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Temperature responsive nanoparticles: Poloxamers
as a modulator of Förster resonance energy transfer
(FRET)†

Oleksandr Klep,a,b Yuriy Bandera,a,b and Stephen H. Foulgera,b,c

An effective strategy to control the Förster resonance energy transfer (FRET) of a donor/acceptor
emitter pair that were attached to a 60 nm poly(propargyl acrylate)(PA) nanoparticle using tem-
perature variations was developed. The size dependent properties of a poly-(ethylene oxide)-
poly-(propylene oxide)-poly-(ethylene oxide) (PEO-PPO-PEO) block copolymer (poloxamer) was
exploited to vary the spatial separation of the emitters and vary the FRET efficiency. Specifically,
a 2% change in FRET efficiency between the donor/acceptor pair was achieved per 1 ◦C change
in temperature from 49 ◦C to 60 ◦C when using a poloxamer of 2950 g/mole molecular weight,
with sections of PPO consisting of 32 repeat units, PEO sections consisting of 12 repeat units
and a lower critical solution temperature (LCST) of 58 ◦C. The methodology presented in this ef-
fort is easily extended to other temperature regimes through a judicious choice in poloxamer and
corresponding LCST. e.g. [Surname et al., Journal Title, 2000, 35, 3523].

1 Introduction
A particularly interesting and well-known optical emitter-emitter
interaction is Förster resonance energy transfer (FRET) and has
been widely utilized as a tool for signaling1,2 and measur-
ing3 molecular associations in biomedical and clinical applica-
tions, although many applications exploit FRET, including, photo-
voltaics4, lighting & displays5, and sensors6. FRET is a near-field
nonradiative energy transfer between pairs of dipoles where the
excitation energy is transferred from one emitter, referred to as
the “donor”, to a second emitter, referred to as the “acceptor”? .

Extensive research has been done on utilizing organic dyes in
FRET assays with much success7. These small molecule systems
have the advantage of simple preparation and low cost, resulting
in a large variety of these dyes being commercially available for
diverse applications. Nonetheless, these systems can suffer from
poor photo-bleaching resistance8, short fluorescence life time,
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low fluorescence quantum yield9, non-specific quenching10,11,
low chemical stability and intracellular toxicity. In addition, small
molecule dyes often will bind to proteins12, which leads to aggre-
gation and subsequent elimination from the body. In response to
the limitations, fluorescent proteins are being used increasingly
in FRET systems. In these systems, a fluorophore is genetically
appended onto the gene coding for a protein of interest so that a
fluorophore and protein can then be co-expressed intracellularly
and, when imaged, reveal the location and relative expression
level13,14. Since the initial development of green fluorescent pro-
tein (GFP), efforts on extending the color regime of the protein
have resulted in a range of available colors for the fluorescent
proteins15. Though these systems continue to develop and offer
exciting new applications, there are challenges to coupling them
to targeting, diagnostic, and therapeutic payloads.

One approach to remedy these shortcomings is the inclusion of
the chromophores on the surface of colloidal particles16–19. This
attachment of the dye to a particle results in an extension of cir-
culation half-life and enhanced in vivo stability relative to the free
fluoroprobe18. The surface attachment of the dyes allows them to
participate in advantageous host/guest assemblies that can alter
their emission and FRET efficiency. This response can be utilized
as a biologically-based sensor or switch due to the noticeable vari-
ations in the emission spectra when they form supra-molecular
host/guest assemblies or complex with bio-macromolecules20–24.
The environmental sensitivity in the emission properties of the
chromophores can also be exploited to assist in refining the pro-
posed parameters that govern molecular recognition25–28. Photo-
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stable fluorescence nanoparticles which can be good candidates
as donors in FRET that have received recent attention include
semiconductor quantum dots (QDs)29, graphene quantum dots
(GQDs)30,31 and upconversion nanoparticles (UCNPs)32,33.

