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ABSTRACT: Inflammation plays an essential role in arthritis
development and progression. Despite the advances in the
pharmaceutical field, current treatments still present low efficacy
and severe side effects. Considering the high activity of the
glutathione reductase (GR) enzyme in inflamed joints, a distinctive
drug delivery system sensitive to the GR enzyme was designed for
efficient drug delivery on arthritic diseases. A linear amphiphilic
polymer composed of methoxypolyethylene glycol amine-gluta-
thione-palmitic acid (mPEG-GSHn-PA) was synthesized and the
intermolecular oxidation of the thiol groups from GSHs retain the
drug inside the resulting micelles. Stable polymeric micelles of 100
nm of size presented a loading capacity of dexamethasone (Dex)
up to 65%. Although in physiological conditions the Dex release presented slow and sustained kinetics, in the presence of the GR
enzyme, there was a burst release (stimuli-responsive properties). Biological assays demonstrated their cytocompatibility in contact
with human articular chondrocytes, macrophages, and endothelial cells as well as their hemocompatibility. Importantly, in an in vitro
model of inflammation, the polymeric micelles promoted a controlled drug release in the presence of GR, exhibiting a higher efficacy
than the free Dex while reducing the negative effects of the drug into normal cells. In conclusion, this formulation is a promising
approach to treat arthritic diseases and other inflammatory conditions.
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Arthritic diseases comprise more than 150 different joint
disorders characterized by joint and/or musculoskeletal

system inflammation.1 Their most common forms are
osteoarthritis (OA) and rheumatoid arthritis (RA), which are
associated with chronic synovial inflammation, pain, and tissue
damage.2 Arthritis affects more than 350 million people
worldwide, and because of the increase in the proportion of the
elder population, their incidence and prevalence are also
increasing. Moreover, these diseases are one of the leading
causes of work disability and loss of quality of life because of
their painful, chronic, and incapacitating features.3

Because arthritis has no cure,4 current treatments include
nonsteroidal anti-inflammatory drugs (NSAIDs) and gluco-
corticoids (GCs), for instance, dexamethasone (Dex) and
prednisolone, for OA and RA and disease-modifying
antirheumatic drugs (DMARDs) and biologicals therapies for
RA (still in clinical trials for OA).5 Particularly, GCs present
potent anti-inflammatory and immune-suppressive actions,
being among the most commonly prescribed drugs for various
inflammatory, autoimmune, and allergic disorders.6 Never-
theless, the ubiquitous expression of the GC receptors limit
their therapeutic efficiency, with an off-targeted biodistribution
profile and low local drug bioavailability.7,8 Additionally, their

serious side effects, such as osteoporosis and hyperglycemia,
severely hamper GCs’ clinical application.

Recently, several efforts have been made to develop
nanomedicines that improve the accumulation of the drug in
the target inflamed tissue.8−11 As polymeric micelles present
good biocompatibility, high stability, and the ability to increase
the drug bioavailability and accumulation in target tissues, they
have been widely used as drug delivery systems (DDS).12−14

Indeed, they can effectively encapsulate a wide variety of
biological agents, controlling their distribution and function in
the body.7,15

One of the most promising concepts in the drug delivery
field involves the design of nanomedicines with tunable
properties that can be engineered to respond to the
pathophysiological parameters of the diseased tissues, and
consequently, by controlling the spatiotemporal distribution of
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the drugs, extend their therapeutic index.16,17 In this study,
glutathione reductase (GR)-sensitive polymeric micelles were
explored to promote a controlled drug delivery on arthritic
diseases. Glutathione (GSH) is the key regulator of the
intracellular redox state, presenting an essential role in the
detoxification of reactive oxygen species and peroxides.18,19 In
those reactions, two GSH are oxidized to form glutathione
disulfide (GSSG) via disulfide bond. In its turn, GSSG can be
reduced by GR enzyme to regenerate GSH. Taking into
consideration the higher activity of GR in the synovial fluid of
RA and OA patients, in comparison with normal controls,20,21

this enzyme can selectively stimulate the controlled drug
release in inflamed joints. Additionally, the higher permeability
and angiogenesis of arthritic patients enhance a targeted
(passive) drug delivery to the inflamed sites through the
mechanism of extravasation via leaky vessels and subsequent
inflammatory cell-mediated sequestration (ELVIS).22−24

Polymeric micelles were made of methoxypolyethylene
glycol amine-glutathione-palmitic acid (mPEG-GSHn-PA)
polymers. As PEG avoids the adsorption of opsonin proteins
to nanoparticles (NPs), it is extensively used in the
pharmaceutical and nanotechnology fields.7 Indeed, PEG
reduces the immunogenicity of therapeutic formulations,
increases their pharmacokinetic profile, and decreases the
unspecific biodistribution.25,26 Moreover, GSH and PA have
been used to produce polymeric micelles.27−32

Hence, this study proposes a nanocarrier intended for the
controlled delivery of an anti-inflammatory drug (Scheme 1).
After systemic administration, polymeric micelles will be
passively accumulated in the articular inflamed joint through
the ELVIS effect. Once in the joints, GR activity will
destabilize the micellar structure via a thiol−disulfide exchange,
triggering the release of the encapsulated drug from the
micelles. Considering the current limitations of GC treatments,

this is a promising strategy to enhance the drug therapeutic
efficacy while reducing their systemic side effects.

