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Fluorescence resonance energy transfer (FRET) is a powerful tool used in a wide range of 
applications due to its high sensitivity and many other advantages. Co-encapsulation of a 
donor and an acceptor in nanoparticles is a useful strategy to bring the donor-acceptor pair 
in proximity for FRET. A highly efficient FRET system based on BODIPY-BODIPY (BODIPY:  
boron-dipyrromethene) donor-acceptor pair in nanoparticles was synthesized. 
Nanoparticles were formed by co-encapsulating a green emitting BODIPY derivative (FRET 
donor, λmax = 501 nm) and a red emitting BODIPY derivative (FRET acceptor, λmax = 601 nm) 
in an amphiphilic polymer using the precipitation method. Fluorescence measurements of 
encapsulated BODIPY in water following 501 nm excitation caused a 3.6 fold enhancement 
of the acceptor BODIPY emission at 601 nm indicating efficient energy transfer between the 
green emitting donor BODIPY and the red emitting BODIPY acceptor with a 100 nm Stokes 
shift. The calculated FRET efficiency was 96.5%. Encapsulated BODIPY derivatives were 
highly stable under our experimental conditions. 
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1. Introduction 
 

Fluorescence energy transfer occurs when a high energy 
absorbing fluorophore (donor, D) transfers its excitation 
energy to a nearby low energy absorbing chromophore 
(acceptor, A) in its ground state through a non-radiative 
process. Fluorescence energy transfer can occur through bond 
or through space. When the donor and the acceptor are linked 
through a twisted conjugated spacer, through bond energy 
transfer predominates [1-3]. Through-space energy transfer 
known as fluorescence resonance energy transfer (FRET) or 
Förster energy transfer occurs through long-range dipole–
dipole interactions between the donor–acceptor pair [4-6]. 
FRET does not require a physical contact or interaction 
between the donor and the acceptor molecule. However, the 
rate of FRET depends on (i) the extent of overlap between the 
donor emission spectrum and the acceptor absorption 
spectrum, (ii) the relative orientation of the donor emission and 
the acceptor excitation dipoles, (iii) the separation between the 
donor and the acceptor (typically 10-100 Å), and (iv) the 
fluorescence quantum yield of the donor [7-10]. Extreme 
sensitivity of FRET to D−A separation distance allows utiliza-
tion of FRET in monitoring a variety of biological processes that 
cause changes in molecular proximity. It has been extensively 

used in biosensing and nano-sensing applications [11,12]. FRET 
has been used in monitoring protein-protein interactions [13], 
drug-protein interactions [14], DNA-protein interactions [15], 
conformational changes in protein [16], receptor-mediated 
endocytosis [17], and drug release [18]. Due to high sensitivity 
and low-cost, FRET is a powerful tool for biomedical imaging 
[19,20].  

A wide variety of organic dyes such as naphthalene, pyrene, 
coumarin, rhodamine, Nile Red, and Boron-dipyrromethene 
(BODIPY) have been utilized in FRET systems [4,21,22]. Among 
all, the small fluorophore, BODIPY has received significant 
attention due to its superior photophysical properties. Their 
highly fluorescent quantum yields, high extinction coefficients, 
chemical and photo stability and their feasible synthesis and 
functionalization makes them attractive candidates for FRET. 
Electrical neutrality of the BODIPY molecule, insensitivity to pH 
and solvent polarity are additional advantages for biological 
applications [23,24]. BODIPY has been extensively studied for 
many applications such as labeling of biomolecules, imaging, 
laser dyes, solar cells, chemical sensors, fluorescent indicators 
and probes, and ion sensors [25,26]. BODIPY based donor/ 
acceptor systems such as energy transfer cassettes and artificial 
light harvesting arrays are also reported [1,27,28]. 
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Figure 1. (a) Structures of BODIPY 1 and 2; (b) Schematic diagram of Co-encapsulation of BODIPY 1 (Green) and 2 (Red) using an amphiphilic polymer (blue: 
hydrophilic portion, yellow: hydrophobic portion). 

