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Restricted intramolecular rotation
of fluorescent molecular rotors

at the periphery of aqueous
microdroplets in ol

Jooyoun Kang®%*, SangMoon Lhee’*, Jae Kyoo Lee?, Richard N. Zare?** & Hong Gil Nam*3**

Fluorescent molecular rotor dyes, including Cy3, Cy5, and Alexa Fluor 555, dissolved in micron-sized
aqueous droplets (microdroplets) in oil were excited, and the fluorescence intensity was recorded as
function of time. We observed lengthening of the fluorescence lifetime of these dyes at the water-
oil periphery, which extended several microns inward. This behavior shows that intramolecular
rotation is restricted at and near the microdroplet interface. Lengthened lifetimes were observed

in water microdroplets but not in microdroplets composed of organic solvents. This lifetime change
was relatively insensitive to added glycerol up to 60%, suggesting that solution viscosity is not

the dominant mechanism. These restricted intramolecular rotations at and near the microdroplet
periphery are consistent with the reduced entropy observed in chemical reactions in microdroplets
compared to the same reaction conditions in bulk solution and helps us further understand why
microdroplet chemistry differs so markedly from bulk-phase chemistry.

Aqueous microdroplets (approximately 1-30 um in diameter) exhibit unique physicochemical properties that
drive the acceleration of various chemical reactions by the factor of 10° or more compared to bulk solution'~.
Even more interestingly, the thermodynamic properties of chemical reactions in microdroplets are also altered to
allow thermodynamically unfavorable reactions such as phosphorylation of sugars and redox reactions to occur
spontaneously without an added energy source’™*. The interface of an aqueous microdroplet has different prop-
erties from a planar water interface'"'”. It appears that a strong electric field exists at the microdroplet interface,
although the magnitude remains to be firmly established'®-?2. In addition, vibrational spectroscopy suggested
that the interface of a water nanodroplet shows significantly stronger hydrogen bonds than that of the planar
liquid hydrophobic/water interface'*. Moreover, the fluorescent dye rhodamine 6G in aqueous microdroplet has
been shown to be localized and aligned near a water—oil interface, showing that translational and intramolecular
rotations are restricted in the microdroplet environment'”. These observations provide a possible explanation of
why the kinetics and the thermodynamics of chemical reactions in microdroplets differ from the ones in bulk
solution. These findings further motivated us to explore whether molecular motions such as internal molecular
rotation are perturbated in microdroplets.

For this investigation, we monitored the behavior of intramolecular motion in microdroplets by measuring
the fluorescence lifetime of electronically excited molecular rotors. Fluorescence lifetime imaging microscopy
(FLIM) has been used for mapping the local mechanical properties of small, confined volumes such as micro-
bubble shells and aerosols!®!”*. We employed several molecular internal rotor fluorescent molecules, including
Cy3, Cy5, and Alexa Fluor 555 (AF555). These internal rotor molecules undergo rapid cis—trans isomerization,
which results in loss of energy through nonradiative processes, leading to shortening the fluorescence lifetime**.
Thus, the change in the microenvironment that restricts the intramolecular rotational movement, such as high
viscosity, polarity, and temperature, can be estimated by examining the lengthening of fluorescence lifetime of
an internal rotor molecule®.
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Results and discussion

Fluorescence lifetime lengthening of cyanine dyes in aqueous microdroplets. First, we tested
Cy3 dye, an open-chain trimethine cyanine dye, which contains a conjugation bridge capable of cis—trans
isomerization (Supplementary Fig. Sla) as a probe for detecting changes in the intramolecular rotation in the
bulk solution. We measured the lifetime of Cy3 dyes in the bulk aqueous solution containing different concentra-
tions of glycerol, which induces lengthening of the lifetime of fluorescent molecular rotors, mainly, by increasing
the viscosity of solution which slows down the rate of intramolecular rotation®. The lifetime of Cy3 gradually
increased from 0.18 ns in bulk water to 1.8 ns in 100% glycerol, showing that Cy3 is an effective probe for
intramolecular rotation. The relative change in the intramolecular rotation can be estimated from the acquired
calibration curve (Supplementary Fig. S1b).

