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J-Aggregate-Based FRET Monitoring of Drug Release from Polymer
Nanoparticles with High Drug Loading

Yun Liu*, Guangze Yang", Song Jin, Run Zhang, Peng Chen, Tengjisi, Lianzhou Wang,
Dong Chen, David A. Weitz, and Chun-Xia Zhao*

Abstract: Understanding drug-release kinetics is critical for the
development of drug-loaded nanoparticles. We developed a J-
aggregate-based Forster-resonance energy-transfer (FRET)
method to investigate the release of novel high-drug-loading
(50 wt %) nanoparticles in comparison with low-drug-loading
(0.5 wt%) nanoparticles. Single-dye-loaded nanoparticles
form J-aggregates because of the high dye-loading (50 wt %),
resulting in a large red-shift (~110 nm) in the fluorescence
spectrum. Dual-dye-loaded nanoparticles with high dye-load-
ing using FRET pairs exhibited not only FRET but also a J-
aggregate red-shift (116 nm). Using this J-aggregate-based
FRET method, dye-core-polymer-shell nanoparticles showed
two release processes intracellularly: the dissolution of the dye
aggregates into dye molecules and the release of the dye
molecules from the polymer shell. Also, the high-dye-loading
nanoparticles (50 wt %) exhibited a slow release kinetics in
serum and relatively quick release in cells, demonstrating their
great potential in drug delivery.

Introduction

Polymer nanoparticles have attracted significant interest
in drug delivery due to their excellent biocompatibility,
biodegradability, and simple fabrication methods.! The
FDA-approved biodegradable poly(p, L-lactic-co-glycolic
acid) (PLGA) is a promising candidate for making polymer
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nanoparticles.”) However, two main challenges remain for
their clinical applications, that is, low drug loading (usually
below 10 wt % ) and undesirable burst release of the encapsu-
lated drugs.’! Drug loading here is defined as the mass
fraction of the drug in the entire drug-loaded nanoparticles
(w/w).! We reported previously a simple and robust sequen-
tial nanoprecipitation technology to produce stable drug-core
polymer-shell nanoparticles with high drug loading (up to
58.5wt%) from a wide range of polymers and drugs,
providing a new opportunity to address these two challeng-
es.’l However, the drug release kinetics of these high drug-
loading polymeric nanoparticles remain unexplored.

Forster resonance energy transfer (FRET) has been
widely used for investigating drug release kinetics."! Tt
involves the energy transfer from one fluorophore to the
other, shifting the fluorescence emission. FRET can be used
to monitor the integrity and disassembly of fluorescent dye-
loaded nanoparticles thus providing valuable spatial and
kinetic information.”” A hydrophobic FRET pair, 3, 3'-
dioctadecyloxacarbocyanine perchlorate (DiO) as the donor
and 1,1’-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine
perchlorate (Dil) as the acceptor, can be loaded into
polymeric nanoparticles using nanoprecipitation.”’ The prox-
imity (usually less than 10 nm) between the two dyes can
induce the FRET effect.”) When both DiO and Dil are
encapsulated inside one nanoparticle, excitation of DiO
would result in Dil emission. Then when the nanoparticle
disassembles, recovery of the DiO emission could be observed
due to the elimination of the energy transfer.!'”! This strategy
allows us to directly monitor the release of DiO and Dil from
nanoparticles under different conditions.®"!

Discovered more than 80years ago by Jelley and
Scheibe,"! J-aggregates are formed by a highly ordered
assembly of organic dyes with the spectroscopic properties
significantly different from that of single or disorderly
assembled dye molecules." The key features of J-aggregates
are the strong shift of their absorption and emission spectra to
longer wavelengths with respect to the spectra of monomers
together with their dramatic sharpening. In contrast, aggre-
gates with absorption bands shifted to shorter wavelengths
with respect to the monomer band are called H-aggregates.!'*!
J- and H-aggregates consist of stacked dye molecules in the
head-to-tail arrangement (J aggregates) and a sandwich-type
arrangement (H aggregates).[*?