■ EXPERIMENTAL SECTION
Materials. Unless otherwise noted, all chemicals were purchased

from Sigma-Aldrich (USA), including Dex (D1756, purity ≥98% by
HPLC). RPMI-1640 medium and fetal bovine serum (FBS) were
acquired from Thermo Fisher Scientific (USA). Human IL-6 and
TNF-α standard ABTS ELISA development kits and human fibroblast
growth factor (bFGF) were purchased from Peprotech (USA).

Synthesis of mPEG-GSHn-PA Amphiphilic Polymers. To
prepare mPEG-GSHn-PA polymers, in the first step, we reacted
mPEG (0.01 mmol) and GSH (0.02 mmol) in ultrapure water for 24
h at room temperature (RT), using 1-(3-(dimethylamino)propyl)-3-
ethylcarbodiimide/N-hydroxysuccinimide (EDC/NHS) at 50/200
mM in MES hydrate (pH 4.7) as coupling agents. To remove the
unreacted compounds, we placed the product of the reaction in
dialysis systems with 3.5−5 kDa cutoff for 8 h at RT (with 4 ultrapure
water exchanges). Afterward, the water was removed by freeze-drying.
In the second step, mPEG-GSHn reacted with PA (0.011 mmol) in
tetrahydrofuran (THF) using 1H-benzotriazole-1-yl)-1,1,3,3-tetrame-
thylaminium tetra fluoroborate (TBTU, 0.011 mmol) and triethyl-
amine (TEA, 0.02 mmol) for 24 h at RT.

Micelle Production and Dex Encapsulation. For micelle
production, 5 mL of the polymers solution in THF was added
dropwise at 1 mL/min of rate to 20 mL of ultrapure water, and the
THF was removed with strong magnetic stirring (600 rpm) for 48 h
at RT. Unreacted compounds were eliminated by two washing steps
with ultrapure water and centrifugation (45 min, 5000 rpm, 20 °C) by
Vivaspin 300 kDa Filter Units (Fisher Scientific, USA). The final
micellar volume was 8 mL (1 mg/mL of polymer concentration).

For drug encapsulation, Dex was dissolved in the THF solution,
before micelle production as previously described.

Micelle Characterization. Several testing methods were con-
ducted to demonstrate the main physical and chemical properties of
the developed polymeric micelles.

Chemical Characterization. The chemical structures of all the
products were identified by proton nuclear magnetic resonance (1H

Scheme 1. Schematic Illustration of the Glutathione Reductase-Sensitive Polymeric Micelles Rationale for Arthritis
Treatmenta

aAbbreviations: PEG, polyethylene glycol; GSH, glutathione; PA, palmitic acid; Dex, dexamethasone.
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NMR) and Fourier-transform infrared spectroscopy (FTIR). For 1H
NMR analysis, polymeric micelles, PEG, and GSH were solubilized in
deuterium oxide, whereas PA was solubilized in dimethyl sulfoxide-
D6. A Bruker AVANCE 400 spectrometer was used to obtain NMR
spectra, which were analyzed using the MestReNova software 9.0. For
FTIR analysis, an IRPrestige 21 spectrometer (Shimadzu, Japan) was
used to analyze the compounds by the KBr-disk method (400−4000
cm−1). Besides, the amount of GSH in the polymer was determined
using a thiol and sulfide quantitation kit (Invitrogen, Molecular
Probes, USA). After regenerating GSSH into GSH using GR enzyme
as previously described,33 the kit was performed following the
manufacturer’s instructions. The absorbance was measured at 410 nm
using a microplate reader (Synergy HT, BioTek, USA), being the
standard curve used to infer the thiol (GSH) concentration of the
samples.
Size Distribution and Zeta Potential Measurements. Intensity-

distribution size and zeta-potential values were assessed by dynamic
light scattering (DLS) and laser Doppler electrophoresis, respectively,
using a Zetasizer Nano ZS instrument (Malvern Instruments,
Portugal). DLS measurements were performed at an angle of 173°
and at a wavelength of 633 nm in disposable polystyrene cuvettes,
whereas zeta potential was accomplished using a dip cell. All the
measurements were performed at 25.0 ± 0.1 °C.

