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ABSTRACT: Time-resolved fluorescence measurements were used to quantify
partitioning of three different 7-aminocoumarin derivatives into DPPC vesicle bilayers
as a function of temperature. The coumarin derivatives were structurally equivalent except
for the degree of substitution at the 7-amine position. Calculated log P (octanol: water
partitioning) coefficients, a common indicator that correlates with bioconcentration,
predict that the primary amine (coumarin 151 or C151) would experience a ∼40-fold
partition enrichment in polar organic environments (log PC151 = 1.6) while the tertiary
amine’s (coumarin 152 or C152) concentration should be >500 times enhanced (log PC152 = 2.7). Both values predict that
partitioning into lipid membranes is energetically favorable. Time-resolved emission spectra from C151 in solutions containing
DPPC vesicles showed that within detection limits, the solute remained in the aqueous buffer regardless of temperature and vesicle
bilayer phase. C152 displayed a sharp uptake into DPPC bilayers as the temperature approached DPPC’s gel−liquid crystalline
transition temperature, consistent with previously reported results ([J. Phys. Chem. B 2017, 121, 4061−4070]). The secondary
amine, synthesized specifically for these studies and dubbed C151.5 with a measured log P value of 1.9, partitioned into the bilayer’s
polar head group with no pronounced temperature dependence. These experiments illustrate the limitations of using a gross
descriptor of preferential solvation to describe solute partitioning into complex, heterogeneous systems having nanometer-scale
dimensions. From a broader perspective, results presented in this work illustrate the need for more chemically informed tools for
predicting a solute tendency for where and how much it will bioconcentrate within a biological membrane.

■ INTRODUCTION

Solute affinity for biological membranes is an extensively
studied topic, given the importance of membrane partitioning
in pharmaceutical applications and environmental toxicol-
ogy.1−6 The ability for solutes to partition into nonpolar phases
underpins the general phenomenon of bioaccumulation as the
basis for regulatory limits, used to identify harmful levels of
pollutants in natural and municipal water systems.7−10 While
certain methods can be used to identify solutes that are likely
to partition more readily into membranes, most bioaccumu-
lation predictors are based either upon empirical results or
models that simply use properties such as functional group
additivity and overall solute polarity.7,11 Missing are consid-
erations of how subtle structural changes can affect a solute’s
affinity for one solvation environment over another.12

Solute uptake into biological organisms is often reported
using either bioaccumulation or bioconcentration factors, with
the difference being in the source of solute exposure.10

Bioaccumulation is defined as an organism’s uptake of a solute
from any environmental source, including dietary uptake,
inhalation, metabolic transformation, dilution through organ-
ism growth, and excretion.10 Bioaccumulation is often
characterized by the bioaccumulation factor (BAF), which
reports the ratio of the solute concentration in the organism

(CB) relative to the sum of the solute concentrations in
sediment (CS), water (CW), and food (CF) (eq 1).
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The bioconcentration factor (BCF) is the most common
measure of solute partitioning and refers to the solute
absorption through respiratory and dermal surfaces alone.
Diet is not included. The BCF is defined as the ratio of the
concentration of the solute within the organism to the
concentration of the solute in the water (eq 2).10,13
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The BAF and BCF are commonly used to describe a solute’s
persistence in the environment, but they can be difficult to
measure directly. One empirical tool often used to predict a
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solute’s tendency to bioconcentrate in membranes is the
octanol−water coefficient (log P) (eq 3).10,14,15

Plog log
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The log P scale has a long and distinguished history and was
first developed to better understand the intermolecular forces
between synthetic organics and biomacromolecules.16 Prior to
the 1970s, scientists and pharmacologists used the log P scale
as the primary standard to predict narcotic uptake and drug
activity to screen solute bioavailability.3,5 Subsequently, high-
throughput screening (HTS) techniques have been developed,
allowing solutes to be targeted and selected based on the log P
values of analogs. HTS provided the ability to screen several
compounds quickly; however, the resulting solute libraries
required additional filtering to assess chemical functionality.
Thus, HTS techniques started to shift the balance from simple
solute solubility considerations to a more molecular
perspective based on chemical functionality to account for
solute−solute and solute−target interactions.2,5,6,12,16,17
In the l990s, Lipinski et al. proposed a set of criteria for

evaluating solute affinity for absorption, distribution, metabo-
lism, and excretion (ADME) that is now referred to as the
Lipinski Rule of Five (Ro5).2,17 The Ro5 considers certain
molecular properties intended to capture solutes that display
effective ADME behavior. Solutes likely to bioconcentrate will
have (1) molecular weight less than 500 g/mol; (2) a
calculated log P greater than 0 but less than 5.0; (3) 5 or less
H-bond donors; and (4) fewer than 10 H-bond acceptors.5,17

Solutes with some and/or all of these properties, including
candidate pharmaceuticals, are predicted to have the right
balance of hydrophilic and hydrophobic properties allowing for
solubility in the bloodstream and the ability to partition into
the organic interior of membranes. Interestingly, three of the
four criteria of the Ro5 are that criteria depend simply on
solute structure (molecular weight, hydrogen bond acceptors,
hydrogen bond donors). Only the log P criterion requires
experimental measurement; however, log P can also be
calculated using computational tools that combine the additive
partitioning characteristics of a solute’s individual functional
groups.14,16,18−20