In the current effort, colloidal particles are developed that ex-
hibit a significant change in FRET efficiency within a specified
temperature regime. The methodology utilized is relatively gen-
eral, and the system can be easily extended to operate in a wide
range of temperature zones. Specifically, sub-100 nm particles
are surface modified with two dyes that form a FRET pair. One
of the dyes is attached to the particle through a copolymer that
exhibits significant changes in its dimensions with temperature
variations, and this temperature sensitivity is exploited to alter
the spatial proximity of the donor and acceptor dyes, which al-
ters the dyes’ FRET efficiency and thus reporting on the temper-
ature alteration. The class of polymer used is a poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)
(PEO-PPO-PEO) difunctional block copolymer often referred to
as a “poloxamer”. Poloxamer copolymers can change their ex-
cluded volume (“size”) depending on the surrounding tempera-
ture and can form hydrophobic pockets that attract hydrophobic
molecules, especially aromatic molecules, and stabilize them in
aqueous environments34–36. This property is utilized in medi-
cal applications to promote the activity of hydrophobic dyes and
drugs, that are otherwise ineffective in the aqueous environ-
ment of live cells37,38. Another advantage of using poloxamers
comes from their tri-block copolymer structure. The outer blocks
are composed of ethylene oxide (EO) which is known to form
vesicles that can engulf a payload rendering it invisible to the
reticulo-endothelial system and macrophages, and therefore sig-
nificantly increasing the lifetime of the payload in the body39–42.
In addition, poloxamer surfactants have been reported to increase
the sensitization of tumors with respect to various anticancer
agents43–45, making anticancer drugs more effective.

Unfortunately, free poloxamers cannot create stable polymer-
somes below critical micellization concentration or temperature
and they require additives to make stable vesicles46 or the at-
tachment to a nanoparticle to create a stable platform40,42. Free
floating poloxamers are very sensitive to the load that they carry
and to the surrounding conditions35, increasing the likelihood
that the formed micelles will be damaged, which results in the
loss of content effectively rendering them useless or, worse, trig-
gering an unwanted side effects, such as general system toxicity.
Immobilization of the poloxamer on the surface of nanoparticles
eliminates these issues allowing the system to maintain its func-
tionality37. Based on these characteristics, a poloxamer was cho-
sen as the responsive component of the proposed colloidal device.
In addition, the use of a particle as the platform on which various
other “loads” can be attached47,48 is advantageous as it allows
for further modifications with targeting ligands and therapeutic
drugs49,50.

2 Results and Discussion
Figure 1A presents the system utilized in this study, which was
composed of a propargyl acrylate (PA) nanoparticle, which had
two complementary FRET dyes attached to its surface, with the

acceptor dye being attached to the particle through a modified
poloxamer. The donor dye was an oxadiazole derivative (azOx,
cf. Figure 1B) that was attached directly to the surface of the PA
nanoparticle through an azide-alkyne Huisgen cycloaddition re-
sulting in a 1,2,3-triazole (“click” transformation)47, while the
acceptor dye, a naphthalimide derivative (azPlurNaph, cf. Fig-
ure 1C), was attached to the same nanoparticle through a polox-
amer chain. The poloxamer (Pluronic-L64) was a poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)
(PEO-PPO-PEO) difunctional block copolymer that initially termi-
nated in primary hydroxyl groups but was modified so that one
end contained a naphthalimide dye and the other an azide group
so that it could also be “clicked” to the particle (cf. Experimen-
tal methods). The unmodified PEO-PPO-PEO triblock copolymer
had a molecular weight of 2950 g/mole, with the sections of PPO
consisting of 32 repeat units, while the PEO section consisted of
12 repeat units. The poloxamer exhibits a lower critical solution
temperature (LCST) of 58 ◦C.

Free poloxamers typically form polymersomes of several hun-
dred nanometers35; however, immobilizing them on nanoparti-
cles of a fixed size limits the maximum size of the system to the
sum of the size of the nanoparticle used plus twice the length of
the fully extended poloxamer chain. Vesicle size is very important
in therapeutic applications due to cell wall permeability limita-
tions. In general anything greater than 200 nm will not be able
to enter the cell through a simple diffusion process and anything
smaller than 30 nm will be evacuated prematurely through the
urinary system47,51,52. In this study we used nanoparticles with
an average size of 60 nm, and a poloxamer with a theoretical
fully extended length of almost 15 nm, which yields a total the-
oretical maximum size of approximately 90 nm, which is within
the desired size range for medical applications.