To measure the change of the intramolecular rotational movement in microdroplets, we prepared micro-
droplets containing 1-uM Cy3 dye by ultrasonically emulsifying the mixture of water containing Cy3 dye and
immersion oil (1:10 ratio, v/v). Figure 1a shows the schematic of the experimental setup for imaging of micro-
droplets. The solution containing aqueous microdroplets in oil was mounted on a glass coverslip and imaged
with a confocal microscope equipped with FLIM measurement instrumentation. To avoid possible physical or
chemical influence of the glass surface on both microdroplet and the bulk solution, we carried out the imaging
of microdroplets located at least 4 um above the coverslip.

Figure 1b shows a FLIM image and fluorescence lifetime data of Cy3 in an aqueous microdroplet that has a
radius of approximately 5 um. The fluorescence lifetime of Cy3 at the peripheral region of aqueous microdro-
plets exhibited a much-increased fluorescence lifetime (red, Tyesiphery = 0.86 ns) compared to the central region
(blue, Teenier=0.17 ns) and in bulk water solution (grey, Ty, =0.18 ns) (Fig. 1b,d). These data show that the
intramolecular rotation of Cy3 is highly restricted at the periphery of oil-confined water microdroplets. We
further compared the fluorescence decay temporal curves of Cy3 in bulk water and the central and peripheral
regions of microdroplets. The decay curves were fitted by either a single- or bi-exponential function, depending
on the shape of the decay curve. The decay curves in bulk water and the central region of the microdroplets were
similar to each other, and they were fitted to a single exponential decay curve. However, the decay curves at the
periphery of microdroplets were different from those in bulk water or in the central region of microdroplets.
These decay curves were slower and appeared to have multi-exponential behavior. The data shown is the result
of fitting to the bi-exponential function. The result showed that the fluorescence lifetime characteristic of Cy3
has changed in the peripheral region.

By comparing the increased fluorescence lifetime (Tyeriphery =0.86 ns) at the periphery of water microdroplets
and the calibration curve shown in Supplementary Fig. S1b, the degree of the intramolecular rotation at the
periphery of microdroplets is equivalent to that of a 65 wt% bulk glycerol solution. From the comparison of the
viscosity value of the 65 wt% glycerol solution (~ 16 mPa-s at 20 °C) with that of water (~ 1.0 mPa-s at 20 °C), it
can be assessed how resistant the water near the periphery region of microdroplets is for intramolecular rota-
tion. In contrast, the lifetime of Cy3 at the central region remained almost unaffected. This result shows that the
degree of the restriction of Cy3 in microdroplets depends strongly on the radial location inside the microdroplet.

In order to confirm that the increase in the fluorescence lifetime was caused by the restriction of intramolecu-
lar rotation, we employed Cy3B dye, which has the same common chromophores as Cy3 but has a rigid backbone;
therefore, Cy3B has a fixed conformation (Supplementary Fig. S1a)?. Unlike Cy3, Cy3B had a constant lifetime
in various concentrations of glycerol solutions, showing that the lifetime of Cy3B is not influenced by adding
glycerol to water (Supplementary Fig. S1b). In microdroplets, the fluorescence lifetime of Cy3B remained almost
unaffected both at the periphery and the central region (Tepeer = 2.2 ns and Tpesiphery = 2.3 ns) compared to that in
the bulk water (ty,=2.3 ns), as shown in Fig. 1c,e). These data confirm that the change in the lifetime of Cy3
observed in aqueous microdroplets was caused by the restriction of intramolecular rotation.