To simulate drug-loaded nanoparticles, we used hydro-
phobic dyes as the model hydrophobic drugs. We synthesized
dye-loaded polymeric nanoparticles (DiO, Dil and the DiO-
Dil pair (FRET) (Wpo/Wp;=1:1)) with low dye loading
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(0.5 Wt %; W/ Wi polymer) Using the traditional bulk nano-
precipitation method and high dye loading nanoparticles
(50 wt %) using our sequential nanoprecipitation method, to
monitor and compare their release kinetics. A large red-shift
(=100 nm) was observed in the fluorescence spectra of DiO,
Dil, and FRET-loaded nanoparticles with high dye loading
due to the formation of J-aggregates. Based on this finding,
we developed a new J-aggregate-based FRET approach to
investigate the release kinetics of the high dye-loading
nanoparticles. Furthermore, we compared the release and
disassembly of low and high dye-loading nanoparticles in cells
and serum using the traditional FRET method and our new J-
aggregate-based FRET approach. Interestingly, we found that
the high dye-loading nanoparticles had a unique release and
disassembly kinetics, and their release was slower than that of
the low dye-loading nanoparticles. To the best of our knowl-
edge, this is the first J-aggregate-based FRET method to
study the release kinetics of drug-loaded nanoparticles.

Results and Discussion

In our previous work, we reported a new sequential
nanoprecipitation approach to fabricate polymer nanoparti-
cles with exceptionally high drug loading using a wide range
of drugs and polymers.”'¥l The sequential nanoprecipitation
approach is based on tuning the precipitation time of drugs
and polymers using a multi-solvent system, leading to the
formation of drug nanoparticles followed by the instant
precipitation of a polymer thus forming drug-core polymer-
shell nanoparticles. Typically, a drug and a polymer at a 1:1
weight ratio are first dissolved in a solvent mixture of
dimethyl sulfoxide (DMSO), dimethylformamide and etha-
nol. Phosphate buffered saline buffer at pH 7.4 is poured into
this solution with gentle mixing (Figure 1), forming drug-core
polymer-shell nanoparticles. In the case of using poly (D, L-
lactide-co-glycolide)-block-poly(ethylene glycol) (PLGA k-
PEG.sg) as the polymer and curcumin as the drug, curcumin-
loaded polymeric nanoparticles with 58.5 wt % drug loading
exhibit a multiple drug-core structure (Figure 1a4). This
unique core-shell structure raises two questions: (1) How
do the high drug-loading nanoparticles release the encapsu-
lated drug? (2) Do they have similar intracellular release
kinetics as those traditional nanoparticles having low drug
loading ?

To answer these questions, we developed a J-aggregate-
based FRET method to investigate the structures and
disassembly kinetics of high drug-loading polymeric nano-
particles, in comparison with the traditional low drug-loading
nanoparticles. Fluorescent dyes DiO and Dil were selected
for encapsulation because they are an efficient FRET pair
with Forster distance of ca. 4 nm.I"” Additionally, as hydro-
phobic dyes, they can be encapsulated in the polymeric
nanoparticles in the same way as those hydrophobic drugs,
thus mimicking the disassembly and release of drugs.

We synthesized PLGA k-PEGsk nanoparticles with low
dye loading (0.5 Wt %; W/ Wye  polymer) including DiO-load-
ed (Low-DiO), Dil-loaded (Low-Dil), and the DiO-Dil pair
(FRET)-loaded nanoparticles (weight ratio Wp;o/Wp; =1:1;
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Low-FRET) using the traditional bulk nanoprecipitation
method (Figure 1b). We also synthesized dye-loaded
PLGA,x-PEGsx nanoparticles with high dye loading
(50 Wt %5 Waye/ Waye s polymer) including DiO (High-DiO), Dil
(High-Dil) and DiO-Dil pair (Wp;o/Wp; = 1:1; High-FRET)
using our sequential nanoprecipitation method (Figure 1c),
the encapsulation efficiencies of high dye loading nano-
particles fabricated using this method were more than 95%."!
The TEM images show that the Low-DiO, Low-Dil and Low-
FRET nanoparticles have similar structures as the plain
PLGA x-PEGsk nanoparticles, as the dye loaded inside the
nanoparticles are mostly in molecular state which are too
small to be observed under TEM (Figure 1d and Figure S1).
In contrast, the High-DiO, High-Dil, and High-FRET nano-
particles contain several dye-cores of 30-40 nm (Figure 1¢),
similar to those high drug-loading PLGA-PEGsx nano-
particles.”!