Figure 2 presents the photoluminescence (PL) at ca. 20
◦C in water of the particles with the dual dye-modification
(PA/azOx/azPlurNaph) at a grafting density of ca. 0.4 - 0.5 dye
molecules per nm2, as well as two additional sets of nanoparticles
with similar grafting densities of dyes; for particles with an emis-
sion at 400 nm, the concentration of the particles in water was
adjusted to give a comparable emission intensity at this wave-
length. One set of the nanoparticles was prepared with azOx and
a poloxamer that had not been modified with the naphthalimide
dye (PA/azOx/azPlur), while the other set of particles had been
modified with only the azPlurNaph dye (PA/azPlurNaph). The
poloxamer was attached to the first set of particles to ensure a
similar environment for the azOx dye. For the PA/azOx/azPlur,
the excitation energy at 335 nm is within the absorbance win-
dow of the azOx dye and the particles exhibit an oxadiazole-based
emission (cf. Figure 1B) at 400 nm. The excitation wavelength is
on the edge of the absorbance window of the naphthalimide dye
(cf. Figure 1C) and this, coupled with the aqueous environment of
the particles, resulted in the PA/azPlurNaph particles not exhibit-
ing any appreciable emission, though exciting the particles at 400
nm did result in an naphthalimide-based emission (spectra not
presented). When excited at 335 nm, the PA/azOx/azPlurNaph
particles did exhibit emission characteristics of both the oxadia-
zole and naphthalimide dyes, indicating that energy transfer is
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Fig. 1 (A) Schematic representation of the built system, showing positioning of the dyes on the surface of the nanoparticle. (B) Emission and absorption patterns of

donor dye (oxadiazole derivative - azOx) measured in tetrahydrofuran; excitation at 335 nm. (C) Emission and absorption patterns of acceptor dye (naphthalimide - Naph)

measured in tetrahydrofuran; excitation at 400 nm.

taking place from the azOx to the azPlurNaph dyes, though there
is an incomplete transfer since the emission of the oxadiazole-
based dye is still present in the spectra.

Fig. 2 Photoluminescence of particles: (1) modified with oxadiazole dye (azOx)

and poloxamer (◦); modified with poloxamer terminated with naphthalimide dye (az-

PlurNaph) (—); (3) modified with both dyes azOx and azPlurNaph (•). All particles

excited at 335 nm. Measurements taken at a temperature of ca. 20 ◦C in deionized

water.

Utilizing FRET theory? and the photoluminescence (PL) re-
sponse of the PA/azOx/azPlurNaph particles (cf. Figure 2-3), the

distance and energy transfer efficiency between the dyes were cal-
culated. The FRET efficiency for the system was calculated using
the half-lifetimes of the two sets of the nanoparticles. The first
set contained the donor dye (azOx) and the poloxamer, the sec-
ond set contained both the donor dye (azOx) and the acceptor
dye (azPlurNaph). By comparing the ratio of the half-lifetime of
the donor alone and the half-lifetime of the donor in the pres-
ence of the acceptor, the FRET efficiency was calculated? . Based
on the emission and absorption spectra of azOx and azPlurNaph,
the Förster distance was found to be 3.54 nm with a transfer effi-
ciency of ca. 70 % at 20 ◦C for the given pair of dyes when both of
them are attached to the same nanoparticle as shown on Figure
1A.

The component selection of the particles was designed to max-
imize the FRET efficiency between the fluorophores. To achieve
a high level of energy transfer between a pair of dyes, emission
of the donor has to have a significant spectral overlap with the
absorption of the acceptor? . The naphthalimide (azPlurNaph)
and oxadiazole (azOx) dyes employed in this effort satisfy this re-
quirement; there is almost 100 % overlap of the donor emission
with the absorption of the acceptor (cf. Figures 1B,C). The graft-
ing density was determined to be ca. 0.54 molecules per nm2 for
the donor dye (azOx) and 0.39 molecules per nm2 for the accep-
tor dye (azPlurNaph). Since FRET is very sensitive to the distance
between dyes, it is expected that by controlling this distance one
can achieve control over the extent of FRET? .