Fluorescence lifetime lengthening extends over several microns from the droplet
periphery. Different sizes of aqueous microdroplets exert different effects on reactions occurring in
microdroplets*®!213. We thus explored if the spatial distribution of the fluorescence lifetime of Cy3 also depends
on the microdroplet size. Figure 2a—f show the FLIM images for various microdroplet sizes (Fig. 2a—e) and of
the bulk water—oil interface (Fig. 2f) along with their cross-sectional profiles of the lifetime. Figure 2g shows the
comparison of the cross-sectional profiles of the fluorescence lifetime of Cy3 from the oil-water interface to the
center of microdroplets for various microdroplet sizes and from the bulk-water—oil interface as a function of
distance. These cross-sectional profiles clearly show that the fluorescence lifetime of Cy3 at the periphery of all
microdroplets is longer than that at the bulk-water-oil interface. In addition, the peripheral region with length-
ened fluorescence lifetime is larger in microdroplets than in bulk water. For example, for microdroplets with
radii larger than approximately 17 um, the peripheral region of lengthened fluorescence lifetime of Cy3 reaches
over ~5 um from the oil-water interface. In contrast, the region of lengthened fluorescence lifetime is less than
2 um from the oil-water interface in the bulk solution. These results show that the peripheral region where the
intramolecular rotation of Cy3 is restricted spans over several microns from the water—oil interface of aqueous
microdroplets. We also observed that the peripheral region with the lengthened fluorescence lifetime increases
as the microdroplet size increases (Supplementary Fig. S2). However, it is notable that the longest lifetimes of
Cy3 remain essentially constant for different microdroplet sizes.

We argue that the peripheral region extending over 5 um with the lengthened fluorescence lifetime is not
originating from optical distortion, such as light diffraction or scattering effects. The 5-um width of the periph-
eral field is far larger than the resolution limit of confocal microscopy?’. In addition, the light diffraction and
scattering do not affect the fluorescence lifetime that depends only on thermodynamic states of solvents and
solvent-dye interactions. Consistent with this argument, the peripheral lifetime of Cy3 was independent of the
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Figure 1. Cy3 fluorescent lifetime at the periphery of aqueous microdroplets. (a) Schematic of the experiment
setup. (b, ¢) The fluorescence lifetime imaging microscopy (FLIM) images of Cy3 (b) and Cy3B (c). Scale bar,
5 um. (d, e). Fluorescence decay curves of Cy3 and Cy3B at the central region (blue) and the peripheral region
(red) of aqueous microdroplets. Plotted in gray are fluorescence decay curves of Cy3 and Cy3B in bulk water.
The inset of each graph presents the chemical structure of the fluorophore.

size of microdroplets up to a radius of 33 um (Fig. 2g). Therefore, we conclude that the influence of the water-oil
interface of microdroplets affecting the intramolecular rotation of molecules extends over several microns.

We further confirmed this finding by carrying out a control experiment using FLIM imaging in microdroplets
formed from reverse micelles. In reverse micelles, phospholipids form a monolayer interface between aqueous
microdroplets and surrounding immersion oil. By staining the phospholipid layer with lipid-embedded dyes
and imaging the location of dyes, we can examine whether any optical distortion appears in microdroplets and
whether the lifetime lengthening observed over the range of several micron is influenced by any optical effect in
microdroplets (Supplementary Fig. S3a). We prepared dual-stained reverse micelles with CellMask Green (Cell
mask) and Alexa Fluor 488 (AF488) (Supplementary Fig. S3b). Cell mask dyes are lipid-embedded dyes; therefore,
they are localized in a single layer between water and oil. AF488 dye molecules are water soluble and reside in
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Figure 2. Effect of microdroplet size on Cy3 fluorescent lifetime at the periphery and center. (a—f) The FLIM
images of aqueous microdroplets containing 1 pM Cy3 with various sizes (a—e) and of the bulk water-oil
interface (f). The cross-sectional lifetimes of Cy3 are plotted below each FLIM image. (g) The cross-sectional
profiles of the fluorescence lifetimes of Cy3 in various sizes of aqueous microdroplets and bulk water. The
fluorescence lifetime is plotted against the distance from the oil-water interfaces of microdroplets with various
radii and compared to that in bulk water.