 
Most of the organic dyes (including BODIPY) are hydro-

phobic in nature. However, many biological and biomedical 
applications require water soluble fluorescence dyes that are 
compatible with the aqueous biological environment. Attaching 
hydrophilic groups has been used to increase water solubility. 
Nevertheless, it is often synthetically challenging, and 
purification of such compounds is difficult [29]. In addition, 
such groups often decrease fluorescence intensities [30]. 
Encapsulation of the fluorophores in amphiphilic polymers has 
emerged as a feasible strategy for this problem [22,31,32]. In 
spite of its potential, only few examples of co-encapsulated 
systems for FRET have been reported. For example, an enzyme-
responsive theranostic FRET Probe with 88% FRET efficiency 
was made using curcumin/Nile red D-A system with an 
amphiphilic polyester [22]. Poly(lactic-co-glycolic acid) 
nanoparticles encapsulating BODIPY (Donor) and Nile Red 
(Acceptor) with ∼70% FRET efficiency is reported [33]. 
Artificial light-harvesting assemblies with a BODIPY molecule 
coupled with bacteriochlorin acceptor resulting greater than 
90% FRET efficiency is also known [34]. In all these systems 
BODIPY fluorophore is used as the donor. 

In a previous study, we reported highly efficient energy 
transfer in an asymmetric dimeric BODIPY [1]. Arrangement of 
the BODIPY units in the dimers were investigated by DFT 
calculations. Perpendicular arrangement of BODIPY core 
breaks the conjugation between two BODIPY units which 
enables donor-acceptor behavior with efficient excitation 
energy transfer [1]. However, the synthesis and purification of 
these dimers are highly time consuming and often gives a poor 
yield. In addition, due to the hydrophobic nature, they need to 
be dissolved in a carrier solvent such as DMSO for biological 
studies. DMSO has some cytotoxic effect and limits biomedical 
applications of these molecules [35]. Hence, we seek to 
investigate the possibility of bringing two individual BODIPY 
molecules in proximity to facilitate FRET. Our strategy in this 
study is to utilize an amphiphilic polymer DSPE-PEG5000 for 
noncovalent encapsulation of the BODIPY donor and the 
acceptor. DSPE-PEG is a widely used biocompatible, biodegra-
dable amphiphilic polymer [36] and self-assembly of the 
polymer will produce a hydrophobic core encapsulating 
BODIPY dyes while the hydrophilic corona will make it water 
soluble (Figure 1b). We selected two BODIPY molecules 
previously synthesized in our lab, a green emitting BODIPY 
((λmax emission = 498 nm) with high quantum yield as the donor 
and an orange-red emitting BODIPY (λmax emission = 600 nm) 
as the acceptor. Because the high fluorescence quantum yield of 

the donor and the emission spectrum of the donor overlaps well 
with the absorption of the acceptor, we expect efficient energy 
transfer between them. We hypothesized that coprecipitating D 
and A with the polymer will produce encapsulated nano-
particles to bring D and A in proximity for FRET. Nonyl 
substituent on the meso position of the BODIPY core of D and A 
increases the hydrophobicity which further helps to localize 
BODIPY in the hydrophobic core. To the best of our knowledge, 
polymer encapsulated FRET systems with BODIPY/BODIPY 
donor-acceptor pair has not been reported.  
 
2. Experimental 
 
2.1. Materials 
 

DSPE-PEG5000 was purchased from Laysan Bio, Inc. and used 
as received. Solvents used for synthesis of compounds 1 and 2 
were purified using standard purification methods [37]. 
 
2.2. Instrumentation 
 

UV-Visible spectra were recorded using a Cary 5000 Series 
UV-VIS-NIR spectrophotometer. Fluorescence spectra were 
recorded using a Horiba Jobin Yvon Fluoromax-4 spectro-
fluorometer.  
 
2.3. Photophysical properties  
 

The fluorescence spectra of compounds 1 and 2 in THF 
were recorded by exciting compound 1 at 489 nm and 
compound 2 chromophores at 563 nm. Slit width was kept at 1 
nm both at the excitation and emission. The width of slits and 
other data collection parameters were kept the same for each 
measurement. The FRET data were obtained by exciting co-
encapsulated dyes at 501 nm, and the emission was collected at 
489-750 nm range. FRET efficiency was calculated using 
Equation (1). Ratiometric FRET was calculated by dividing the 
emission intensity of the acceptor at 601 nm by the emission 
intensity of the donor at 501 nm. 
 

