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A B S T R A C T

Indomethacin (IND) is a non-steroidal anti-inflammatory drug (NSAID) with high efficacy in the treatment of 
rheumatic disorders. Nonetheless, its severe adverse effects limit its first-line and long-term use, and its rapid 
clearance from the joint prevents its local administration. This study aims to overcome those limitations by 
developing an intra-articular formulation of IND-loaded microparticles made of polymeric blends of Polyactive® 
1000PEOT70PBT30 and Resomer® RG502. Formulations were prepared by coaxial ultrasonic atomization ac
cording to an experimental design to assess the influence of the polymeric composition and flow rates supplied to 
the nozzle over particle size, encapsulation efficiency and in vitro delivery profile. Nine formulations of spherical 
microparticles were developed and exhaustively characterized, showing high drug entrapment (56.2–81.32 %) 
and suitable mean particle size for intra-articular administration (22.8–82.6 μm). In vitro evaluation of IND- 
loaded microparticles in THP-1 macrophages demonstrated their biocompatibility and extensive internaliza
tion by THP-1 cells, supporting their potential for macrophage targeting and particle retention into the joint. 
Further, IND-loaded microparticles showed high anti-inflammatory activity in vitro, significantly reducing the 
production of IL-6 and TNF-α by LPS-stimulated macrophages. Overall, the results support the idea that IND- 
loaded microcapsules are a suitable drug delivery system for the intra-articular administration of indomethacin.

1. Introduction

Indomethacin (2-[1-(4-chlorobenzoyl)-5-methoxy-2-methylindol-3- 
yl] acetic acid; IND) (Fig. 1) is a non-selective non-steroidal anti- 
inflammatory drug (NSAIDs), exhibiting a higher potency than other 
widely used NSAIDs like naproxen, ibuprofen and acetylsalicylic acid. 
Since its first approval by FDA in 1965, it has been widely used with high 
efficacy in the treatment of several pathologies, mainly in the ther
apeutical management of moderate to severe rheumatic disorders, 
including rheumatoid arthritis, osteoarthritis and gouty arthritis [1,2].

Although its high efficacy, the use of IND as a first-line and long-term 
therapy is limited by its adverse effects, mainly dose-dependent, which 
affect 30–60 % of patients and lead to a high treatment discontinuation 
rate (10–20 %). Its adverse effects profile includes severe gastrointes
tinal injury, severe renal toxicity<, neurologic effects and hematologic 
disorders.Therefore, it’s necessary to continue developing innovative 
dosage forms and explore alternative administration routes to improve 

indomethacin’s efficacy and security profile [3–5].
Rheumatoid arthritis (RA) is an autoimmune inflammatory disease 

characterized by chronic inflammation of the synovial membrane, 
which courses with chronic pain, joint stiffness and disabling arthritis, 
severely affecting the patient’s quality of life. With a prevalence ranging 
between 0.5 and 1 %, established RA has a tremendous social impact and 
health expenditure [6].

Pharmacological therapy of RA often comprises the systemic 
administration of a combination of disease-modifying anti-rheumatic 
drugs (DMARDs), corticosteroids, and non-steroidal anti-inflammatory 
drugs. The development of biological anti-TNF-α DMARDs such as 
Infliximab, Adalimumab or Golimumab significantly improved the sys
temic managment of RA, allowing for long-term remission rates of RA 
patients [7]. Nonetheless, intra-articular (IA) administration of corti
costeroids and NSAIDs to treat acute episodes and relapses is frequently 
employed in the clinical practise. The direct drug delivery into the joint 
allows us to achieve a high drug concentration on the site of 
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inflammation and reduce its systemic toxicity, providing a rapid 
anti-inflammatory effect and pain relief [8–11]. Despite all the potential 
advantages of IA injection, its use as a long-term administration route is 
limited due to the high articular clearance rate of most drugs, making 
necessary frequent injections, which are not well tolerated and can in
crease the risk of infection [12]. Concisely, after the IA injection of a 10 
mg single dose of indomethacin, the drug was rapidly cleared from the 
joint, showing a mean articular residence time of 4 h. Moreover, the 
maximum plasmatic concentration of IND was reached 1 h after IA 
administration, exhibiting an 80 % systemic bioavailability. Also, no 
significant differences were found in AUC and half-life after 
intra-articular or intravenous administration of IND [13].