the interior of reverse micelles. Because these dyes have distinctly different fluorescence lifetimes (2.5 ns for Cell
mask dyes and 4.0 ns for AF488 dyes), distribution of these dyes in micelles can be readily determined with FLIM
imaging of the micelles. Supplementary Figure S3c shows a FLIM image and a cross-sectional lifetime profile
of a reverse micelle. Cell mask dyes that have 2.5 ns lifetime were exclusively located within the approximately
2-um thickness of the micelle surface (green shaded region), which could be considered to be the diffraction-
limited spatial resolution of the optical system used in this study. The observed approximately 5-pm thickness
of the interfacial layer in which the lifetime is lengthened in microdroplets is distinguishably larger than this
spatial resolution of the optics used. This result confirms that the spatial extent of the lifetime lengthening was
not caused by optical dispersion or distortion brought about by the curved surface of a microdroplet.
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Fluorescence lifetime (ns) + SD*
Microdroplets
Classification Fluorescent dyes | Periphery | Center Bulk
Cy3 0.86+0.052 | 0.17+0.012 0.18+0.0029
Internal rotor molecules | Cy5 1.2+0.13 | 0.86+0.11 0.85+0.031
AF555 0.47+0.051 | 0.29+0.0091 | 0.32+0.0031
Rigid molecules Cy3B 2.2+0.034 2.3£0.051 2.3£0.0089
ATTO647N 3.2+£0.29 3.5+£0.12 3.5+£0.055

Table 1. The fluorescence lifetime of the molecular internal rotors. *SD standard deviation from more than
ten and five independent measurements for microdroplets and for bulk, respectively.

We examined next whether this lengthening of fluorescence lifetimes is a unique property observable only in
microdroplets but not in bulk water by comparing the fluorescence lifetime of Cy3 at the periphery of microdro-
plets to that of the bulk-water-oil interface. Although the bulk-water—oil interface also exhibited a lengthened
fluorescence lifetime, the maximum value of increased lifetime at the bulk-water-oil interface was over two-fold
lower than that of the microdroplet periphery (Fig. 2f). In addition, the thickness of the region where lifetime
increased at the bulk-water—-oil interface (approximately 1.5 pm) was relatively thinner than that of aqueous
microdroplets (up to approximately 5 um). These observations show that the effect on the restriction of the
intramolecular rotation is enhanced and reached over a more extended range from the interface of microdroplets
than from the bulk-water-oil interface.

We also investigated the change of the fluorescence lifetime of other fluorescent molecular rotors to exam-
ine whether similar behaviors were observed with different types of fluorescent dyes. Table 1 summarizes the
results of comparing the fluorescence lifetime of Cy5 and AF555 between microdroplet and bulk water. Cy5
has a similar structure to Cy3 but has a conjugated five-carbon chain instead of a three-carbon between the
two aromatic groups, which are able to rotate relative to each other (Supplementary Fig. Sla). Because of the
longer chain length, the intramolecular rotation of Cy5 in bulk water is much slower than that of Cy3: 0.18 ns
for Cy3 and 0.85 ns for Cy5 in the bulk water. The peripheral and central lifetimes of Cy5 in oil-confined water
microdroplets were measured to be 1.2 and 0.86 ns, respectively. Although the effect of microdroplets for Cy5
on its rotation was not as pronounced as Cy3 (Tyeriphery = 1.2 18 for Cy5 and Tyeriphery = 0.86 ns for Cy3) owing
to the slower intrinsic rotation rate of Cy5 dye molecules, Cy5 exhibited increased fluorescence lifetime at the
periphery of water microdroplets compared to that in the bulk water (1, =0.85 ns). ATTO 647 N dye, which
has a similar fluorescence spectrum to Cy5 but with a rigid backbone (Supplementary Fig. Sla), showed nearly
constant fluorescence lifetimes both in the periphery and central regions (T ener = 3.5 DS; Tperiphery = 3.2 1s), which
is similar to that (1, = 3.5 ns) in bulk water. These observations again confirm that the lengthened fluorescence
lifetime is caused by the restriction of intramolecular rotation.