FRET = 1 − Fluorescence intensity of the donor 
Fluorescence intensity of the free donor 

   (1) 
 
2.4. Synthesis 
 
2.4.1. Synthesis of 1 and 2 
 

Compounds 1 and 2 were synthesized as previously 
reported [38]. 
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 (a)  (b) 
 
Figure 2. (a)The visual colors of 1:1 molar mixture of BODIPY 1, 2 before encapsulation (green) and after encapsulation (orange) at 365 nm using a hand-held 
UV lamp. (b) SEM image of co-encapsulated nanoparticles. 

 
5, 5-Difluoro-1, 3, 7, 9-tetramethyl-10-nonyl-5H-4λ4, 5λ4-di 

pyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine (1): 1H NMR (300 MHz, 
CDCl3, δ, ppm): 6.07 (s, 2H, indacene-H), 2.96 (t, J = 8.0 Hz, 2H, 
CH2), 2.51 (s, 6H, 2CH3), 2.40 (s, 6H, 2CH3), 1.62 (br m, 2H, CH2), 
1.48 (br m, 2H, CH2), 1.27 (br s, 10H, 5CH2), 0.87 (t, J = 6.6 Hz, 
3H, CH3). 13C NMR (75 MHz, CDCl3, δ, ppm): 153.8 (2C, indacene-
C), 146.8 (1C, indacene-C), 140.4 (2C, indacene-C), 131.5 (2C, 
indacene-C), 121.6 (2C, indacene-C), 32.0 (2C, 2CH3), 30.5 (2C, 
2CH3), 29.6 (1C, CH2), 29.5 (1C, CH2), 29.3 (1C, CH2), 28.6 (1C, 
CH2), 22.7 (2C, 2CH2), 16.4 (1C, CH2), 14.5 (1C, CH2), 14.1 (1C, 
CH3). 

5,5-Difluoro-1,3,7,9-tetramethyl-10-nonyl-2, 8-bis(thiophen-
3-ylethynyl)-5H-4λ4, 5λ4-dipyrrolo[1, 2-c:2', 1'-f][1, 3, 2]diazabo 
rinine (2): 1H NMR (400 MHz, CDCl3, δ, ppm): 7.43 (dd, J = 6.4, 
1.6 Hz, 2H, Ar-H), 7.28 (q, J = 0.007 Hz, 2H, Ar-H), 7.17 (dd, 6.4 
Hz, 1.2 Hz, 2H, Ar-H), 2.65 (s, 6H, 2CH3), 2.53 (s, 6H, 2CH3), 1.62 
(br m, 2H CH2), 1.49 (br m, 2H CH2), 1.27 (br m, 12H, 6CH2), 0.87 
(t, J = 6.8 Hz, 3H, CH3). 13C NMR (100 MHz, CDCl3, δ, ppm): 156.9 
(2C, indacene-C), 147.7 (1C, indacene-C), 141.2 (2C, indacene-
C), 131.4 (2C, indacene-C), 129.9 (2C, indacene-C), 128.3 (2C, 
Ar-C), 125.5 (2C, Ar-C) 122.5 (2C, Ar-C), 116.3 (2C, Ar-C), 91.3 
(2C, ethynyl-C), 81.3 (2C, ethynyl-C), 31.9 (1C, CH2), 30.5 (2C, 
2CH3), 29.6 (2C, 2CH3), 29.3, (1C, CH2), 28.7, (1C, CH2), 22.8, (1C, 
CH2), 15.3, (1C, CH2), 14.2, (1C, CH2), 13.8. (1C, CH3). 