The experiments described in this work examine how small
changes in solute structure affect a solute’s tendency to
partition into model biological membranes. Moreover, our
results also identify where in the membrane solutes
accumulate. This work extends the scope of previous studies
that quantified the partitioning a 7-aminocoumarin, Coumarin
152 (or C152, 7-dimethylamino-4-(trifluoromethyl)chromen-
2-one) into lipid vesicle bilayers.21−24 Specifically, the results
presented below illustrate how small changes in solute
structure can induce large changes in solute partitioning into
biological membranes. Furthermore, the small differences in
molecular architecture can create a large difference in the
partitioning behavior which is not captured using a log P
model. The three solutes used in this study are all 7-amino-4-
(trifluoromethyl)chromen-2-one Coumarin derivatives, and
they vary solely in their substitution at the 7-amino position.
C152 is a tertiary amine that can only accept hydrogen bonds,
whereas Coumarin 151 (C151: 7-amino-4-(trifluoromethyl)-
chromen-2-one) is a primary amine capable of both accepting
and donating hydrogen bonds. Both are commercially
available. The corresponding secondary amine is not

commercially available and was synthesized for these studies.
For convenience, this solute was dubbed Coumarin “151.5”
(C151.5: 7-methylamino-4-(trifluoromethyl)chromen-2-one).
In the studies described below, the Coumarin derivatives are
identified collectively as “C15X” (Figure 1).

Log P coefficients for C151, C151.5, and C152 were
calculated using ChemDraw Prime 19.0. These coefficients
scale with increasing hydrophobic content1.6 (C151), 1.9
(C151.5), and 2.7 (C152)but all three values meet the
Lipinski Ro5 log P criterion. It is worth noting the variability in
log P values depends on how they are calculated and/or
measured.25,26 The molecular weight and hydrogen bonding
opportunities also fall within acceptable Ro5 limits, implying
that each solute should show a strong affinity for biological
membranes in comparison to water. Previous studies have
reported that C152 partitions primarily into the polar glycerol-
backbone region of phosphatidylcholine (PC) bilayers, and
that the partitioning behavior is strongly temperature depend-
ent.21−24

The model biological membranes used are lipid vesicles
comprised of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) lipid vesicles. DPPC bilayers create diverse solvation
environments across a distance of ∼4 nm consisting of (1) a
nonpolar, hydrophobic region formed by DPPC’s saturated,
acyl tails; (2) a polar region arising from the lipids’ ester
groups and glycero-backbones; and (3) a zwitterionic
phosphate head group (Figure 2). One point worth noting is
that the environment created by DPPC’s glycerol-backbone
segment is polar but does not contain any explicit hydrogen
bond donating groups.

Results presented here show that at ambient temperatures,
approximately 60% of C152 partitions into the bilayer, with
two-thirds of the partitioned solute molecules localized in the
aprotic polar head group region and one-third solvated by the
lipids’ nonpolar acyl chains. Similarly, ∼60% of C151.5
partitions into the lipid bilayer with all of the partitioned
solutes localized near the lipids’ polar head groups. Contrary to
predictions from the log P model, C151 shows no measurable
partitioning into the lipid bilayer and remains solely in the
aqueous buffer at all temperatures. Temperature-dependent
changes in solute emission lifetimes suggest that the increase in
C152 partitioning as the membrane passes through its gel−

Figure 1. Coumarin derivative structures from left to right: C151,
C151.5, and C152.

Figure 2. Chemical structure of 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC) lipid. Number assignments correlate with various
parts of lipid with the (1) hydrophobic hydrocarbon tail, (2) polar
glycerol-backbone, and (3) zwitterionic phosphate head group.
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liquid crystalline transition is accompanied by water also
moving into the bilayer’s polar head group region. C151.5,
however, shows no corresponding evidence of associating with
the hydration of the bilayer at any temperature. Collectively,
these results illustrate the limitations of using macroscopic
descriptors to infer mechanistic details involving solute
partitioning into biological membranes.

■ EXPERIMENTAL METHODS

Materials. Solvents were purchased from Sigma-Aldrich
and used as received. Millipore water (18.2 MΩ) was used to
make a phosphate-buffered saline. 1,2-Dipalmitoyl-sn-glycero-
3-phsophocholine (16:0 DPPC) was purchased from Avanti
Polar Lipids. Laser grade C151 and C152 were purchased from
Exciton and used as received. C151.5 was synthesized
according to the procedure shown in Scheme 1 with
modification to ref 27. A more detailed description of the
synthesis can be found in the Supporting Information (Figure
SI-1). All bulk solvent solutions were made at 6 μM
concentrations with 1.5 mM DPPC vesicles used for
fluorescence experiments and 20 mM DPPC vesicles made
for thermoanalytical experiments.
Lipid Bilayer Vesicle Preparation. Lipid bilayer vesicles

were prepared by dissolving DPPC in chloroform. The solvent
was then removed via rotary evaporation. The resulting thin
lipid film was subsequently rehydrated using a 6 μM coumarin
and 10 mM phosphate-buffered saline (PBS, pH = 7) to form a
lipid vesicle solution. The solution was sonicated for 30 min at
∼50 °C. The solution was heated (50 °C) and passed through
an Avanti Mini Extruder 10 times with a membrane pore size
of 200 nm.21−24

