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Introduction: The blood-brain barrier (BBB) is a critical protective barrier that regulates the exchange of substances between the
circulatory system and brain, restricting the access of drugs to brain tissues. Developing novel delivery strategies across the BBB is
challenging but crucial. Multifunctional nanogels are promising drug carriers for delivering therapeutic agents to their intended target
areas in the brain tissue.

Methods: This study introduced carboxylic acid- and amine-modified Pluronic F127 (ADF127 and EDF127)-based thermoresponsive
nanogel systems as drug nanocarriers for brain tissues. The release profiles of 3-butylidenephthalide (BP) from the nanogels were
investigated in vitro in phosphate-buffered saline (pH 7.4) at 37 °C for 48 h. Additionally, the accumulation of DiR-labeled nanogels in
vital organs was observed using fluorescence imaging.

Results: A relatively sustained BP release (27%) from ADF127, followed by rapid BP release (39%) from Pluronic F127 within the
first 4 h were observed. In vivo studies using the C57BL/6JNarl mouse model showed that intravenously administered BP-loaded
copolymeric nanogels exhibited a rapid BP distribution to the liver, spleen, heart, and kidney. DiR fluorescence intensity in the brain
increased in the order Pluronic F127 < ADF127 < EDF127 copolymeric nanogels. Although the fluorescence intensity of DiR in the
brain tissue was relatively lower than those in other vital organs, the DiR-labeled EDF127 copolymeric nanogels showed approxi-
mately 10-fold higher fluorescence intensity.

Conclusion: Positively charged drug carrier nanomaterials demonstrate a higher propensity for transfer through the BBB, signifi-
cantly expanding the applicability of positively charged EDF127 nanogels as nanocarriers for in vivo brain tissue treatment and
imaging. Therefore, owing to their increased permeability across the BBB, carboxylic acid- and amine-modified Pluronic F127
nanogels (EDF127 and ADF127) will also offer a promising approach for brain tissue treatment and imaging.
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Introduction

Numerous brain diseases have poor prognoses and low survival rates, with limited diagnostic and therapeutic options
owing to the presence of the blood-brain barrier (BBB). The BBB regulates the exchange of substances between the
circulatory system and brain, limiting the access of drugs to the brain parenchyma.' Surgical techniques are commonly
used to overcome the limitations associated with the BBB and circumvent this natural biological barrier.* However, these
invasive approaches present a risks, including nerve damage and local inflammatory reactions. Recent research has
focused on developing minimally invasive approach to deliver therapeutics through the BBB to brain tissues.® Among
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these, injectable thermosensitive hydrogels have gained attention as promising carriers owing to their unique properties
of existing as free-flowing fluids at room temperature and converting into viscous gels at body temperature. Owing to
their unique properties for minimally invasive administration, hydrogels in their liquid state can be administered
anywhere behind biological barriers using a small needle, eliminating the need for invasive surgery.” '° The In situ gel-
forming materials form a depot for the sustained release of therapeutic agents.

In particular, in situ gel-forming thermosensitive nanogel systems have emerged as promising nanocarriers for
therapeutic delivery. With advancements in nanotechnology, nanocarriers offer a promising solution owing to their
small size, high surface-to-volume ratios, and tunable multifunctional properties, enabling injectable structures to
penetrate physiological barriers.!' The most interesting characteristics of nanocarriers as drug delivery systems are
their high loading capacity, long-term stability, and responsiveness to different stimuli, leading to increased drug
concentration in target tissues by prolonging drug diffusion time and increasing the possibility of drug penetration
through physiological barriers.'?