Poloxamer copolymers are known to change their coil dimen-
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Fig. 3 (A) Optical image of neat Pluronic-L64 (poloxamer/water) solution at room

temperature (left vial) and at 60 ◦C (right vial) (LCST is 58 ◦C). (B) Dependence of

micelles size and number of micelles formed by Pluronic-L64 in water with solution

temperature (measured through dynamic light scattering).

sions as a function of temperature, and these changes are re-
versible and predictable for a given composition of the copoly-
mer35. The Pluronic-L64 poloxamer exhibits significant changes
in its end-to-end distance with temperature variations and was
employed as a means for modulating the distance (and FRET) be-
tween the donor/acceptor dyes. In Figure 3A, a neat Pluronic-
L64/water solution goes from a transparent solution to a tur-
bid one as the temperature passes through its LCST, while Fig-
ure 3B presents the micelles dimensions of the neat Pluronic-L64
poloxamer with temperature variations as analyzed through dy-
namic light scattering (DLS) procedures53. The size of the neat
poloxamer appears to exhibit a dramatic increase between 50
◦C and 60 ◦C, going from ca. 50 nm to 300 nm, which coin-
cides with the lower critical solution temperature (LCST) tem-
perature of the polymer (58 ◦C). In this temperature range, one
can expect to see the largest changes in the FRET efficiency of the
PA/azOx/azPlurNaph particles to occur. The DLS results are not
indicative of the size of the copolymer coils, but are essentially
measuring the scattering of the polymer coils as they go from a
miscible state (low scattering entity) to a highly scattering disper-
sion with the increase in temperature.

The photoluminescence dependence on temperature of the
PA/azOx/azPlurNaph particles is presented in Figure 4. At 20 ◦C,
the PL response of the particles indicates that both dyes are emit-
ting when excited by a 335 nm excitation, as is expected from the
previously presented PL study at 20 ◦C (cf. Figure 2). This exci-
tation wavelength is within and outside the absorption regime of
the azOx dye and azPlurNaph dye, respectively, and should only
result in emission from the donor dye. Nonetheless, the emission
profile of the particle clearly has the signature of the azPlurNaph
dye, suggesting that there is energy transfer taking place from the
donor to acceptor dye. Subsequent scans at higher temperatures
indicate a diminishing energy transfer until ca. 60 ◦C where min-
imal energy transfer is discernible in the spectral response of the
particles. The increase in the emission at ca. 400 nm (azOx) and
the decrease in the emission at 580 nm (azPlurNaph) is indicative
of a reduction in energy transfer from the oxadiazole to the naph-
thalimide dye. This change is most pronounced within the 50 -
60 ◦C range and suggests that the separation distance of the two

Fig. 4 Photoluminescence spectra of PA/azOx/azPlurNaph particles at various

temperatures. The donor dye is azOx with a peak emission ca. 400 nm, while the

acceptor dye is azPlurNaph with a peak emission ca. 550 nm. The LCST of the

poloxamer, on which the acceptor dye is attached at the end, is 58 ◦C. Particles

dispersed in deionized water and graphs are shifted for clarity. Excitation energy at

a wavelength of 335 nm.

dyes is becoming larger, thereby frustrating FRET? . This temper-
ature range is also within the LCST range for the poloxamer. Sur-
prisingly, according to previous studies on poloxamer behavior, it
was expected that as the temperature increased, the poloxamer
end-to-end distance would decrease, giving rise to a more com-
pact coil packing35. This decrease in the size of the copolymer
was expected to bring the two dyes closer together, resulting in
an increase in the FRET efficiency, which was not observed.

Fig. 5 FRET efficiency (◦) and calculated distance between the azOx and azPlur-

Naph dyes (•) for the PA/azOx/azPlurNaph particles system (in water) presented in

Figure 1.