For storage stability, empty polymeric micelles were kept at 4 °C
under static conditions. The size, polydispersity index (PDI), and zeta
potential was determined during the experimental time of 6 months,
as described above.
Polymeric Micelle Morphology. The polymeric micelle morphol-

ogy was assessed by scanning electron microscopy (SEM). After air-
drying the polymeric micelles at the surface of a glass slide, they were
sputter-coated with palladium (EM ACE600, LEICA), and then
analyzed using high-resolution field-emission SEM (Auriga Compact,
Zeiss, Germany).
Drug Entrapment Efficiency. The Dex loading content in the

polymeric micelles was performed with micelle:Dex feed weight ratios
between 1:0.2 and 1:0.8 at a micelle concentration (polymers
concentration) of 1 mg/mL. The nonencapsulated Dex was measured
in the supernatant diluted in ethanol (0.5:0.5 v/v) using UV
spectroscopy (Shimadzu, Japan) at 240 nm, as previously reported.34

Entrapment efficiency (EE) and drug loading (DL) were calculated
using the equations below:

= −
%EE

(initial concentration nonencapsulated drug)
initial concentration

100

(1)

=%DL
loaded drug mass
total micelle mass

100
(2)

In Vitro Drug Release Profile. The in vitro Dex release profiles
of micelles under different external conditions were performed
through the dialysis method. Briefly, 5 mL of micelle suspension was
added to a dialysis system (Micro Float-A-Lyzer, 3.5−5 MWCO) that
was added to a tube containing 15 mL of PBS (pH 7.4, 37 °C) and
shaken at 100 rpm. At the defined time points, an aliquot (0.5 mL)
was retrieved from the external tube with equal volume refill. After
dilution of the aliquot with 0.5 mL of ethanol, the Dex concentration
was measured using UV−vis spectroscopy equipment (Shimadzu,
Japan), with Dex concentration then measured as previously
described. The enzymatic-sensitiveness properties of the polymeric
micelles were evaluated by adding 50 mU of GR, 0.14 mM
nicotinamide-adenine dinucleotide phosphate (NADPH), and 0.1
mM ethylenediaminetetraacetic acid (EDTA) to the PBS.21 More-
over, the size distribution (size and PDI) of the polymeric micelles
was evaluated over time.
Biological Assays. To assess the cytocompatibility of the

developed micelles and their biological effects after encapsulation of
Dex, it was performed cell isolation and culture, viability, proliferation,
protein content, and morphology analysis as herein described.
Isolation and Cell Culture. Human articular chondrocytes (hACs)

were isolated by enzymatic digestion, as previously described.35 Knee

cartilage samples, collected from arthroplasty surgeries, were obtained
in accordance with the 67/CA Protocol established between the
Centro Hospitalar do Alto Ave, Guimaraẽs, Portugal, and the 3B’s
Research Group, and after informed donor consent. hACs were
cultured in DMEM high glucose (D5671), supplemented with 10%
FBS, 10 mM of L-lanyl-L-glutamine, MEM with nonessential amino
acids, and HEPES buffer, 100 units/mL of penicillin, 100 μg/mL of
streptomycin, and 10 ng/mL of human bFGF.

Human umbilical vein endothelial (EA.hy926) cell line was
cultured in DMEM low glucose (D5523) supplemented with 10%
FBS, 100 units/mL of penicillin, and 100 μg/mL of streptomycin.

The human monocytic cell line THP-1 was maintained in complete
RPMI (cRPMI) that consist of RPMI-1640 media supplemented with
2 mM of L-glutamine, 100 units/mL of penicillin, 100 μg/mL of
streptomycin, 10 mM HEPES buffer, and 10% FBS.

Cells were incubated in a humidified 5% CO2 atmosphere at 37 °C.
Polymeric Micelle Cytocompatibility. Primary hACs and EA and

THP-1 cell lines were used to evaluate the cytocompatibility of the
polymeric micelles. hACs and EA were cultured at 5 × 104 cells/well.
THP-1 was seeded at 5 × 105 cells/well with 100 nM phorbol 12-
myristate-13-acetate (PMA) for 24 h. After three washes, THP-1 cell
line was incubated for a further 48 h in cRPMI without PMA. Then,
to obtain M1 activated macrophages, cells were stimulated with 100
ng/mL of lipopolysaccharide (LPS) during 24 h. For all the cell types,
it was used an increasing concentration of the polymeric micelles
sterilized through 0.22 μm filters. The cells cultured without the
micelles (only culture medium) were used as controls. After 1, 3, and
7 days of culture, the different samples in triplicate were rinsed with
sterile PBS and analyzed regarding cell viability, cell proliferation,
protein synthesis, and cell morphology.

Cells metabolic activity was determined by Alamar blue (AB)
reagent (Bio-Rad, USA), according to the instructions of the
manufacturer. Briefly, after adding a medium containing 10% AB,
cells were incubated for 4 h at 37 °C in a humidified 5% CO2
atmosphere. The fluorescence was measured using an excitation
wavelength of 530/25 nm and an emission wavelength of 590/35 nm,
in a microplate reader (Synergy HT, BioTek, USA).