In addition, we tested the AF555 rotor, an analog of Cy3, which has 4 sulfonate groups in rotating wing resi-
dues instead of 2 sulfonate groups in Cy3 (Supplementary Fig. S1a). The lifetime of AF555 at the microdroplet
periphery increased to 0.47 ns compared to 0.32 ns in the bulk water and 0.29 ns at the microdroplet center. These
measurements support that the behavior of the restricted intramolecular rotation at the periphery of aqueous
microdroplets does not arise from the property of a particular dye but is a general characteristic of intramolecular
rotor dyes dissolved in water microdroplets surrounded by oil.

We examined any possible effect of Cy3 concentration on the lifetime. Supplementary Figure S3a shows the
fluorescence lifetimes of Cy3 in bulk solutions containing different concentrations of Cy3. There was almost
no change in the lifetime of Cy3 with concentrations over the range from 430 nM to 1 mM, confirming that
the lifetime of Cy3 is mostly independent of the dye concentration. The Cy3 molecules tend to be enriched at
the interface of water microdroplets under our experimental conditions (Figs. 1b, 2a-f, and Supplementary
Fig. S4b). Supplementary Figure S4b, ¢ present the spatial profile of the Cy3 intensity and lifetime, which does not
directly match (Supplementary Fig. S4d). Both results confirmed that the lifetime lengthening of Cy3 observed
in microdroplets is not caused by the dye concentration at the interface. Moreover, we measured the efliciency
of Forster resonance energy transfer (FRET) between Cy3 and Cyb5 to test the possibility that an intermolecular
interaction may affect the lifetime of Cy3. At both the periphery and the center of microdroplets, the FRET
efficiency value remained the same as that in bulk water (Supplementary Fig. S5). These data also support that
intermolecular distances between dye molecules are not close enough to cause an intermolecular interaction
and that the lifetime lengthening observed at the periphery of microdroplets is not caused by intermolecular
interaction between Cy3 dye molecules.

Lifetime lengthening is observed only in water microdroplets. We then asked if the lengthening
of fluorescence lifetime is a unique property of microdroplets of water molecules or commonly observed in
microdroplets of other organic solvent molecules. For this test, we compared the fluorescence lifetime in micro-
droplets made of water with those of methanol, ethanol, and glycerol. We generated these microdroplets that
have a different solvent composition by sonicating the mixture of each solvent containing 1-uM Cy3 dyes and
immersion oil (1:10, v/v). We found that the lifetimes both in the microdroplet periphery and the microdroplet
center remained almost the same as that of the bulk water for all of the tested organic solvents (Fig. 3a). This
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Figure 3. (a) Lifetimes of Cy3 in microdroplets made of water, D,O, methanol, ethanol, and glycerol.
Representative images of fluorescence lifetime containing each solvent are shown. Scale bar, 5 pm. (b) Lifetimes
of Cy3 at the peripheral (red circle) and central regions (blue square) of aqueous microdroplets containing
various concentrations of glycerol. The lifetimes in bulk solution measured in each condition are marked with
gray lines. Error bars represent one standard deviation from more than ten independent measurements.

result shows that the lengthening of fluorescence lifetime is observed only in water microdroplets. In addition,
the intramolecular rotational behavior of Cy3 in microdroplets made of D,O was very similar to that in micro-
droplets of H,O, showing that intramolecular rotation is not influenced by the heavy isotope, deuterium.