Using the ratio of peak areas for azOx and azPluroNaph dyes at
various temperatures referenced to the FRET efficiency at 20◦C
, the FRET efficiency and corresponding distances between the
dyes over a range of temperatures were calculated? and are pre-
sented in Figure 5. The distance was found to change from 3.1 nm
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to 3.9 nm in the 20 ◦C - 65 ◦C temperature range, which trans-
lates into a change of the FRET efficiency between 70% - 36%.
The highest rate of change in the inter-dye distance and corre-
sponding FRET efficiency was observed at temperatures near the
LCST temperature of the poloxamer (i.e. 58 ◦C ).

- PEO block
- PPO blockBelow LCST Above LCST

- oxadiazole

- naphthalimide

Fig. 6 Proposed mechanism of the variation in photoluminescence response with

temperature of PA/azOx/azPlurNaph particles (cf. Figure 1A). At temperatures be-

low LCST, the PPO block forms a hydrophobic domain with loose packing which

allows the naphthalimide dye to sequester into its domain, but with a temperature

rise above LCST, the PPO domain packs more densely forcing the naphthalimide

dye from the domain, resulting in an increase of the distance between donor and

acceptor dyes.

We speculate that the simple end-to-end distance argument of
the poloxamer to account for FRET efficiency does not account
for the poloxamer’s unique environment created when it transi-
tions from a coil to an extended structure34,54. Previous studies
on block copolymer behavior have found that these copolymers
can fold their free ends back into the polymer matrix under spe-
cific conditions55. We speculate that at lower temperatures, the
free end of the poloxamer, which contains the hydrophobic naph-
thalimide dye, folds itself back into the polymer matrix, schemat-
ically presented in Figure 6. This folding of the poloxamer brings
the two dyes closer together (since the mobility of the oxadiazole
dyes is limited), resulting in an enhanced FRET efficiency. As the
temperature approaches the LCST of the poloxamer used, pack-
ing of the PPO block becomes too dense35,56,57 and, as a result,
the naphthalimide can not fit inside the polymer matrix and is
pushed to the outer edge, increasing the distance between the
dye and the surface of nanoparticle along with oxadiazole dye,
which results in the observed reduced FRET efficiency.

Using the characteristic ratios of ethylene oxide (EO) and
propylene oxide (PO) segments of the poloxamer copolymer, the
theoretically calculated end-to-end distance of the chain in a theta
solvent was calculated to be ca. 4.9 nm3. The theta condition
is defined as the state when a polymer can not distinguish be-
tween itself and its surrounding solvent molecules and adopts
relatively “compact” conformations that are defined by local in-
teractions. This calculated value was 58 % to 25 % greater than
the shortest and longest, respectively, distance between the dyes
obtained from the FRET calculations and supports the concept
that the naphthalimide end of the copolymer is folded back into
the polymer matrix.

Previous studies have shown that hydrophobic drugs have
a tendency to concentrate in the core of a poloxamer PPO

block40,46,58,59. Additionally, previous reports indicate that hy-
drophobic drugs sequestered in the PPO domain of a poloxamer
can be ejected as the temperature is raised above the LCST of
the copolymer40. As indicated previously, we speculate for the
PA/azOx/azPlurNaph particles at temperatures below the LCST,
the PPO block of the poloxamer forms a hydrophobic pocket
around the PA particles, which attracts the naphthalimide dye35,
since this layer provides a more favorable condition relative to
the aqueous environment outside of these PPO layers (schemat-
ically presented on Figure 6). At temperatures higher than the
LCST, the packing of the PPO block becomes too dense38,42,60 to
accommodate the naphthalimide dye inside of the layer and the
dye is forced out to the outer edge of the polymer matrix, away
from the donor dye. This increase in the distance between azOx
and azPlurNaph dyes leads to a decrease in the FRET efficiency.

The role of the poloxamer was investigated by modifying a set
of particles with a azide fictionalized naphthalimide dye (azNaph)
instead of azPlurNaph. These PA/azOx/azNaph particles did not
exhibit any emission when dispersed in water and excited at a
335 nm or 400 nm excitation wavelength, indicating that there is
fluorescence quenching when the particles do not have the polox-
amer on the particles. Dispersing the particles in tetrahydrofuran
(THF), a solvent in which both dyes are miscible, resulted in the
reappearance of the typical spectra of the dyes. This observation
further suggests that changes in the poloxamer state is the main
mechanism responsible for the changes in emission patterns for
the PA/azOx/azPlurNaph particles when in an aqueous state.

