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Abstract: Polymeric nanoparticles (NPs) find many uses in nanomedicine, from drug delivery to
imaging. In this regard, poly (lactic-co-glycolic acid) (PLGA) and polyethylene glycol (PEG) parti-
cles are the most widely applied types of nano-systems due to their biocompatibility and biodegra-
dability. Here we developed novel fluorinated polymeric NPs as vectors for multi-modal nano-
probes. This approach involved modifying polymeric NPs with trifluoroacetamide (TFA) and load-
ing them with a near-infrared (NIR) dye for different imaging modalities, such as magnetic reso-
nance imaging (MRI) and optical imaging. The PLGA-PEG-TFA NPs generated were characterized
in vitro using the C28/I2 human chondrocyte cell line and in vivo in a mouse model of osteoarthritis
(OA). The NPs were well absorbed, as confirmed by confocal microscopy, and were non-toxic to
cells. To test the NPs as a drug delivery system for contrast agents of OA, the nanomaterial was
administered via the intra-articular (IA) administration method. The dye-loaded NPs were injected
in the knee joint and then visualized and tracked in vivo by fluorine-19 nuclear magnetic resonance
and fluorescence imaging. Here, we describe the development of novel intrinsically fluorinated pol-
ymeric NPs modality that can be used in various molecular imaging techniques to visualize and
track OA treatments and their potential use in clinical trials.

Keywords: PLGA nanoparticles; (-) (2-trifluoroacetamide) succinic anhydride (TFA); drug delivery;
intra-articular injection; molecular imaging; fluorine-based magnetic resonance imaging (*?F-MRI);
osteoarthritis
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1. Introduction

The causes of osteoarthritis (OA) are not fully understood. Almost 10% of the popu-
lation suffers from symptomatic knee OA at the age of 60, a condition that leads to artic-
ular cartilage damage [1,2]. The cartilage is the main component of synovial joints and it
is formed by chondrocytes. These cells assemble the extracellular matrix and they contrib-
ute greatly to hyaline cartilage regeneration. In knee joint OA, physiological changes are
observed in the synovial membrane, cartilage, and bone structures. There are no definite
pharmacological treatments for OA. This disease is divided into stages. Although there
are no pharmacological treatments for the early stage, OA progression can be slowed by
lifestyle changes such as weight loss and physical exercise. As the disease progresses,
pharmacological treatments such as anti-inflammatory drugs, and intra-articular (IA) in-
jections of corticosteroids or hyaluronic acid can be administered. In the final stage of OA,
there are no drugs that can relieve the pain, and surgery is the only therapeutic option
available [3,4].

Since 1986, knee OA has been diagnosed through the combination of radiographs
and physical examination. Recently, magnetic resonance imaging (MRI) has received con-
siderable attention because of its capacity to provide high-resolution deep tissue imaging.
This technique allows visualization of all tissues in the joint, including cartilage, menisci,
bone, and soft tissue [5,6]. Moreover, F-MRI has the advantage over H-MRI in that it
reduces background signals. °F molecules provide excellent signal sensitivity and high
specificity compared to 'H because of the lack of background signal from endogenous
fluorine [7]. In this context, perfluorocarbon (PFC)-labeled probes can facilitate F-MRI
imaging of particles, hydrogels, and drugs in the body [8]. Furthermore, some PFCs have
also been approved for medical applications, such as contrast-enhanced ultrasound [7].
Overall, PFCs are known to be well-tolerated in vivo. They are non-toxic molecules and
normally diffuse back into the blood, where they ultimately dissolve into plasma lipids.
A typical F-MRI probe contains fluorine compounds like perfluoro decalin, perfluoro
hexane, perfluorooctyl bromide, perfluoro-15-crown 5-ether, and trifluoroacetamide
(TFA) [7,9]. Here we used TFA as the PFC probe as it can be covalently coupled to poly-
mers, biomolecules, and small drugs and can be used for visualization and tracking by
E-MRI. Therefore, in our approach, we coupled TFA to poly (lactic-co-glycolic acid
(PLGA) and polyethylene glycol (PEG)-based nanoparticles (NPs). Among the polymers
developed to formulate polymeric NPs, PLGA has attracted considerable attention due to
the following [10]: (i) It shows biodegradability and biocompatible properties. PLGA is
hydrolyzed into its monomeric components, lactic and glycolic acid, which are natural
metabolites of the human body; (ii) PLGA-based drugs products have been approved by
the FDA and European Medicine Agency for parenteral administration as drug delivery
systems; (iii) it has well-described formulations and methods of production that can be
adapted to various types of drugs and contrast agents, such as hydrophilic or hydropho-
bic small molecules and macromolecules; (iv) it can protect the drug and contrast agent
from degradation; (v) it can sustain drug release; and (vi) the surface properties can be
modified to provide “stealth” and/or better interaction with biological materials. PLGA
can conjugate many targeting and imaging moieties on a single particle to enhance bind-
ing affinity and specificity, and it provides amplified signals at the target region. Further-
more, it can be used to engineer NDPs for effective and targeted delivery of imaging labels,
prolonged plasma half-lives, enhancing stability, improving targeting efficiency, and re-
ducing non-specific binding; and (vii) it can be modified to target NPs to specific organs
or cells [11,12]. Conjugation and loading of other contrast agents, such as PFC or NIR dye,
is an obvious advantage of PLGA because this polymer prevents unwanted dispersion
during trafficking to the OA site. PEG is a hydrophilic, non-ionic polymer with high bio-
compatibility that can be added to NPs via various approaches, including covalent bind-
ing. The presence of PEG on the surface of PLGA NPs confers other advantages, such as
increased half-life in systemic circulation and muco-adhesion of the particles [11-13].
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Given these observations, we chose PLGA-PEG NPs containing conjugated fluorine to
track and visualize the NPs in vivo in osteoarthritic knee mice using F-MRIL

Here, we synthesized and developed a new copolymer formed by PLGA-PEG-TFA
for multimodal proposes. The NPs were successfully traced by optical imaging and '°F-
MRI using NIR dye loaded into the particles and TFA present on their shell. We studied
the capacity of the novel NPs for drug delivery of contrast agents in OA. The NPs were
characterized physically and chemically and then tested in vitro in C28/I2 human chon-
drocytes. Finally, they were also injected intraarticularly into a mouse model of OA and
traced in vivo by optical imaging and F-MRI.