Thermoresponsive injectable nanogels composed of polymers can form gels in situ in response to various stimuli.
Among the various thermoresponsive polymers, Pluronic F127 (PF 127) is a synthetic polymer that has been extensively
investigated as an injectable nanogel for drug delivery applications.'>'® PF 127 is an amphiphilic triblock copolymer
composed of hydrophilic poly(ethylene oxide) (PEO) and hydrophobic poly(propylene oxide) (PPO).'” Owing to its
amphiphilic properties, PF127 can self-assemble into small micelle structures in aqueous solutions and undergo a sol-gel
phase transition with increasing environmental temperature.'® At low temperatures, the PPO blocks exhibit weak
hydrophobicity, and with increasing temperature, the PEO groups become dehydrated and aggregate to form
micelles.*' The gelation temperature of PF127 can be controlled by adjusting the individual concentrations of the
polymer blocks or by chemically modifying PF127 to increase its mechanical performance. This is because the native
PF127 hydrogels exhibit low mechanical strength and stability despite their thermosensitive properties,”® posing
challenges in brain-targeting studies because the hydrogel might degrade too rapidly to effectively reach the brain. To
address this issue, native and terminal-functionalized PF127 have been investigated for improved performance in brain-
targeting applications. Modified PF127 polymers exhibit good mechanical properties as hydrogels and can encapsulate
hydrophobic drugs in the hydrophobic core, providing stability and protection from external conditions.

In this study, the PF127 polymer was chemically modified using -alanine (ADF127) and ethylenediamine (EDF127)
for crosslinking the polymer chain through highly directed and intense hydrogen bonding interactions to improve the
mechanical properties of the hydrogel. The intermolecular hydrogen bonding between the carboxyl and amine groups of
B-alanine (ADF127) and ethylenediamine (EDF127) provides sufficient mechanical properties for the material to behave
as a controlled drug carrier or to enable the sustained release of 3-butylidenephthalide (BP), an anticancer drug. The
mechanical properties and thermo-response behavior of the copolymers were investigated using a rheometer in the
dynamic oscillation mode, as reported in our previous work.?! Structural observations using scanning electron micro-
scopy and the investigation of drug release and drug entrapment efficiency allowed the evaluation of the mechanical
structure and stability of the modified nanogels. The in vivo biodistribution patterns of the DiR-loaded copolymeric
hydrogels were investigated in a mouse model after intravenous injection using an in vivo imaging system (IVIS). This
study further investigated the use of DiR-loaded EDF127 and ADF127 copolymeric nanogels to quantify and visualize
their biodistribution in the brain tissue.

Materials and Methods

Synthesis of ADF127 and EDF127 Copolymers
ADF127 and EDF127 copolymers were synthesized using the procedure described by Wu et al.>' The hydroxyl group of

PF127 (1.0 mmol) was activated using N, N'-disuccinimidyl carbonate (4.0 mmol) and 4-dimethylaminopyridine
(4.0 mmol). The reactants were dissolved in 30 mL of anhydrous tetrahydrofuran and 5 mL of anhydrous dimethyl
sulfoxide (DMSO) and reacted for 24 h at 25 °C. For ADF127, 4.0 mmol of f-alanine was dissolved in a small amount of
ultrapure water. The intermediate was then added and stirred for 48 h at 25 °C. For EDF127, 4.0 mmol of ethylenedia-
mine was mixed with the intermediate and stirred for 24 h at 25 °C. The solution was dialyzed for 5 days against
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ultrapure water using a dialysis membrane with a molecular weight-cutoff of 1 kDa to remove any unreacted compo-
nents. Subsequently, the products were freeze-dried for 3 days and then stored at 25 °C.

Characterization of ADFI127 and EDF127 Copolymers

The ADF127 and EDF127 copolymers were characterized using "H-nuclear magnetic resonance (NMR) spectroscopy.
"H NMR spectra of the two copolymers were recorded using a Bruker AVIII HD-600 instrument at 25 °C. The samples
were prepared using DMSO-4 as the solvent as described in detail in our previous study.”'

Characterization of Micelle and Nanogel Morphology

The particle size distribution (PSD) of micelles was measured by performing dynamic light scattering (DLS) at
a detection angle of 90°. Samples were prepared at a concentration of 10 mg/mL and dissolved in ultrapure water.
The zeta potentials of copolymers PF127, ADF127, and EDF127 were measured using a Zeta-potential and Particle Size
Analyzer (Horiba Zeta sizer-100 system, Malvern Instruments, UK). In addition, fluorescence-based assays were
conducted using pyrene as the probe to determine the critical micelle concentration (CMC) of the thermosensitive
copolymers. Initially, 0.1 M pyrene solution in acetone was diluted to 1.2 x 10°® M using phosphate-buffered saline
(PBS; 1x). Subsequently, the acetone was removed using a rotary evaporator. Copolymeric solutions with concentrations
ranging from 2.5 to 8 mg/mL were mixed with pyrene in a 1:1 volume ratio. The samples were cooled at 4 °C for 2 h and
stirred at 25 °C for 24 h. The CMC was evaluated using fluorescence spectroscopy (JASCO FP-8300, Japan). Field-
emission scanning electron microscopy (FE-SEM; JEOL JSM-6500F, Japan) images were obtained to determine the pore
structure and morphology of the polymeric nanogels and the nanogels encapsulated with anticancer drugs. The nanogels
were initially heated from 25 to 37 °C, maintained in a water bath for 30 min, freeze-dried at —196 °C, and then quenched
with liquid nitrogen.