Fig. 7 Normalized integrated emission attributed to azOx (5) and azPlurNaph (4)

dyes in small molecule study performed with azOx, azPlurNaph, and the unmodified

poloxamer in deionized water. Sample was repeatedly heated to 65◦C (LCST of

poloxamer was 58◦C) and then allowed to cool down. For the donor dye (azOx),

the emission was integrated between 340 nm and 480 nm while for the acceptor

dye (azPlurNaph) the emission was integrated between 510 nm and 590 nm. The

sample was excited at a wavelength of 335 nm.

To test the proposed mechanism, a small molecule study was
performed with just the azOx, azPlurNaph, and the unmodified
poloxamer. In this system, the three components were placed in
deionized water and excited at a wavelength of 335 nm while the
temperature was cycled between 20 ◦C and 65 ◦C, all the while
observing the emission of the system. The ratio of the dyes was
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1 to 1 and total concentration of poloxamer copolymer was 15
mg/ml. The results of the study are depicted in Figure 7, where
the integrated emission attributed to the azOx and azPlurNaph
dyes is presented relative to time and temperature. Initially at
temperatures around 20 ◦C, there is only an emission from the
azPlurNaph dyes (acceptor) that is replaced by an emission from
the azOx dye (donor) when the system is heated to 65 ◦C. We
attribute this to the fact that the system initially exhibits FRET be-
tween the dyes, at room temperature, and then the energy trans-
fer is disturbed when the system is heated to 65 ◦C, above LCST
of the poloxamer. This emission switching from the azPlurNaph
dye to the azOx dye as the temperature is cycled back and forth
was repeated multiple times with four cycles being presented in
Figure 7.

There is a clear emission switching from the donor dye to the
acceptor dye with the temperature cycling. The small molecule
model system exhibited the same patterns of emission as the
PA/azOx/azPlurNaph particles, but there are two differences.
First, the emission of the small molecule system is time depen-
dent (decreases with time) due to the precipitation of the dyes
from solution, supporting the need for the particles acting as a
stabilizing carrier. Second, the FRET efficiency variation of the
small molecule system is much more prominent as compared to
the particles. It is hypothesized that almost complete 0 % to 100
% FRET efficiency change exhibited by the small molecule sys-
tem is due to the much higher mobility of both dyes as compared
to the system where the dyes are attached to the nanoparticles.
Performing the same study without the poloxamer resulted in no
emission since the dyes are hydrophobic and presumably precip-
itate from solution quickly. Clearly, the poloxamer plays an im-
portant role in sequestering the dyes in an aqueous environment,
and this role is highly temperature dependent.

3 Conclusion.
In the present work, we achieved control over the changes in
FRET efficiency of an emissive colloidal system through the at-
tachment of a donor dye (azOx) directly to the particle surface,
while an acceptor dye (azPlurNaph) was attached to the sur-
face of particles through a poloxamer copolymer. The polox-
amer (Pluronic-L64) was utilized as the temperature responsive
component to regulate the distance between the dyes. The cur-
rent system achieved its maximum variation in FRET efficiency
(∆εFRET ≈20 %) in the temperature range of 49 ◦C to 60 ◦C,
which is in the region of the cloud point of the poloxamer (LCST)
used in this study, though other poloxamers with differing LCST
temperatures could be utilized to tune the temperature range of
the colloidal device.

4 Experimental methods

4.1 Materials and Reagents

All reagents were purchased from Sigma-Aldrich with at least
97% purity level, while solvents were purified using standard pro-
cedures. Oxadiazole-N3 was synthesized and purified prior to use
according to literature procedure48; naphthalimide was synthe-
sized prior to use according to literature procedure61.

4.2 Characterization
1H spectra were recorded on JEOL ECX-300 spectrometers
(300MHz for proton). Chemical shifts for protons are reported
in parts per million downfield from tetramethylsilane and are
referenced to the carbon resonances of the solvent (CDCl3: δ

7.26). Photoluminescence (PL) spectra were collected using Pho-
ton Technology International spectrometer equipped with Hama-
matsu C9940-01 detector and Jobin-Yvon Fluorolog 3-222 Tau
spectrometer. Lifetime measurements were also collected using
the Jobin-Yvon Fluorolog 3-222 Tau spectrometer. Nanoparticle
size was measured with a Coulter N4Plus DLS using 10 mm quartz
cuvettes. UV spectra was obtained using a Perkin Elmer Lambda
850 spectrometer.