2. Materials and Methods
2.1. Materials

PLGA (PURASORB® PDLG 5002A 50:50, with an inherent viscosity of 0.20 dL/g, MW
=17,000) was obtained from Carbion PURAC (Amsterdam, The Netherlands). Polyvinyl
alcohol (PVA) (87-89% hydrolyzed, typical MW 13.000-23.000), N-(3-dimethylaminopro-
pyl)-N'-ethyl carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), meth-
ylene chloride, dimethylformamide, and chloroform, (-)(2-trifluoroacetamide) succinic
anhydride and triethylamine (TEA) were purchased from Sigma-Aldrich (Steinem, Ger-
many). PEG with diamine group (NH2-PEG-NH2, MW = 220.31) was supplied by Shang-
hai Seebio Biotech Inc. (Shanghai, People’s Republic of China). The solvent dichloro-
methane (DCM), used to prepare the NPs, was purchased from Sigma Aldrich (Steinem,
Germany). The NPs were all loaded with NIR dye (IR-780 Iodide) purchased from Sigma-
Aldrich (Zwijndrecht, The Netherlands). The in vitro studies were performed using the
CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega, Walldorf, Ger-
many), Dulbecco’s Modified Eagles Medium (ThermoFisher Scientific, USA), and fetal calf
serum (FCS; Life Technologies, Eugene, OA, USA). To-pro 3 iodide (642/661) was pur-
chased from Invitrogen (Eugene, USA); [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymeth-
oxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) was supplied by Promega (Leiden,
The Netherlands).

2.2. Copolymer Formulation

PLGA-PEG-(2-trifluoroacetamide) succinic anhydride (TFA) was synthesized by the
conjugation of NH2-PEG-NH: with PLGA-COOH. PLGA-COOH (5 g, 0.28 mmol). It was
then dissolved in methylene chloride (15 mL) and converted to PLGA-NHS with excess
N-hydroxy succinimide (NHS, 260 mg, 2.3 mmol) in the presence of 1-ethyl-3-(3-dime-
thylaminopropyl)-carbodiimide (EDC, 222 mg, 2.3 mmol). PLGA-NHS was precipitated
with cold diethyl ether (15 mL) and washed three times in an ice-cold mixture of 80% ethyl
ether and 20% methanol to remove residues of NHS. After drying under vacuum, PLGA-
NHS (3 g, 0.173 mmol) was dissolved in chloroform (5 mL) and with NH-PEG-NH: (760
mg, 0.3 mmol) and N, N-diisopropylethylamine (22 mg, 0.173 mmol). The copolymer was
precipitated with cold methanol for 24 h and washed three times in an ice-cold mixture of
80% ethyl ether and 20% methanol to remove unreacted PEG. The resulting PLGA-PEG-
NH:2 block copolymer was dialyzed in water and lyophilized. Subsequently, the com-
pounds were characterized by '"H-NMR.

After lyophilization, PLGA-PEG-NH-2 (0.40 g, 0.22 mmol) was dissolved in dimethyl-
formamide (DMF) (10 mL). When the copolymers were completely dissolved, (-) (2-tri-
fluoroacetamide) succinic anhydride (0.01 g, 0.44 mmol) and triethylamine (TEA) (0.22
mmol) were added to the solution and the reaction was performed for 24 h at room tem-
perature. The copolymers PLGA-PEG-TFA were dialyzed in water and lyophilized. Later,
the compounds were characterized by ®F-NMR.
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2.3. Preparation of NPs
Preparation of PLGA-PEG and PLGA-PEG-TFA NPs

PLGA-PEG and PLGA-PEG-TFA NPs were generated and loaded with NIR dye (IR-
780 Iodide). All NPs were prepared by the single emulsion-solvent evaporation method
to reduce the particle size to the submicron range. NPs were dissolved in DCM together
with NIR dye and emulsified in water phase containing a PVA (0.5% (w/v)).

The emulsions were continuously stirred at 24,000 rpm using a mechanical stirring
system (ULTRA-TURRAX T25, IKA, Staufen, Germany) until the organic solvent parti-
tioned into the aqueous phase and then evaporated. The emulsion formed was stirred
under magnetic stirring (IKA® RCT basic IKAMAG™, Staufen, Germany) for >20 min to
evaporate the solvent. To complete solvent evaporation, the NP suspensions were stirred
overnight with a magnetic stirrer. The suspensions formed were separated from the excess
of PVA by ultracentrifugation at 12,000 rpm and 4 °C for 30 min. The NPs were then
washed three times with MilliQ water to remove any potential PVA remaining. Finally,
the pellets consisting of NPs were re-suspended in MilliQ water and lyophilized.

To prepare the PLGA-PEG and PLGA-PEG-TFA NPs loaded with fluorescein isothi-
ocyanate (FITC) dye, a similar protocol as the one described above for the NIR dye was
used, with the exception that 0.5 mg of FITC dye was initially dissolved in MilliQ water.

2.4. Characterization of NPs
2.4.1. Morphology and Size Characterization

The morphology of the two types of NP was studied by atomic force microscopy
(AFM, JPK NanoWizard 3 AFM, by JPK Instruments (Bruker), Berlin, Germany.). The NPs
were diluted and dispersed in MilliQ) water. A drop of the suspension was placed on a
clean glass surface glued to the AFM stub and air-dried for 1 h. The dried NPs were im-
aged by AFM (JPK Nano Wizard 3) in AC mode (tapping mode) using OMCL-AC160TS
silicon probes from Olympus with a nominal resonance frequency of 300 kHz and a nom-
inal spring constant of 26 N/m. The images were analyzed using Gwyddion SPM Software
(Version 2.5, Open Source Software, http://gwyddion.net/)).

The average size and polydispersity index (PDI) of the NPs were determined by Dy-
namic Light Scattering (DLS) (Zetasizer Nano 590, Malvern Instruments, Worcestershire,
Cambridge, UK). NPs were dispersed in MilliQ water and the measurements were per-
formed at 25 °C and an angle of 90°. Averages and standard deviations were calculated
from triplicate measurements. The stability or the aggregation of NPs was determined by
Zeta potential (Zetasizer Nano S90, Malvern Instruments, Worcestershire, UK).