The FRET polymer nanoparticles (Low-FRET and High-
FRET) showed much higher FRET ratios (FRET emission/
donor emission) than that of the nanoparticle mixture (a
mixture of Low-DiO and Low-Dil: Low-Mixture, or a mixture
of High-DiO and High Dil nanoparticles: High-Mixture),
indicating the successful co-loading of DiO and Dil in the
FRET nanoparticles (Figures S2-7). To further confirm
whether they contain individual DiO and Dil core nano-
particles, or hybrid DiO-Dil core nanoparticles, we precipi-
tated DiO, Dil and the DiO-Dil pair (Wp;o/Wp; =1:1) into
nanoparticles without polymer to mimic the formation of dye
cores as the plain dye particles can be stable for 1-3 hours. To
precipitate DiO and Dil, two types of nanoparticles might
form: hybrid FRET nanoparticles incorporating both DiO
and Dil in a single particle, or a mixture of individual DiO and
Dil nanoparticles. For hybrid FRET nanoparticles, we should
be able to observe a strong FRET emission. Otherwise, there
should be no FRET emission and the suspension should have
a similar spectrum as the mixture of DiO and Dil nano-
particles (Wpio/Wp;=1:1) due to the long distance between
the DiO and Dil nanoparticles and their self-quenching
effect. In the experiments, the hybrid FRET nanoparticles
showed a strong FRET peak with similar spectra and
fluorescence photo as the High-FRET polymer nanoparticles
(Figures S8-11), confirming that the DiO and Dil are co-
precipitated as hybrid FRET cores, which is ideal for
investigating the release kinetics of the High-FRET nano-
particles. All the nanoparticles including the Low-DiO, Low-
Dil, Low-FRET, High-DiO, High-Dil, High-FRET, DiO
nanoparticles, Dil nanoparticles, and hybrid FRET nano-
particles, have hydrodynamic sizes in the range of 82-139 nm
(Figure 1 f,g, Figure S12, 13 and Table S1). The nanosuspen-
sions of Low-DiO, Low-Dil, and Low-FRET nanoparticles
are clear solutions without any aggregates and had similar
colors (yellow, pink and red colors, respectively) as those
samples of High-DiO, High-Dil, and High-FRET under
bright-field observation (Figure 1h,i).

Figures 2 a—c show the fluorescence spectra and images of
the low and high dye-loading polymeric nanoparticle suspen-
sions containing the donor dye DiO, acceptor dye Dil, or the
FRET pair DiO-Dil. To compare the changes of spectra in the
following experiments, we divided the wavelength from
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Figure 1. Synthesis and characterization of dye-loaded polymeric nanoparticles (DiO, Dil and FRET pair) with low and high dye loading. a) Our
sequential nanoprecipitation approach. An anti-solvent is added to a three-solvent mixture containing a hydrophobic drug and a polymer under
gentle mixing (1). Uniform drug nanoparticles precipitate first and form clusters, followed by the precipitation of polymer covering the drug
nanoparticle cluster (2), thus forming a drug-core polymer-shell structure (3). The TEM image shows a core-shell structure with several drug
nanoparticles in the core (4). The schemes (b and c), TEM images (d and e), DLS results in number % (f and g) and photos of suspension (h
and i) of the low dye-loading (0.5 wt%) polymeric nanoparticles: Low-DiO, Low-Dil, and Low-FRET nanoparticles (b, d, f and h from left to right)
and high dye-loading (50 wt %) polymeric nanoparticles: High-DiO, High-Dil, and High-FRET nanoparticles (c, e, g and i from left to right). The

scale bars for d and e are 50 nm.

