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There is a tremendous unmet medical need for osteoarthritis (OA) treatment around the world, and
pharmacological management is the most common option but presents a limited and short efficacy.
Insufficient drug delivery to articular cartilage is the key cause. It is widely accepted that the complex
structure of articular cartilage and the rapid clearance of joint liquids largely hinder drug penetration and
retention in the cartilage. To address these obstacles, we designed and prepared a positively charged
micellar system that can effectively deliver a model drug to the deep zone of the cartilage and prolong
the drug retention time. In this work, a triblock copolymer composed of cationic poly(N,N-
dimethylaminoethyl methacrylate) (PDMAEMA) and poly(e-caprolactone) (PCL), denoted as PDMAEMA-
PCL-PDMAEMA, was synthesized. A triblock copolymer composed of brush poly[poly(ethylene glycol)
methacrylate] ()PEGMA) and PCL, denoted as pPEGMA—-PCL-pPEGMA, was prepared for comparison. The
two types of triblock copolymers were self-assembled in an aqueous environment to form cationic and
neutral micelles, respectively. A hydrophobic fluorescent dye as a model drug was loaded into micelle
cores, and the dye-loaded micelles were evaluated for intra-cartilage penetration and retention using
porcine knee cartilage explants. The PDMAEMA-PCL-PDMAEMA cationic micelles were found to signifi-
cantly enhance the intra-cartilage penetration and retention capability due to the electrostatic interaction
between the micelles and the negatively charged cartilage extracellular matrix. The confocal microscopy
study showed that the cationic micelles could penetrate the full-thickness porcine cartilage explants
(around 1.5 mm) within 24 hours. Up to 87% of the cationic micelles were taken up by porcine cartilage
explants, and 71% of the absorbed micelles were retained in the tissue for at least 4 days. Although the
Received 27th September 2022, pPEGMA-PCL-pPEGMA neutral micelles were able to penetrate the full-thickness cartilage, this type of
Accepted 10th December 2022 micelle showed lower uptake (44%) and retention (44%) rates. This observation implied that the surface
DOI: 10.1039/d2tb02050e charge of micelles could play an important role in efficient intra-cartilage drug delivery. This study verified
the feasibility and effectiveness of the PDMAEMA-PCL-PDMAEM cationic micelles in intra-cartilage drug
rsc.li/materials-b delivery, showing that cationic micelles could be promising carriers for OA treatment.

1. Introduction features associated with OA are irreversible cartilage damage or

loss.” OA is accompanied by severe pain, impairment, reduced life
Osteoarthritis (OA) is a common joint disease, and 303 million — quality, and even disability.> Despite such massive medical needs,
people globally suffered from OA in 2017." The key changed unfortunately, there is no FDA-approved disease modifying OA
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drugs (DMOADs) available on the market,> and the main
therapeutic principles are symptomatic pain relief and anti-
inflammatory treatment.

The drug target site of OA therapy is mainly articular
cartilage, which is an avascular, alymphatic, and aneural tissue.
Thus, systemic administration is less effective for OA treatment.
Intra-articular (IA) injection as the local administration is increasing
as a promising alternative, which increases drug bioavailability
and reduces systemic side effects.” Chondrocytes, as the only
cell type in cartilage that secretes pro-inflammatory cytokines
in the OA progression, mainly locate within the middle and
deep zones of cartilage.* Thus, it is necessary to deliver drugs
to the middle and deep zones of cartilage. Although some IA
therapeutics have been approved for the clinical treatment of
OA,° such as corticosteroids, they show limited efficacy and
offer only short-term relief of pain and inflammation, which is
rooted in inadequate drug delivery.” Poor drug intra-cartilage
penetration and retention lead to insufficient therapeutic con-
centrations and duration. There are two main reasons for the
obstacles. First, the highly complex structure of cartilage should
be responsible for the low drug penetration. The densely orga-
nized extracellular matrix (ECM) structure, with a pore size of
about 60-200 nm, sterically hinders the penetration of large-
sized solutes.” Besides, the cartilage contains highly negatively
charged glycosaminoglycan (GAG) chains, which impair or
prevent the penetration of negatively charged solutes. Second,
rapid clearance in the joint is another huge challenge. Both large
and small solutes in the joint space are quickly cleared by the
lymphatics and small blood vessels, respectively.” Previous
reports indicated that the IA half-life for the commonly used
drugs is 1-5 hours.” Furthermore, some drugs may transport
with trans-synovial flow into synovial lymph vessels, finally into
the systemic circulation via superior vena cava, which may cause
off-target side effects.”

The positively charged nanocarrier is a promising strategy to
overcome the obstacles of intra-cartilage drug delivery and has

°
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attracted enormous attention in recent years. Based on the fact
that cartilage contains abundant negatively charged GAGs and
its density increases with cartilage depth, cationic carriers
with an appropriate size and charge can effectively penetrate
the full-thickness cartilage and remained inside due to reversible
electrostatic interactions between the cationic carriers and
the negatively charged ECM." Several cationic nanocarriers have
been explored for OA treatment, for example, avidin-based
carriers,”’® chitosan-based carriers,'" PEGylated PAMAM
dendrimers,'? cationic peptide carriers,'® and positively charged
liposomes."* Although they exhibit good intra-cartilage penetra-
tion and retention capabilities, in most systems, therapeutic
agents were conjugated to cationic materials. Such drug mod-
ifications may cause altered drug efficacy and drug release
problems.’ Among the drug carriers, polymeric micelles have
emerged as attractive nanocarriers for drug delivery due to their
advantages, such as nanosize, easy cell internalization, simple
functionalization, increased bioavailability of hydrophobic
drugs, physical encapsulation without drug modification, and
flexibility.">° To our knowledge, there are few studies that
investigate the feasibility and effectiveness of cationic micelles
in intra-cartilage drug delivery.

Herein, we propose to apply cationic micelles formed with a
triblock copolymer composed of poly(N,N-dimethylaminoethyl
methacrylate) (PDMAEMA) and poly(e-caprolactone) (PCL), i.e.,
the PDMAEMA-PCL-PDMAEMA triblock copolymer, for intra-
cartilage drug delivery. Among cationic polymers, PDMAEMA
presents relatively low toxicity thus gaining numerous attention
for drug delivery and gene delivery,”' > and its toxicity could
be further reduced by combining with biodegradable PCL.?*”
The triblock copolymers can self-assemble into micelles with a
hydrophobic core and a hydrophilic shell in an aqueous
environment, while hydrophobic molecules can be loaded into
the hydrophobic core because of the hydrophobic interactions;
thus, the micelles provide physical encapsulation for hydro-
phobic drugs. This cationic micelle delivery system is expected
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Illustration of electrostatic interactions between the cationic micelles and the negatively charged cartilage aggrecan. Micelles with an appropriate

positive charge can penetrate through the full-thickness cartilage under the charge guidance and retained inside the tissue.
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to deeply penetrate cartilage under the guidance of the inwardly
pointing electric field,* and then retain in the tissue due to
electrostatic binding between the micelles and the negatively
charged ECM, which can help in the effective retention of the
encapsulated drug (Fig. 1).