Cells proliferation was determined by DNA quantification using a
fluorimetric dsDNA quantification kit (Quant-iT, PicoGreen,
Invitrogen, Molecular Probes, USA). Briefly, samples were thawed,
sonicated for 15 min, and added to a 96-well plate (Falcon). Besides
the addition of 28.7 μL of sample or standard (n = 3), 71.3 μL of
PicoGreen solution, and 100 μL of Tris-EDTA (TE) buffer were
incubated for 10 min in the dark. Then, the fluorescence of each
sample was measured using excitation/emission wavelengths of 485/
528 nm, respectively, in a microplate reader (Synergy HT, BioTek,
USA). Sample concentration was inferred from the standard curve.

The protein concentration was determined using a Micro BCA
protein assay kit (Thermo Scientific, Pierce, USA), according to the
manufacturer’s instructions. Briefly, 150 μL of samples or standards
were incubated for 2 h at 37 °C with 150 μL of working reagent in a
96-well plate. The absorbance was measured at 562 nm using a
microplate reader (Synergy HT, BioTek, USA), with sample
concentration being inferred from the standard curve.

Cell morphology was assessed by SEM. Briefly, after fixating the
cells with 2.5% glutaraldehyde, samples were dehydrated using
increasing concentrations of ethanol (20, 40, 60, 80, 90, and 100%).
After sputter-coating (EM ACE600, LEICA) with a thin layer (8−12
nm) of palladium, samples were analyzed by high-resolution field-
emission SEM. Microphotographs were recorded at 5 kV with
magnifications of 200, 1000, and 10 000×.

Biological Effects of the Polymeric Micelles. A coculture system
was used to assess the biological effects of the micelles encapsulating
Dex. hACs and THP-1 cell line were seeded as previously described,
being the THP-1 seeded in cell culture inserts (pore size: 1 μm) at 2.5
× 105 cells/well. The inserts were transferred to the hACs culture, and
the THP-1 cell line was stimulated to the activated M1 macrophages
by adding 100 ng/mL of LPS. After 2 h of stimulation, three different
conditions were tested: (i) no treatment, (ii) micelles encapsulating
Dex, and (iii) free Dex. Those conditions were also tested in the hACs
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and activated M1 macrophages (THP-1 cells) seeded alone
(monoculture). GR enzyme was added to the coculture system at
50 mU (no GR was added to the monocultures). After 1, 3, 7, and 14
days of culture, the samples were evaluated regarding cell viability,
proliferation, and morphology, as described above. IL-6 and TNF-α in
the media were quantified by ELISA. To keep the micelles in contact
with the cells, 300 μL of fresh media was added every 3 days, but no
media were removed during the time of the experiment.
Cytokine Quantification. The pro-inflammatory cytokines IL-6

and TNF-α were quantified using human sandwich ELISA kits, which
were performed according to the manufacturer procedure. Cytokine
concentration was inferred from the standard curve.
Hemolytic Properties. To determine the hemolytic properties of

the polymeric micelles, we determined the concentration of free
hemoglobin after incubating the polymeric micelles with whole

human blood. Briefly, diluted blood (in saline solution (1:100) with
EDTA) was incubated with increasing concentrations of the
polymeric micelles, under gentle agitation for 4 h at 37 °C. Then,
the hemoglobin assay kit (MAK115) was used to quantify the
concentration of free hemoglobin in the samples’ supernatant
(samples centrifugation for 10 min at 1000 g), according to the
instructions of the manufacturer. The blood in saline solution and
water were used as negative and positive controls, respectively. The
absorbance (A) was measured at 400 nm in a microplate reader
(Synergy HT, Bio-Tek, USA). Hemoglobin concentration (C) was
calculated according to the following equation:

= −
−

·C
A A
A A
( sample) ( blank)

( calibrator) ( blank)
100 mg/dL df400 400

400 400 (3)

Figure 1. (A) 1H NMR spectra and (B) FTIR analysis of the methoxypolyethylene glycol (mPEG), glutathione (GSH), palmitic acid (PA), and the
micelles (Mic).
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where, 100 mg/dL = concentration of the diluted calibrator and df =
dilution factor.

Subsequently, the following equation was used to calculate the
percentage of hemolysis in the samples:

= −
−

C C
C C

hemolysis (%)
(sample) (negative control)

(positive control) (negative control)
100

(4)

Statistical Analyses. The mean ± standard deviation of at least
three independent assays (n = 3, average of three different
measurements of, at least, three micelles populations prepared
independently) are presented. Statistical analyses were performed
using the GraphPad Prism Software. First, a Shapiro−Wilk test was
used to access the normality of the data. As the results did not follow a
normal distribution, it was performed the Kruskal−Wallis test (a
nonparametric test) followed by Dunn’s test. Statistically significant
was considered with p < 0.01.