These limitations have stimulated the development of novel drug 
delivery systems designed to increase drug retention at the joint cavity 
[14], and to achieve a sustained release profile of IND at the site of 
action, thus potentially increasing its efficacy and minimizing its sys
temic adverse effects. In this context, several approaches have been 
explored, including different drug clases and technological approaches. 
Different microparticulate formulations based on PLGA were investi
gated for intra-articular delivery of corticosteroids such as triamcino
lone [15,16], dexamethasone [17] or mometasone [18], leading to a 
increase in the drug residence time into the joint. This local treatment 
approach based on polymeric microparticles showed also promising 
results in vitro for NSAIDs (Celecoxib and etoricoxib) [19,20], and bio
logical DMARDs (Infliximab) [21]. Focusing on IND, several drug de
livery systems were already explored to achieve its local delivery and 
retention into the joint, including micro- and nanoparticles [22,23], 
hydrogels [24], micelles [25] or nanoemulsions [26]. In this work, we 
explored an approached based on the excellent properties of microen
capsulation to developing a drug delivery system with convenient fea
tures to be retained in the articular space and to achieve therapeutical 
levels of IND in the joint long-term, taking into account that particle size 
is a crucial factor in achieving effective retention in inflamed, highly 
permeable joints, agreeing with data previously reported [27,28]. 
Concisely, Pradal et al. found in an in vivo mouse model that nano
particles smaller than 250 nm are quickly cleared from the joint space, 
while effective retention of particles is achieved for particles larger than 
10 μm [29].

This work aims to develop and characterize indomethacin-loaded 
polymeric microcapsules with suitable properties for intra-articular 
administration. Microparticles were prepared by ultrasonic coaxial 

atomization using different mixtures of Polyactive® 1000PEOT70PBT30 
and Resomer® RG502 as shell-forming polymers. The influence of the 
polymeric composition and formulation parameters were evaluated 
according to an experimental design. The formulations obtained were 
exhaustively characterized in terms of pharmaceutical properties and in 
vitro biological response in cell cultures.

2. Materials and methods

2.1. Materials

Polyactive® 1000PEOT70PBT30 (PEOT-PBT) multiblock copolymer 
with a 30 wt% of poly(ethylene-oxide-terephthalate) (PEOT; Mw =
1000 Da) and a 70 wt% of poly(butylene-terephthalate) (PBT) was 
purchased from PolyVation® (Groningen, The Netherlands). Ester end- 
capped PLGA [Poly-(D, L-lactide-co-glycolide)] (Resomer® RG 502; 
Mw = 7000–17000 Da) with a 50:50 co-polymerization rate was ob
tained from Boehringer Ingelheim (Ingelheim, Germany). Indomethacin 
(IND) was obtained from Guinama (Valencia, Spain). PVA (Poly (vinyl 
alcohol); Mw = 30,000–70,000 Da), Coumarin-6, DAPI (4′,6-Diamidino- 
2-phenylindole dihydrochloride), DAPI (4′,6-Diamidino-2-phenylindole 
dihydrochloride) and E. coli lipopolysaccharide (LPS) was supplied by 
Sigma-Aldrich (Madrid, Spain). Methylene chloride, methanol and 
formaldehyde were purchased from PanReac AppliChem (Barcelona, 
Spain). All solvents were HPLC grade, whereas all other reagents were of 
analytical grade. Phenazine methosulfate (PMS) was supplied by Acros 
Organics (Geel, Belgium) and XTT sodium salt by Alfa Aesar (Kandel, 
Germany). Phorbol 12-myristate 13-acetate (PMA), phalloidin, specific 
antibody pairs and all reagents necessary to perform ELISA were sup
plied by Abcam (Cambridge, United Kingdom). Culture medium, foetal 
bovine serum (FBS), trypsin/EDTA and all supplements to cell culture 
were purchased from Biological Industries (Cromwell, CT, USA).