450 nm to 750 nm into three areas based on the peaks of DiO
and Dil molecules or nanoparticles: (I) 450-550 nm (green),
(IT) 550-650 nm (orange) and (III) 650-750 nm (red). The
Low-DiO and High-DiO nanoparticles showed very different
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fluorescence spectra mainly due to the formation of DiO J-
aggregates in the High-DiO nanoparticles (Figure S14).
Moreover, the maximum emission of High-DiO showed
a dramatic red shift (112 nm) from 507 nm to 619 nm, leading
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Figure 2. Spectra and fluorescent photos of the low and high dye-
loading nanoparticles loaded with DiO (a,b), Dil (c,d), J-aggregate-
based FRET with a big red-shift (e,f) and the spectra of FRET dye
loaded nanoparticles from 0.4 wt% dye-loading to 50 wt% (g). The
wavelength of spectra is divided into 3 areas, (I) 450-550 nm marked
with green color, (I1) 550-650 nm marked with orange color and (IIl)
650—750 nm marked with red color.

to different fluorescence colors of the Low-DiO and High-
DiO, that is, green and orange, respectively (Figure 2a,b).
This is consistent with other dyes as similar red shifts were
observed previously for Cy3 and Cy7.5 dyes with an increase
in the dye content.'”! Similarly, we also observed a large red
shift (104 nm) of the Low-Dil and the High-Dil spectra from
570 to 674 nm and a fluorescence color change from orange-
yellow to red (Figure 2c¢,d).

FRET technology has been widely used to monitor the
release and disassembly of polymeric nanoparticles with
relatively low drug loading. Consistent with what others
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found 1% we also observed the FRET peak of the Low-
FRET nanoparticles which was similar to the peak of the
acceptor dye-loaded nanoparticles (Low-Dil). In contrast, the
High-FRET nanoparticles showed a red-shift FRET peak
(106 nm) compared to the FRET peak of the Low-FRET
nanoparticles (Figure 2¢). This was expected, as we demon-
strated above that the High-FRET nanoparticles had hybrid
FRET cores as a result of the co-precipitation of Dil and DiO
forming J aggregates. Consequently, the Low-FRET (orange-
yellow) and High-FRET (red) showed similar colors as those
of the Low-Dil and High-Dil nanoparticles (Figure 2 f).

To further demonstrate this unique J-aggregate-based
FRET phenomenon, we prepared FRET nanoparticles with
different dye loadings from 0.4, 0.8, 1.6, 3.1, 6.3, 12.5, 25 and
50 wt % (Figure 2g). We can see that when the dye loading
was lower than 3.1 wt %, a normal FRET peak was observed.
The FRET ratio II/I (fluorescence intensity of peak at area II/
peak at area I) increased from 1.99 to 17.27, and the FRET
ratio III/IT (fluorescence intensity of peak at area IIl/ peak at
area II) increased from 0.24 to 0.61 with the increase of dye
loading from 0.4% to 3.1% (Table S2). However, for dye
loading higher than 3.1 wt%, the J-aggregate based FRET
shift was significant. The FRET ratio III/II increased from
0.61 to 9.7 along with the increase of dye loading from 3.1 %
to 50% (Table S2). The self-quenching of the acceptor dye
occurred above 6.3% of dye-loading, as evidenced by the
decrease of the intensity of FRET peaks at area III (Fig-
ure S15). This demonstrates the direct correlation between
the red shift of the FRET peak and dye content in the
nanoparticles, allowing us to use the J-aggregate FRET
phenomenon to monitor the release kinetics of our high dye-
loading nanoparticles. The formation of J-aggregate is
common as organic dyes tend to m-stack into aggregates.
Different approaches have been developed to prevent dye
aggregation and dye self-quenching, for example, by using
bulky hydrophobic counterions as spacer."”