Encapsulation of BP and Evaluation of in vitro Drug Release

BP (Sigma-Aldrich)-loaded PF127, ADF127, and EDF127 nanogels were synthesized using a simple mixing method. In
a separate container, BP (1 g) was dissolved in 15 mL of 95% ethanol, and the resulting solution was slowly added to an
8% (w/v) copolymer solution with continuous stirring at 4 °C overnight to obtain a homogeneous solution. The mixture
of the BP-copolymer solutions was then transferred to 37 'C and pH = 7.4 to mimic a body microenvironment. A dialysis
membrane (MW = 1 kDa) was used to conduct the in vitro release analysis of the BP-encapsulated nanogels. An
ultraviolet—visible (UV—Vis) spectrophotometer (JASCO V-730, Japan) was used to measure the BP intensity at 310 nm.

In vivo Body Distribution

C57BL/6JNarl mice were intravenously administered DiR-labeled hydrogels (n = 6) mice per copolymeric hydrogel).
Untreated animals were used as controls (n = 3). All animal experiments were conducted in accordance with the
recommendations of the Laboratory Animal Care and Use Committee of Hualien Tzu Chi Hospital, following the 3R
principle (approval number: IACUC. 112—-17). DiR was incorporated into the formulations at 8 wt% of the copolymer
(PF127, ADF127, and EDF127). Mice were anesthetized and scanned 2 h after injection using a Lumina Series III IVIS
(PerkinElmer, UK). Subsequently, the mice were euthanized, and their primary organs, including the heart, liver, spleen,
lungs, kidneys, and brain, were harvested 2 h after injection. The collected organs were weighed and homogenized using
a bead homogenizer. The tissue homogenate was then extracted three times with ethyl acetate to isolate BP. The
chloroform phase was then evaporated and redissolved in acetonitrile and analyzed using liquid chromatography-mass
spectrometry.

Statistical Analysis

All experiments were repeated at least thrice times. Data were presented as the mean + standard deviation from
a minimum of three independent experiments. Statistical significance was set at P < 0.05. One-way analysis of variance
and linear regression were performed. Data analysis was conducted using the Origin software 2019b with 32-bit ink
(OriginLab Corporation, USA).
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Results and Discussion

Synthesis and Characterization of ADF127 and EDF127

PF127 was modified with carboxyl (ADF127) and amine (EDF127) terminal groups. The main signals from the repeated
units of PF127 appeared at chemical shifts (5) of 1.05 ppm (a, -CHj; group of PPO), 3.30 ppm (d, —CH group of PPO),
3.40 ppm (f, —CH, group of PPO), 3.45 ppm (i, -CH, group of PEO), and 3.50 and 4.05 ppm (h, —CH, group of PEO)
(Figure 1). The electronegativity of oxygen influenced the chemical shift of the -CH, group at 4.05 ppm. In addition, the
characteristic signal of the -NH group at 7.20 ppm demonstrated the successful functionalization of the terminal active
groups. Notably, the distinctive ADF127 peaks at 2.30 ppm (b) and 3.15 ppm (d) in Figure 1b represented the terminally
active groups, whereas those of EDF127 were observed at 2.95 ppm (c).”'

