membrane reorganization, and so on.

To probe the generality of the proposed tracking rules,
HeLa MZ and RPE1 cells were labeled with Lys-Flipper 3
together with Hoechst 33342 to stain the nucleus (Figure 7A, C).
As in HK cells, bright puncta consistent with EE tracking were
observed, together with background emission for the reasons
described above. In the presence of bafilomycin A1, the puncta
characteristic for EEs disappeared, and Lys-Flippers 3 distributed
more randomly within the cells (Figure 7B, D). Bafilomycins are
polyketide macrolactone natural products that target V-ATPase
and thus inhibit acidification of lysosomes and endosomes.[85]

Inhibition by bafilomycin A1 thus confirmed Lys-Flipper 3 of
targeting early endosomes as expected from the proposed
tracking rules, that is by unidirectional EE penetration along
minimalist pH gradients.

The application of hyperosmotic stress to cells labeled with
Lys-Flipper 3 shortened fluorescence lifetimes to the extent
known for operational flipper probes, including Dmb-Flipper 2
(Figure 8A, B). Building on extensive precedence,[51,81] this
observation implied that Lys-Flipper 3 is operational to image
membrane tension in the tracked membranes (Figure 5F). FLIM
images taken in planes outside the GA, LE and LY rich

perinuclear region allowed to focus lifetime recording on early
endosomes (Figure 8C). Even more specific membrane tension
imaging in early endosomes, if desired, is possible with masks,
as illustrated previously for early endosomes with Dmb-Flipper
2 and masks generated from Alexa-647 Dextran.[51]

In summary, the rather complex staining pattern of Lys-
Flipper 3 is in excellent agreement with its acidity at the edge
of the dynamic range for membrane penetration in neutral
water, that is, the universal tracking rules for unidirectional
penetration elaborated in this study (Figure 5). Most impor-
tantly, Lys-Flipper 3 is found to track early endosomes much
more efficiently (70%) than Dmb-Flipper 2 (45%) at preserved
mechanosensitivity. This finding identifies Lys-Flipper 3 as an
excellent probe to image the mechanics of early endocytosis,
significantly superior to the previous best Dmb-Flipper 2

Figure 7. Spinning disk confocal microscopy images of HeLa MZ (A, B) and
RPE1 cells (C, D) labeled with Lys-Flipper 3 (green) and Hoechst 33342 (blue)
in the absence (A, C) and presence (B, D) of BafA1. Scale bars=10 μm.

Figure 8. FLIM images of Lys-Flipper 3 (1.5 μM) under isotonic (A,
τav =3.53 ns; C) and hypertonic (B, τav =3.38 ns) conditions, recorded at (A, B)
and above (C) the nuclear plane. Scale bars=10 μm.
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(Figures 6C, 8C, 5C, B).[51,81] Additional GA labeling found for Lys-
Flipper 3 is primarily of interest with regard to the completion
and validation of tracking rules for unidirectional penetration
(Figures 5, 6F). The importance of this approach for GA tracking
for use in biology is questionable because the probes operate
at the edge of the dynamic range of acidity, and more selective
approaches to GA tracking operating with cysteine have been
reported.[86–88] However, the possibility to track along the pH
gradient of the Golgi apparatus with the pKa gradient validated
with 1–3 for endosomes could be worth further attention,
depending on biological interest.[59] Weak plasma membrane
labeling by Lys-Flipper 3, finally, has no practical interest
because plasma membrane staining is a solved problem.[81]

However, weak plasma membrane labeling and its dependence
on temperature and time are significant to outline tracking
rules for unidirectional penetration comprehensively and are
consistent with expectations in this context (Figure 5).

Arg-Flippers

Flipper 4 contains a guanidinium cation, mimicking the side-
chain of arginine (Arg, Figure 4). The acidity of this cation is
expected to be at pKa ~13.5.[25] However, as mentioned in the
introduction, the determination of precise values is complicated
by the coinciding deprotonation of water.[25] The literature value
pKa ~13.5 was used in this study.

Cellular imaging experiments with Arg-Flipper 4 were
intriguing because probe localization changed dramatically
depending on conditions that were difficult to control. This
unusual behavior was in good agreement with expectations
from the tracking rules for membrane penetration with cationic
acids developed in this study (Figure 5).

Under certain conditions, including high concentrations
(Figure S9), Arg-Flipper 4 readily crossed the plasma membrane
and targeted inner organelles. Co-localization experiments with
EGF-FR (red) were negative for EE tracking by Arg-Flipper 4
(green, Figures 9A, S4). In clear contrast, MitoTracker GreenTM

(red) showed an excellent co-localization ratio (Pearson Correla-
tion Coefficient PCC=0.9, Figure 9B). Upon depolarization of
mitochondria using FCCP, Arg-Flipper 4 stopped tracking MC
(Figure S8). Incubation at 4 °C, as well as a change of the pH of
the medium during the incubation, did not change the local-
ization of the probe but slightly increased the amount of probe
retained in the plasma membrane (Figure S10, S17).