2.4.2. Encapsulation Efficiency Analysis of NIR Dye

To determine the encapsulation efficiency (EE) and the loading content of NIR dye,
the lyophilized NPs were dissolved in 0.8 M NaOH. Next, 5 mg of PLGA-PEG and PLGA-
PEG-TFA NPs was dissolved separately in 0.5 mL 0.8 M NaOH overnight at 37 °C. After-
wards, the basic solutions of all the NPs were centrifuged at 12,000 rpm at room temper-
ature for 20 min and the resultant supernatants were collected. The NIR dye content was
then measured using an Odyssey Infrared Imager 9120 (LI-COR) scanner at 800 nm. The
EE for NIR dye was calculated using the formula [14] below:

Amount of drug in formulation

EE x100. (1)

~ Amount of drug used for formulation

Amount of drug in formulation is the amount of NIR dye loaded in the NPs. The values
were obtained as described above. Amount of drug used for formulation is the amount of NIR
dye added to the preparation of NPs.
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2.4.3. Encapsulation Efficiency Analysis of FITC Dye

To study the EE for FITC dye, 5mg of dry NPs was dissolved in 0.8 M NaOH, as
described above. The separate solutions containing PLGA-PEG and PLGA-PEG-TFA NPs
were centrifugated at 12,000 rpm for 20 min at room temperature, and the supernatants
were collected. The FITC dye content was then measured using an Amersham Biosciences
Ultrospec 2100 pro, UV/Vis Spectrophotometer. The amount of FITC dye was calculated
from the linear regression of the standard curve obtained from the FITC solution.

2.4.4. Study of NIR Dye in PBS Released from NPs

The release study of NIR dye was performed for 30 days, as previously described
[15]. Briefly, 5 mg of lyophilized PLGA-PEG and PLGA-PEG-TFA NPs were dissolved in
5 mL of saline phosphate buffer (PBS). The NP solutions were gently stirred at 25/27 °C.
At 0, 3,9, 12, 14, 17, 23, 27, and 30 days, the solutions were centrifuged for 20 min at
12,000 rpm, and 150 uL of the supernatant was collected and replaced with 150 uL of fresh
PBS. The NIR dye of each aliquot was then measured using an Odyssey™ scanner at
800 nm.

2.4.5. Relaxivity Measurements

To assess the relaxation characteristics of the PLGA-PEG-TFA NPs as a T1-T2 dual
MR contrast agent, their T1 and T2 relaxation times were measured with a 3T MRI (SIE-
MENS MAGNETOM Trio I-class, Erlangen, Germany). All samples were diluted in D20.
Measurements were performed using av500 instrument which is 11.7 tesla.

2.5. In Vitro Experiments
2.5.1. Cell Culture

C28/12 human chondrocytes are used as model cells for studying normal and patho-
logical cartilage repair [16]. Cells were cultured in 75-cm flasks in 1:1 Dulbecco’s Modified
Eagles Medium (DMEM)/F12 medium (Gibco Cell Culture Medium, ThermoFisher Scien-
tific Magdeburg, Germany) with 10% (v/v) FCS at 37 °C and an atmosphere of 95% air and
5% CO:. The medium was replaced every 48 h. The cells were sub-cultured for experi-
ments after reaching approximately 80-90% confluence [17].

2.5.2. Cell Metabolic Assay (MTS)

To test the cell metabolism of the NPs, 5 x 104 C28/12 cells/well were seeded in 96-
well plates. After 24 h of incubation at 37 °C, the NPs were added to the cells at concen-
trations of 10, 20, 40, 60, and 80 pg/mL. The MTS assay was performed at 24, 48, and 72 h.
To establish a positive cytotoxicity control, cells were treated with 50% DMSO. Non-
treated cells were used as a negative control. At 24, 48, and 72 h, 20 uL of [3-(4,5-dime-
thylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
was added and incubated at 37 °C for 1 h. The absorbance was measured with a spectro-
photometer at Aex 590 nm (Molecular Devices VERSAmax Tunable Microplate Reader,
LUMC, Leiden, The Netherlands). The assay was assessed following the manufacturer’s
instructions. Cellular metabolic activity in each condition is expressed as percentage in-
crease in relation to untreated controls.

2.5.3. NP Uptake Study by Optical Imaging

The C28/I2 cells were seeded in 96-well cell culture microplates (Greiner Bio-One
B.V., Alphen aan den Rijn, The Netherlands) (2.5 x 10* cells/well) and incubated with 40
ug/mL of PLGA-PEG or PLGA-PEG-TFA NPs for 1, 2, 4, 8, 24, 48, and 72 h. After incuba-
tion, the cells were washed twice with PBS, fixed for 15 min with 2% paraformaldehyde
in PBS, rinsed in PBS, and stained with TO-PRO®-3 iodide dye (Molecular Probes, Ther-
moFisher, Marietta, OH, USA), which makes the cell nucleus detectable at 700 nm. Plates
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were analyzed using an Odyssey Infrared Imager 9120 (LI-COR, Lincoln, NE, USA) scan-
ner at 800 nm and 700 nm for visualization of NPs loaded with NIR and the cells, respec-
tively.

2.5.4. NP Uptake Study by Confocal Microscopy

To examine the cellular uptake of NPs, 1 x 10° cells/well were seeded in glass-bottom
microwell dishes (MatTek Corporation) for 12 h and then incubated with PLGA-PEG or
PLGA-PEG-TFA NPs at 37 °C for 24 h. The cells were then washed twice with PBS and
fixed with 4% paraformaldehyde for 10 min. Cell membranes were then stained with Did
(1:400) and the nuclei with DAPI (Invitrogen by Thermo Fisher Scientific). The cells and
NPs were imaged using a Leica SP5C Spectral Confocal Laser Scanning Microscope. The
NPs loaded FITC dye was used in this experiment instead of NIR dye.

2.5.5. NP Uptake Studies by Fluorescence Microscopy

To visualize the uptake of NPs by cells after 24 h of incubation, an additional experi-
ment was performed. The cells were seeded in a chamber plate (Falcon™ Chambered Cell
Culture Slides) (2.5 x 104 cells/well) containing coverslips and co-incubated for 24 h with
40 pg/mL of PLGA-PEG or PLGA-PEG-TFA NPs. After incubation, the cells were washed
twice with PBS, fixed for 15 min with 2% paraformaldehyde in PBS and rinsed in PBS. Cell
membranes were stained with CD44-PE (CD44 Monoclonal Antibody (IM7), PE, and eBi-
oscience™) for 20 min at 37 °C and then covered with Vectashield mounting medium con-
taining DAPI. Coverslips were mounted using Acqua Poly/Mount (Polysciences) and ex-
amined by fluorescent microscopy (Leica DMRA fluorescence microscopy, LUMC, Uni-
versity of Leiden).