2.2. Preparation of microparticles

Indomethacin-loaded microparticles (IND-MPs) were fabricated 
using a dual-feed coaxial ultrasonic nozzle equipped with a power 
supply operated at fixed frequency (60 KHz) and variable power. (Sono- 
Tek Corp., Milton, USA). The inner and the outer channel were fed, 
respectively, by a programmable syringe pump (NE-1000; New Era 
Pump Systems Inc, Farmingdale, USA) and a variable flow rate Merck- 
Hitachi L6000 pump (Merck-Hitachi, Tokyo, Japan). Briefly, a 3 % 
(w/w) polymeric blend solution in CH2Cl2 containing a mixture of 
1000PEOT70PBT30 and Resomer® RG502 (PLGA502) at different ratios 
was infused through both channels at a total flow rate of 1 ml/min, 
obtaining a fine spray which was collected over a 2 % (w/w) PVA stir
ring solution. The appropriate amount of indomethacin to achieve a 
theoretical drug loading of 0.1 g of drug per gram of polymer was dis
solved into the polymeric solution atomized through the inner channel, 
whereas the outer solution remained drug-free. Power was fixed at 4 
Watts for all the microparticle formulations prepared, whereas the 
PEOT-PBT/PLGA502 ratio and the contribution of each channel to the 
total flow rate (1 ml/min) were set accordingly to a statistical experi
mental design. After atomization, the solvent was evaporated under 
magnetic stirring at room temperature for 4 h. Afterwards, microparti
cles (MPs) were isolated by filtration, washed twice with deionized 
water, and dried in a vacuum chamber. The whole process was per
formed under subdued light to prevent the degradation of indomethacin.

2.3. Experimental design

To assess the influence of the polymeric composition and flow rate on 
the morphology, particle size, encapsulation efficiency and in vitro drug 
delivery rate of the microparticles, a statistical experimental design was 
built using Statgraphics Centurion 18 software, v.18.1.12 (Statgraphics 
Technologies, Inc., The Plains, VA, USA). A central composite rotatable 

Fig. 1. Chemical structure of Indomethacin.
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and orthogonal design was selected, including 9 different formulations 
with 8 replicates of the central point. The limits for PLGA502 content in 
the PEOT-PBT/PLGA502 polymeric blend were set between 14.64 and 
85.36 %, and the flow rate through the external channel was set between 
0.22 and 0.78 ml/min, maintaining a total flow rate of 1 ml/ml through 
both channels (Table 1). The 16 formulations contained in the experi
mental design were prepared in random order.

Experimental data obtained after the characterization of the micro
particles were fitted to a quadratic multiple regression model to evaluate 
the influence of the formulation parameters over particle size, encap
sulation efficiency and drug delivery rate. Equation (1) describes the 
quadratic model, where A is the percentage of PLGA502 in the polymer 
mixture, B is the flow rate through the outer channel, and a, b, c, d, e, and 
k are the regression coefficients. Finally, optimal formulations were 
selected by surface response methodology. Graphical and statistical 
analysis was performed with Statgraphics Centurion 18 statistical 
package. 

Response Variable= a⋅A + b⋅B + c⋅A2 + d⋅B2 + e⋅A⋅B + k (1) 

2.4. Process yield and encapsulation efficiency

Drug loading was calculated for all formulations obtained. To 
completely extract indomethacin from the microparticles, 10 mg of dry 
MPs were accurately weighed into a 10 ml volumetric flask and dis
solved in 500 μl of methylene chloride. Subsequently, methanol was 
slowly added up to 10 ml to precipitate the polymer and solubilize the 
indomethacin contained in microparticles, and then the precipitated 
polymer was removed by filtration through a 0.45 μm nylon syringe 
filter. Finally, the methanolic solution was 5-fold diluted, and indo
methacin concentration (μg/ml) was determined spectrophotometri
cally at the maximum absorption wavelength (λ = 318 nm). For 
quantification, standard solutions of IND in methanol with a concen
tration ranging between 0.78 and 100 μg/ml were prepared in triplicate 
and analyzed at the maximum absorption wavelength (λ = 318 nm) 
using an Evolution 60 s UV–Vis spectrophotometer (Thermo Fisher 
Scientific, Waltham, MA, USA). Collected data were analyzed by linear 
regression leading to the following calibration curve: A318 nm =

(0.02408±0.00362) + (0.01660±0,00008)⋅[IND]
(
R2 = 0.9999

)
. The 

analytical method showed a good linearity, as shown the determination 
coefficient (R2 = 0.9999). The detection limit (DL = 0.720 μg/ml) and 
limit of quantification (QL = 2.183 μg/ml) where estimated according to 
the validation protocols describes in QR(R2) ICH Guidelines [30]. Blank 
microparticles were also analyzed, verifying the absence of analytical 
interference. Finally, indomethacin’s encapsulation efficiency (E.E.) was 
calculated according to Equation (2). Process Yield (P.Y.) was calculated 

following Equation (3). 