To mimic the swelling and disintegration processes of the
low and high drug-loading nanoparticles, we used an accel-
erated method by adding excess water-miscible organic
solvent DMSO until a final DMSO of 95%, to destroy the
core—shell structure completely by dissolving both the poly-
mer and the dye. The spectra and fluorescent colors of the
Low-DiO and Low-Dil nanoparticles were similar at both
0% and 95 % DMSO, implying that the dye loaded in the low
dye-loading nanoparticles was in molecular states (Fig-
ure 3a,b and Figure S16). For the Low-FRET nanoparticles,
the spectrum peaked at area at 0% DMSO, then the peak
moved to the area after adding 95% DMSO with a strong
emission of the donor dye but a complete disappearance of
the emission from the acceptor dye (Figure 3a,b and Fig-
ure S16) with the FRET ratio II/I decreased from 2.25 to 0.21
(Table S3). This is consistent with others’ work !>l and
confirmed the good integrity of the Low-FRET nanoparticles
without DMSO, wherein DiO and Dil molecules were in very
close proximity within the nanoparticles. So the integrity of
particles can be assessed based on the FRET signal. In
contrast to the low drug-loading nanoparticles, both the High-
DiO and High-Dil nanoparticles had a big peak shift after
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Figure 3. The disintegration of the low and high dye-loading nanoparticles using an accelerated dissolving process in DMSO from 0% to 95%
(volume ratio). The spectra and fluorescence photos of the low dye-loading nanoparticles: Low-DiO, Low-Dil, Low-FRET (a,b) and high dye-
loading nanoparticles: High-DiO and High-Dil (c,d) with 0% (red line) and 95% (blue line) DMSO concentration (v/v). The spectra (e),
fluorescence photos (f), and DLS results in number % (g) of the High-FRET nanoparticles with 0% (1), 25% (2), 50% (3), 75% (4) and 95% (5)

DMSO concentration.

adding DMSO to 95% indicating the dissolution of J-
aggregates (Figure 3¢,d and Figure S16).

For the High-FRET nanoparticles, we observed a dramatic
peak shift from area to area with adding DMSO. To illustrate
the disintegration process stepwise, we monitored the whole
process by adding DMSO gradually from 25 %, 50 % to 75 %
and 95 %. At 0% DMSO, the nanoparticle suspension was red
in fluorescence color, the FRET peak at area was dominant
with a negligible donor peak, demonstrating a high FRET
ratio (Figure 3el,f1). When the DMSO concentration in-
creased to 25 %, the suspension changed to orange-red color,
the FRET peak at area decreased and increased at area
indicating the disruption and loosening of the hybrid FRET
cores (Figure 3¢2,f2). As the DiO and Dil co-precipitated to
form the hybrid FRET-core polymer-shell nanoparticles, the
dissolution of the hybrid FRET cores led to the release of
DiO and Dil molecules and the diminishing of the hybrid
cores. In other words, during the dissolution process, the size
of the hybrid FRET nanoparticle cores became smaller and
smaller, the amount of DiO and Dil in molecular states
increased along with the addition of DMSO. With the increase
of DMSO to 50 %, the suspension changed to orange and the
FRET peak in area completely disappeared, demonstrating

all the hybrid FRET cores were dissolved and became dye
molecules. As DiO and Dil are both more soluble in DMSO
than the polymer, the polymer-shell of the nanoparticles was
able to confine some of the dissolved DiO and Dil molecules
and keep them in very close proximity, thus leading to the
recovery of the FRET emission at area II (Figure 3e3,{3),
similar to the Low-FRET nanoparticles at 0% of DMSO.
When the DMSO concentration was increased to 75 %, the
suspension changed to yellow color, the donor peak in area
emerged indicating that the polymeric shell started to
disassemble resulting in the release and spatial separation of
the two dyes (Figure 3e4,f4). Finally, when the DMSO
concentration reached 95 %, the High-FRET nanoparticles
were fully dissolved (no nanoparticle detected by DLS) and
the suspension turned to green, only one peak at area showing
the full recovery of donor emission with complete separation
of the donor and acceptor dyes (Figure 3e5,f5,g5 and Fig-
ure S16). For the High-FRET nanoparticles, the FRET ratio
III/IT decreased from 10.03 to 0.08, the FRET ratio II/1
decreased from 119.2 to 0.15 when the DMSO concentration
increased from 0% to 95% (Table S4). The DMSO dissolu-
tion experiment reveals two release processes of the high dye-
loading nanoparticles, that is, the dissolution of dye nano-
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particles in the core into dye molecules inside the polymer
shell, and the disassembly of the polymer shell leading to the
release of dye molecules out of the nanoparticles. This
swelling and disassemble process was also demonstrated by
monitoring the hydrodynamic size change of the nanoparti-
cles from 126 to 964 nm along with the addition of DMSO
(Figure 3 gl-4 and Figure S17). These two individual process-
es may occur simultaneously or sequentially depending on the
dissolution condition, because the dissolution and swelling
rates of dyes and polymer are different under different
environments. Although the peak shift of the High-DiO or
High-Dil nanoparticles during the disintegration is able to
provide the information about the dissolution or release of
dye molecules, it provides no information about disassembly
of polymers. In contrast, monitoring the whole release and
disintegration process using High-FRET nanoparticles offers
a better understanding of the release and particle disintegra-
tion process by closely monitoring the changes of the 3 peaks.
Therefore, FRET in combination with J-aggregate induced
the red-shift phenomenon, named J-aggregate-based FRET,
is ideal to monitor these two individual processes.