We next tested if different types of oils surrounding water microdroplets affect the observed fluorescence life-
time changes of Cy3 dyes in microdroplets. For this study, we carried out FLIM imaging of aqueous microdroplets
surrounded by silicone oil (Supplementary Fig. S6). We observed a similar behavior of lifetime lengthening of
Cy3 dyes at the periphery of microdroplets (Tpeciphery = 0.64 ns) compared to that of the center of microdroplets
(Teenter=0.17 ns) and the bulk water (ty,,; =0.18 ns). However, it is noted that the peripheral lifetime in water-in-
silicone oil microdroplets (0.64 ns) was shorter than the one in water-in-immersion oil microdroplets (0.86 ns).
This result might be caused by a change in the size of the electric field at the interface, the distribution of water
ions, and the change in the strength of hydrogen bonding between water molecules or water-dye molecules,
which are discussed below. However, the thickness of the interfacial layer in which the lifetime lengthening
occurs did not significantly vary between the two different types of oils. This invariant width between two oils
that have different refractive indices (1.479 for silicone oil and 1.515 for immersion oil) also confirms that little
optical distortion occurred in the imaging measurements.
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Possible origin of the restricted intramolecular rotation in aqueous microdroplets. The
increase of fluorescence lifetime of internal rotor molecules is often caused by the increase of solvent viscosity?’.
We examined whether the increase of fluorescence lifetime was caused by the increased local viscosity at the
periphery of microdroplets. Glycerol lengthens fluorescence lifetime of intramolecular rotors by increasing the
viscosity of solution”. We added different concentrations of glycerol in aqueous microdroplets and measured
fluorescence lifetime of Cy3. The lifetime in the central region of microdroplets increased as the concentration
of glycerol increased with a trend similar to that in the bulk water solution (Fig. 3b). However, the fluorescence
lifetime of Cy3 at the periphery did not change significantly as the glycerol concentration was increased up to
60%. Thus, the restricted intramolecular rotation observed at the periphery of microdroplets was not additive
to the increased viscosity of glycerol solution up to 60% in this experiment. The result suggests that the increase
of solution viscosity derived from glycerol may not be enough to explain the lifetime lengthening observed in
microdroplets, and there may exist other mechanisms.

Multiple possible explanations can be offered for the observed lengthened fluorescence lifetime at the micro-
droplet periphery. The fluorescence lifetime of molecules undergoing intramolecular rotation is influenced by sev-
eral factors, including solution viscosity, pH, solvent composition, electric field, redox status, and temperature?.
First, local pH change formed in microdroplets can be a cause of the lifetime increase. It has been reported that
there is a gradient of pH across microdroplets?**, which can be caused by the preferred adsorption of hydroxide
ions®®*!, leading to an increase of pH, at the interface of the water-hydropic medium. We examined the effect
of pH on the lifetime of Cy3 in bulk water solution. Supplementary Figure S7 shows that the lifetimes of Cy3
in bulk water solution do not change under different pH values in the range between pH 2.0 and pH 12.3. This
result is consistent with a previous observation that the lifetime of cyanine dye is independent of the solution
pH in the range of pH 2.5-11°2. Thus, the lengthening of fluorescence lifetime at the periphery of a microdroplet
is unlikely caused by the local pH change.