2.6. In Vivo and Ex Vivo NP Characterization
2.6.1. Optical Imaging

The animal procedures were conducted at the Leiden University Medical Center and
approved by the Animal Welfare Committee (approval number 12,036). The retention
time of fluorescent PLGA-PEG-TFA NPs loaded with NIR dye was studied by optical im-
aging. To this end, 12-week-old C57BL/6 Jico mice were purchased from Charles River,
France. The mice were divided into three groups (n = 3); their right knees were subjected
to surgical destabilization of medial meniscus (DMM). Another three mice were used as
controls. After 3 weeks of OA induction, the mice received an intra-articular (IA) injection
of 8 uL of the NPs dissolved in water at a concentration of 20 mg/mL. To confirm the
presence of fluorescent NPs in the knee, the mice were anesthetized using isoflurane and
scanned using a Pearl® Trilogy Small Animal Imaging System at 800 nm. After confirma-
tion, the animals were sacrificed at different time points: Group 1 at 2 h post-injection;
group 2 at 48 h and group 3 at 166 h. For each group, a control mouse was also sacrificed.
At the end of the experiment, the knees and organs of the animals were collected and used
for ex vivo experiments. The organs (heart, liver, spleen, lungs, and kidneys) were col-
lected, weighed and scanned at 800 nm in an Odyssey Imaging System. The bio-distribu-
tion data for the organs are expressed as a percentage Injected Dose per gram of tissue

(%ID/g).

2.6.2. YF-MRI

All samples were scanned in an 11.7 T MRI system (BioSpec, Bruker, Germany)
equipped with a 1H/19F volume coil. 1H/19F MR images of whole mouse legs (fixed in
PFA) were acquired by a zero echo time (ZTE) sequence with the following parameters:
Repetition time (TR) = 2 ms/2 ms, image resolution = 0.23 x 0.23 x 0.23/0.47 x 0.47 x 0.47
mm, 1 average/64 averages, flip angle (FA) = 2°/4°, and acquisition time (TA) =
0:06:53/1:50:43 h. The 1H and 19F MR images obtained were overlaid using MRIcro soft-
ware (Smith Micro software, Aliso Vijeo, CA, USA).
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2.6.3. y-. CT Scan

A SkyScan 1076 p-CT scanner (Bruker, Kontich, Belgium) was used after sacrificing
the mice. Hind limbs were fixed in formalin and scanned at a voltage of 40 kV and current
of 250 uA, with an X-ray source rotation step size of 0.8° over 180°. Images were taken
with an image pixel resolution of 9.03 um and an average frame of 4 to reduce noise. Re-
constructions were made using the nRecon V1.6.2.0 software (Bruker) with a beam hard-
ening correction set to 25%, a ring artifact correction set to 5, and the dynamic range set to
-1000-4000 Hounsfield units. 3D imaging was performed with Cyttron Visualization Plat-
form software (LUMC, Leiden, The Netherlands).

2.6.4. Histological Analysis

After optical imaging and “F-MRI examinations, the limbs were fixed with 4% phos-
phate-buffered paraformaldehyde for 24 h, decalcified with 10% ethylenediaminetet-
raacetic acid (pH 7.4) for 2 weeks, and then embedded in paraffin. The knee joints were
sliced into 5 um sections, stained with Hematoxylin/Eosin, F4/80 and Safranin O/Fast
green examined by light microscopy to evaluate macrophages presence and the cartilage
damage of the femur and tibia in the knee joint.

2.7. Statistical Analysis

Except for the in vivo experiment, all experiments were performed in triplicate.
Graph Pad Prism software version 5 (La Jolla, CA, USA) was used for statistical analysis.
Data were analyzed by Students’ t-test and two-way analysis of variance (ANOVA). In all
analyses, significant difference was inferred at a = 0.05.

3. Results and Discussion
3.1. Synthesis and Characterization of the PLGA-PEG-TFA Copolymer

Our novel PLGA-PEG-TFA copolymer was synthesized in three steps. First, the car-
boxyl-group of PLGA was activated with excess NHS/EDC. Next the activated carboxyl
group of PLGA was directly conjugated with excess NH-PEG-NH: [18]. The third and
final step was the conjugation of PLGA-PEG-NH: to TFA (Figure 1). After preparing the
copolymer, the efficiency of the block copolymer reaction was determined by 'H-NMR
(Figure 2A). To confirm the binding of TFA to the copolymers, YF-NMR was measured
(Figure 2B). The "H-NMR spectrum of PLGA-PEG-TFA showed the typical peak at 3.5
ppm; from the methylene groups of the PEG, at 1.5 ppm, the peaks of the methyl groups
of lactic acid were observed. At 4.8 ppm, the peaks corresponded to —CH of glycol acid,
and at 5.2 ppm to —CH of lactic acid (Figure 2A). The F-NMR spectrum of PLGA-PEG-
TFA showed the typical peak of —CFs from TFA at -74.4 and -74.5 ppm (Figure 2B). TFA
was chemically incorporated onto the copolymer. Therefore, we confirm that a new in-
trinsically labeled copolymer was obtained, thereby allowing for the visualization of NPs
using molecular imaging and *F-MRI.
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Figure 2. NMR characterization of functional copolymers. (A) "H-NMR spectrum of PLGA-PEG-TFA in DMSO. (B) “E-
NMR spectrum of PLGA-PEG-TFA in D20.

3.2. Preparation and Characterization of NPs

In this study, PLGA-PEG NPs and novel PLGA-PEG-TFA NPs were designed to be
detected by molecular imaging techniques in vitro and in vivo. The two types of NP were
prepared using a single emulsion solvent evaporation method. The method used to pre-
pare the NPs allowed the formation of hydrophobic chains of PLGA in the core of the NPs
and a hydrophilic chain of PEG-TFA on the surface. The use of PEG chains on NPs leads
to a hydrated cloud with a large volume that sterically precludes interaction with closer
NPs and blood components [19]. Moreover, the use of PEGylation increases the blood cir-
culation time, for systemic and local administration of NPs [13,20].