Then we evaluated the intracellular drug release kinetics
of the Low-FRET and High-FRET nanoparticles using
SKOV3 cancer cells (Figure 4). The Low-FRET, High-FRET,
and plain polymer nanoparticles were incubated with SKOV3
cells for only 10 min to minimize NP uptake thus better
observation of dye release and disassembly kinetics, then free
nanoparticles were removed and fresh medium was added.
The cells were then incubated further and the spectra of the
cell suspension were recorded over time. Cells cultured with
plain polymer nanoparticles (without dye) were regarded as
the Blank for subtraction.

For the Low-FRET nanoparticles, an increase of the
donor peak at area and a decrease of FRET peak at area was
observed over time from O to 4 h with the FRET ratio II/I
decreased from 2.18 to 0.57 (Figure 4a, Figure S18 and
Table S5). The gradually reduced FRET ratio suggested that
DiO and Dil molecules were slowly released from the
polymeric nanoparticles. The confocal images also show
a similar trend (Figure 4b and Figure S19). At the beginning
(0h), the Low-FRET nanoparticles adhered to the cell
membrane as indicated by the bright yellow lines surrounding
cells in channel. Then more and more nanoparticles were
internalized as reflected by the increasing number of yellow
spots inside cells from 0 h to 4 h.'¥) The green color from the
released DiO started to appear at 0.5h in channel I and
became brighter over time indicating more DiO and Dil
molecules were released into the cytoplasm. From 4 h to 12 h,
the spectra reached a plateau with a constant FRET ratio
(Figure 4 a) and the green color of the channel in the confocal
images was much brighter than the yellow color of channel
(Figure 4b and Figure S19). To mimic their stability in
lysosomes, we incubated the Low-FRET nanoparticles in
artificial lysosomal fluid (ALF) to monitor the size change
over 12h (Table S6). We didn’t observe significant size
change over the 12 h incubation period, indicating the quick
dye release from these low drug-loading nanoparticles was
mainly due to drug diffusion (Figure 4c), which agrees with
others’ findings."”
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For the high-FRET nanoparticles, the FRET peak at area
was dominating (ON status of red-shift) and the donor peak
was negligible (Figure 4d) at the beginning (0 h). After 0.5 h
incubation, the peaks at both area and area increased due to
the dissolution of the DiO and Dil molecules in the hybrid
FRET cores inside the polymer shell. The donor peak at area
emerged as the dissolved dye molecules released from the
nanoparticles. This is different from what we observed in the
DMSO dissolution experiments, wherein it only shows the
increase of peak at area but not area. At 2 h, the FRET peak
at area almost disappeared (OFF status of red-shift) with the
FRET ratio III/II dropped dramatically from 9.03 to 0.28, the
first process terminated with the complete dissolution of the
hybrid FRET cores (Figure 4d, Figure S20 and Table S7).

The confocal images agree with the spectra results
(Figure 4 e and Figure S21). Similar to the Low-FRET nano-
particles, the confocal image of High-FRET nanoparticles
shows bright red signals at 0 h in channel suggesting strong
NP-cell interactions. Then at 0.5 h, yellow signals started to
appear in channel II, indicating gradual dissolution of the
hybrid FRET cores in the nanoparticles. Also, the cytoplasm
of cells was illuminated with green color in channel I, mainly
due to the release of DiO and Dil molecules and their
spreading in the cells (Figure 4e and Figure S21). At 2 h, the
confocal image confirmed the dramatic decrease of the red
color in channel III and the significant increase of the yellow
color in channel II, which is consistent with the disappearance
of the FRET peak at area III (Figure 4e and Figure S21).