In this study, we aimed at developing a suitable polymeric
micellar system for delivering a model drug into the deep zone
of cartilage and retaining the delivered model drug within the
cartilage over long periods, for potentially sustained and efficient
treatment of OA. We synthesized PDMAEMA-PCL-PDMAEMA tri-
block copolymers and characterized their formation of cationic
micelles. A hydrophobic fluorescent dye as the model drug was
loaded into the cationic micelles, which were evaluated for intra-
cartilage penetration and retention using porcine cartilage explants.
Besides, a neutral micellar system formed with the triblock copo-
lymer composed of brush poly[poly(ethylene glycol) methacrylate]
(pPEGMA) and PCL, denoted as pPEGMA-PCL-pPEGMA, was
prepared for comparison. The results showed that the cationic
micelles as nanocarriers could help overcome the intra-cartilage
barriers to promote the delivery of drugs deep into the cartilage.

2. Materials and methods
2.1 Materials

Poly(e-caprolactone) diol (PCL-diol, 2000 Da), 2-(dimethylamino)
ethyl methacrylate (DMAEMA, 98%), poly(ethylene glycol) metha-
crylate (PEGMA, 360 Da), 2-bromoisobutyryl bromide (BIBB, 98%),
branched polyethylenimine (bPEI, 25 kDa), 1,1,4,7,10,10-hexa-
methyltriethylenetetramine (HMTETA, 99%), copper(i) bromide
(CuBr, 99%), triethylamine (TEA, >99%), 1,4-dioxane (>99%), and
difluoro(2-(1-(3,5-dimethyl-2H-pyrrol-2-ylidene-N)ethyl)-3,5-dimethyl-
1H-pyrrolato-N)boron (BODIPY) were purchased from Sigma-
Aldrich. Cell counting kit-8 (CCK-8) was obtained from Dojindo
Laboratories. Hoechst was purchased from Life Technologies.

2.2 Polymer synthesis

2.2.1 Synthesis of a macroinitiator. A macroinitiator was
produced using a similar protocol as previously published.?®
Typically, dried PCL-diol (HO-PCL-OH, M, = 2000 Da, 7.5 mmol)
was dissolved in 50 mL of anhydrous methylene chloride (DCM)
with 6.27 mL of triethylamine (TEA, 45 mmol) under a nitrogen
atmosphere in a 250 mL round-bottomed flask and then cooled
in an ice-water bath. After the PCL-diol had completely dissolved,
a solution of 2-bromoisobutyryl bromide (BIBB, 45 mmol) in
15 mL of anhydrous DCM was added dropwise into the flask via
an equalizing funnel, and then 15 mL of additional anhydrous
DCM was used to wash the equalizing funnel. After addition, the
reaction temperature was maintained by the ice-water bath for
2 h and then the reaction was allowed to proceed at room
temperature (RT) for 24 h. The final reaction mixture was filtered
and then precipitated in excessive cold methanol three times.
The final product dibromo-terminated PCL (Br-PCL-Br) was
collected by centrifugation and then dried in a vacuum.
'H NMR (600 MHz, CDCL): 6 4.17 (t, BrC(CH;),COOCH,-),
4.05 (t, -OCH,CH,CH,CH,CH,CO-), 2.30 (t, -OCH,CH,CH,CH,-
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CH,CO-), 1.92 (s, BrC(CH;),CO-), 1.73-1.56 (m, ~-OCH,CH,CH,-
CH,CH,CO-), 1.38 (m, -OCH,CH,CH,CH,CH,CO-).

2.2.2 Synthesis of PDMAEMA-PCL-PDMAEMA triblock
copolymers. Triblock copolymers PDMAEMA-PCL-PDMAEMA
with different chain lengths were produced by a typical protocol
of atom transfer radical polymerization (ATRP) using Br-PCL-Br
(M,, = 2238 Da) as the macroinitiator, and the three molar feed
ratios were as follows: [Br-PCL-Br|: [DMAEMA]: [CuBr|: [HMTETA] =
1:20:2:4; 1:40:2:4; and 1:60:2:4. The reaction with the first
feed ratio is described below as an example. First, 1.6 mmol of
Br-PCL-Br macroinitiators were introduced into the 100 mL
Schlenk tube containing 20 mL of 1,4-dioxane. After the
macroinitiator dissolved completely with stirring, DMAEMA
monomers (32 mmol, 540 mL) and HMTETA (6.4 mmol,
1.74 mL) were added into the Schlenk tube, and then the
reaction mixture was degassed by bubbling nitrogen through
the reaction mixture for 30 min. After degassing, CuBr was
mixed with 2 mL of 1,4-dioxane and was then transferred into
the Schlenk tube under a nitrogen atmosphere, followed by
further degassing for 10 min. Then, the Schlenk tube was
placed in the oil bath to allow the polymerization reaction to
proceed at 45 °C with continuous stirring for 16 h. The reaction
was terminated by diluting with 45 mL of tetrahydrofuran
(THF) and continued stirring at room temperature for 1 h.
After this, the catalyst complex was removed by passing the
dilute reaction mixture through a short aluminum oxide
column. The colorless solution was collected and further
concentrated by rotary evaporation, and then precipitated in
hexanes to remove the unreacted DMAEMA monomers three
times. The final product was collected by redissolving using a
small amount of THF and then dried at 45 °C under vacuum.
'H NMR (600 MHz, CDCl,): 6 4.20-4.00 (m, ~OCH,CH,CH,-
CH,CH,CO- and -OCH,CH,N(CH,),), 2.58 (b, -OCH,CH,N-
(CH,),), 2.30 (m, ~OCH,CH,CH,CH,CH,CO- and -N(CH,),),
1.95-1.76 (b, -CH,C(CH;)(COO-)-), 1.73-1.56 (m, ~OCH,CH,-
CH,CH,CH,CO-), 1.38 (m, -OCH,CH,CH,CH,CH,CO-), 1.10-
0.70 (b, -CH,C(CH;)(COO-)-).

2.2.3 Synthesis of pPEGMA-PCL-pPEGMA triblock
copolymers. Similarly, ATRP was employed for the synthesis
of pPEGMA-PCL-pPEGMA. Br-PCL-Br was used as the macro-
initiator with a molar feed ratio of [Br-PCL-Br]:[PEGMA]:
[CuBr]:[HMTETA] = 1:20:2:4. The synthesis procedures
were similar to those of PDMAEMA-PCL-PDMAEMA triblock
copolymers, but the reaction time was longer (24 h). After
precipitation with hexanes, the precipitate was redissolved in
acetone and transferred to a dialysis bag (MWCO 1 kDa) against
deionized (DI) water for 3 days. "H NMR (600 MHz, CDCl,): §
4.31-3.93 (b, -OCH,CH,CH,CH,CH,CO- and ~-COOCH,CH,0-),
3.85-3.45 (m, ~OCH,CH,0-), 2.30 (t, -OCH,CH,CH,CH,CH,CO-),
2.10-1.71 (b, —CH,C(CH;)(COO-)-), 1.73-1.56 (m, -OCH,CH,-
CH,CH,CH,CO-), 1.38 (m, -OCH,CH,CH,CH,CH,CO-), 1.09-
0.70 (b, -CH,C(CH;)(COO-)-).