The average diameter of PLGA-PEG NPs (control) was 170 + 5 nm and PLGA-PEG-
TFA NPs (formulated with novel polymer) 203 + 2 nm; their polydispersity was 0.4 and
0.2 respectively, suggesting uniformity of the particle size distribution [21]. The diameter
of the two types of NP is in the range of nanomaterial suitable for cellular uptake via
endocytosis [22]. All the NPs carried a negative charge. The Zeta potential for PLGA-PEG
NPs was —16.9 + 3.6 mV while for PLGA-PEG-TFA NPs it was -21 + 1.8 mV, indicating
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that the NPs have good stability in water solutions [23,23-25]. The encapsulation effi-
ciency (EE%) for fluorescent NIR dye was 57.6% for PLGA-PEG NPs and 44.4% for PLGA-
PEG-TFA NPs, thereby, indicating efficiency encapsulation (Table 1).

Table 1. Characteristics of the PLGA-PEG and PLGA-PEG-TFA NPs.

EE% EE%

NPs Particle Size (nm) PDI C Potential (mV) (NIR) (FITC)
PLGA-PEG 169.7 £5.4 0.30 £0.01 -16.9+3.6 57.6 26.3
PLGA-PEG-TFA 202.8+1.7 0.20 +0.03 -21.3+18 44.4 12.5

To confirm the presence of TFA on the PLGA-PEG copolymer a relaxivity measure-
ment was performed, indicated that T1 and T2-weighted MR measurements were for solo
TFA T1 = 854.500 ms; T2 = 579.699 ms, detect at —-74.092 and, for PLGA-PEG-TFA NPs T1
=1.135 s; T2 = 886.700 ms, detected at —74.284 ppm. The morphology of the NPs was con-
firmed by transmission electron microscopy (TEM). TEM imaging revealed the uniform
size and spherical shape of PLGA-PEG-TFA NPs (Figure 3A). The morphology of the NPs
was also confirmed using atomic force microscopy (AFM) (Figure 3B). The size of PLGA-
PEG-TFA NPs, as determined by TEM and AFM, was slightly smaller than that deter-
mined by DLS. This difference is attributed to different preparation methods. In contrast
to TEM and AFM, measurement by DLS required NPs to be dissolved in MilliQQ water
(Figure 3 and Table 1).
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Figure 3. Characterization of PLGA-PEG-TFA NPs with (A) images of nanoparticle (NP) morphology obtained by TEM,;
(B) AFM 2D image; and (C) AFM 3D image of functional PLGA-PEG-TFA NPs. (D) Cumulative release study of NIR dye
in PBS solution from PLGA-PEG and PLGA-PEG-TFA NPs. (D1) Zoom image of the cumulative release study of NIR dye
with the significant differences. Asterisks indicate significant difference in Student’s t-test, * p <0.05, **p < 0.01, **p <
0.001.

The study of NIR dye release from PLGA-PEG and PLGA-PEG-TFA NPs in PBS
showed different patterns (Figure 3D). Significant differences were observed between the
two types of NP in the first phase of the release at days 2, 4, and 7. The PLGA-PEG NPs
showed a faster release of NIR dye compared to PLGA-PEG NPs. After 4 days, PLGA-
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PEG NPs had released almost 40% of the NIR dye and PLGA-PEG-TFA NPs almost 15%.
This difference in release could be explained by polymer composition. In this regard, the
surface of PLGA-PEG-TFA NPs presents TFA, which can osculate and slow down NP
release. However, after 10 days, there were no significant differences observed between
the two types of NP, and after 30 days both types had released the same amount of NIR
dye (around 75%). The difference in release behavior between PLGA-PEG-TFA NPs and
PLGA-PEG NPs could be caused by drug diffusion, polymer composition and degrada-
tion.

3.3. Characterization of Novel Polymeric NPs in the In Vitro Experiments
3.3.1. Cellular Metabolic Assay

The MTS assay showed that all the NPs were non-cytotoxic to the cells at the studied
time points. In the first 24 and 48 h, all the concentrations of PLGA-PEG NPs and PLGA-
PEG-TFA NPs tested exhibited a non-significant reduction in cell metabolic activity, fol-
lowed by a slow increase with time, which was probably due to proliferation (Figure
4A,B). PLGA-PEG are copolymers present in several FDA-approved drug formulations,
and in recent years many studies have shown that they are highly biocompatible and suit-
able for in vitro and in vivo treatment. In an aqueous environment, PLGA is degraded
into lactic acid and glycolic acid. These two compounds enter the tricarboxylic acid cycle
of the chondrocyte and are eliminated as carbon dioxide and water [11]. This can explain
the increase in the metabolic activity of C28/12 cells after 72 h of incubation with NPs (Fig-

ure 4C).
24h 48h 72h
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Figure 4. Cell metabolic activity assay (MTS) of the PLGA-PEG NPs and PLGA-PEG-TFA NPs loaded with NIR dye at
different concentrations incubated with C28/12 cell line. The percent of metabolic cell activity was measured at three time
point. (A) 24 h, (B) 48 h, and (C) 72 h. For each assay, the positive control was obtained using DMSO 50% and the negative
control was obtained with cells only. The negative controls are indicated by the black horizontal line. Asterisk indicates
significant difference in Student’s t-test, * p < 0.05.