Particle Size of Micelles and Morphology of Nanogels

The size distribution of the BP-loaded copolymers (PF127, ADF127, and EDF127) was taken in triplicate, and the
determined values are reported along with the polydispersity index (PDI). According to the results obtained from DLS,
the PSD, the size distribution of the BP-loaded copolymers (PF127, ADF127, and EDF127), significantly increased at
higher drug loads. This increase was primarily attributed to the encapsulation of hydrophobic drugs in the core of the
copolymeric micelles. As the concentration of the encapsulated BP increased from 5 to 10 and 20 mg, the average particle
size of BP-PF127 increased from 24 to 27 and 39 nm, respectively (Figure 2). Similarly, the average particle sizes of BP-
ADF127 and EDF127 increased with increasing concentrations of encapsulated BP. In our previous study, we observed
that the particle size of free EDF127 was higher than that of free PF127 and ADF127. Consequently, the drugs were
readily incorporated into the EDF127 copolymeric micelles, resulting in average particle sizes of 22, 27, and 740 nm.
When the concentration of encapsulated BP in the micelles was 5, 10, or 20 mg, the average particle sizes of the BP-
ADF127 micelles were 22, 24, and 31 nm, respectively. The ADF127 copolymer formed stronger hydrogen bonds than
PF127 and EDF127 in the micelle shells, which restricted free polymer integration during the self-assembly of the
amphiphilic copolymer and the incorporation of drugs into the micelles, resulting in smaller micelle particles. The zeta
potential values, along with the hydrodynamic size and polydispersity index (PDI), are summarized in Table 1. As
expected from the chemical structure of the nanogels, the modified copolymers identified as ADF127 and EDF127
exhibited negative and positive zeta potential values, respectively (Figure 3).

CMC

CMC is a crucial factor in producing stable micelles for drug delivery, and it is essential to determine micelle stability
under high-dilution conditions both in vivo and in vitro.”? Pyrene, a more sensitive fluorescent probe to hydrophobic
environments, was used and encapsulated in the hydrophobic regions of copolymeric micellar aggregates.”>** The
intensity ratio of the first strong signal peak (I, 373 nm) to the second strong signal peak (I, 392.5 nm) (1373/1392.5)
yielded the CMC value of PF127. Figure 4 shows the pyrene fluorescence emission spectra at various copolymer
concentrations and the calculated CMC value of PF127 (CMC = 0.3108 mg/mL). The CMC values of ADF127 (CMC =
0.1304 mg/mL) and EDF127 (CMC = 0.1408 mg/mL)21 were relatively lower than that of PF127 (CMC = 0.41 mg/mL).
This indicated that ADF127 and EDF127 were more stable than PF127 in the diluent. The presence of amide, amine, and
carboxylic acid functional groups in the ADF127 and EDF127 copolymers enabled them to form stronger hydrogen
bonds than F127, resulting in tighter integration of the polymer chain segments.

Morphology of Nanogels

The structure of freeze-dried copolymeric hydrogels, either unloaded or loaded with BP, were examined using SEM.
Copolymeric hydrogels (PF-127, ADF127, and EDF127) have a porous structure, and the pore size varies with the
hydrophilic and hydrophobic segment content. The pore size decreased when the hydrophobic drug was loaded into the
hydrogels, indicating a physical interaction between the hydrophobic moieties of the polymer and drugs. Figure 5 shows
the SEM images of the unloaded hydrogel and drug-loaded PF127, ADF127, and EDF127 copolymeric hydrogels. When
the hydrogel encapsulated BP, the surface porosity decreased owing to the incorporation of the hydrophobic drug,
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Figure 2 DLS profiles for the size distribution of (a) Polymers only, (b) Polymers + BP 5mg, (c) Polymers + BP 10mg, and (d) Polymers + BP 20mg. The concentration of
each polymer is 10 mg/mL (I wt%).

resulting in a reduction in mesh size. This decrease was observed when “BP, a hydrophobic drug, was encapsulated in the
EDF127-BP polymeric hydrogel. This finding could explain the similarity in the particle size of the copolymer micelles
and the weaker hydrogen bonds in the EDF127-BP micelles. This might contribute to the easy incorporation of the
EDF127 polymer into micelles during self-assembly, resulting in increased network density and mesh size reduction.
This result was consistent with the drug-release properties of the hydrogels. The large pore size of most hydrogels often
leads to rapid drug release. As discussed for drug release, the PF127 and EDF127 copolymeric hydrogels with larger
pores enabled the loading of more drugs into the gel matrix, subsequently leading to relatively rapid drug release.
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Table | Hydrodynamic Size, Polydispersity Index, and (-Potential. PDI Is
Polydispersity Index. The Results are Averages *standard Deviations (SD)