2.3 Molecular characterization

The chemical structures of PDMAEMA-PCL-PDMAEMA and
PPEGMA-PCL-pPEGMA triblock copolymers were confirmed

This journal is © The Royal Society of Chemistry 2023
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using the proton nuclear magnetic resonance ("H NMR) spectra
and Fourier transform infrared spectroscopy (FTIR) spectra.
The 'H NMR spectra were recorded using a Varian 600 MHz
NMR spectrometer at room temperature. The chemical shift
was referenced to a residual solvent peak (6 = 7.26 ppm for
CHCl;). The FTIR spectra were recorded using a SHIMADZU
IRPrestige21 spectrometer in the range of 4000-400 cm ™', at a

resolution of 4 ecm™*.

2.4 Preparation of empty micelles and dye loaded micelles

Micelles were prepared by a simple nanoprecipitation method.
Briefly, 10 mg of the triblock copolymer (PDMAEMA-PCL-
PDMAEMA or pPEGMA-PCL-pPEGMA copolymers) was dis-
solved in 1 mL of acetone. The mixture was added dropwise
into 10 mL of phosphate buffered saline (PBS) solution (1x or
0.1x PBS, pH 7.4) under intense stirring. The dispersion was
maintained under stirring in an open vial for 20 h at room
temperature to allow acetone evaporation. After stirring, a
certain volume of DI water was added to the vial to resume
the volume of PBS. Then the resulting dispersion was filtered
through a 0.22 pm filter to yield the final micelle solution with a
copolymer concentration of 1 mg mL ™.

A fluorescent dye, BODIPY (M, = 262.1 g mol '), was
selected as the model drug due to its neutral charge for further
evaluation. The BODIPY-loaded micelles were produced by the
nanoprecipitation method. A known amount (10 mg) of the
triblock copolymer (PDMAEMA-PCL-PDMAEMA or pPEGMA-
PCL-pPEGMA) and the BODIPY dye (0.03 mg and 0.65 mg,
respectively) were co-dissolved in 1 mL of acetone, and the
mixture was slowly dropped into 10 mL of 1x PBS. The
following procedures were the same as those for the empty
micelle preparation. The final concentration of the copolymer
was 1 mg mL .

2.5 Characterization of micelles

The sizes and the zeta potentials of the self-assembled micelles
were determined by dynamic light scattering (DLS, Zetasizer
Nano ZS90, Malvern Instruments, Malvern, UK). The size
measurement of micelles in 1x PBS (pH 7.4) was performed
at 25 °C in triplicate and the Z-average hydrodynamic diameters
of the particles were obtained. The zeta potential measurement
of micelles was performed in 0.1x PBS (pH 7.4) at 25 °C to avoid
testing cuvette damage caused by high salt concentration. The
zeta potential measurements were carried out in triplicate.
The zeta potential of micelles was also measured in 0.1x PBS
with different pH values (5, 7, and 9) at 25 °C. Furthermore, the
particle sizes and size distributions of the empty and dye-
loaded micelles were observed by transmission electron micro-
scopy (TEM). TEM samples were prepared by depositing micelle
solution (in 1x PBS) on a 200-mesh carbon-coated copper grid.
After samples were dried overnight, the dried samples were
stained with 2 wt% of phosphotungstic acid.

The critical micelle concentration (CMC) was measured using
pyrene as a fluorescent probe.>® The concentration of triblock
copolymers varied from 1 x 107> to 0.5 mg mL " and the
concentration of pyrene was set at 0.6 uM.>® The fluorescence

This journal is © The Royal Society of Chemistry 2023
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spectra were recorded using a Cary Eclipse Fluorescence Spectro-
meter with an emission wavelength of 390 nm. The excitation
fluorescence at 337 and that at 344 nm were recorded at 25 °C.
The CMC was estimated by plotting the intensity ratio I33,/I344
versus the logarithmic concentration.

The concentration of the loaded BODIPY dye in micelles was
determined using a microplate reader (Infinite M200 PRO,
TECAN), with an excitation wavelength at 493 nm and emission
at 530 nm. For each quantification, a standard curve was
established for the emission intensity of BODIPY at 530 nm
versus the freshly prepared BODIPY concentration in a mixture
of DI water and acetone (20/80, v/v). In penetration experiments,
200 pL of collected baths were mixed with 800 pL of acetone
followed by sonication and centrifugation. The fluorescence
signal in the supernatant was determined using a microplate
reader, and then the dye concentration was calculated from the
established standard curve.

2.6 Cytotoxicity

The cytotoxicity of empty micelles was estimated using a CCK-8
viability assay against L929 mouse fibroblast cells (purchased
from ATCC). L929 cells were seeded onto 96-well plates at a
density of 1 x 10" cells per well in 100 pL of the culture medium
(DMEM supplemented with 10% v/v fetal bovine serum and
1% v/v penicillin/streptomycin) for 24 h at 37 °C in a humidified
incubator with 5% CO,. Then, the cells were treated with 100 pL
of the medium containing different concentrations of empty
micelles for 24 h at 37 °C. bPEI (25 kDa) was used as a control
group. After incubation, the cell morphology was observed by
phase contrast microscopy in a bright field at 10x magnifica-
tion. Finally, the number of viable cells was evaluated using the
CCK-8 cell viability assay. The CCK-8 solution (10 uL) was added
to wells and incubated for 1 h at 37 °C. The absorbance at
450 nm was determined using a microplate reader.

2.7 Porcine cartilage explant harvest

Cartilage was obtained from fresh porcine femur purchased
from a local butcher. The cartilage explants were harvested
from the trochlear groove of the porcine femur with a 9 mm
diameter biopsy punch. The cylindrical cartilage plugs were
further cut to obtain 1.5 mm-thick cartilage disks containing
the intact surface. After harvesting, the disks were washed and
equilibrated three times with sterile PBS solution, one hour for
each equilibration.

2.8 Transport studies of micelle in cartilage explants

The BODIPY-loaded PDMAEMA-PCL-PDMAEMA micelle and
BODIPY-loaded pPEGMA-PCL-pPEGMA micelle solutions were
prepared as the aforementioned nanoprecipitation method.
Since the two types of micelles have distinctive loading capacities
for the dye, the initial concentrations of loaded dyes in the two
different micellar solutions were adjusted to a similar level. For
comparison, a free BODIPY group was designed, the dye was
dissolved in 1x PBS supplemented with 20% v/v dimethyl
sulfoxide (DMSO), and then filtered through a 0.45 um filter to

J. Mater. Chem. B, 2023, 11,1670-1683 | 1673
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remove the undissolved dye (herein, DMSO was to enhance the
solubility of this hydrophobic dye in an aqueous solution).