4.3 Nanoparticle preparation

Emulsion polymerization was performed in a single necked round
bottom flask (50 ml) with magnetic stirring. Potassium persulfate
(70 mg) was dissolved in water (29 ml) and nitrogen was purged
through the solution for 15 minutes. Sodium dodecyl sulfate solu-
tion (29% in H2O, 0.4 ml) was added to the flask under nitrogen.
The resulting solution was stirred and placed in a preheated bath
at 70 ◦C for 3 minutes, then a degassed solution of propargyl acry-
late (2 ml) and divinylbenzene (0.1 ml) were added to the main
reaction. The mixture was stirred at 70 ◦C under nitrogen for
90 minutes. The emulsion was cooled, then filtered; followed by
purification by dialysis using Spectra/Por Dialysis membrane with
MWCO 50000 for 3 days at 40 ◦C in a dialysis bath, with the water
being changed every 8 hours. Nanoparticles were characterized
using DLS, median size was 60 nm with a standard deviation of
10 nm. The final emulsion contained 45 mg/ml of nanoparticles.

4.4 Poloxamer modification

MeSO2-pluronic-L64. Pluronic-L64 (3.14 g, 1.064 mmol) was
dissolved in dry dichloromethane (DCM) (10 ml), triethylamine
(0.132 g, 1.3 mmol) was added to the solution. The obtained
solution was stirred at room temperature, and methanesulfonyl
chloride (62 mg, 0.543 mmol) was added drop-wise. The mixture
was stirred for 6 hours at room temperature; then was washed
with water. The organic layer was separated, dried with Na2SO4,
filtered and evaporated under reduced pressure. Yield 3.1 g
(95%), clear oil. This product was used in the next step with-
out further purification. 1H NMR (CDCl3) δ 1.11 (m, 96H), 3.06
(s, 3H), 3.38 (m, 32H), 3.52 (m, 64H), 3.63 (m, 98H).

Pluronic-L64-N3. Sodium azide (195 mg, 3 mmol) was added
into solution of MeSO2-pluronic-L64 (3.1 g, 1.03 mmol) in
dimethylformamide (DMF) (10 ml). The mixture was stirred and
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heated to 80 ◦C for 3 hours. After cooling the mixture was ex-
tracted with DCM and washed with water 2 times. The organic
layer was separated, dried with Na2SO4, filtered and evaporated
under reduced pressure. Yield 2.27 g (75%), clear oil. Pluronic-
L64-N3 was used in the next step without further purification. 1H
NMR (CDCl3) δ 1.07 (m, 96H), 3.34 (m, 32H), 3.48 (m, 64H),
3.59 (m, 98H).

MeSO2-pluronic-L64-N3. Pluronic-L64-N3 (1 g, 0.34 mmol)
was dissolved in dry DCM (3 ml), then triethylamine (42 mg,
0.408 mmol) was added. The solution was stirred at room tem-
perature and methanesulfonyl chloride (78 mg, 0.68 mmol) was
added drop-wise. The reaction was stirred at room temperature
for 6 hours, followed by extraction with DCM and washed with
water. The organic layer was separated, dried with Na2SO4, fil-
tered and evaporated under reduced pressure. Yield 0.7 g (65%),
clear oil. This product was used in the next step without further
purification. 1H NMR (CDCl3) δ 1.11 (m, 96H), 3.07 (m, 3H),
3.38 (m, 32H), 3.52 (m, 64H), 3.64 (m, 98H).

azPlurNaph. The mixture of MeSO2-pluronic-L64-N3 (0.7 g,
0.22 mmol), naphthalimide (100 mg, 0.36 mmol) and potassium
carbonate (80 mg, 0.58 mmol) in acetone (15 ml) was stirred
and refluxed for 48 hours. The mixture was filtered, and the fil-
trate was evaporated under reduced pressure; the residue was
extracted with DCM and washed with water. The organic layer
was separated, dried with Na2SO4, filtered and evaporated un-
der reduced pressure. Yield 0.58 g (80%), yellow oil. 1H NMR
(CDCl3) δ 1.11 (m, 96H), 1.70 (m, 6H), 1.86 (m, 10H), 3.38 (m,
32H), 3.52 (m, 64H), 3.62 (m, 98H), 7.14 (m, 2H), 7.65 (m, 2H),
8.31-8.54 (m, 8H).