Micellar Hydrogels | Hydrodynamic Size(nm) | PDI Zeta Potential [mV]

PF127 24 0.192 | 0.85 25
ADF127 22 0.168 | —3.98 + 3.6
EDFI127 21 0.187 | 9.87 £29

In vitro drug release Analysis

The cumulative release of BP from the F127, ADF127, and EDF127 copolymeric hydrogels in vitro was measured using
the dialysis membrane method in PBS (pH 7.4) at 37 °C for 48 h. The amount of released BP from the ADF-127
copolymeric nanogel was 27% in the first 4 h, whereas PF127 and EDF127 copolymer hydrogels increased the BP
release to 38% and 26.5%, respectively (Figure 6). As observed in our previous studies, rheological tests of the
ADF127 hydrogel and their interactions with hydrophobic drugs resulted in a slower initial burst release compared to
EDF127 and PF127. A reduction in the burst release of ADF127 is desirable for the therapeutic action of the drug,
enabling BP to maintain an optimal level for an extended therapeutic period. Following the burst release, the drug release
rate decreased considerably owing to the stiffness of the copolymers, which exhibited sustained release from the nanogels
because of hydrogen bonding with the copolymer terminal groups.

Incorporation of DiR into Nanogels

To determine the encapsulation efficacy of the copolymeric hydrogels and enable in vivo tracking after intravenous
administration, we examined the incorporation of DiR, a near-infrared dye, into the copolymeric hydrogels. The UV—Vis
absorption spectrum of the BP-loaded nanogels exhibited no absorption in the visible region (Figure S1). A strong
absorption band centered at 778 nm was observed for DiR (Figures 7 and S2), which enabled whole-body imaging of the
animals. We studied the incorporation of DiR into nanogels at different temperatures (20, 4, and 37 °C). EDF127
showed DiR entrapment efficiency of 93.5% in the fresh micellar state and 82.25% and 81.01% at 4 and —20 °C storage
conditions, respectively (Table 2). These results emphasized that the hydrogel pore sizes, composition of the copolymers,
and hydrophobic characteristics of DiR influenced the encapsulation performance.”> For EDF127, the copolymeric
hydrogel has a larger pore size, contributing to its maximum swelling and DiR-loading capacity.

Zeta potential(mV)

I+
) |

F127 ADF127 "EDF127

Figure 3 Zeta potential of copolymeric micellar nanogels (F127, ADFI27 and EDFI127) with different coatings at pH 7.4.
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Figure 5 SEM images of (a) PF127 only, (b) BP- PF127, (c) ADF127 only, (d) BP-ADFI27, (e) EDF127 only, and (f) BP-EDFI127 at 37 °C.

100

——F127-BP
80 —+—ADF127-BP
——EDF127-BP

Cumulative Drug Release (%)

Time(h)

Figure 6 In vitro cumulative drug-release kinetics of BP-loaded PF127, ADF127, and EDF127 in phosphate-buffered saline (I%).

In vivo Biodistribution

To investigate the in vivo distribution patterns of DiR after intravenous administration, copolymeric hydrogel formula-
tions of F127, ADF127, and EDF127 were used as carriers of DiR. For all three copolymeric hydrogels, radioactive
signals were enhanced in whole-body imaging and significantly increased compared to the control (Figure 8a and b).
After 2 h of post-injection of DiR-loaded hydrogels, the mice were euthanized, and their organs were harvested for ex
vivo imaging and BP quantification. Compared to EDF127-loading BP and ADF127-loading BP, F127-loading BP was
preferentially distributed in the liver and spleen, while its distribution in the heart, kidneys, and lungs was roughly
equivalent to those of ADF127 and EDF127 (Figure 8c and d). In most cases, nanomaterials with a typical size range of
10-50 nm exhibited high accumulation in the liver and spleen but were prone to elimination by the kidneys.?® Although
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Figure 7 Normalized concentration-dependent fluorescence spectra of (a) PF127, (c) ADFI27, and (e) EDF127. Intensity of PL spectra versus sample concentration of DiR-
loaded nanogel (b, d, and f).