Porcine cartilage explants (size: ¢ 9 x 1.5 mm) were
equilibrated in 300 pL of BODIPY-loaded cationic and neutral
micelles for 24 h in a 48-well plate at 37 °C with gentle shaking
to avoid forming stagnant layers. The empty wells in the plate
were filled with DI water and the plate was wrapped with
parafilm to minimize evaporation. After absorption, the disks
were carefully removed from the well, the surfaces of the disks
were quickly rinsed with 1x PBS and wiped with Kimwipe to
remove unbound molecules, and the absorption bath was
collected for fluorescent quantitation. Following 24 h absorption,
the explant disks were then desorbed in 300 pL of sterile 1x PBS
in a new 48-well plate for 4 days at 37 °C with gentle shaking.
The desorption bath was collected and replaced with fresh 1x PBS
every day. Next, 200 puL of the collected absorption/desorption
baths were mixed with 800 L of acetone followed by sonication
and centrifugation. The fluorescence signal in the supernatant
was determined using a microplate reader, and then the dye
concentration was calculated from the established standard curve.
The solute content absorbed into the cartilage disk was deter-
mined by the fluorescence signal difference of the absorption
bath before and after incubation. The solute amount retained
inside the cartilage disk was calculated by subtracting the daily
desorption amount from the total absorbed amount. The uptake
rate was defined as the ratio of the amount of solute inside the
tissue after 24 h absorption to that of the solute in the initial bath.
The retention rate is defined as the ratio of the amount of solute
retained inside the tissue after desorption to the total amount of
absorbed solute.

2.9 Confocal imaging to estimate the penetration depth

A special transport setup was designed to evaluate the one-way
transport of solute in cartilage, which only allowed the solute to
transport from the cartilage surface to the deep zone. The
porcine cartilage explant (size: ¢ 9 x 1.5 mm) was fixed on a
0.5 mL tube using a parafilm. Then, 300 pL of the BODIPY-
loaded micelle solutions were injected into the tube using a
syringe, and the tube was inverted in a covered 5 mL tube
containing PBS to prevent evaporation and placed on a 37 °C
incubator with gentle shaking. After specific transport times,
the disk was detached from the tubes, rinsed with 1x PBS, and
wiped with Kimwipe to remove unbound molecules. Then, a
section with a thickness of around 100 um was longitudinally
cut from the center of the cartilage disks and immediately
imaged using a confocal microscope (Zeiss LSM710) at
5x magnification. Z-Stack multilayer images were acquired to
visualize the distribution of the BODIPY-loaded micelles in the
cartilage tissue. The maximum intensity projections of z-stack
images were performed on 80 um sections. To visualize the
location of the nucleus, sections were mounted on glass slides
and stained with Hoechst for 15 min, then quickly washed by
1x PBS and wiped with Kimwipe, and imaged using a confocal
microscope at 100 x magnification. BODIPY was excited using a
493 nm laser light and Hoechst was excited using a 405 nm
laser light.

1674 | J Mater. Chem. B, 2023, 11, 1670-1683

View Article Online

Paper

2.10 Statistics

Quantitative data are presented as mean + standard deviation.
Statistical analysis was carried out by one-way analysis of
variance (ANOVA) followed by the Tukey test. Differences were
considered statistically significant when the p value is < 0.05.
*p < 0.05, **p <0.01, **p < 0.001.

3. Results and discussion

3.1 Copolymer synthesis and characterization

Amphiphilic triblock PDMAEMA-PCL-PDMAEMA copolymers
were synthesized by a two-step process (Fig. 2(A)). First, the
commercially available PCL-diol was converted to the Br-PCL-Br
macroinitiator through the reaction of the terminal hydroxyl
end groups of PCL-diol with BIBB. The reaction was confirmed
by 'H NMR spectroscopy (Fig. 3). The NMR signals of the
bromoisobutyryl group appeared at 4.17 ppm, while the peak
at 3.64 ppm of the hydroxy methylene groups of PCL disappeared
(Fig. 3(A) and (B)). In addition, a new peak at 1.92 ppm signed to
the methyl protons of the BIBB was observed. The integral ratio
between the peaks at 1.92 ppm and 1.38 ppm (the methylene
protons of the main chain of PCL) was close to 6:17, indicating
the successful synthesis of Br-PCL-Br. The molecular weight of
Br-PCL-Br based on the NMR results was about 2200 Da.

The PDMAEMA-PCL-PDMAEMA triblock copolymers were
synthesized via the ATRP of DMAEMA using the Br-PCL-Br
macroinitiator in 1,4-dioxane at 45 °C under a nitrogen atmo-
sphere. A series of triblock copolymers with different PDMAEMA
block lengths were produced by changing the molar feed ratio of
monomer to macroinitiator (Table 1). The "H NMR spectrum of
the DyCL,,Dy triblock copolymer is shown in Fig. 3(C), while
those of D;6CL;;D16 and D,4CL;;D,, triblock copolymers are
shown in Fig. S1 (ESIt). The connection of PDMAEMA was
confirmed by a clear signal of 2.58 ppm which was assigned to
the methylene protons next to the amine group of DMAEMA.
Besides, the other characteristic peaks of the PDMAEMA seg-
ment were observed at ¢ 1.10-0.70, 1.95-1.76, 2.30 and 4.20-
4.00 ppm, respectively, which is consistent with previously
reported results.**** The peaks attributed to the methylene
groups in the PCL segment (0 1.38, 1.73-1.56, 2.30, and 4.05
ppm) could also be found in the spectra. The molecular weights
of the triblock copolymers were determined by comparing the
integral of the methylene protons of PDMAEMA at 2.58 ppm to
the integral of the methylene protons in the main chain of
PCL at 1.38 ppm. The produced three triblock copolymers had
molecular weights varying from 5068 Da for DgCL,;Dg, 7269 Da
for D;¢CL;7D16, to 9784 Da for D,,CL;7D,,4.

Similarly, the pPEGMA-PCL-pPEGMA triblock copolymer
composed of brush PEG and linear PCL was prepared using
the PEGMA monomer (360 Da) and the Br-PCL-Br macroinitia-
tor (Fig. 2(B)). The polymerization degree and structure were
confirmed by 'H NMR spectra, as shown in Fig. 3(D). The
presences of the methyl and methylene proton signals in PEG
segments were observed at around ¢ 1.09-0.70, 2.10-1.71, 3.85-
3.45, and 4.31-3.93 ppm. The molecular weight was calculated

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2tb02050e

Open Access Article. Published on 14 December 2022. Downloaded on 22/10/2025 6:38:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

PCL-diol

View Article Online

Journal of Materials Chemistry B

(0]

o o
H(/O\/\/\)Lko/\/"\/\ozé‘\/\/\/%k, + Br)% o

TEA, anhydrous DCM, N,, RT, 24 h

o o
Br%\“/éo\/\/\)la;o/\/ 0\/\0/01\/\/\/ owsr
(o) (0]

Br-PCL-Br

<.