■ RESULTS
Polymeric Micelle Characterization. The synthesis of

the amphiphilic polymer compromises two-step reactions: in
the first, the amine groups (NH2) of mPEG reacted with the
carboxylic groups (COOH) of GSH (free NH2 groups of GSH
can also react with COOH groups of GSH, producing mPEG-
GSHn), and in the second step, the free NH2 groups of GSH
reacted with the COOH groups of PA. 1H NMR spectra of the
single compounds yielded well-defined signals (Figure 1A)
similar to the ones present in databases. Importantly, in the

spectrum of the micelles, the presence of the peaks from all
initial products (mPEG, GSH, PA) was observed, corroborat-
ing the synthesis of the polymer. Importantly, carbon d shifted
from a multiplet in mPEG for a quartet in the micelles and the
carbon j shifted from a triplet in GSH to a doublet in the
micelles. In addition, the micelle spectrum presented some
impurity peaks (especially around 2.1−1.9 ppm). FTIR
analysis of the micelles (Figure 1B) showed a shift of the
NH2 group from the mPEG and GSH (N−H stretch
absorptions at 3300−3000 cm−1) to amide in the micelles
(N−H stretch absorption at 3300 cm−1 and a CO peak at
1680−1630 cm−1). Moreover, while the GSH present a weak
thiol (S−H) peak at 2550−2620 cm−1, the micelles presented
a weak disulfide (S−S) peak at 700−550 cm−1. Besides, there
is 1.86 μM of GSH in each mg of the polymeric micelles
determined by the ultrasensitive thiol and sulfide colorimetric
assay.

The size of the empty micelles (Figure 2A) was 101.3 ± 3.4
nm with a PDI value of 0.092 ± 0.011 and a zeta potential of
−20.2 ± 3.42 mV, and these values were stable for at least 6
months (Figure 2B). From SEM microphotographs (Figure
2C), polymeric micelles presented a spherical shape with a
diameter of ca. 100 nm, which is in agreement with DLS
measurements.

Efficacy of Drug Encapsulation and in Vitro Release
Kinetics. Dex loading content and entrapment efficiency
increased directly with the micelle:Dex feed weight ratio,

Figure 2. (A) Size distribution of the 1 mg/mL micelles without and encapsulating 4.65 mg of dexamethasone (Dex). (B) Evaluation of the size
stability of the empty polymeric micelles during 6 months at 1 mg/mL. (C) SEM microphotographs of the empty polymeric micelles (scale bar:
100 nm). (D) Release profile of Dex from the 1 mg/mL micelles (encapsulating 4.65 mg of Dex) when exposed to different environments: PBS and
50 mU of glutathione reductase (GR) enzyme at 37 °C.
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reaching a maximum of 64% in the 1:0.8 condition (Table 1).
After the drug was encapsulated, polymeric micelles presented
118.8 ± 0.2 nm size (Figure 2A), with 0.105 ± 0.009 of PDI
and −17.4 ± 2.7 mV of zeta potential.

To evaluate the in vitro release profile of Dex (Figure 2D),
we used a micelle:Dex feed weight ratio of 1:0.8 ratio and the
dialysis method. Micelles presented almost no release in the
first 24 h in PBS at 37 °C, with a maximum release of 20% after
5 days. In contrast, the addition of GR enzyme at 50 mU
induced a burst release, with ∼80% of the drug released in the
first 24 h. In addition, although the size of the polymeric
micelles did not significantly increase after 4 days in PBS, the
addition of GR enzyme promoted the destabilization and
degradation of the polymeric micelles (Table 2). Hence, these
results highlight the sensitive behavior of the drug release from
the polymeric micelles in the presence of GR enzyme.
Biological Assays. Cytocompatibility of the Polymeric

Micelles. In vitro cell studies were performed to assess the
viability of relevant cells that can be affected by this delivery
device. Considering the synovial cavities the main site of
therapeutic action, primary hACs from diseased knee
arthroplasties (phenotype associated with arthritis disease),
endothelial cells (main cells of the blood vessels), and
macrophages (immune system) were used. All cells tested
showed excellent cytocompatibility of the micelles below a
concentration of 50 μg/mL (Figure 3). Considering the hACs
and EA cell line, the cell viability, DNA quantification, and
protein expression were not negatively affected for concen-
trations below 50 μg/mL. Above this concentration, there was
a significant reduction in cell cytocompatibility in comparison
with the control. For the THP-1 cell line, none of the
concentrations reduce the cell viability, but there was a
reduction in the DNA and protein quantification above 100
μg/mL. As the THP-1 cell line does not replicate, it was also
observed that the amount of DNA and total protein expression
in all tested conditions (including the control) decayed over
time. Moreover, the cells morphology confirmed that they
were not affected by the presence of the micelles even for

concentrations of 100 μg/mL (Figure 4). Thus, the maximum
concentration of the polymeric micelles that does not harm the
cells is 50 μg/mL.

Nevertheless, the analyses of the hemolytic properties of the
polymeric micelles showed an absence of hemolysis at all the
tested concentrations (Table 3), which demonstrated their in
vitro hemocompatibility.

Dex Biological Effects in Monocultures and Coculture of
hACs and THP-1. To compare the biological effects of the
micelles encapsulating Dex with the free Dex, hACs and
activated M1 macrophages in monoculture and coculture were
used. The concentration of Dex was 100 μM, and in the
coculture system, 50 mU of GR enzyme was added to the
culture medium to mimic the synovial inflammation micro-
environment.