Time-Correlated Single-Photon Counting (TCSPC).
Fluorescence lifetimes were measured using a Ti:sapphire
oscillator (Coherent Chameleon, 80 MHz, 85 fs pulse
duration, 680−1040 nm wavelength range) coupled with an
APE autotracker capable of frequency doubling the funda-
mental to select solute-specific excitation wavelengths. A
Conoptics model 350-10 modulator was used to reduce the
repetition rate to 4 MHz. Picoquant PicoHarp 300 and
FluoTime 200 software were used for data collection. Samples

were equilibrated at reported temperatures for 5 min using a
Quantum Northwest TC125 control. A neutral density filter
(80% transmission >455 nm) was placed after the sample to
reduce scattering from the vesicles. Photon emission was
collected at wavelengths specific to each solute in bulk solvent
as well as a wavelength that overlapped all emission spectra in
bulk solvents. The excitation wavelength chosen was unique to
each solute in bulk solvent as well as one that overlapped all of
the bulk solvents in the excitation spectra, which was then used
to excite the solute in vesicle solution. The difference in
excitation and emission wavelengths between the bulk solvent
wavelengths used for C15X in vesicle solution did not change
fluorescence lifetimes of that system. Additional details about
this assembly can be found in refs 21, 23, 24, 28, 29.
Time-resolved emission data from vesicle-containing sol-

utions are fit with a linear combination of independent
lifetimes and amplitudes using fitting parameters for that are
adjusted to minimize residuals and optimize χ2. The resulting
fluorescent lifetimes are then compared to lifetimes of the
solute in different solvents chosen to mimic local solvation
environments within the lipid bilayer. The fluorescence decay
and amplitude expression is shown in eq 4, where Ai and τi are
the amplitude and lifetime of the ith component, respec-
tively.30

I t t A e( ) IRF( )
t

i

n

i

t t

0 1

/ i

∫ ∑= ′
τ

=

− − ′

(4)

Each trace was fit independently, without any constraints, for
the lifetimes or amplitudes. The typical χ2 were from 0.9 to
1.10 when accounting for at most three lifetimes. Typically,
uncertainties in lifetimes and amplitudes were 0.2 ns and 0.04,
respectively. Reported data represent the averaged results from
at least four and sometimes as many as six experiments with
independently prepared, equivalent samples. There is an
intrinsic uncertainty in the lifetimes reported of ±0.2 ns due
to the TCSPC instrument response function; however, the
data and error bars presented in this work are four to six trials
averaged together with a standard deviation reported for the
average of those trials. The average lifetimes and amplitudes
and their respective standard deviations are reported for each

Scheme 1. Synthesis of C151.5

Table 1. Fluorescence Properties of C151, C151.5, and C152e

C151 C151.5 C152

solvent
λexc
(nm)

λem
(nm) τf (ns)

a φf
b

kf
b (107

s−1)
λexc
(nm)

λem
(nm)

τf
(ns)a φf

c
kf
c (107

s−1)
λexc
(nm)

λem
(nm) τf (ns)

a φf
d

kf
d (107

s−1)

PBS buffer 336 490 4.51 0.01c 11.8 389 514 3.47 0.31 8.9 400 520
0.62(0.92)

0.05 8.1
4.15(0.08)

methanol 379 479 5.26 0.37d 11.11 388 503 4.50 0.76 16.9 396 509 1.03 0.09 8.3

acetonitrile 367 459 5.24 0.57d 6.97 381 488 5.49 0.28 5.1 392 494 2.07 0.22 9.8

cyclohexane 348 397
1.21(0.65)

0.28d 23.37 356 436 4.03 0.45 11.2 373 426 4.39 0.97 25.1
3.27(0.35)

aLifetimes are ±0.2−0.3 ns. Numbers in parentheses next to lifetimes are amplitudes of that lifetime. bQuantum yields (ϕr) and radiative rates (kr)
reported by Pal et al. and Gobrogge et al.21−24,31 cQuantum yields (ϕr) and radiative rates (kr) measured in this work. dQuantum yields (ϕr) and
radiative rates (kr) reported by Pal et al.32 eFluorescence excitation and emission spectra for all three solutes in bulk solvents are shown in the
supporting information (Figures SI-4−SI-6). How the quantum yields and radiative rates were calculated can be seen in the supporting information.
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specific temperature and only compared to their respective
temperatures.