These results suggested that under the used conditions,
Arg-Flipper 4 self-assembles into micelles 4m that cross the
plasma membrane by temperature-independent repulsion-driv-
en ion pairing (Figure 5A), thus acting like non-covalent CPP
mimics (Figure 2A). Concentration and condition dependent
formation of small and usually non-fluorescent micelles by
flipper amphiphiles in water is common and important for
function since it minimizes background emission.[89] Arrived in
the cytosol, Arg-Flipper micelles 4m partially or fully disassem-
ble due to dilution and unidirectionally penetrate mitochondria,
driven by the FCCP-sensitive membrane potential. Images of
mitochondria tracked with Arg-Flipper 4 were bright because

the high pKa ~13.5 prevented any possible temporary deproto-
nation even in the more basic interior of mitochondria (pH=

7.7, ΔpKa @3.5; Figure 9). Mitochondria tracking and brightness
with Arg-Flipper 4 were at least as good as with the quite
extensively described and used Mito-Flipper-TR® 5,[58,81] and
responsiveness to changes in membrane tension in FLIM was
intact (Figure 9D–F).

Variation of conditions, including lowering of the concen-
tration, redirected Arg-Flipper 4 to the plasma membrane
(Figure 9C). Slow internalization of the probe within around 30
minutes could be inhibited by lowering the temperature to 4 °C
(Figures S13, S16). These results suggested that contrary to
direct penetration of flipper micelles 4m, monomeric flippers 4
that label the plasma membrane enter cells by endocytosis.

Interestingly, Arg-Flipper 4 could be observed to produce
bright puncta in the plasma membrane, which then were
ejected into the cells (Figure 10). These observations suggested
that, reporting on membrane order and tension in FLIM images,
Arg-Flipper 4 could be of interest to image mechanics of the
initial steps of endocytosis. Arg-Flipper 4 co-localized partially
with EGF-FR, especially in regions close to or still connected to
the plasma membrane, indicating the Arg-Flipper 4 at least
partially images endocytic vesicle formation (Figures 10A, C, E,
S3).

Comparison of CLSM images for co-localization (Figure 10A,
C, E) and FLIM images (Figure 10B, D, F) revealed that the bright
puncta in the plasma membrane have a much shorter lifetime.
Moreover, EGF-FR positive puncta had overall lower lifetime
than EGF-FR negative puncta (e.g., Figure 10E; Ac, Cb vs 10F;
Bc, Db). Although FRET between the flipper and EGF-FR could
possibly account for such result, previous studies did not
support this interpretation.[51] With short lifetimes reporting on
low order and/or tension (Figure 5F), the short lifetime of EGF-
FR negative puncta could thus reflect more lipid reorganization
into disordered membrane domains,[90–93] while the even shorter

Figure 9. CLSM images of (A, B) HK cells labeled with Arg-Flipper 4 (1.5 μM,
green) and merged with (A) EGF-FR (10 min after addition, red) or (B)
MitoTracker GreenTM (red), and (C) of HK cells 5 min after addition of Arg-
Flipper 4 (0.5 μM). (D–F) FLIM images of Arg-Flipper 4 (1.5 μM) under isotonic
(D, τav =3.26 ns) and (E) hypertonic conditions (E, τav =3.07 ns), with (F)
lifetimes obtained. Scale bars=10 μm.
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lifetime of EGF-FR positive puncta would then correctly report
the low tension needed for the polymerization of membrane
deforming machinery.[90–97] Consistent with this interpretation,
puncta released from the membrane had overall lower lifetime
than puncta at the plasma membrane (e.g., Figure 10E; Ca vs
10F; Da). These preliminary observations hint at the potential of
Arg-Flipper 4 to image the mechanics of the first steps of
endocytosis.

In summary, Arg-Flipper 4 labels either mitochondria or the
plasma membrane and early events in endocytosis, depending
on conditions during incubation. A shift toward plasma
membrane labeling upon dilution supports that self-assembly
into micelles accounts for mitochondria tracking and explains
why switching selectivity is difficult to control. This complex
behavior of Arg-Flipper 4 is in excellent agreement with the
general tracking rules for unidirectional penetration of cationic
acids elaborated in this study (Figure 5). With an acidity too

weak to release protons in neutral water, monomeric flipper 4
cannot cross the plasma membrane by temporary neutralization
and label the outer leaflet of the plasma membrane (Figure 5A).
Micellar flippers 4m cross the plasma membrane like CPPs by
repulsion-driven ion pairing, unidirectionally penetrate mito-
chondria driven by the membrane potential and are well
retained because they cannot deprotonate also in the more
basic interior of mitochondria (Figure 5Bc). Mito-tracking by
micellar 4m is at least as selective and bright as with Mito-
Flipper-TR® 5 and thus of interest in practice. Plasma membrane
labeling is a solved problem. However, the unique partitioning
of monomeric 4 into inward-detaching vesicles appears excep-
tionally promising to explore the mechanics of early stages in
endocytosis.