4.5 Nanoparticle modification

Nanoparticle modification was performed using the azide alkyne
Huisgen cycloaddition reaction (click chemistry). A typical pro-
cedure was used as described elsewhere48. In short, copper(II)
sulfate (CuSO4) (2 mg, 8 µmol) was added to the propargyl acry-
late nanoparticles suspension in water (2 ml) and stirred until
completely dissolved. The solution of azOx (2 mg, 7 µmol) in
the mixture of tetrahydrofuran (THF) (2 ml) and methanol (4
ml) was added to the suspension of nanoparticles. The stirred
reaction vessel was purged with nitrogen for 5 minutes, then
sodium ascorbate (10 mg, 50.5 µmol) was added. The mixture
was stirred at 28◦C for 24 hours under nitrogen; then the solution
of azPlurNaph (22 mg, 7 µmol) in THF (2 ml) was added. Then
the solution of CuSO4 (2 mg, 8 µmol) in water (2 ml) was added.
The reaction was stirred and purged with nitrogen for 5 minutes,
then sodium ascorbate (10 mg, 50.5 µmol) was added. The re-
action continued at 28 ◦C for 24 hours under nitrogen. The reac-
tion mixture was centrifuged at 10000G for 5 minutes. Separated
nanoparticles were washed with the mixture of THF:Methanol 1:1
(20 ml); this purification was performed 5 times until all impuri-
ties were removed. The content of unreacted dyes in the super-
natant solution was monitored by observation of UV-Vis absorp-
tion (for azOx peak at 330 nm was monitored, for azPlurNaph
peak at 400 nm was monitored). When these peaks were impos-
sible to identify the cleaning process was considered complete.
After the last centrifugation the nanoparticles were suspended in
THF (1 ml) and stored in dark until further use. To prepare single
dye modified nanoparticles reagents ratio was calculated based
on the sum of the grafting densities of both dyes on dual modi-
fied nanoparticles. This was done to match the total number of
chromophores per nanoparticle in all sample. The rest of the syn-
thesis procedure was the same as for dual modified nanoparticles.

4.6 Grafting density determination

To determine grafting density of the dyes all supernatant solu-
tions from nanoparticle cleaning process were collected and the
dye content in them was calculated using the Beer-Lambert law
based on the specific absorption of each dye. The mass of both
dyes in all supernatant solutions was calculated and summed.
This sum was subtracted from the loading quantities of the dyes
to calculate mass of the dyes that had reacted. Total surface area
of the nanoparticles was calculated using the assumption that
nanoparticles are perfect mono-disperse spheres with 60 nm di-
ameter. The final grafting density for oxadiazole was measured to
be 0.54 molecules per nm2, naphthalimide-pluronic-L64-N3 com-
plex 0.39 molecules per nm2.

4.7 Fluorescence measurements

Sample preparation procedures for the dual dye-modified
nanoparticles fluorescence measurements were as follows: a por-
tion of the particle suspension obtained after cleaning of the mod-
ified nanoparticles was dispersed in water to achieve a nanopar-
ticle density of 5x1011 (checked by DLS), which translates to ap-
proximately 5x10−9 mole/ml of dye. For the single dye-modified
nanoparticles, the samples were diluted to achieve a particle den-
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sity that gave a PA/azOx peak intensity similar to the dual dye-
modified nanoparticles. All samples were allowed 24 hours for
equilibration at room temperature prior to any measurement.
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Poloxamer attached to propargyl acrylate nanoparticle is used to control energy transfer between the 

dyes through distance modulation. 

 

Page 10 of 10Nanoscale