■ RESULTS

Using the methods described above, we have examined how
the molecular structure of C15X affects partitioning into model
biological membranes. Prior to analyzing solute partitioning
into DPPC bilayers, we measured time-resolved emission data
from the C15X solutes in various solvation environments,
modeled with bulk solvents. The bulk solvents were chosen to
mimic specific solvation environments created within lipid
bilayers: data from C15X in PBS buffer was used to identify the
response from solutes that remained in bulk solution;
acetonitrile approximated the polar aprotic head group region
created by DPPC’s ester groups; methanol was chosen to
characterize solute behavior in polar, protic environments; and
the nonpolar membrane interior was approximated with
cyclohexane. Excitation and emission wavelengths and
fluorescence lifetimes of C151, C151.5, and C152 are reported
in Table 1. Time-resolved emission traces from all three solutes
in bulk solvents are shown in Figure 3. Steady-state spectra for
C15X in the bulk solvents are shown in the Supporting
Information (Figures SI-4−SI-6). For the commercially
available C151 and C152, data in Table 1 agree with
previously reported findings in the literature.29,31,32

Both C151 and C152 show strong solvatochromic responses
in their steady-state emission spectra consistent with an excited
state having charge transfer character. (See the Supporting
Information, Figures SI-4−SI-6.) Where C151 and C152 differ,
however, is in their respective time-dependent emission
properties in bulk solvents. In polar solvents, C151’s time-
resolved emission is characterized by a single exponential decay
having relatively long lifetimes that depend on proticity. In the
PBS buffer, C151’s emission lifetime is 4.51 ns; in both
methanol and acetonitrile, the emission lifetime lengthens to
5.25 ns. In a nonpolar solvent (cyclohexane), the dominant
contribution to a biexponential decay is considerably shorter
(1.21 ns). C151’s solvent-dependent emission behavior has
been attributed photoisomerization, where excited state C151
can form a planar intramolecular charge transfer (ICT) state
that is stabilized in polar media.29,31,32 In contrast to C151,
C152 is believed to form a nonradiative, twisted intramolecular
charge transfer (TICT) state in polar, protic environments
with a correspondingly short, sub-ns emission lifetime.31−33 In
nonpolar solvents that do not enable the nonradiative decay
pathway, C152’s lifetime lengthens to 4.39 ns. Solute emission
lifetimes are largely independent of temperature over the 10−
70 °C window used in this work, with lifetimes changing by
≤0.4 ns between the two extremes.
C151.5’s photophysical properties are being reported for the

first time, we note that C151.5’s steady-state emission red-
shifts almost 80 nm as solvent polarity changes from a
nonpolar limit (cyclohexane) to an aqueous environment
(Figures SI-4−SI-6). This large bathochromic shift implies that
C151.5’s first excited statelike those of C151 and C152
also has a degree of charge transfer character. From the
perspective of using C151.5 as an intermediate for testing
membrane partitioning and the accuracy of log P as a
partitioning predictor, C151.5’s time-dependent emission
behavior shows measurable differences between C151.5 in
the different bulk solvents with ∼0.5 ns differences between
the PBS buffer (3.47 ns), cyclohexane (4.03 ns), methanol
(4.50 ns), and acetonitrile (5.49 ns).
Using ChemDraw Prime 19.0, we calculated log P values for

C151 (1.6), C151.5 (1.9), and C152 (2.7). ChemDraw Prime
uses a summation of the lipophilicity of each of the molecule’s
functional groups to calculate the log P value. We note again
that all C15X solutes meet the Lipinski Ro5 criteria and should
be suitable candidates for bioconcentration in lipid membranes
with C152 (log P = 2.7) having the highest affinity and C151
(log P = 1.6) the lowest. The log P value predicts that C151.5
(log P = 1.9) should behave more like C151 than C152.
Figure 4 shows the temperature-dependent time-resolved

emission from all three C15X solutes in solutions containing
DPPC vesicles. As noted in the Experimental Methods section,
each decay was fit using eq 4 and the resulting lifetime and
amplitude data are reported in Table 2. For all emission traces,
the minimum number of lifetimes were included that could
adequately describe the data as determined from the resulting
residuals and χ2 values. Data for selected temperatures are
reported in Table 2, and Figure 5 summarizes the lifetime
results for all three solutes in DPPC vesicle solutions measured
as a function of temperature. A full collection of lifetimes and
amplitudes is provided in the Supporting Information (Table
SI-1). An important point to note is that no effort is made to
constrain the C15X calculated lifetimes in vesicle solutions to
those measured in the bulk solvents. Rather, C15X lifetimes in
vesicle solutions were first calculated and then compared to

Figure 3. TCSPC spectra of 6 μM coumarins in bulk solvents taken at
10 °C. Top panel shows data for C151; the middle panel shows data
for C151.5 and the bottom panel shows data for C152. Results from
fitting these emission traces to eq 4 are reported in Table 1. Gray
trace is instrument response function (IRF).
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bulk solvent lifetimes to determine the nature of the local
solvation environment the solutes experiences and if/when
they were absorbed by the bilayer. Furthermore, even though
data shown in Figure 4 were acquired using single excitation
and emission wavelengths, these wavelengths were chosen so
that they overlapped with excitation and emission spectra of
the C15X solutes in all four model solvents. Control
experiments demonstrated that in the model solvents, emission
lifetimes did not change from those reported in Table 1

(acquired at different wavelengths) and those measured with
the common excitation wavelength. (Data not shown.)
Several observations about the data in Figure 4 and Table 2

stand out. First, fluorescence emission trends of C15X differ

Figure 4. TCSPC spectra of Coumarins in DPPC as a function of
temperature. Top panel shows data for C151; the middle panel shows
data for C151.5 and the bottom panel shows data for C152. Results
from fitting these emission traces to eq 4 are reported in Table 3.