Second, enhanced hydrogen bonding between water molecules at the interface of water and oil may be respon-
sible for the lifetime change in microdroplets. It was reported that a stronger hydrogen bond between water mol-
ecules forms at the interface of nanodroplets compared to the planar interface between water and hydrophobic
liquid™. This enhanced hydrogen bonding between water molecules and water to dye molecules can restrict the
rotational movement of dye molecules and induces the lengthening of fluorescence lifetime. Third, the electric
field formed at the water-hydrophobic interface'®* may be responsible for the lifetime change by aligning water
molecules and dye molecules, and restricting intramolecular rotations. In previous studies®-*, the interfacial
effects were observed only within several atomic layers to several nanometers distance from the heterogeneous
interface. In contrast, the interfacial effect on restricting intramolecular rotation that we found in microdroplets
extends over several microns. At first this result may seem surprising, but calculations indicate that the electric
field arising from the electric double layer at the water-oil interface can extend deeply into the microdroplet?,
which supports this possible mechanism. Besides the above possibilities, surface tension can be considered as
another contributing factor to the restricted intramolecular rotation in aqueous microdroplets. Surface tension
arises from the cohesive force of solvent molecules. The stronger hydrogen bond and thus a stronger surface
tension between water molecules at the interface of microdroplets than that at the planar interface of bulk water
may contribute to the lengthened fluorescence lifetime of Cy3 at the periphery of microdroplets. This specula-
tion is supported by the observation that the peripheral lifetime of microdroplets made of water and glycerol
with relatively higher surface tension has a longer fluorescence lifetime compared to ethanol and methanol with
relatively lower surface tension (Fig. 3b).

Clearly, more work is needed to assess the relative importance of these different contributions to fluorescence
lifetime lengthening, but the present study firmly establishes that the fluorescence lifetime of internal-rotor dyes
is lengthened over the range of a few microns from the water—oil interface. Another notable observation was
that the depth of the lengthened lifetime is expanded with the size of droplet (Fig. 2g, Supplementary Fig. S2).
Presently, we do not have a clear understanding of why the thickness of the interfacial layer with lengthened
lifetime increases as the microdroplet size increases and what is the nature of this long-range layer. A clue may
come from the cross-sectional profiles of the lifetime. The profiles in small microdroplets with radii less than
3.2 pum are simple. There is a lifetime peak at the interface, which then sharply decreases toward the center of
the microdroplet. The profiles become different from microdroplets with over 6.2 um in radii, where a lifetime
peak becomes broad and then there is a slow decrease of the lifetime profiles. It is also noted that the slope of the
decrease becomes less steep as the microdroplet size increases. This observation may be interpreted in the fol-
lowing way. The water—oil interface of the microdroplets has a potential to influence the solvent characteristics of
water over approximately 5 um. This potential can be manifested as broad peaks in large microdroplets with less
steep decrease in a larger microdroplets but results in a sharp decrease toward the center in small microdroplets.
We suspect that the manifestation of the interface potential into a broad peak in large microdroplets may have
a limit, as the broadening of the lengthened lifetime profiles started to slow down for microdroplets with 17 um
in radius or larger (Supplementary Fig. S2).

Conclusion

We report the lengthened lifetime of fluorescent molecular rotors, including Cy3, Cy5, and AF555, at the periph-
ery of aqueous microdroplets enclosed in oils. Compared to the planar bulk water-oil interface, the lifetime
lengthening effect was much enhanced in microdroplets, which was observed to extend over several microns from
the water—oil interface of the microdroplets. The lengthening of fluorescence lifetime occurred only in aqueous
microdroplets, not in microdroplets made of organic solvents. These results show that the water microdroplet
environment provides a unique environment for the restriction of intramolecular rotation. These observations
offer supporting evidence for the minimized entropy in chemical reactions in aqueous microdroplets, which
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can enable the occurrence of thermodynamically unfavorable reactions. In general, the observations reported
here support the idea that aqueous microdroplets provide a unique chemical and biochemical environment.

Materials and methods

Preparation of water-in-oil microdroplet. The mono NHS ester fluorescent dyes were purchased from
Lumiprobe (Cy3 and Cy5), ThermoFisher Scientific (Alexa Fluor 555), GE Healthcare (Cy3B), and ATTO-TEC
(ATTO 647 N). The stock solutions were prepared at 1 mM concentration and diluted in distilled water (Milli-Q
Integral 15 Systems, Millipore, France) to the final concentration of 1 pM for FLIM measurements.