The hACs viability and proliferation were significantly
reduced with the addition of free Dex (Figure 5A).
Interestingly, Dex encapsulation into the micelles was able to
block the Dex negative effects over hACs, as there are no
differences between the Ctr and Mic+Dex groups. Also,
morphological analyses (Figure 6A) show that Mic+Dex did
not influence the cell density nor the morphology of the hACs
as observed in the Dex group. This effect was also observed in
the THP-1 cell line (Figure 5B), where the presence of
micelles promoted higher cell viability and proliferation in
comparison with free Dex treatment.

The coculture of hACs with activated M1 macrophages
significantly reduced the cell viability and proliferation in
comparison to the hACs control (Figure 5A). While the
treatment with Mic+Dex was able to reduce this harmful effect
over the chondrocytes, the treatment with free Dex was not.
Indeed, the Mic+Dex treatment significantly increases the cell
viability in comparison with the coculture without treatment.
These results were corroborated with the morphological
analyses of the hACs (Figure 6B). After 14 days, the hACs
presented altered morphology with cell shrinkage and a
reduction of cell density. The treatment with the micelles
encapsulating Dex was able to prevent these features more
effectively than the free Dex. Additionally, the coculture system
does not present negative effects over THP-1 cells, but the
addition of the Mic+Dex and Dex significantly reduced the
amount of DNA, especially after 1 day of treatment.

The coculture of hACs and activated M1 macrophages had a
huge impact on the amount of TNF-α and IL-6 cytokines
(Figure 5C, 5D, respectively) produced by those cells.
Although hACs almost do not produce TNF-α, the yield of
the activated M1 macrophages was around 1.3 ng/mL after 1
day, which was reduced to 0.1 ng/mL after 14 days. Despite all
conditions (Ctr, Mic+Dex, and Dex in THP-1) presented a
similar reduction of the TNF-α cytokine in the medium, in the

Table 1. Dex Loading Content (in mg and %) and
Entrapment Efficiency (in %) into the Micelles at a
Concentration of 1 mg/mL

micelles:Dex feed
weight ratio

Dex loading
content (mg)

Dex loading
content (%)

entrapment
efficiency (%)

1:0.2 0.57 ± 0.03 7.06 ± 0.38 35.3 ± 1.9
1:0.4 1.38 ± 0.08 17.21 ± 1.05 39.8 ± 1.3
1:0.6 2.50 ± 0.10 31.15 ± 1.26 51.9 ± 2.1
1:0.8 4.65 ± 0.11 58.16 ± 1.49 64.6 ± 1.6

Table 2. Size Distribution (size, nm; and polydispersity index, PDI) of the Polymeric Micelles When Exposed to Different
Environments: PBS and 50 mU of Glutathione Reductase (GR) enzyme at 37 °C

PBS 50 mU GRa

conditions size (nm) PDI size (nm) PDI

0 h 118.8 ± 0.18 0.105 ± 0.009 118.8 ± 0.18 0.105 ± 0.009
24 h 121.7 ± 3.45 0.121 ± 0.010 * *
48 h 129.3 ± 1.56 0.155 ± 0.015 * *
72 h 134.6 ± 2.15 0.177 ± 0.011 * *
96 h 140.4 ± 1.26 0.195 ± 0.021 * *

a* = No peak detected.
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coculture system, Mic+Dex were able to reduce it more than
the free Dex, especially after 3 days. This result can be
explained through the GR controlled release of the Dex from
the micelles over time. Regarding the IL-6, the establishment
of the coculture system increased the expression of this
cytokine to a maximum of ∼1.2 μg/mL. Herein, both Mic
+Dex and free Dex were capable to effectively reduce the
amount of IL-6 cytokine in the medium to ∼0.1 μg/mL.

Considering that one of the biggest problems of GCs
treatment is the negative effects over normal cells, the
produced polymeric micelles were able to protect the
chondrocytes from those effects. Moreover, the drug
therapeutic effects were maintained after its encapsulation
into the micelles. Therefore, the initial hypothesis was
confirmed, as the developed polymeric micelles can prolong
and extend the drug’s half-life, increase its therapeutic efficacy,
and decrease the side effects.

■ DISCUSSION
An efficient DDS should facilitate a stable circulation in plasma
and release the drug in therapeutic concentrations at the
diseased site. Hence, novel polymeric micelles were developed

for controlled drug release in inflammatory conditions. The
oxidation of the adjacent GSH in the micelles avoids the
leakage of the drug into the plasma, as the disulfide cross-
linking provides a barrier against blood dilution. After systemic
administration, the accumulation in the inflammatory site
(passive targeting) will trigger the controlled drug release by
GR activity. Thus, this innovative technology was designed to
(i) increase the therapeutic index of the drug through its
encapsulation into the micelles; (ii) reduce the nefarious side
effects of the drug due to the controlled release profiles, and
consequently, reduce their unnecessary exposure to healthy
tissues; and (iii) maximize the performance of the currently
used therapies. Our results demonstrate that mPEG-GSHn-PA
micelles are an efficient DDS for the treatment of inflammatory
arthritis.