3.3.2. NP Uptake by Chondrocytes

To evaluate NP uptake, C28/12 cells were incubated with the NPs and their fluores-
cence intensity was measured at four time points (Figure 5A). Cell uptake of PLGA-PEG
and PLGA-PEG-TFA NPs increased over time, except for PLGA-PEG NPs at the time
point of 24 h. No significant differences were observed between the two types of NP after
1 h, 4 h, or 8 h of incubation. However, after 24, 48 h, and 72 h PLGA-PEG-TFA NPs
showed significantly higher fluorescence than PLGA-PEG NPs.
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Figure 5. NP uptake assays. (A) PLGA-PEG NP and PLGA-PEG-TFA NP uptake assay characterized using an Odyssey
Imaging System. Both types of NP were incubated with C28/12 cells for 2, 4, 8, 24, 48, or 72 h. (B) Confocal microscopy
images of cell membrane stained with DiD (red) (644 nm excitation, emission filter 670/40), nucleus stained with DAPI
(blue) (365 nm excitation, 40 ms, emission filter 450/50) and FITC NPs (green) (490 nm excitation, emission filter 515).
Images taken after 24 h of cell incubation with NPs. The images were taken with a Leica SP5C Spectral Confocal Laser
Scanning Microscope. (B1) Control sample (only cells with no NP treatment), (B2) cells and PLGA-PEG-TFA NPs, and
(B3) cells and PLGA-PEG NPs. (C) Fluorescence microscopy images showing internalization of fluorescent PLGA-PEG
and PLGA-PEG-TFA NPs. Visualization after 24 h of incubation with NPs in PBS. (C1) PLGA-PEG NPs, and (C2) PLGA-
PEG-TFA NPs. Cell membrane stained with CD44-PE (red), cell nucleus with DAPI (blue) and NPs with NIR dye (green).
The images were taken with a Leica fluorescence microscope at 43x magnification. Asterisks indicate significant difference
in two-way ANOVA, ** p <0.01 and **** p <0.0001.

To confirm the results obtained by fluorescence, a confocal and fluorescence micros-
copy characterization was performed (Figure 5B,C). After 24 h of incubation, cells were
observed to take up NPs. Both types of NP were present in the cell membrane. Interesting,
and same results were observed for all the uptake assays. The PLGA-PEG-TFA NPs
showed high cellular uptake after 24 h of incubation (Figure 5A,B2,C2). This phenomenon
is probably due to the higher negative surface charge of these NPs (Table 1) [26]. Taken
together, the data indicate that the PLGA-PEG-TFA NPs induced the slow release of the
encapsulated compounds, higher cell metabolic activity, and higher cellular uptake com-
pared to PLGA-PEG NPs.

3.4. In Vivo and Ex Vivo Imaging of PLGA-PEG NPs Injected into a Mouse Model of Osteoar-
thritis

After confirming that DMM successfully induced knee OA joint in mice, the legs
were scanned with uCT (Figure 6A). It is known that OA induces significant changes to
bone structure [27]. The uCT-scan was used to visualize the bone structure of the knee
joint (Figure 6A). The results show that DMM induced knee OA since osteophyte for-
mation and cartilage degeneration were observed in the joints, while these phenomena
were not observed in healthy knees (Figure 6A1,A2).
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Figure 6. Representative mouse knee images in Ex-vivo and In-vivo. (A) Ex vivo pCT- scan of knee joints showing a 3D
view of the cartilage surface. (A1) scan of healthy knee joint (negative control group) and (A2) scan of OA knee joint after
3 weeks of destabilization of medial meniscus (DMM) induction (positive control group). (B) In vivo images using the
Pearl Image System were acquired at 800 nm. Mice received intra-articular (IA) injection of these NPs after DMM induc-
tion. From top to bottom, 800 nm scan of mice 2, 48, and 168 h after injection with PLGA-PEG NPs and PLGA-PEG-TFA
NPs (in green). (B1) control group, (B2) PLGA-PEG NPs group and (B3) PLGA-PEG-TFA NPs group. (C) Quantification
of fluorescent NP release in the knee joints at three time points. (D) Biodistribution of fluorescent NPs in main organs at
three time points. (D1) Zoom image of biodistribution of fluorescent NPs in main organs 168 h post-injection. Asterisks
indicate significant difference in two-way ANOVA, *p < 0.05, ** p <0.01, ** p <0.001 and *** p <0.0001.

Afterwards, the animals were treated with the two types of NPs and monitored for
168 h. The mice received IA injections of the NPs. The new intrinsically labeled polymeric
NPs (PLGA-PEG-TFA) and the PLGA-PEG NPs were strongly detected in live mice using
a Pearl Imaging System at 800 nm (Figure 6A). The mice were divided into distinct groups
(n = 3) and scanned. They were then sacrificed after 2, 48, and 166 h. No signal was de-
tected for control mice (Figure 6B1). A gradual decline of fluorescent signal was observed
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over time, but it was still highly detectable in vivo at the latest time point, especially for
the knee injected with PLGA-PEG-TFA NPs (Figure 6B2,B3). Those results are indicating
that the NP are releasing the NIR dye. After mouse sacrifice, the knee joint and the main
organs were collected and scanned at 800 nm using an Odyssey Imaging System (Figure
6C,D).

To monitor the polymeric NPs and detect their localization in the knee joint, the legs
were scanned with F-MRI (Figure 7A) and then subjected to histological analysis (Figure
7B). The F-MRI image acquisition was done immediately after the mice had been sacri-
ficed. Figure 7A shows high-resolution images of the legs. The images were acquired at 2,
48 and 168 h after IA injection of PLGA-PEG-TFA NPs in the right knee. As expected, it is
not possible to distinguish the specific position of the NPs in the knee joint from either in
vivo or ex vivo images. However, it was observed that the PLGA-PEG-TFA NPs remained
in the knee joint for more than 166 h. The results indicate that the F signal (in red) de-
creased gradually, suggesting that the PLGA-PEG-TFA NPs were successfully visualized.
Compared to the PLGA-PEG NPs, the multi-modal PLGA-PEG-TFA NPs can be detected
by optical imaging and by YF-MRI. Both are non-invasive molecular imaging techniques.
The YF-MRI molecular imaging technique seems to have better advantages in the use com-
pared to optical imaging. The main advantages are: ’F-MRI produces high spatial resolu-
tion images in three orientations: Axial, coronal, and sagittal. This technique does not use
radiation and provides soft tissue contrast as compared to uCT, has unlimited tissue pen-
etration and it can determine NPs biodistribution at the tissue level. (Information about
this topic can be found elsewhere, e.g., [28,29]). In Figure 7B1, hematoxylin/Eosin and
F4/80 stained slides to visualize macrophages, and in Figure 7B2, Safranin-O staining was
used to visualize the cartilage and osteophytes. These results are in line with the observa-
tion obtained with in-vitro studies: (1) The healthy knee did not show the presence of
macrophages and osteophytes, (2) the OA knee with no treatment showed a high concen-
tration of macrophages, cartilage degeneration, and osteophytes, (3) the OA knee treated
with NPs showed a minor concentration of macrophages, suggesting that PLGA-PEG-
TFA NPs are not toxic to cells in-vivo. From the Safranin-O staining (PLGA-PEG-TFA NPs
injected) fewer osteophytes formation was observed and cartilage damage is present com-
pared to the OA knee with no treatment. This result is due to the short time of this exper-
iment. Nevertheless, these results are showing that injection of the PLGA-PEG-TFA NPs
did not worsen the progression of OA in mice (Figure 7B).
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Figure 7. Representative images of PLGA-PEG-TFA NPs in
sagittal view of the right knee. The image was taken at 2, 48, and 168 h post-NP injection. Red shows the signal of TFA
present on the surface of PLGA-PEG-TFA NPs. (B) Histological staining images. From left to right healthy knee (negative
control), osteoarthritis (OA) knee without NPs treatment (positive control), representative pictures of OA knee treated