Conclusion

Two complementary approaches exist for specific fluorescence
labeling within cells. Cellular engineering with self-labeling
proteins is attractive because it is universal and non-
empirical.[98–101] Empirical tracking appeals because it is simple
and user-friendly, small-molecule probes can just be added to
cells without any engineering.[56–58,98–101] Because of their empiri-
cal nature, the molecular basis of tracking varies broadly. The
unidirectional penetration of membranes along strong pH
gradients and membrane potentials is known to account for the
tracking of lysosomes and mitochondria, respectively.[51,81] These
two trackers take advantage of extreme situations that are easy
to control and understand. The chemical space between the
two extremes is largely unexplored and centers around the
question of the dynamic range of acidity. To map out this
space, this study moves toward and beyond the edge of the
dynamic range of acidity. The results are general tracking rules
for fluorescent probes that operate by unidirectional penetra-
tion along pH gradients.

The obtained tracking rules are summarized in Figure 11. In
brief, probe 1 with pKa ~7.4 unidirectionally penetrates lyso-
somes and late endosomes (pH<6.0) but not early endosomes
(pH 6.0–6.5).[58] Probe 2 with pKa ~9.8 labels also early endo-
somes, although only by 45%.[51] With pKa ~10.6 in probe 3, EE
labeling increases to 70%, and also the Golgi apparatus is
penetrated unidirectionally (pH 6.0–6.7). Probe 4 with pKa ~13.5
fails to enter cells as monomers and thus labels the plasma
membrane, particularly detaching vesicles entering endocytosis,
but crosses the plasma membrane as CPP-like micelles 4m and
labels mitochondria attracted by the membrane potential. The
observed good retention of probe 3 in early endosomes and
the inability of the monomeric 4 to cross the plasma membrane
are consistent with the dynamic range of acidity ΔpKa =3.5�
0.3 to penetrate membranes, deduced from the partial escape
of 2 (pKa =9.8) from early endosomes (pH~6.3). In the given
context, this value can be considered as quite accurate because
the pH within early endosomes ranges from ~6.0 to ~6.5.
Flipper 2 thus should fail to enter early endosomes if the
dynamic range would be ΔpKa>3.8, while it should enter all
early endosomes if ΔpKa<3.2. However, it is understood that

Figure 10. (A, C, E) CLSM images of HeLa Kyoto cells labeled with Arg-Flipper
4 (green) merged with EGF-FR (red) and (B, D, F) FLIM images of the flipper
channel. Scale bars=10 μm.
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this quite precise dynamic range of acidity ΔpKa =3.5�0.3 is
limited to the present context. Structural variations of cations
with constant pKa =9.8 will already change membrane pene-
tration. Beyond penetrating membranes, acidified arginines
with a pKa ~8.0 have been mentioned in the introduction.[24]

Similarly high ΔpKa ~5.5 has been observed for malonate esters
by stabilization of their conjugate enolate bases with anion-π
interactions.[102]

For practical use, access to EE tracking with 70% efficiency
using pKa ~10.6 in Lys-Flipper 3 is most interesting. Coinciding
labeling of LE, LY and GA requires co-labeling analysis with EGF,
which is, however, not further problematic.[51] Contrary to EE
tracking through endocytosis of labeled ligands, EE tracking by
unidirectional penetration is fast, independent of time and
without probe immobilization on a receptor. Arg-Flipper 4 with
pKa ~13.5 shows promise in tracking mitochondria and partic-
ularly in imaging vesicle formation and detachment from the
plasma membrane. Used together, Lys-Flipper 3 and Arg-Flipper
4 thus provide unique and promising tools to explore the
mechanics of the early stages of endocytosis.

Contrary to this tracking of early endosomes with 3 and 4,
the tracking of plasma membrane and mitochondria are solved
problems, and practical contributions from 4 are unlikely in this
context. Established trackers also exist for the ER, which is not
accessible with probes operating by unidirectional
penetration.[56–58,99] The same presumably[86–88] also holds for GA
tracking with 3, although the possibility of variable trans
selectivity from unidirectional penetration might be worth
further attention (Figure 5b).[59] Independent of direct probe
applications, the general objective of this study is of fundamen-
tal nature, that is, to contribute to a global understanding of
probes that operate by unidirectional penetration. The results
are expressed in general tracking rules for use in the
community.

Experimental Section
Please see the Supporting Information.

The data that support the findings of this study are openly
available: https://doi.org/10.5281/zenodo.6496765.
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