In the 1H NMR spectra the presence of the peaks of single
compounds and the shifts in the carbons adjacent to the
formed amide bond in the micelles spectrum confirmed the
synthesis of the amphipathic polymer. This result was also
corroborated by the shift of the NH2 group from the mPEG
and GSH and the COOH group of the PA and GSH to amide
in the micelles in FTIR spectra. In the first reaction, the

Figure 3. Biological performance: (I) cell viability, (II) cell proliferation, and (III) total protein synthesis, of the (A) hACs, (B) EA cell line, and
(C) THP-1 cell line after 1, 3, and 7 days of culture with different concentrations of the polymeric micelles. Asterisk (*) indicates significant
differences (p < 0.01) in comparison with the control (0 μg/mL).
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mPEG-GSH grafted polymer was synthesized via the reaction
of the NH2 group of mPEG with the COOH group of GSH
using EDC/NHS chemistry.36 However, as free NH2 groups of
GSH can also react with the activated COOH group of GSH,
the polymer can have more than one GSH linked to mPEG
(mPEG-GSHn), which will be further oxidized intermolecularly
to retain the drug inside the resulting micelles. This reaction is
nontoxic as the remaining products and byproducts (isourea)
can be easily removed through dialysis with water,37 which was
performed after the first reaction was completed. In the second
step, TBTU in the presence of the catalytic TEA promotes the
reaction between the COOH group of PA with the NH2 group
of the mPEG-GSHn polymer to form an amide bond.38 After
the synthesis of the polymer mPEG-GSHn-PA, polymeric

micelles were successfully prepared through the nano-
precipitation method.39 Because it is an easy, quick, and one-
step technique that can be easily scaled up, the nano-
precipitation method is widely used to prepare a variety of
NPs systems, including micelles.40

Stable polymeric micelles presented a size of 101.3 ± 3.4
nm, a PDI of 0.092 ± 0.011, and a zeta potential of −20.2 ±
3.42 mV. The size range around 100 nm enables the micelles
to take advantage of the ELVIS mechanism and accumulate at
inflamed joints.41 Indeed, inflamed tissues present increased
intraendothelial gaps due to the expression of histamine,
bradykinin, leukotrienes, and serotonin that promotes the
contraction of the inflammatory cells covering the capillaries.
This effect has been widely explored not only for inflammatory
conditions but also for cancer therapies (enhanced perme-
ability and retention − EPR effect).42 The PDI value lower
than 0.2 confirmed their monodispersitivity in terms of size.43

Considering the reduced absorption of the serum proteins to
neutral and negative particles, the negative value of the zeta
potential measurements further contributes to a prolonged
circulation in the bloodstream.44 Moreover, the value of the
zeta potential of −20 mV ensures a stable particle
suspension.45 The size stability of the micelles was also
confirmed during 6 months.

Figure 4. SEM microphotographs of the micelles cultured with (A) hACs, (B) EA cell line, and (C) THP-1 cell line in the absence (control, I) and
presence of the micelles at different concentrations: (II) 50 and (III) 100 μg/mL. Scale bar 10 μm.

Table 3. Percentage of Hemolysis Provided by the Micelles
in Contact with Blood Cells

samples % hemolysis

control + 100
micelles at 12.5 μg/mL 0
micelles at 25 μg/mL 0
micelles at 50 μg/mL 0
micelles at 100 μg/mL 0
micelles at 200 μg/mL 0
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Polymeric micelles exhibited a high Dex loading capacity
that increased with the increment of the micelle:Dex feed

weight ratio. Indeed, the maximum entrapment efficiency
(64%) occurred for the micelles:Dex feed weight ratio of 1:0.8

Figure 5. Biochemical performance: (I) cell viability and (II) cell proliferation of (A) hACs and (B) THP-1 cultured in monolayers and hACs
cocultured with activated M1 macrophages after 1, 3, 7, and 14 days of treatment with different conditions: control (Ctr, no treatment), micelles
encapsulating Dex (Mic+Dex) and Dex. The samples were also analyzed regarding (C) TNF-α concentration, and (D) IL-6 concentration. The
alphabet “a” indicates significant difference in comparison with hACs Ctr, “b” indicates significant difference in comparison with to THP-1 Ctr, and
“c” indicates significant difference in comparison with coculture Ctr, where p < 0.01.
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that comprises 4.65 ± 0.11 mg of Dex. Therefore, the amount
of Dex present in the micelles is adequate to decrease the
inflammatory process.46 The kinetics of Dex release from the
micelles is slow and low in PBS at 37 °C. While encapsulating
the drug, the free thiol groups of GSH present into the
amphiphilic polymer were oxidized by oxygen to form disulfide
linkages, which prevent drug leakage. In the presence of the
GR enzyme, there is a dissociation of the disulfide linkages and,
consequently, a fast release of the drug. These results ensure a
suitable amount of the drug into the polymeric micelles, as well
as their stimuli-responsive properties under specific inflamma-
tory conditions.