Afterwards, the second process started with the increase
of donor peak at area and a decrease of the FRET peak at
area, which was similar to the Low-FRET, and the FRET ratio
II/T decreased from 2.08 (at 2 h) to 0.88 (at 8 h) and reached
a plateau (Table S7). The spectra reached a plateau with
a constant FRET ratio at 8 h and remained stable. For
confocal images from 2h to 8h, the color of the overlay
channel of the confocal image turned from yellow to yellow-
green demonstrating the continuous release of DiO and Dil
molecules (Figure S21). Even at 12 h, the FRET peak at area
was still obvious showing the incomplete recovery of donor
emission, The spectra of High-Mixture nanoparticles after
incubation with cells for 12 h were similar to the High-FRET
nanoparticles as well, suggesting the FRET on the membrane
occurred (Figure S22,23). This was similar to what have been
observed previously due to the diffusion of the released DiO
and Dil molecules to both nucleus and cell membranes.[*°!
Then the accumulation of both DiO and Dil molecules on
membranes within proximity led to the recovery of the FRET
ratio to some extent, which compensated the decrease of
FRET ratio caused by dye release.

Similarly, we also incubated the High-FRET nanoparti-
cles in the ALF to investigate their size change in lysosomes
over 12h (Table S8). From Oh to 4h, the High-FRET
nanoparticles illustrated a continuous swelling which had
a similar trend as the size change of the High-FRET
nanoparticles in DMSO aqueous solution with increasing
concentration from 0% to 75% (Figure 3gl-4). At 8 h, the
High-FRET nanoparticles could not be detected which
suggested the complete disassembly of the nanoparticles
(the same as in the 95% of DMSO), corresponding to the
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Figure 5. The spectra of release and disassembly kinetics of Low-FRET (a)

plateau of the spectra at 8 h (Figure 4d). The differences in
the size changes between Low-FRET and High-FRET nano-
particles when incubating in ALF implied their different
release kinetics. In contrast to the diffusional dye release of
the low dye-loading nanoparticles synthesized by the tradi-
tional method,™™ the high dye-loading nanoparticles synthe-
sized by our sequential nanoprecipitation method showed
sustained release through dye dissolution, polymer swelling
and gradual polymer matrix erosion.” This is not surprising
because when the drug loading of polymeric nanoparticles
with sizes around 100-150 nm increased to 50 wt%, the
polymer shell thickness could be only about 10-15 nm. Such
a thin layer of polymer with drug nanoparticles dispersed in
its matrix, it is easy to swell. To control the polymer swelling
thus the drug release, less or no swelling polymers can be used
along with PLGA in different ratios. Based on these results,
a schematic was proposed (Figure 4 f) showing the release and
disassembly processes of the High-FRET nanoparticles. It
starts from the dissolution of the hybrid FRET cores into
molecular dyes inside the polymer shell from Oh to 2h,
followed by the release of dye molecules and the swelling of
the polymer shell from 0 h to 8 h. The plateau spectra and no
detectable nanoparticles in ALF after 8 h indicated the
complete disassemble of the nanoparticles.

To compare the release kinetics intracellularly and in
serum, we further evaluated the Low-FRET and High-FRET
nanoparticles in fetal bovine serum (FBS) for 72 h to mimic
their stability during circulation. Overall, the spectra and
release processes of the Low-FRET and High-FRET nano-
particles in serum were similar to the intracellular release. For
the Low-FRET nanoparticles, the FRET ratio II/I decreased
monotonically from 2.25 to 0.57 and reached a plateau at 24 h
(Figure 5a, Figure S24 and Table S9). For the High-FRET
nanoparticles, the FRET ratio III/II also decreased monotoni-
cally from 9.27 to 0.12, and remained steady from 12 h. The
FRET ratio II/I increased from 6 h and peaked at 12 h, then
started to drop (Figure 5b, Figure S25 and Table S10). How-
ever, the time required to fully release the dyes in serum was
longer for both the Low-FRET (24 h) and High-FRET (48 h)
nanoparticles. The degradation of polymeric nanoparticles
could be accelerated by acidic pH or/and enzymes, and salt
concentration in the environment and temperature also play
some roles in controlling their stability and degradation.””!
We conducted a stability study by monitoring the size change
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and High-FRET (b) nanoparticles from 0 h to 72 h in FBS.

of the High-FRET nanoparticles under pH 7.4 and 4.5 at
37°C with gentle shaking (Table S11), demonstrating that
acidic pH did accelerate the disintegration of High-FRET
nanoparticles.