For the imaging of microdroplet, aqueous microdroplets were prepared by sonicating the mixture of 5 uL
distilled water containing each fluorescent dye (1 uM) and 50 pL the immersion oil (type A, Nikon, Japan) in
a bath sonicator (Elmasonic S 10; Elma Schmidbauer GmbH, Germany) with ‘sweep’ function for 1 min. The
prepared oil-solution emulsion was placed onto a coverslip and imaged with a confocal microscope (Leica TCS
SP8 X, Germany) equipped with a FLIM measuring system (PicoQuant, Germany).

FLIM imaging of microdroplets and image analysis. The solution containing microdroplets in oil
was placed onto a coverslip and imaged with a confocal microscope (HC PL APO CS2 63x/1.40 OIL, Leica SP8).
The fluorophores were excited by the laser beams (20 MHz 540 nm for Cy3, Cy3B, and AF555; and 20 MHz
640 nm for Cy5 and ATTO 647 N) and detected by HyD SMD (550-750 nm and 650-750 nm, respectively). For
FLIM measurements, the scan speed was 10 Hz and the pixel size was 0.145 nm or 0.362 nm depending on the
microdroplet size.

For the FLIM measurement of the bulk solution, 20 pL of dye solution was placed on a coverslip, which was
surrounded by the immersion oil. The FLIM imaging was carried out near the interface between the bulk water
and the bulk oil.

To analyze the lifetime of the peripheral and the central region of microdroplets, the region of interest (ROI)
was set in SymPhoTime software (Picoquant). Enough counts of photons in each ROI were acquired for a statis-
tically meaningful fitting of fluorescence decay patterns to exponential curves. The decay curves were fitted by
either a single- or bi-exponential function, depending on the shape of the decay curves. For the analyses of FLIM
of Cy3 in an aqueous microdroplet, fluorescence decay curves in each pixel were fitted using a bi-exponential tail
fit using SymPhoTime. Lifetime images were processed with Image] (NIH, Bethesda, MD, USA). We measured
the central fluorescence lifetime at the concentric region of microdroplets with a radius of 1-5 pm depending
on the microdroplet size, where lifetimes were kept at relatively constant values. The peripheral lifetime was
measured from outermost regions of up to the inflection point of the lifetime curves.

In order to examine the effect of solvent composition on the fluorescence lifetime of Cy3 in both bulk solution
and microdroplets, the Cy3 stock solution was diluted in methanol, ethanol, deuterium oxide (Merck, Germany),
or glycerol (LPS Solution, Korea). FLIM imaging of these microdroplets was conducted in the same way as for
aqueous microdroplets.

FLIM imaging of dual-stained reverse micelles. The reverse micelles were prepared by emulsifying
the mixture of lipid-containing oil and aqueous solution. After making dry films of POPC (1-palmitoyl-2-ole-
oylphosphatidylcholine, Avanti Polar Lipids, AL, USA) and Cellmask on the bottom of a glass vial under nitro-
gen gas perfusion, the immersion oil was added to the dry film to make the final concentration of 1 mM POPC
and 1 x Cellmask. To complete the solvation, the mixture was sonicated for 1 h at 50 °C in the bath sonicator.
Then, 1 UM AF488 in distilled water was added to the oil-mixture with 1:10 ratio. The micelle formation through
bath sonication was done in the same way as the water-in-oil droplet formation.

The FRET efficiency between Cy3 and Cy5 in microdroplets and the bulk water. Cy3 and Cy5
at the concentration of 0.5 uM were used as a donor and an acceptor, respectively. Fluorescence signals from
the donor (540-640 nm) and the acceptor (650-750 nm) were measured upon 530 nm excitation using confo-
cal microscope (Leica TCS SP8 X, Germany). The FRET efficiency is then calculated as the following ratio:
E./(E;+F,), where F, is the acceptor emission and F; is the donor emission in each defined ROI region.
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