Table 2. Selected Fluorescence Lifetimes (in ns) and Amplitudes (in Parentheses) of Coumarins in DPPC at a Temperature
Ramp from 10, 30, 50, and 70 °C and Back Down to 10 °C

C151 C151.5 C152

temp. (°C) buffer τ1 buffer τ1 (A1) polar τ2 (A2) buffer τ1 (A1) polar τ2 (A2) nonpolar τ3 (A3)

10 4.62 3.37 (0.34) 5.73 (0.66) 0.62 (0.43) 2.27 (0.39) 4.55 (0.18)
30 4.52 3.22 (0.48) 6.09 (0.52) 0.45 (0.47) 1.99 (0.49) 4.56 (0.04)
50 4.81 3.48 (0.29) 5.59 (0.71) 0.35 (0.10) 1.03 (0.88) 4.61 (0.02)
70 4.52 3.19 (0.54) 6.03 (0.46) 0.32 (0.20) 0.65 (0.78) 4.25 (0.02)
50 4.69 3.36 (0.29) 5.74 (0.71) 0.39 (0.11) 1.03 (0.87) 4.73 (0.02)
30 4.57 3.18 (0.39) 6.16 (0.61) 0.43 (0.42) 1.88 (0.53) 4.41 (0.05)
10 4.70 3.09 (0.30) 6.15 (0.70) 0.65 (0.43) 2.34 (0.38) 4.56 (0.19)

aAmplitudes have been corrected for their respective radiative rates (see text). Uncertainties in lifetimes are ±0.2 ns; uncertainties in amplitudes are
±0.04.

Figure 5. Fluorescence lifetimes of C15X in DPPC with three
potential partitioning environments: PBS buffer (τ1, red circles), polar
head group (τ2, green squares), and nonpolar tails (τ3, blue triangles).
The dashed lines represent DPPC transition temperature from gel to
liquid-crystalline state at 41 °C. Error bars on each point reflect the
one standard deviation uncertainty of several (4−6) measurements
averaged together. In some cases, the uncertainty is smaller than the
symbols used to represent the data.
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significantly as a function of temperature. While emission
lifetime from C151 does not change as the vesicle solution
temperature is cycled from 10 to 70 °C and back down, C152
emission changes markedly. C151.5 time-resolved emission
lifetimes show small but measurable changes as a function of
temperature. C151 emission can be fit with a single lifetime of
∼4.6 ns, a result that is indistinguishable from C151 emission
in pure PBS buffer. On this basis, we conclude that C151 does
not partition into the DPPC vesicle bilayers, despite its
favorable structural properties and log P value.
Fitting C152’s time-resolved emission requires a minimum

of three exponential decays: a long decay corresponding to a
fluorescence lifetime ≥4 ns, a short, sub-ns lifetime, and an
intermediate lifetime that changes reversibly from 2.2 ns at 10
°C to 0.6 ns at 70 °C. Similar to C152’s 4.4 ns lifetime in
cyclohexane, the longer lifetime is assigned to C152 in the
nonpolar environment created by DPPC’s acyl chains. These
results match previously reported findings.21−24 The short
lifetime matches C152’s behavior in PBS buffer. The
intermediate lifetime changes from a polar aprotic limit (2.2
ns) to a polar protic limit (≤1ns) as the solution passes
through its gel−liquid crystalline transition temperature
(Tgel−lc) at 41 °C. This behavior has been observed previously
and has been interpreted as evidence of water intercalation into
the polar region of the lipid bilayer as the bilayer melts.21 The
relevance of this shift in fluorescence lifetime corresponding to
the lipids phase transition for solute partitioning is discussed in
more detail below.
C151.5’s time-resolved emission is characterized by two

fluorescent lifetimes: a short lifetime of ∼3.3 ns that is assigned
to C151.5 in the PBS buffer and a longer lifetime of 5.9 ns that
is longer than emission in any bulk solvent, but most closely
matches C151.5 emission in a polar, aprotic environment (5.5
ns). The population of C151.5 responsible for this long-lived
emission is assigned to C151.5 that has partitioned into the
lipid bilayer’s polar head group and glycerol-backbone regions.
Unlike C152, this long C151.5 lifetime does not show evidence
of transitioning to a value consistent with polar, protic
solvation as the bilayer passes through Tgel−lc. As discussed
below, we believe that these observations provide important
details about the mechanisms responsible for C152 and C151.5
partitioning into DPPC membranes.
Data in Figure 4 can be used to determine quantitative

populations of solutes partitioning into DPPC membranes
after the amplitudes have been corrected for their respective
radiative rates.22 To do this, we used radiative rates for C152 in
the bulk solvents that most closely approximated the
corresponding lifetimes that were used (Amplitude data in
Table 2 are radiative rate corrected and correspond to the
solute population within the membrane). C151’s radiative rate
in water has been reported previously and was confirmed in
our own laboratory. C151.5’s quantum yields and radiative
rates in various solvents are reported here for the first time.
Radiative rate corrected amplitudes from the time-resolved
emission data in Figure 4 are shown in Figure 6.
While C152 and C151.5 show changes to their respective

fluorescence decay’s as a function of temperature, C151 shows
no change in its fluorescence lifetimes and is assumed to
remain completely in the aqueous solution. As reported
previously, C152 shows strong uptake by the bilayer in the
vicinity of the gel−liquid crystalline transition temperature (41
°C) with up to 90% of the available solute molecules absorbed
into the bilayer.22 Based on lifetime amplitudes, above the