The in vitro cytotoxicity of the produced micelles was
performed on endothelial cells, chondrocytes, and immune
cells. EA cell line were used as a model of the cells lining the
interior of the blood vessels, hACs isolated from diseased knee
arthroplasties as a model of the target tissue, and THP-1 as a
model of the immune system. Considering the rationale of the
responsive micelles, all of these cell types represent a suitable
model to assess any cytotoxic interaction after systemic
administration. mPEG-GSHn-PA micelles in a concentration
until 50 μg/mL were cytocompatible in contact with hACs,
EA, and THP-1 cells. As higher concentrations of the micelles
negatively affected those cells, this was the maximum
concentration of micelles used. Those results were comparable
to other studies using amphiphilic polymers of PEG and other
fatty acids or polymers.47,48 The polymeric micelles did not
influence cell morphology (SEM analysis). In addition, the
hemocompatibility of the polymeric micelles was assessed
using human blood, as it is a critical parameter before
regulatory approval. Hence, considering the lack of hemolysis
of the micelles in contact with red blood cells, according to the
International Organization for Standardization (ISO/TR
7406) guidelines,49 they are considered not hemolytic, and
consequently, hemocompatible.

To confirm the ability of the micelles in counteracting
inflammation and Dex side effects, we investigated their effect
on chondrocytes and macrophages in both monoculture and
coculture systems. In fact, chondrocytes viability and
proliferation were compromised with the addition of the free
Dex. Previous studies also reported a reduction in the
chondrogenic cell line ATDC5 viability after Dex admin-
istration, due to the induction of autophagy.50 Importantly, the
micelles encapsulating the drug prevented those negative
effects in the hACs. Regarding the THP-1 cell line, whereas
free Dex impairs cell viability and proliferation, its incorpo-
ration into the micelles also reduced those negative effects. To
model the inflamed joints, a transwell system was used to
coculture hACs with activated M1 macrophages,51 being GR
enzyme added to further mimic the synovial inflammation in
arthritic diseases. This system enabled assessing if the drug-
loaded micelles could circumvent the deleterious impact of
inflammation on human chondrocytes. To obtain an
inflammatory scenario, we activated macrophages to the M1
phenotype. Indeed, the higher amount of TNF-α and IL-6 in
activated macrophages and in the coculture systems confirmed
their induction to the pro-inflammatory phenotype.9 More-
over, the amount of IL-6 was much higher than TNF-α, which
is also in agreement with the values from arthritic patients
plasma and synovial fluid.52 In the coculture system only the
micelles encapsulating Dex were able to avoid the negative
effects of the inflammation into the chondrocytes, especially
after 14 days. Moreover, the Dex-loaded micelles were able to
more effectively reduce the production of the IL-6 cytokine by
macrophages. Hence, the initial hypothesis was confirmed as
the micelles in the presence of GR activity ensure a controlled
drug release. In a previous study, different nanomedicine
formulations of Dex were compared in an adjuvant-induced
arthritis rat model.23 A slow drug release kinetics of the
formulations, especially the micelles, demonstrated high
therapeutic activity and joint protection. Thus, this strategy

Figure 6. SEM microphotographs of (A) hACs cultured in monolayer and cocultured with (B) activated M1 macrophages after 14 days of
treatment with different conditions: (I) no treatment, (II) micelles encapsulating Dex and (III) free Dex. Scale bars: 10 μm.
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is able to enhance the therapeutic index of the drug by
increasing the therapeutic efficacy while reducing the nefarious
side effects. Additionally, decreasing the drug release kinetics
might reduce the dosage needed, and consequently, systemic
side effects can be further avoided.

■ CONCLUSION

In conclusion, we developed enzymatic-sensitive polymeric
micelles for controlled drug release on arthritic diseases. As our
results clearly demonstrated a controlled drug release in the
presence of GR enzyme, an increase of its therapeutic efficacy
in specific tissues is ensured, and consequently, a reduction of
off-target effects can be expected. Hence, the developed device
allows overcoming some drawbacks of current treatments, such
as the limited solubility and efficacy of the drug, its inadequate
pharmacokinetics, and its severe side effects. Therefore, the
polymeric micelles are a valid approach not only for arthritic
diseases but also for other inflammatory conditions.

■ AUTHOR INFORMATION

Corresponding Author
Nuno M. Neves − 3B’s Research Group, I3Bs − Research
Institute on Biomaterials, Biodegradables and Biomimetics,
University of Minho, Headquarters of the European Institute
of Excellence on Tissue Engineering and Regenerative
Medicine, Barco 4805-017, Guimaraẽs, Portugal; ICVS/
3B’s−PT Government Associate Laboratory, Braga,
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3B’s−PT Government Associate Laboratory, Braga,
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