 
2.4.2. Fluorescence quantum yield (Φ) measurements in 
THF: 
 

Fluorescence quantum yield (Φ) for each compound was 
determined on a series of dilute solutions with absorbance 
values between 0.02 and 0.08 at the excitation wavelength 
given in Table 1. The relative fluorescence quantum yield (Φs) 
was determined as: 
 
 Φ𝑠𝑠 = Φ𝑠𝑠𝑠𝑠 � 𝐼𝐼𝐼𝐼

𝐼𝐼𝐼𝐼𝐼𝐼
� �𝐴𝐴𝐼𝐼𝐼𝐼

𝐴𝐴𝐼𝐼
� � 𝜂𝜂2𝐼𝐼

𝜂𝜂2𝐼𝐼𝐼𝐼
�     (2)  

 
where Φ is a fluorescence quantum yield, η represents the 
refractive index of the solvent used for the measurement, 
subscripts s and st represent the samples and the external 
standards, I is the integrated fluorescent intensity and A is the 
absorbance at the excitation wavelength. Rhodamine B was 
used as the reference (Φ = 0.65 in ethanol).  
 
2.4.3. Synthesis of co-encapsulated 1 and 2 
 

Co-encapsulation of 1 and 2 were performed using the 
coprecipitation method. Stock solutions of 1 and 2 were 
prepared in THF. A 226 μmol solution of DSPE-PEG5000 was 
prepared in water. A 31 μmol THF solution of BODIPY 1 was 
combined with 31 μmol THF solution of 2. Then 880 μL of this 
combined THF solution of 1 and 2 was added to 120 μL of DSPE-
PEG5000 (226 μmol solution in water) to achieve 1:1:1 molar 
ratio of 1:2:DSPE-PEG5000. The resulting mixture (1 mL) was 
rapidly injected into a vial containing 10 mL of deionized water 
using a syringe. The mixture was then sonicated for 5 min. The 

vial containing the mixture was placed in a 45 ᵒC water bath. 
THF was removed by blowing argon on the surface of the 
solution.  The resulting solution (2.73×10-5 mol/L) of 1 and 2 
was filtered through 0.2 μm Whatman® Anotop® 25 syringe 
filter. SEM image was taken by drop casting 2.73×10-5 mol/L 
aqueous solution on a glass slide and evaporation of water by 
blowing argon. 
 
2.4.4. Determination of stability of nanoparticles 
 

The polymer co-encapsulated suspension was incubated 
for 7 days at room temperature. Stability of aggregates was 
monitored by measuring fluorescent intensity of the donor and 
acceptor at different time points and calculating the ratiometric 
FRET.  
 
3. Results and discussion  
 
3.1. Synthesis and encapsulation 
 

Dyes 1 and 2 were synthesized as described in our previous 
publication36 and characterized by NMR, UV/Vis and their 
fluorescence spectra. Several attempts of encapsulation were 
performed to determine the ratio of 1:2:DSPE-PEG5000 to 
achieve the optimal energy transfer and 1:1:1 molar ratio was 
the optimal. A solution of free 1 and 2 (before encapsulation) 
appeared light pink in color under ambient light and the bright 
green fluorescence was observed under 365 nm UV lamp 
(Figure 2). Injecting the solution of compounds 1, 2 and the 
polymer into 10 mL water and evaporation of THF changed the 
fluorescence from green to red due to formation of BODIPY 
encapsulated polymer nanoparticles (Figure 2). Self-assembly 
of the polymer localizes hydrophobic BODIPY 1 and 2 in the 
core which brings them in proximity for FRET (Figure 1b). As 
expected, the SEM image of nanoparticles shows spherical 
morphology. 
 