with PLGA-PEG-TFA NPs. (B1) Hematoxylin/Eosin and F4/80 staining, macrophages are indicated with the black
circle. (B2) Histological staining with Safranin-O fast green.

4. Conclusions

We designed and developed a new intrinsic co-polymer, namely PLGA-PEG-TFA,
that allowed us to trace the NPs by “F-MRIIt was successfully visualized and traced in
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vitro, in vivo, and ex vivo by optical imaging and YF-MRI in an osteoarthritic knee joint
mice model. The NPs were not toxic to chondrocytes in vitro. Moreover, PLGA-PEG and
PLGA-PEG-TFA NPs were loaded with NIR dye, which allowed the measurement of their
biodistribution and retention over time in the knee joint, as well as their visualization by
19F-MRIL. In this study, it was not determined which cell populations or extracellular struc-
tures would account for the differential uptake of the NPs, which is very interesting and
should be determined in a follow-up study. Taken together, this study presents a proof-
of-principle concept of a NP mediated multi-modal modality for the visualization of OA
and therapy that could complement or challenge existing multimodal imaging ap-
proaches (optical imaging, MRI, u-CT).

Author Contributions: Data curation, F.L.A.W.M.; Formal analysis, K.B.5.S5.G., F.G., A.V. and
W.D,; Investigation, L.Z., F.L.AW.M,, F.G., M.S. and L.C.; Methodology, K.B.5.5.G., F.L. AW.M.,,
C.G.D.S, AV, WD. and M.S; Project administration, L.Z.; Resources, A.C.; Validation, K.B.5.5.G,;
Visualization, R.C. and P.D.M.; Writing—original draft, L.Z.; Writing—review & editing, L.C. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the following European Commission project grants: H2020-
MSCA-ITN-2014 Target Care (642414). This work was also financially supported by the VIDI per-
sonal grant (project number 723.012.110). Moreover, this project has received funding from the
European Union’s Horizon 2020 research and innovation programme under grant agreement No
874671. This work was also supported by project grants from the European Commission H2020-
WIDESPREAD-05-2017-Twinning (807281 — ACORN), H2020-WIDESPREAD-2018-03 (852985 —
SIMICA).

Institutional Review Board Statement: The animal procedures were conducted at the Leiden Uni-
versity Medical Center and approved by the Animal Welfare Committee (approval number 12,036).

Informed Consent Statement: Not applicable.

Acknowledgments: The authors would like to thank M. B. Goldring, (Research Division, Hospital
for Special Surgery, New York, NY, USA) for providing the C28/12 cell line.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Wallace, 1.].; Worthington, S.; Felson, D.T.; Jurmain, R.D.; Wren, K.T.; Maijanen, H.; Woods, R.]J.; Lieberman, D.E. Knee osteoar-
thritis has doubled in prevalence since the mid-20th century. Proc. Natl. Acad. Sci. USA 2017, 114, 201703856,
doi:10.1073/pnas.1703856114.

Neogi T. The Epidemioloy and Impact of Pain in Osteoarthritis. Osteoarthr. Cartil. 2014, 21, 1145-1153,
doi:10.1016/j.joca.2013.03.018.The.

Rannou, F.; Pelletier, ].P.; Martel-Pelletier, J. Efficacy and safety of topical NSAIDs in the management of osteoarthritis: Evidence
from real-life setting trials and surveys. Semin. Arthritis Rheum. 2016, 45, S18-521, doi:10.1016/j.semarthrit.2015.11.007.

Yusuf, E. Pharmacologic and Non-Pharmacologic Treatment of Osteoarthritis. Curr. Treat. Options Rheumatol. 2016, 2, 111-125,
doi:10.1007/s40674-016-0042-y.

Wenham, C.Y.].; Conaghan, P.G. Imaging the painful osteoarthritic knee joint: What have we learned? Nat. Clin. Pract. Rheu-
matol. 2009, 5, 149-158, doi:10.1038/ncprheum1023.

Garnero, P.; Peterfy, C.; Zaim, S.; Schoenharting, M. Bone marrow abnormalities on magnetic resonance imaging are associated
with type II collagen degradation in knee osteoarthritis: A three-month longitudinal study. Arthritis Rheum. 2005, 52, 2822-2829,
doi:10.1002/art.21366.

Srinivas, M.; Cruz, L.J.; Bonetto, F.; Heerschap, A.; Figdor, C.G.; de Vries, I.].M. Customizable, multi-functional fluorocarbon
nanoparticles for quantitative in vivo imaging using 19F MRI and optical imaging. Biomaterials 2010, 31, 7070-7077,
doi:10.1016/j.biomaterials.2010.05.069.

Koshkina, O.; Lajoinie, G.; Bombelli, F.B.; Swider, E.; Cruz, L.J.; White, P.B.; Schweins, R.; Dolen, Y.; van Dinther, E.AW.; van
Riessen, N.K; et al. Multicore Liquid Perfluorocarbon-Loaded Multimodal Nanoparticles for Stable Ultrasound and 19 F MRI
Applied to In Vivo Cell Tracking. Adv. Funct. Mater. 2019, 29, doi:10.1002/adfm.201806485.

Cruz, L], Tacken, P.J.; Zeelenberg, L.S.; Srinivas, M.; Bonetto, F.; Weigelin, B.; Eich, C.; de Vries, L]; Figdor, C.G. Tracking
targeted bimodal nanovaccines: Immune responses and routing in cells, tissue, and whole organism. Mol. Pharm. 2014, 11, 4299—
4313, doi:10.1021/mp400717r.