2 DMAEMA
N—

CuBr, HMTETA, 1,4-dioxane, N,, 45°C, 16 h /

M S SO S M

Br-PCL-Br +  HC

CuBr, HMTETA, 1,4-dioxane, N, 45°C, 24 h

PDMAEMA-PCL-PDMAEMA

M S PSS S M

HO

x pPEGMA-PCL-pPEGMA X

OH

Fig. 2 Synthesis of (A) PDMAEMA-PCL-PDMAEMA and (B) pPEGMA—-PCL-pPEGMA triblock copolymers.

by comparing the integral of the methylene protons of PEG at §
3.85-3.45 ppm to that of the methylene protons in the main
chain of PCL at 1.38 ppm. Thus, the composition of the triblock
copolymer is EqCL;;Eq, and the molecular weight is 8718 Da.
FTIR spectroscopy was performed to further confirm the
chemical structures of copolymers, and the results are shown in
Fig. S2 (ESIt). The characteristic peaks of PDMAEMA appeared
at 2769 and 2821 cm™ " were assigned to the C-H stretching of
the -N(CH,), group.***” Also, the signal at 1147 cm ' was
attributed to the C-N stretching of the -N(CHj), group.*
A reported peak at around 1639 cm ' was ascribed to the
C—C group of the DMAEMA monomer disappeared in the
spectrum.’® Taken together, the FTIR spectrum indicated
the successful synthesis of the PDMAEMA-PCL-PDMAEMA
triblock copolymer. Moreover, the FTIR spectrum also shows
the signals at 2944 and 2866 cm ™' which were assigned to the
C-H stretching of the methylene (-CH,) group, and the signal
at 1724 cm™ ' was ascribed to the carboxylic ester (C=O0)
groups. For the characterization of pPEGMA-PCL-pPEGMA,
the signals that appeared at 1724 and 1100 cm ' from the
FTIR spectrum were assigned to the carboxylic ester (C—O0) and

This journal is © The Royal Society of Chemistry 2023

ether (C-O) groups.®” A broad peak at around 3500 cm ™" was
attributed to the stretching of hydroxyl groups (O-H) from the
PEG segment. Thereby, the FTIR spectrum supported the
successful formation of the pPEGMA-PCL-pPEGMA copolymer.

3.2 Preparation and characterization of micelles

Micelles were prepared from the triblock copolymers (PDMAEMA-
PCL-PDMAEMA and pPEGMA-PCL-pPEGMA) using nanoprecipita-
tion, as shown in Fig. 4(A). These amphiphilic triblock copolymers
can self-assemble into micelles with a hydrophilic shell and a
hydrophobic core in the aqueous environment, while hydro-
phobic molecules could be encapsulated in the core due to
hydrophobic interactions. The core imparted the loading capa-
city of the micelles as the hydrophobic drug carriers. Acetone
was used to assist the triblock copolymers to disperse better in
an aqueous solution. Vigorous stirring for 20 h facilitated not
only the micelle formation of the copolymers but also the
evaporation of acetone from the system. We detected the UV
absorption value of acetone in the micelle solution after
stirring, and the results showed that the micelle solution
contained only a trace of acetone, at about 0.08% (v/v).
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Fig. 3 ™H NMR spectra of polymers in CDCls (600 MHz, 25 °C). (A) PCL-diol; (B) Br-PCL-Br; (C) PDMAEMA-PCL-PDMAEMA; and (D) pPEGMA-PCL-

pPEGMA. *Denotes the signal of CHCls.

Table 1 Characterization of PDMAEMA-PCL-PDMAEMA and pPEGMA-PCL-pPEGMA triblock copolymers and micelles

Micelle characteristics

Copolymer* Initial monomer/PCL? M,° (Da) Size? (nm) PDI“ Zeta potential® (mV)
DyCL17Dyg 20/1 5068 25.9 £ 2.5 0.31 £ 0.07 17.5 £ 0.1
D;6CL1,D16 40/1 7269 22.6 + 1.1 0.30 + 0.04 15.0 &+ 1.3
D,,CL15D,, 60/1 9784 21.7 £ 0.6 0.24 + 0.02 13.8 + 1.3
EoCL;5Eo 20/1 8718 344 +4.7 0.32 £ 0.07 1.6+ 0.4

“ PDMAEMA-PCL-PDMAEMA triblock copolymers are denoted as D,,CL,D,,, where m is the number of repeat unit of DMAEMA, and n is the
number of repeat unit of CL. The pPEGMA-PCL-pPEGMA triblock copolymer is denoted as E;CL,E;, where k is the number of repeat unit of
PEGMA, and 7 is the number of repeat unit of CL. ” Molar feed ratio of the DMAEMA monomer or the PEGMA monomer to the Br-PCL-Br
macroinitiator. ¢ Calculated from 'H NMR results. ¢ Determined by DLS. Micelles were prepared by the nanoprecipitation method in 1x PBS at a
concentration of 1 mg mL~" (mean 4 SD, n = 3). The polydispersity index is denoted as PDI. ¢ Measured by DLS. Micelles were prepared by the

nanoprecipitation method in 0.1x PBS at a concentration of 1 mg mL™" (mean + SD, n = 3).

Bubbling could further reduce the residue of acetone (data not similarly small size of about 25 nm, which was smaller than the
shown). reported PDMAEMA-PCL-PDMAEMA micelles.’****' The size of

The sizes and zeta potentials of micelles were typically micelles is one of the advantages that determines its applications,
determined by DLS (Fig. 4(B) and Table 1). The three micelles and small micelles show a remarkable advantage in site-specific
prepared with the PDMAEMA-PCL-PDMAEMA triblock copolymers — drug delivery. The EqCL;,E; micelle also indicated a small size of
containing different lengths of PDMAEMA segments had a around 34 nm. Furthermore, the surface potential of micelles is

1676 | J. Mater. Chem. B, 2023, 11, 1670-1683

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2tb02050e

Open Access Article. Published on 14 December 2022. Downloaded on 22/10/2025 6:38:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Acetone mixture of
A polymers and drugs

£ —— N .
& ) e
| = |

nl=
2 >

1XPBS **#

e e

K

Nanoprecipitation Solvent diffusion Solvent evaporation

Hydrophobic

e Copolymers
molecules

% Micelle

DgCL47Dg micelle

EgCL47Eg micelle

5.8+ DyCL,,Ds

3.0

|337/ I344

CMC =7.3 mg/L

6 5 4 3 2 4
Log C (mg/mL)

View Article Online

Journal of Materials Chemistry B

16 — D4CLy;D,
— E4CLy/E,

Intensity (%)
(=]

1000

0.1 1 10 100

Size (d.nm)

4.0- EsCL,;Eq
3.5
3.0
2.5
2.0

1.5

|337I |344

1.0 CMC =11.3 mg/L

6 -5 -4 -3 -2 -1 0
Log C (mg/mL)