3.2. Photophysical properties 
 

The UV-Vis absorption and fluorescence experiments were 
carried out in THF using a Cary 5000 Series UV-VIS-NIR 
Spectrophotometer. Similar to our previous photophysical data 
in CH2Cl2 [39], compounds 1 and 2 show typical BODIPY 
absorption bands (Figure 3), the more prominent, lowest 
energy absorption band due to the S0-S1 (π-π*) transition and 
the weaker absorption band, ~350-430 nm which is more 
prominent in compound 2, is due to the S0-S2 (π-π*) transition 
(Figure 3) [1,39]. Absorption maximum of the BODIPY 2 which 
has ethynylthiophene units at the 2,6 positions is a 65 nm 
redshifted in comparison to compound 1 (Table 1). These 
values are almost identical in THF and CH2Cl2 (Table 1). 
Substantial overlap of the emission spectrum of compound 2 
with the absorption spectrum of compound 1 satisfies the 
spectral overlap requirement for FRET (Figure 3) [7-10].  
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Table 1. Photophysical properties of compounds 1 and 2 in CH2Cl2 and THF a.  
Compound Absorbance λmax (nm) Emission λmax (nm) Stokes shift Quantum yield (%) 
1 498 b, 501 504 b, 512 6 b, 11 84 b, 85 
2 563 595 b, 601 32 b, 38 34 b, 32 
a Rodamine B was used as reference (ф = 65% in ethanol). 
b In CH2Cl2 [39]. 
 

 
 

Figure 3. Normalized Absorption and emission spectra of BODIPY 1 (Green) and 2 (Red) in THF. 
 

 
 

Figure 4. Normalized (to the acceptor emission peak) absorption (blue) and emission upon 501 nm excitation (red) spectra of co-encapsulated BODIPY 1, 2 in 
water. 

 
According to Figure 3, there is a slight overlap of the 

normalized absorption spectra of compounds 1 and 2 which 
can cause simultaneous excitation of both chromophores. This 
may lead to slight overestimation of the energy transfer 
efficiency. However, in unnormalized absorption spectra, the 
intensity at 501 nm of compound 2 is only 1.7% of the intensity 
of compound 1 which is negligible when considering the high 
quantum yield of compound 1. BODIPY 1 has small Stokes shift 
(6 nm, 14 nm) because geometry of the S1 state of compound 1 
is very similar to that of the ground state [1]. A small Stokes shift 
is undesirable due to reabsorption of emitted photons and 
which leads to decreased intensity and background inter-
ference. BODIPY 2 with 2,6 thienyl substituted BODIPY 
molecules has relatively larger Stokes shifts (32 nm, 38 nm). 
Absorption λmax of co-encapsulated donor and the acceptor are 
identical to those of the free donor (1) and the acceptor (2) 
while Emission λmax of the donor and the acceptor are 508 and 
601 nm, respectively (Figure 4). Lack of splitting or red shifting 
of the spectral bands confirms the absence of stacking or 
formation of aggregates. Quantum yield of fluorescence in 
CH2Cl2 and THF were almost identical (Table 1). Spectra of 
individually encapsulated 1 and 2 at 3×10-5 mol/L concent-
ration are identical to those of free compounds 1 and 2. 
 

3.3. Fluorescence resonance energy transfer 
 

Emission spectra provided information about donor/ 
acceptor energy transfer taking place in these encapsulated 
molecules. Considering the high fluorescence quantum yield of 
the donor and the considerable overlap between the emission 
spectrum of the donor and the absorption spectrum of the 
acceptor, we anticipated efficient energy transfer between 
compounds 1 and 2 in co-encapsulated particles. Excitation of 
1:1 mixture of compounds 1 and 2 in THF at 501 nm resulted in 
high intensity emission at 512 nm corresponding to emission of 
compound 1 (Figure 5). Absence of emission by compound 2 
following 501 nm excitation conformed that there is no energy 
transfer between solvent separated compounds 1 and 2. 
Excitation of co-encapsulated mixture at the same wavelength 
caused a sharp decrease in donor emission at 512 nm with an 
emission band at 601 nm corresponding to the acceptor 
emission giving 100 nm pseudo-Stokes shift. This is a clear 
visual evidence of FRET between compounds 1 and 2 (Figure 
5). Most of the fluorescent dyes have small Stokes shifts which 
increase background noise and complicate spectral resolution. 
Having a large Stokes shift is highly advantageous for 
applications such as fluorescence imaging. Excitation of the 
donor at different wavelengths is given in Figure 6.  
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Figure 5. Green: Normalized (to the acceptor emission peak) emission spectrum of a mixture of compounds 1 and 2 (3×10-5 mol/L) in THF Green: before 
encapsulation (Excited at 501 nm), Red: Emission of co-encapsulated 1 and 2 (3×10-5 mol/L) in water (excited at 501 nm).  
 