Additionally, the intracellular and serum release kinetics
as well as the size change of the High-DiO and High-Dil
nanoparticles in ALF were compared to those of the High-
FRET nanoparticles. The time required for the full dissolu-
tion of the dye cores and the complete disassembly of the
High-DiO and High-Dil nanoparticles in ALF were similar to
that of the High-FRET nanoparticles (Figure S26-33 and
Table S12,13). According to the release kinetics of the Low-
FRET and High-FRET nanoparticles intracellularly and in
serum, the High-FRET nanoparticles showed a slower release
kinetic than that of the Low-FRET nanoparticles under both
conditions. The release time of the High-FRET nanoparticles
was 24 h longer than the Low-FRET nanoparticles in serum
indicating improved stability of the High-FRET nanoparti-
cles. However, the release time of the High-FRET nano-
particles was 4 h longer than the Low-FRET nanoparticles in
cells. According to our previous in vivo biodistribution
experiment,' the polymeric nanoparticles’ tumor accumu-
lation started from 2h after injection and reached the
maximum accumulation level at 24 h. Therefore, good
stability during circulation is critical, which ensures the
efficient delivery of the drug to the targeted locations. For
the High-FRET nanoparticles, their longer release time in
serum implied their better stability during circulation com-
pared to the Low-FRET nanoparticles. This in-serum stability
might explain enhanced therapeutic effect of the high drug-
loading nanoparticles in comparison with the low drug-
loading nanoparticles in vivo.”! It has also been reported
previously that the increase in drug loading could decrease
the drug release rate,’™ as drug is easier to dissolve in
molecular state, but not in particle state. Also, the outer
corona region of the polymeric nanoparticles is relatively
mobile, drug release from this area is quicker than that from
the core area.”»?! Therefore, the High-FRET nanoparticles
released slower and were more stable than Low-FRET
nanoparticles intracellularly and in serum due to the addi-
tional process of dissolving drug nanoparticles to drug
molecules.
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Conclusion

This paper reports for the first time the large red-shift
(=100 nm) in fluorescence spectra with increasing the dye
loading (> 6.3 wt %) in fluorescent dye-loaded nanoparticles.
We investigated the release and disassembly processes of the
high drug-loading nanoparticles using a unique J-aggregate-
based FRET method. We found that drug release of the drug-
core polymer-shell nanoparticles with an exceptionally high
drug loading (50 wt % ) was slower than the low drug-loading
nanoparticles (0.5 wt % ) because the high drug-loading nano-
particles have two simultaneous release processes intracellu-
larly and in serum. One is to dissolve the drug core into drug
molecules and the other is to release the drug molecules from
polymer nanoparticles. Numerous in vitro methods have been
developed to monitor drug release from nanoparticles, but
most of them have been found very hard or impossible to
reveal the intracellular fate of nanoparticles due to the
difficulties of accurately distinguishing encapsulated drug and
released drug as well as the integrity of nanoparticles
especially for nanoparticles with a complex structure such as
our high drug-loading nanoparticles. In addition to our
spectral results, a detailed photoluminescence lifetime anal-
ysis (both in spectroscopy and microscopy) of the various
emission peaks with different excitation wavelengths would
be interesting to obtain further understanding of the FRET
processes at the different stages of nanoparticle disintegration
and the differences of Low-FRET and High-FRET nano-
particles. In conclusion, our strategy of using J-aggregate
based FRET and the change of spectrum red shift offers a new
approach to systematically investigate the structure and
release of high drug-loading nanoparticles (>6.3 wt%). It
provides a useful tool for screening different nanoparticles
with high drug loading, and offers better understanding of
their in vitro and in vivo behaviors facilitating the develop-
ment of promising candidates for further clinical investiga-
tion.
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A J-aggregate-based Forster-resonance
energy-transfer (FRET) method to inves-
tigate the release of high-drug-loading
(50 wt %) and low-drug-loading

(0.5 wt %) nanoparticles is reported. The
high-dye-loading nanoparticles exhibited
a slow release kinetics in serum and

a relatively quick release in cells, demon-
strating their great potential in drug
delivery.
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