Fig. 4 Preparation and characterization of micelles. (A) Micelles were prepared via nanoprecipitation; DgCL;7Dg was taken as an example. (B) The size
distribution of empty micelles in an aqueous solution. (C) CMC value of DgCL37Dg (emission wavelength = 390 nm). (D) CMC value of EgCLy7Eg (emission
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another vital property, which significantly affects the micelle’s
behaviors. The surface potential regulates the stability of
micelles in the physiological environment and largely affects
the interactions between micelles and different components
in vivo.*®* The structure and composition of the incorporated
polymers determine the micelle surface charge. For the micelles
self-assembled from PDMAEMA-PCL-PDMAEMA, the cationic
nature of the PDMAEMA block gave the micelles a positive
charge. Out of expectation, the zeta potential of micelles slightly
decreased with the increasing PDMAEMA block length, ranging
from 17.5 to 13.8 mV (pH 7.4), which could be due to the
decrease of the micelle size with the increasing PDMAEMA block
length. This observation was similar to the result reported by
Zhu et al.*® By comparison, the E;CL;,Es micelle exhibited a
nearly neutral charge of —1.6 + 0.4 mV. Besides, the zeta
potential of micelles in the aqueous environment (0.1x PBS)
under different pH conditions (pH = 5, 7, or 9) was measured.
The zeta potential of the DyCL,,Dy micelle decreased with the
increase of pH, while the zeta potential of the EoCL,,Eo micelle
remains neutral (Table S1, ESIf). TEM images (Fig. S3, ESIt)
show that DyCL;,Dy and E¢CL;-Es micelles were spherical with
a diameter of around 10 nm, and dispersed evenly without
aggregation. After dye loading, the particle sizes of the two
micelles slightly increased to around 15 nm. The micelle size
in TEM images was smaller than that measured by DLS, because
the micelles shrank during drying for the TEM measurement.

This journal is © The Royal Society of Chemistry 2023

CMC is a parameter to estimate the stability of micelles.
Pyrene was employed as the fluorescent probe to measure the
CMC value of micelles.”® Fig. 4(C) and (D) show the intensity
ratio I33,/I344 Of pyrene excitation spectra as a function of the
logarithmic copolymer concentration, and the CMC value was
determined as the cross-point of the curve. The CMC of the
triblock copolymer with the shortest PDMAEMA segments
(DoCLy;Dg) was 7.3 mg L', which was lower than that of
EoCL,,E, (11.3 mg L™ "). The low CMC is an important advantage
of the polymeric micelle which indicates high thermodynamic
and kinetic stability. The low CMC allows a series of dilution and
still maintains stable a micellar structure to ensure the delivery
of loaded drugs to the target sites.*

3.3 Cytotoxicity of micelles

Biocompatibility is a critical factor in determining the practical
application of cationic polymeric carriers. In this study, the
cytotoxicity of different copolymers was investigated in 1929
mouse fibroblast cells by CCK-8 assay. The commonly used
cationic polymer, bPEI (25 kDa), was employed as a control. The
results indicated that bPEI had strong cytotoxicity leading to
low cell viability and abnormal cell morphology even at low
concentrations (Fig. 5 and Fig. S3, ESIT). Conversely, E;CL;,Eq
micelles showed good biocompatibility that maintained over
80% of cell viability and normal cell morphology at all tested
concentrations (5-80 pug mL™'). Notably, the cytotoxicity of
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pPEGMA empty micelles in L929 cells. The metabolic activity of cells was
evaluated by CCK assay after 24 h treatment (mean £ S. D., n = 6).

PDMAEMA-PCL-PDMAEMA was between bPEI and E¢CL{-E,
which decreased with the reduction of the PDMAEMA segment
length, and this trend was consistent with a previous report.>®
The D,4CL;,D,4 copolymer retained over 80% of the cell viability
at concentrations below 30 pg mL™ ", and few cell debris was
observed at a concentration of 40 ug mL™", suggesting that the
copolymer at this concentration showed noticeable cytotoxicity
for L929. This was followed by D;¢CL;,D;¢, which began to show
obvious cytotoxicity at a concentration of 60 pg mL ™. It should
be noted that the copolymer DyCL,;Dy with the shortest
PDMAEMA segments had relatively low cytotoxicity, maintained
more than 80% of cell viability at a concentration of 60 pg mL ™,
and 74% of cell viability and few cell debris were observed at a
concentration of 80 pg mL™ . These PDMAEMA-PCL-PDMAEMA
triblock copolymers showed lower cytotoxicity compared to bPEI
(25 kDa) due to their low molecular weights and the combination
of PCL. The biodegradability of the copolymer is likely to further
reduce long-term toxicity in vivo.”® Among the cationic triblock
copolymers, DoCL;,Dy had advantages in higher biocompatibil-
ity and the surface charge of the formed micelles, thereby it was
selected for subsequent studies.

3.4 Uptake rate of micelles in cartilage

To evaluate the penetration and retention capability of micelles in
cartilage, a fluorescence dye BODIPY was employed as the model
drug that encapsulated into the micelle core. Since DyCL;;Dg and
EqCL;7Es micelles had distinctive loading capacities for the
BODIPY dye, the initial concentrations of loaded dyes in the two
different micellar solutions were adjusted to a similar level
(0.54 pg mL~" for the DyCL;,Do micelle and 0.64 pg mL ™" for
the EoCL,,Eo micelle, respectively). The comparison of the trans-
port properties between different groups was conducted by uptake
and retention ratios rather than absolute values. The Z-average
hydrodynamic diameters of the BODIPY-loaded DyCL,,Dy and
EoCL;-Es micelles were 31.2 + 7.4 nm and 59.6 + 9.3 nm,
respectively. The zeta potentials were 18.7 & 2.8 mV and —1.8 +
0.5 mV, respectively.
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The transport properties of micelles in the porcine cartilage
explants were assessed using the aforementioned method
(Section 2.8), as shown in Fig. 6(A). The cartilage disks (J
9 x 1.5 mm) were exposed to three dye solutions for 24 h at
37 °C: BODIPY-loaded DyCL;,Ds (1 mg mL™") micelles in 1x
PBS, BODIPY-loaded E4CL;,E, (1 mg mL™") micelles in 1x PBS,
and free BODIPY in the mixture of DMSO and PBS (20/80, v/v).
In this experiment, the fluorescence signal differences in the
bath before and after incubation were monitored using a
microplate reader, and then, the amount of dye absorbed and
retained in cartilage disks were calculated based on the estab-
lished standard curves (Fig. S4, ESIT). It should be noted that a
large amount of acetone (800 pL) was mixed into the collected
bath (200 pL), which diluted the bath solution and ensure that
the fluorescence intensity was within the linear range. At the
same time, the addition of acetone promoted the micelle
dissociation to release the dye to ensure that the dye was
quantified in the same environment. The uptake rates of the
three groups are shown in Fig. 6(B). Notably, the DyCL,,Dq
micelles showed the highest uptake rate as expected, with 87%
of solutes in the bath absorbed into the cartilage explants after
24 h. Followed by the free dye group, the uptake rate was 55%.
By comparison, the neutral EqCL,;Eq micelle group showed the
lowest uptake rate of around 44%. Therefore, the DyCL;,Dg
micelle that has the best penetration capability was about 1.6
fold and 2 fold of uptake rate as compared to the free dye and
EoCL;,Es micelle groups, respectively.