Tgel−lc, C152 exsolvates out of the aqueous buffer and the
nonpolar region of the bilayer into the polar head group where
88% of C152 is localized. This behavior is reversible as the
temperature is cycled above and below the Tgel−lc.
Despite having structural similarities and a similar log P

value to C151, C151.5 shows behavior more similar to that of
C152. Specifically, the biexponential decay of C151.5 in DPPC
implies that C151.5 has some affinity for the DPPC membrane
and the radiative rate adjusted amplitudes show that up to 70%
of the C151.5 is solvated in a polar, aprotic environment near
the transition temperature. Above the transition temperature,
partitioning appears to be enthalpically unfavorable as further
increases in temperature drive a small amount of exsolvation
from the bilayer back into the aqueous solution. However,
C151.5 does not show the same dramatic uptake by the DPPC
bilayer in the vicinity of the transition temperature, nor does
C151.5 ever show any affinity for the nonpolar lipid bilayer
interior. C151.5’s amplitudes suggest more nuanced partition-
ing behavior below the transition temperature (with evidence
for small amounts of exsolvation below 41 °C), but
interpreting these observations would require additional

Figure 6. Radiative rate corrected fluorescence contribution of C15X
in DPPC with three potential contribution environments: PBS buffer
(τ1, red circles), polar head group (τ2, green squares), and nonpolar
tails (τ3, blue triangles). The dashed lines represent DPPC transition
temperature from gel to liquid-crystalline state at 41 °C. Error bars on
each point reflect the uncertainty of several measurements averaged
together.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://dx.doi.org/10.1021/acs.jpcb.0c06109
J. Phys. Chem. B 2020, 124, 8299−8308

8304

https://pubs.acs.org/doi/10.1021/acs.jpcb.0c06109?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c06109?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c06109?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c06109?fig=fig6&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c06109?ref=pdf


experiments with finer temperature resolution between 10 and
40 °C.
Given the markedly different affinities C15X solutes appear

to have for DPPC bilayers, we performed differential scanning
calorimetry (DSC) measurements determine if solute parti-
tioning affected the gel−liquid crystalline melting temperature
of pure DPPC bilayers. DSC traces shown in Figure 7 illustrate

that DPPC’s Tgel−lc remains unchanged by partitioning of
coumarin solutes, even C152. This result is surprising given the
strong uptake of C152 into the bilayer near the transition
temperature. DSC traces of DPPC vesicle-containing solutions
with C151.5 also show no difference from data acquired with
pure DPPC vesicle solutions.

■ DISCUSSION
Given the findings shown in Figure 5 and 6 and reported in
Table 2, two phenomena require explanation:

• Differences in C15X uptake by the lipid bilayer as a
function of solute identity and temperature

• The role of water in C15X/DPPC bilayers solvation.

The discussion below considers each phenomenon, focusing
on changes in DPPC vesicle bilayer structure as it melts and
the noncovalent associations that are involved as well as the
membrane hydration as a function of the bilayer phase.
Differences in C15X Uptake. Solute transfer between two

adjacent (liquid) phases is often analyzed in the context of a
Flory−Huggins model that considers the volume changes
required for a solute to migrate from one medium into the
other (eq 5).34,35
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Here, Δ(ΔG)FH is a Flory−Huggins-based description of the
solvation energy change when a solute migrates between
phases, [x]i is the concentration of the solute in the organic
and aqueous phases, and Vi are the molar volumes of the
solute, water, and organic medium. Given that VC152 > VC151.5 >
VC151 and that Vaq < Vorg (where Vorg for DPPC will correspond
that part of the organic structure that must be rearranged to
accommodate an incoming solute), eq 5 predicts that C152

partitioning into the bilayer should make the largest favorable
(=negative) contribution to the system’s overall free energy.
This same size-only consideration predicts that C151
partitioning will have the smallest impact on Δ(ΔG)FH.
C151.5’s contribution to Δ(ΔG)FH will be intermediate
between the C152 and C151. Qualitatively this description
captures differences in C15X partitioning at temperatures
above Tgel−lc.
This Flory−Huggins description, however, cannot account