the size of nanomaterials is a critical factor for BBB penetration, an optimal size range, particularly between 50 and 100
nm, has been reported to facilitate BBB penetration without encountering renal elimination.?”-*®

The accumulation of DiR in the brain was relatively lower than that in other vital organs. However, the fluorescence
intensity of DiR in the brain tissue of EDF127 mice was approximately 10-fold higher than those of F127 and ADF127
mice. EDF127 contains a positively charged functional group at the PF127 terminal (Figure 8¢ and f). A major challenge
in drug delivery to brain tissue is the BBB, which impedes the successful delivery and accumulation of therapeutic
molecules.>**>° Development of a drug delivery system that successfully crosses the BBB is a promising strategy for
transporting therapeutics to the brain. Endothelial cells of the BBB possess a more negative charge owing to a higher
quantity of proteoglycans.®' This finding suggested that positively charged drug carrier materials were more likely to be
transferred through the BBB.?**? Positively charged EDF127 was more likely to cross the BBB than negatively charged
ADF127, which might lead to greater accumulation of DiR in the brain tissue. Therefore, ensuring effective BBB
penetration and targeted delivery was crucial for developing future drug delivery systems aimed at the brain tissue.

Although PF127, ADF127, and EDF127 containing BP or DiR can be delivered to the brain, their distribution
patterns differ between these two agents. This difference might be attributed to the variations in the molecular weights of
BP (approximately 188.22) and DiR (1013.41). Notably, BP distribution in the liver was significantly lower when
delivered via EDF127 than when delivered via PF127, which could be one reason for the higher DiR distribution
observed when delivered via EDF127.

Table 2 DiR Entrapment Efficiency of PF127, ADFI127, and EDFI27 Copolymer
Nanogels at Different Storage Conditions

Micellar Hydrogels | Fresh Micelle (37 °C) | Micelle (4 °C) | Micelle (-20 °C)
PF127 80.12% 73.69% 82.23%
ADFI27 82.81% 58.34% 58.34%
EDFI127 93.65% 82.23% 85.01%
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Figure 8 In vivo biodistribution 2 hours after drug administration: In vivo imaging of (a) whole body (left) and whole organ (right); and (b) dorsal- (left), ventral- (middle),
and split-brain (right) sections of SKH2 mice In vivo imaging of the whole body (left) and whole organs (right) with DiR-loaded PFI27, ADFI27, and EDFI7 nanogels.
(c and d) Biodistribution of BP in the brain, heart, kidney, liver, lung, and spleen 2 h post-injection, (e and f) Ex vivo average radiant efficiency of DiR-nano gels with their
biodistribution in the brain, kidney, liver, lung, spleen, and intestine tissues: *p<0.05, **p<0.01.
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Conclusion

In this study, EDF127 and ADF127 thermoresponsive nanogels were successfully designed as smart carriers for brain
drug delivery by introducing carboxyl and amine functional groups into PF127 as chain extenders to enhance mechanical
stability of the nanogels. The in vitro drug release from the ADF127 and EDF127 nanogels was prolonged (65%; 48 h),
demonstrating sustained release and prolonged retention time of the drug in nanogels. The release of anticancer drug BP
from ADF-127 copolymeric nanogel was 27% in the first 4 h, effectively reducing the initial burst release and
maintaining optimal BP levels for an extended therapeutic period. An animal study was conducted to evaluate the
in vivo biodistribution of BP-loaded nanogels using intravenous administration, which resulted in rapid distribution of
BP to the liver, spleen, heart, and kidney. For in vivo studies using DiR-labeled nanogels, efficient accumulation of DiR
in vital organs was observed using fluorescence imaging. Although the fluorescence intensity of DiR in the brain tissue
was lower than that in other vital organs, the accumulation of DiR in the brain tissues increased in the order PF127 <
ADF127 < EDF127 copolymeric nanogels. Positively charged drug carrier nanomaterials are more likely to pass through
the BBB. Therefore, positively charged EDF127 copolymeric nanogels have considerable potential for application in
drug delivery systems for brain tissue treatment and imaging.

Abbreviations
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