Regarding the effect of the core-shell structure of micelles
on the intra-cartilage transport of hydrophobic solutes, both
the core and the shell played their respectively positive roles.
First, the core provided an area for the incorporation of hydro-
phobic molecules via hydrophobic interactions, and this physical
encapsulation was beneficial to protecting the intact structure and
efficacy of drugs. Conversely, drugs were covalently combined
with cationic materials by chemical bonds to promote drug
penetration in cartilage in most existing systems.'®"> However,
these drug modifications may cause reduced or altered drug
efficacy’* and drug release problems.'* On the other hand, the
micelle shell was formed by the hydrophilic segments, which had
a very vital effect on the micelle’s behaviors in vivo, in particular
for the steric stabilization and cell interaction.** The shell pro-
tected the hydrophobic part from the biological invasion, thus
ensuring that the micelle could remain stable in the physiological
environment.*> Therefore, the unique core-shell structure of
micelles can improve their bioavailability and stability of poorly
soluble drugs.*'

Importantly, the hydrophilic shell of the micelle can contact
and react with the environment, and the nature of the shell
determines the transport performances of micelles within the
cartilage. In this study, DyCL;;D9 and E¢CL;;E¢ had the same
PCL core but showed distinct performances in cartilage trans-
port, with the former having a remarkably higher uptake rate
(87%) while the latter having a lower uptake rate (44%). This was
largely related to the different nature of their shells. The nature
of the PDMAEMA segments gave the DoCL;;Dy micelles the
positive charge, while the brush PEG segments of the EqCL;7Eq

This journal is © The Royal Society of Chemistry 2023
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***p < 0.001

micelle resulted in a neutrally charged shell. It is important to
mention that the density of negatively charged glycosaminogly-
cans (GAGs) increases with the cartilage depth, leading to a
decrease in the electrical potential from the surrounding bath to
cartilage, thus creating a strong, inwardly pointing electric field.*
The driving force can attract cationic solutes into deeper zones of
cartilage causing a sharp increase in the cationic carrier concen-
tration within the cartilage." The phenomenon is known as
Donnan partitioning.* The result of Donnan partitioning as the
total net charge inside the cartilage must be zero. Since the tissue
contains an extremely high density of negative charge (a fixed
charge density of —158 to —182 mM),*”® such an equilibrium
requires a large amount of cationic solutes, thus constantly
attracting cationic solutes into the cartilage. Consequently, the
effective penetration of cationic DgCL;;Dg micelles into the carti-
lage was mainly driven by the inwardly pointing electric field.

This journal is © The Royal Society of Chemistry 2023

Nevertheless, the penetration of EqCL,;E¢ micelles in the
cartilage largely depended on the concentration gradient. The
electrically neutral micelles were not sterically hindered by
the cartilage ECM and could freely penetrate into the cartilage,
which was also supported by the fluorescence images presented
in Section 3.6. We suggested that the difference in the solute
concentration between the bath and cartilage was the driving
force for the inward penetration of the neutral micelles. When
in equilibrium, the solute concentration in the surrounding
bath and the tissue are closely equal, and the neutral micelles
no longer diffuse into the cartilage.” Based on the uptake rates,
it could be found that this driving force from the concentration
gradient was limited and significantly weaker than the charge
guidance. To establish a control group for the free dye, 20%
DMSO was added to PBS to increase the solubility of the
hydrophobic dye. It should be noted that amphiphilic DMSO
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is the widely used penetration enhancer for solutes in drug
delivery, which have been reported to enhance drug permeation
by modifying the tissue structure.** Hence, the addition of
DMSO may promote the penetration of the small-molecule dye
in the cartilage tissue to a certain extent. However, even with the
assistance of the penetration enhancer, the small molecular dye,
BODIPY (262 Da), showed only a 55% uptake rate in the cartilage
significantly lower than the DyCL;,Dy micelle group.

3.5 Intra-cartilage retention of micelles

Our results have shown that electrostatic interactions could
enhance the penetration of the cationic micelles into the
cartilage. However, the effective penetration into the cartilage
may not guarantee effective retention because partitioning and
binding are separate processes.* To investigate whether elec-
trostatic interactions can simultaneously guarantee the inward
penetration and retention of micelles within the cartilage, the
absorbed cartilage disks were desorbed in the 1x PBS bath for 4
days. The 1x PBS bath was replaced every day to avoid the
concentration equilibrium. The desorption studies showed that
the majority (93%) of the absorbed dye-loaded -cationic
DyCL;;Dy micelles retained within the cartilage after 24 h,
while the dye-loaded neutral EoCL,;E¢ micelles and free dye
retained about 74% and 72%, respectively (Fig. 6(E)). After
4 days of desorption, 71% of the absorbed dye-loaded
DyCL;7Dy micelles continued to remain inside the cartilage disks.
However, the retention rate of the free dye group was greatly
reduced to 31%, and the retention rate of EqCL;;E, micelles also
notably decreased to 44% (Fig. 6(C)). Hence, the DoCL;,Dy micelles
showed remarkably excellent retention capability in the cartilage
for at least a 4 day period, which was 2.3 folds and 1.6 folds of the
free dye group and EoCL,;E, micelle group, respectively. It should
be noted that the dye-loaded EqCL,,Es micelle group also showed
a significantly higher retention rate than the free dye group
(*p < 0.05).

The retention superiority of the DyCL,;Dy micelles was
mainly derived from its positively charged shell, the dimethyl-
amino groups of PDMAEMA bind negatively charged chondroitin
sulfate monomers via electrostatic interactions. Intra-cartilage bind-
ing relied on the precise chemical structure of the binding sites and
solutes,” and various binding strategies have been reported to
enhance intra-cartilage drug delivery, such as electrostatic interac-
tions, collagen type II binding peptide,” aggrecan binding
peptide,*® and chondrocyte binding peptide.”” Although the elec-
trostatic binding is considered to be weak, the cartilage contains a
large number of chondroitin sulfate monomers, which provide
numerous sites for electrostatic binding, and the sum of the single
electrostatic interaction is sufficient to guarantee an effective
binding for a period.*'" Conversely, free dyes diffused out due to
their inability to bind tissue during desorption. Most of the neutral
micelles desorbed from the tissue due to the absence of electro-
static binding, but showed higher retention capability than free
dyes, suggesting the positive role of the micelle structure on
retention. Micelles as the carriers help the encapsulated molecules
to retain in the cartilage to a certain extent.
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3.6 Distribution study using confocal microscopy

To study the distribution of micelles inside the cartilage, a
special setup was used to achieve one-way diffusion of the
solutes in the cartilage (Fig. 7(A)), and then the dye-loaded
micelle distribution was visualized by confocal microscopy.
Fig. 7(B) reveals that DyCL,,Dg and EoCL,;E¢ micelles rapidly
penetrated nearly half of the tissue thickness within 3 h with an
obvious intensity gradient. Besides, strong fluorescent signals
were found on the cartilage surface for both micelle groups,
revealing that most micelles were entering and penetrating the
surface zone. At the 12 h time point, both micelles nearly
penetrated through the full thickness of cartilage, but slight
gradients were still observed in the plotted intensity profiles.
Finally, the fluorescence images of the two micelles showed the
homogeneous fashion within the cartilage, suggesting that two
micelles could penetrate the 1.5 mm-thick cartilage in 24 h.
Thus, neither DyCL;;Dg nor EqCL;,E¢ micelles were sterically
hindered on the cartilage surface by dense cartilage ECM
networks. Moreover, Fig. 7(C) shows that two micelles were
mainly distributed in the cartilage ECM, and some were densely
bound to the cell membrane to form bright spots.