for all of the observed partitioning behaviors. At the lowest
temperatures sampled in this work (10 °C), ∼20% more
C151.5, compared to C152, partitions into the bilayer (Table
2). The amount of C151.5 in the bilayer changes little as a
function of temperature, varying between ∼70 (50 °C) and
∼50% (70 °C). Across most of the temperature range sampled,
the amount of C151.5 in the bilayer fluctuates between ∼55
and 60%. In contrast, C152 partitioning shows a strong
temperature dependence with ∼90% of the available solute
taken up by the membrane at 50 °C and ∼55% at 10 °C.
Previous descriptions of C152 partitioning into DPPC lipid

bilayers have included a van’t Hoff analysis and noted that
C152 partitioning showed several temperature discontinu-
ities.21 Above Tgel−lc, C152 partitioning was exothermic
(ΔHpartitioning = −48 kJ/mol) and entropically unfavorable
(ΔSpartitioning= −133 J/(mol K)). At temperatures well below
the melting transition, C152 partitioning was weakly
exothermic (ΔHpartitioning = −8 kJ/mol) and, again, entropically
unfavorable (ΔSpartitioning= −26 J/(mol K)). Between 30 and 40
°C, however, C152 partitioning became endothermic
(ΔHpartitioning = +85 kJ/mol) and entropically favorable
(ΔSpartitioning= 278 J/(mol K)).21 These quantitative enthalpic
and entropic changes between 30 and 40 °C coincide with the
temperature window where DPPC bilayers exist in a
metastable “ripple” phase characterized by domains of a
splayed gel phase and a crystalline, interdigitated gel phase
separated by regions of disordered lipids.36

A similar van’t Hoff analysis has been performed with the
C151.5 partitioning data (Supporting Information, Figure SI-8.
Data for C152 are included for comparative purposes in Figure
SI-9). In the pretransition temperatures (Tpre), below Tgel−lc,
the thermodynamic quantities associated with C151.5
partitioning show striking differences from those of C152.
Specifically, from the lowest temperature sampled in this work
10−40 °C, C151.5 partitioning shows virtually no thermal
dependence (ΔHpartitioning = −2.5 ± 2 kJ/mol; ΔSpartitioning =
−3.2 J/(mol K)). Above the transition temperature, C151.5
partitioning shows a similar dependence to C152, but with
slightly attenuated enthalpic and entropic contributions.
(ΔHpartitioning = −48 kJ/mol; ΔSpartitioning = −142 J/(mol K)).
Results from the van’t Hoff analyses for both solutes are
reported in Table 3.
These differences between C151.5 and C152, especially

below Tgel−lc, are striking and suggest that their partitioning
behaviors are driven by fundamentally different mechanisms.
C151.5 partitioning is largely insensitive to the bilayer phase
and system temperature, whereas bilayer disorder significantly
enhances C152 partitioning. Again, we note that C151 shows
no measurable tendency to associate with the bilayer at any
temperature. The sole structural differences between the three
solutes occur at the 7-amine position. All three solutes can
accept hydrogen bonds through the amine’s lone pair (as well
as each solute’s ester group), but C152 cannot donate

Figure 7. DSC spectra of pure DPPC vesicle solutions and DPPC
vesicle solutions containing 6 μM C151, C151.5 or C152. All
transitions are endothermic and offset for ease of viewing.
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hydrogen bonds, whereas C151 and C151.5 can donate 2 and
1 hydrogen bonds, respectively.
In light of the C15X behaviors shown in Figure 6 and Table

3, we propose that C151’s ability to form strong hydrogen
bonds with the aqueous buffer prevents it from partitioning
into the bilayer, despite a favorable log P value of 1.6. Below
Tgel−lc and in the Tpre, DPPC vesicles are irregularly shaped and
adopt “crumpled” structures with complex, irregularly shaped
topological defects.37 Similarities in the C151.5 and C152
behavior at lower temperatures imply that noncovalent
association is driving both species to partition into the
bilayerpresumably through defects in the well-ordered,
frozen bilayer membrane structurewith those solutes in the
polar head group region being solvated in an aprotic
environment. Compared to C151.5, a larger fraction of the
more hydrophobic C152 partitions into the hydrophobic
region created by the acyl chains. As the membrane begins to
melt (at the pretransition), the disordered region(s) of the
bilayer can accommodate more C152, albeit at an enthalpic
cost of +85 kJ/mol. Driving this partitioning, however, is an
accompanying increase in system entropy that results from
removing the hydrophobic solute from its aqueous solvation
cavity. From a molecular perspective, C152 partitioning can be
enhanced by the large lateral density fluctuations reduction
that accompany the formation of DPPC’s disordered
phase.38,39 Data reported in Table 3 show clearly that
C151.5 is not sensitive to the bilayer structure below Tgel−lc.
Above Tgel−lc both C152 and C151.5 show similar partitioning
behaviors with solute exsolvation from the bilayer being driven
by a large, exothermic contribution. The negative change in
partitioning entropy above Tgel−lc for both solutes is interpreted
as a loss of entropy in the buffer as the solvent needs to
accommodate the relatively hydrophobic solutes.
Water’s Role in Solute Partitioning. The second