Pharmaceutics 2021, 13, 235 16 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Swider, E.; Koshkina, O.; Tel, J.; Cruz, L.J.; de Vries, L.J.M.; Srinivas, M. Customizing poly(lactic-co-glycolic acid) particles for
biomedical applications. Acta Biomater. 2018, 73, 38-51, d0i:10.1016/j.actbio.2018.04.006.

Ulery, B.D.; Nair, L.S.; Laurencin, C.T. Biomedical applications of biodegradable polymers. . Polym. Sci. Part B Polym. Phys.
2011, 49, 832-864, doi:10.1002/polb.22259.

Singh, R. Lillard, W, Jr. Nanoparticle-based targeted drug delivery. Exp. Mol .Pathol. 2009, 86, 215-223,
doi:10.1016/j.yexmp.2008.12.004. Nanoparticle-based.

Suk, J.S.; Xu, Q.; Kim, N.; Hanes, J.; Ensign, L.M. PEGylation as a strategy for improving nanoparticle-based drug and gene
delivery. Adv. Drug Deliv. Rev. 2016, 99, 28-51, doi:10.1016/j.addr.2015.09.012.

Rosalia, R.A.; Cruz, L.J.; van Duikeren, S.; Tromp, A.T.; Silva, A.L.; Jiskoot, W.; de Gruijl, T.; Léwik, C.; Oostendorp, J.; van der
Burg, S.H.; et al. CD40-targeted dendritic cell delivery of PLGA-nanoparticle vaccines induce potent anti-tumor responses. Bi-
omaterials 2015, 40, 88-97, d0i:10.1016/j.biomaterials.2014.10.053.

Zerrillo, L.; Que, I; Vepris, O.; Morgado, L.N.; Chan, A.; Bierau, K; Li, Y.; Galli, F.; Bos, E.; Censi, R; et al. pH-responsive
poly(lactide-co-glycolide) nanoparticles containing near-infrared dye for visualization and hyaluronic acid for treatment of os-
teoarthritis. J. Control. Release 2019, 309, 265-276, doi:10.1016/j.jconrel.2019.07.031.

Goldring, M.B. Culture of immortalized chondrocytes and their use as models of chondrocyte function. Methods Mol. Med. 2004,
100, 37-52.

Claassen, H.; Schicht, M.; Brandyt, J.; Reuse, K.; Schadlich, R.; Goldring, M.B.; Guddat, S.S.; Thate, A.; Paulsen, F. C-28/I12 and
T/C-28a2 chondrocytes as well as human primary articular chondrocytes express sex hormone and insulin receptors-Useful
cells in study of cartilage metabolism. Ann. Anat. 2011, 193, 23-29, doi:10.1016/j.aanat.2010.09.005.

Cheng, J.; Teply, B.A.; Sherifi, I; Sung, J.; Luther, G.; Gu, F.X.; Levy-Nissenbaum, E.; Radovic-Moreno, A.F.; Langer, R.;
Farokhzad, O.C. Formulation of functionalized PLGA-PEG nanoparticles for in vivo targeted drug delivery. Biomaterials 2007,
28, 869-876, doi:10.1016/j.biomaterials.2006.09.047.

Yang, Q.; Lai, S.K. Anti-PEG immunity: Emergence, characteristics, and unaddressed questions. Wiley Interdiscip. Rev. Nanomed.
Nanobiotechnol. 2015, 7, 655-677, d0i:10.1002/wnan.1339.

Rafiei, P.; Haddadi, A. Docetaxel-loaded PLGA and PLGA-PEG nanoparticles for intravenous application: Pharmacokinetics
and biodistribution profile. Int. ]. Nanomed. 2017, 12, 935-947, d0i:10.2147/]JN.S121881.

Masarudin, M.J.; Cutts, S.M.; Evison, B.].; Phillips, D.R.; Pigram, P.J. Factors determining the stability, size distribution, and
cellular accumulation of small, monodisperse chitosan nanoparticles as candidate vectors for anticancer drug delivery: appli-
cation to the passive encapsulation of [14C]-doxorubicin. Nanotechnol. Sci. Appl. 2015, 8, 67-80, d0i:10.2147/NSA.S91785.
Shang, L.; Nienhaus, K.; Nienhaus, G.U. Engineered nanoparticles interacting with cells: size matters. J. Nanobiotechnol. 2014,
12,1-11, doi:10.1186/1477-3155-12-5.

Bhattacharjee, S. DLS and zeta potential —What they are and what they are not? ]J. Control. Release 2016, 235, 337-351,
doi:10.1016/j.jconrel.2016.06.017.

Ayala, V.; Herrera, A.P.; Latorre-Esteves, M.; Torres-Lugo, M.; Rinaldi, C. Effect of surface charge on the colloidal stability in
vitro uptake of carboxymethyl dextran-coated iron oxide nanoparticles. J. Nanoparticle Res. 2013, 15, 1-24, doi:10.1007/s11051-
013-1874-0.

Frohlich, E. The role of surface charge in cellular uptake and cytotoxicity of medical nanoparticles. Int. . Nanomed. 2012, 7, 5577—
5591, doi:10.2147/TJN.S36111.

He, C; Hu, Y,; Yin, L,; Tang, C.; Yin, C. Effects of particle size and surface charge on cellular uptake and biodistribution of
polymeric nanoparticles. Biomaterials 2010, 31, 3657-3666, d0i:10.1016/j.biomaterials.2010.01.065.

Neogi, T. Clinical significance of bone changes in osteoarthritis. Ther. Adv. Musculoskelet. Dis. 2012, 4, 259-267,
doi:10.1177/1759720 = 12437354.

Arms, L.; Smith, D.W_; Flynn, ].; Palmer, W.; Martin, A.; Woldu, A.; Hua, S. Advantages and Limitations of Current Techniques
for Analyzing the Biodistribution of Nanoparticles. Front Pharmacol. 2018, 9, 802, doi:10.3389/fphar.2018.00802.

Afrasiabi, M.; Noroozian, N. Advantages and Limitations of Functional Magnetic Resonance Imaging (fMRI) of the Human
Visual Brain. In Horizons in Neuroscience Research Series; Costa, A., Villalba, E., Eds.; Nova Science Publishers: New York, NY,
USA; Volume 17, pp. 65-72.