An appropriate charge is important for the penetration of
cationic solutes in order to ensure the electrostatic interactions
between cationic solutes and the ECM is weak and reversible.
A strong charge can cause permanent immobilization of cationic
solutes on the cartilage superficial zone thus hindering their
penetration.”® However, if the charge of the solutes is too weak,
it will lead to invalid retention.®* Our experimental results sug-
gested that the DoCL,;Dy micelles possessed the appropriate sur-
face charge for penetration and retention in the cartilage explant.

Bajpayee et al. found that 15 nm quantum dots were unable
to penetrate beyond the cartilage surface and 7 nm cationic
avidin were allowed to enter cartilage. Thus, they claimed that
the solutes with a hydrodynamic diameter of <10 nm were
allowed to penetrate into the cartilage, while solutes with a
diameter of more than 15 nm were trapped on the surface and
cannot penetrate the cartilage.” Interestingly, the Z-average
hydrodynamic diameters of DyCL;;D9 and EoCL;;Eq micelles
exceeded 15 nm; however, they were proved to penetrate the
full-thickness cartilage by confocal images. The same phenom-
enon of the nanoparticle penetration has been reported in
the skin. Smejkalova et al. reported that 200 nm hyaluronan
polymeric micelles were found to penetrate the skin,*® while
rigid polystyrene nanoparticles with a particle size of around
30 nm were unable to penetrate the stratum corneum.*® This may
be explained by the flexible and deformable structure of
micelles.*® Micelles are flexible nanoparticles,*® and the incorpo-
rated chains may allow the particles to deform in shape to pass
through the dense tissue. It was reported that the deformable
liposome can squeeze between the cells in the stratum corneum
and then intactly penetrate the skin, even with a large size.*”* A
positively charged liposome with a size of 91.2 nm was reported to
penetrate deeply into the rabbit cartilage."* Therefore, we specu-
lated that the steric hindrance of the ECM had a significant
impact on the penetration of rigid nanoparticles, but less on
flexible nanoparticles such as micelles or liposomes, which can

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2tb02050e

Open Access Article. Published on 14 December 2022. Downloaded on 22/10/2025 6:38:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Journal of Materials Chemistry B
A - - - - =
1.5mm
BpDIPY-Ioad_ed z Section YA <—>
micelle solution 9 mm, ©
. . Uptake for 3,12,24 h y 144 Image 3
Cartilage disk > ' ¢1 5?’ 3
Di water z
B EoCL4/Eo DyCL4;Dy &
4000 4000
5‘ 3000 E‘ 3000
2 2
2 2000 2 2000
) E
1000 1000
0 . 0
0 500 1000 1500 0 500 1000 1500

Distance (pm)

4000+
3000

12h

2000

Intensity

1000

500 1000 1500
Distance (um)

o

4000

3000

24 h

Intensity

2000

1000

S
0 500 1000 1500
Distance (um)

Distance (um)

3000

Intensity

0 500 1000 1500
Distance (pm)

4000

3000

Intensity

2000+

1000

0 500 1000 1500
Distance (pm)

Fig. 7 DgCL3;Dg and E9CLy7E9 micelles exhibited the full penetration of the porcine cartilage within 24 h. (A) Schematic of the one-way diffusion
experiment. (B) Confocal images of the concentration profile inside porcine cartilage explants. BODIPY-loaded EoCL;7E5 and DoCL;7Dg micelles
penetrated the cartilage for 3, 12 and 24 h. Diffuse from left (superficial zone) to right (deep zone). Scale bar = 200 pm. Average fluorescence intensities
across the thickness were plotted as a function of the distance from the cartilage surface. (C) The distribution of BODIPY-loaded DyCL;7Dg micelles in the
porcine cartilage tissue was visualized via confocal microscopy at 5x (top) and 100x (bottom) magnifications. Green channel indicated BODIPY-loaded
micelles that bind to the ECM and densely to the cellular membrane. The blue channel (Hoechst) demonstrated the nucleus.

deform shape to pass through the dense network structure and
remain intact in the tissue. The flexibility of micelles showed their
superiority in overcoming the obstacles of the dense cartilage
structure.

In this study, the cationic DyCL;;Dy micelle has been shown
to remarkably enhance the penetration and retention of the
model drug in porcine cartilage explants, which is a potential
drug carrier to overcome the obstacles of intra-cartilage drug
delivery. Nevertheless, it is important to mention that there are
some limitations of this study that need to be further investi-
gated. Firstly, biocompatibility is one of the most important
concerns for cationic materials. The proposed DgCL;;Dg
micelles had good biocompatibility in a certain range of con-
centrations (5-60 pg mL "), but still showed toxicity at high
concentrations (80 pg mL™ "), which may be further reduced by
modifications. Moreover, during the penetration testing period
of 24 h, it is still possible that the cationic carriers are to be
cleared by the rapid synovial fluid turnover. Therefore, faster
penetration may be more effective to resist the rapid clearance.
Finally, unspecific electrostatic interactions between cationic
micelles and other negatively charged components of the joint

This journal is © The Royal Society of Chemistry 2023

may lead to off-target delivery. In response to these limitations,
we further modify our micellar systems to achieve safe and
effective intra-cartilage drug delivery.

4. Conclusions

We have successfully prepared and characterized neutral and
cationic micelles via nanoprecipitation using amphiphilic
PPEGMA-PCL-pPEGMA and PDMAEMA-PCL-PDMAEMA tri-
block copolymers, all of which showed a small size (around
20-30 nm). Among a series of cationic micelles, DyCL;;Dq
micelles with the shortest PDMAEMA segments had relatively
good biocompatibility and was selected for further transport
studies. Our current work verified that the positively charged
DyCL;7;Dg micelles showed a largely increased penetration and
retention rates in cartilage compared with neutral micelles and
free model drugs, which can penetrate the full-thickness cartilage
and remain in cartilage for at least 4 days. The cationic micellar
system in our work showed advantages in intra-cartilage drug
delivery, such as nanosize, easy fabrication, physical encapsula-
tion, flexibility, and excellent penetration and retention, enabling
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it to be a promising drug carrier to overcome the obstacles of
intra-cartilage drug delivery in the negatively charged tissue. Our
future work will focus on further improvement of the biocompat-
ibility and verification of the therapeutic efficacy of drug-loaded
cationic micellar systems in vitro and in vivo.
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