observation from the C15X partitioning data requiring
discussion is apparent in Figure 5: C152’s polar head group
solvation lifetime shortens from 2.3 ns at low temperatures to
≤1.0 ns at higher temperatures. This change implies that C152
solvation in the polar head group region changes from a polar,
aprotic environment to a polar, protic environment as the
DPPC bilayer melts. In contrast, C151.5’s polar head group
solvation lifetime remains relatively constant at 5.9 ± 0.2 ns
across the entire temperature range sampled. As noted in the
results section, this value most closely matches C151.5 solvated
in a polar, aprotic environment (τ = 5.5 ns in acetonitrile) and

is far from the C151.5 emission lifetime in polar, protic media
(τ = 4.5 ns in methanol; 3.5 ns in aqueous buffer).
Studies have shown that water content in a lipid bilayer

increases when the bilayer transitions from its gel to liquid-
crystalline state.40−43 As a DPPC bilayer passes from its well-
ordered gel state to disordered liquid crystalline, the
membrane swells and the average area per lipid molecule
increases from 57 to 65 Å2/lipid.44−46 Pandey et al. used
classical molecular dynamics simulations to predict that in the
expanded state, the choline’s cationic N(CH3)3

+ group folds
toward the membrane, bringing with it noncovalently bound
water molecules.47 This same study predicted that above the
transition temperature, water molecules could be found
throughout the nonpolar tails albeit with decreasing concen-
tration. Similarly, Alarcon, et al. calculated that the amount of
water in the bilayer doubled as the bilayer passed from its gel
to liquid-crystalline state.40 This prediction from classical MD
simulations was verified by Umakoshi and co-workers who
used time-resolved emission spectra from the probe Laurdan to
create “water maps” and estimate water population per lipid.43

Water in the bilayer tends to be organized in string or
branched structures having lower H-bond coordination with
only a small population of isolated monomers.40

We propose that C152 solvation in DPPC bilayers is
sensitive to bilayer hydration, while C151.5 solvation in the
bilayer is not. From this difference, we infer that C152 solvated
in the polar head group region is not as strongly associated
through noncovalent interactions with the polar head group as
is C151.5. If this supposition is true, C152 will be able to
utilize the increased water concentration in the bilayer that
accompanies melting to accept a hydrogen bond through
C152’s amine lone pair. In contrast, if C151.5’s noncovalent
interactions in the polar head group regionmost notably
hydrogen bonds to either the choline or ester groupsare
suitably strong and prevent partitioned solutes from interacting
with water molecules already in the (gel-phase) bilayer, then
we surmise C151.5 will be insensitive to the influx of additional
water following melting. While this interpretation is admittedly
speculative and does not explicitly consider the specific
contributions from water entering the bilayer, it does raise
interesting questions about the role water plays in facilitating
bioconcentration and intramembrane chemistry.

■ CONCLUSIONS

Understanding a solute’s tendency for bioconcentration is a
topic of interest as it could lead to adverse ecological or
physiological effects and require a costly remediation in the
future. This work examined how three closely related 7-
aminocoumarin solutes partitioned into DPPC lipid bilayers as
a function of temperature. All three solutes have log P values
that predict strong membrane affinity; however, each solute
exhibited distinctively different partitioning behavior. C151
with a log P value of 1.6 showed no partitioning into the DPPC
bilayer regardless of temperature and lipid bilayer phase.
C151.5 has a log P value of 1.9 partitioned only into the
bilayer’s polar head group region, and the amount of C151.5
that partitioned into the bilayer varied only slightly with
temperature and lipid bilayer phase. C152 partitioning showed
a strong temperature dependence with ∼90% of the available
solute being absorbed into the bilayer near the DPPC
transition temperature, qualitatively consistent with a log P
value of 2.5.

Table 3. Results from a van’t Hoff Analysis of C151.5’s
Temperature-Dependent Partitioning Behaviora

C151.5 C152

ΔH (kJ/mol) T < Tpre −2.5 −8
Tpre ≤ T ≤ Tgel−lc 85
T > Tgel−lc −48 −48

ΔS (J/(mol K)) T < Tpre −3.2 −26
Tpre ≤ T ≤ Tgel−lc 278
T > Tgel‑l−c −142 −133

a(See Figure SI-8). Uncertainties in reported enthalpies are ≤4 kJ/
mol, and uncertainties in reported entropies are ≤10 J(/mol K).
Values reported for C152 are included for comparative purposes and
were taken from ref 21 (see Supporting Information Figure SI-9).
Note that the signs of ΔH and ΔS assume that C15Xaq is the
“reactant” and C15Xmembrane is the “product”.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://dx.doi.org/10.1021/acs.jpcb.0c06109
J. Phys. Chem. B 2020, 124, 8299−8308

8306

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c06109/suppl_file/jp0c06109_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c06109/suppl_file/jp0c06109_si_001.pdf
pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c06109?ref=pdf


These differences illustrate clearly that membrane partition-
ing and the tendency of a solute to bioconcentrate depends on
more than simply differential solubilities between aqueous and
polar organic (e.g., 1-octanol) phases. In predicting bio-
concentration, additional factors must be considered, including
specific solvation forces such as solute-hydrogen bonding. The
data suggest differences in partitioning mechanisms that
provide clear benchmarks for further experimental and
computational studies.
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