 
 

Figure 6. Emission followed by excitation of compound 1 at different wavelengths. 
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Figure 7. Structure of the BODIPY dimer (a) and its emission followed by excitation at different wavelengths (b) [1]. 
 
The highest emission intensities for both donor and the 

acceptor were observed upon 501 nm excitation. Intensity of 
the 476 nm excitation (shoulder of the absorption spectrum of 
compound 1, Figure 6) was much lower. Selective excitation of 
the acceptor at 563 nm resulted in a single peak corresponding 

to the acceptor emission (λmax = 601 nm, Figures 5 and 6). 
Interestingly, the intensity of the acceptor emission followed by 
all three excitations (501, 488, and 476 nm) were higher than 
that of 563 nm excitation. Intensity of the 601 nm emission 
followed  by  501 nm excitation  is  a  3.6-fold enhancement com- 
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Figure 8. FRET ratio plot at different measurement time points. 
 
pared to 563 nm excitation. It was 2.3-fold and 1.4-fold 
enhancement with respect to 488 and 476 nm excitations. This 
agrees with the results of our previous study of the dimer that 
was composed of two chromophores similar to BODIPY 1 and 2 
(Figure 7) [1]. DFT calculations on the dimer suggest that 
excitation of the donor at λmax produces S0-S2 transition, and the 
fluorescence enhancement is due to efficient S2-S1 internal 
conversion following high intensity S0-S2 excitation [1]. Similar 
emission enhancement has been observed between BODIPY 
(donor)- and Nile Red (acceptor) [34]. Energy transfer 
efficiency was calculated using equation 2 and found to be 96.4 
% which is very close to the that of the dimer [1]. 
Donor/acceptor intensity ratio (ratiometric FRET) was 
calculated by dividing the emission intensity of acceptor by the 
emission intensity of donor and was found to be 7.7 for 501 nm 
excitation (Equation (1). In the dimer where the donor and the 
acceptor are covalently linked, produced 97.3% efficiency of 
energy transfer [1].  
 
3.4. Stability of co-encapsulated 1 and 2 
 

Stability of nanoparticles is crucial for their applications. 
Recovery of the donor intensity and decreased acceptor 
emission intensity are indications of reduced energy transfer 
between the D-A pair due to dye leaking or degradation of 
particles. The polymer co-encapsulated suspension was 
incubated at room temperature for 7 days. Stability of particles 
was monitored by measuring the fluorescent intensity of the 
donor and the acceptor at different time points. Reporting 
ratiometric FRET is advantageous rather than reporting change 
in intensity of the acceptor, because the ratio is independent of 
the absolute concentration of the sensor, hence effect of solvent 
evaporation upon storage can be eliminated. The FRET ratio 
was changed from 7.7 to 6.9 which is just a 13% change for one 
week indicating high stability. 
 
4. Conclusion 
 

In summary, we have engineered a novel and highly 
efficient FRET system by careful selection of a donor and an 
acceptor with high stability, substantial spectral overlap, and a 
donor with high fluorescence quantum yield. We selected a 
green emitting BODIPY 1 as the donor and an orange red 
emitting BODIPY 2 as the acceptor. Energy transfer was 
facilitated by convenient co-encapsulation of them in an 
amphiphilic polymer in water. Excitation of the donor resulted 
in emission by the acceptor with 96.5% FRET efficiency 
producing large pseudo-Stokes shift. This is very close to the 
efficiency of the dimer we previously synthesized connecting a 
BODIPY donor and an acceptor with similar structures. This 
confirms the effectiveness of encapsulation in developing FRET 

probes without complicated and time-consuming synthetic 
routes. Fluorescence measurements of encapsulated BODIPY in 
water indicated substantial (3.6-fold) enhancement of the 
acceptor emission. Encapsulated BODIPY derivatives were 
quite stable at room temperature. Due to the nontoxic nature of 
BODIPY, superior photophysical properties, high FRET 
efficiency, and stability, this co-encapsulated FRET system is an 
excellent candidate for a FRET probe for chemical, physical, 
biological, and biomedical applications.  
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