E.E. (%)=
Real loaded Indomethacin

Theoretical loaded indomethacin
× 100 (2) 

P.Y. (%)=
Dry microcapsules weight

Polymer weight + Drug weight
× 100 (3) 

2.5. Particle size analysis

Particle size distribution was measured by laser diffraction accord
ingly to the Fraunhofer diffraction model in a Mastersizer particle size 
analyzer (Malvern Instruments, Malvern, UK). An adequate amount of 
microparticles was resuspended in deionized water and sonicated for 1 
min before analysis to disrupt aggregates and remove air bubbles. All 
samples were analyzed in triplicate, and results were expressed as 
volume-weighted size distribution, characterized by d(v,0.1), d(v,0.5) 
and d(v,0.9), which represent the diameter below which the 10 %, 50 % 
and 90 % of the size distribution lies. Surface-weighted (D [3,4]) and 
Volume-Weighted (D [2,3]) mean diameters were also reported. 
Further, Span was calculated according to Equation (4) as a size distri
bution width characteristic parameter. 

Span=
d(v,0.9) − d(v,0.9)

d(v,0.5)
(4) 

2.6. ζ potential determination

ζ potential of the microparticles was assessed by electrophoretic light 
scattering (ELS). Briefly, dry MPs in powder form were resuspended in 1 
mM KCl and sonicated for 30 s before measurement using a ζ potential 
analyzer (ZetaPlus, Brookhaven Instruments Corporation, New York, 
USA). Determinations were performed at 25 ◦C and pH 7. All samples 
were assayed in triplicate, and ten measurements were performed on 
each sample.

2.7. X-ray powder diffraction analysis (XRPD)

XRPD patterns were acquired using a Bruker D8 Advance X-ray 
diffractometer (Bruker Corporation, Billerica, MA, USA) equipped with 
a CuKα1 radiation source (λ = 1.5406 Å) and a Lynxeye XE-T detector. 
For analysis, dry samples were placed on a Si(511) sample holder and 
scanned in Brang-Brentano reflection mode from 2◦ to 50◦ 2θ, with a 
step size of 2◦ and a scanning speed of 0.6◦ per minute. Samples were 
also rotated during measurements to minimize the effect of the preferred 
orientation. The operation voltage and current were 40 kV and 40 mA, 
respectively. Finally, diffraction patterns were generated and analyzed 
using HighScore Plus (v.3.0) software package (Malvern Panalytical, 
Almelo, The Netherlands).

2.8. Differential Scanning Calorimetry

Thermal analysis of Indomethacin, Empty-MPs and IND-loaded MPs 
was performed by Differential Scanning Calorimetry (DSC). Briefly, 
around 5 mg of sample were accurately weighed in a non-hermetic 
sealed Tzero aluminium pan (Model 901683.901, TA instruments, 
New Castle, DE, USA). Then, thermograms were recorded between 5 ◦C 
and 250 ◦C under N2 flux (50 ml/min) at a 10 ◦C/min heating rate using 
a Q20 Differential Scanning Calorimeter V24.7 Build 119 equipped with 
an RSC40 Refrigerated Cooling System (TA Instruments, New Castle, DE, 
USA). The instrument was previously calibrated with Indium as stan
dard. An empty aluminium pan was used as a reference. Data analysis 
was performed using TA Universal Analysis 2000 software (TA In
struments, USA).

Table 1 
Preparation parameters for all formulations included in the experimental design.

Formulation Polymeric composition (%) Flow rate (ml/min)

PLGA502 PEOT/PBT Outer channel Inner channel

F1 50.0 50.0 0.50 0.50
F2 50.0 50.0 0.78 0.22
F1 50.0 50.0 0.50 0.50
F3 14.6 85.4 0.50 0.50
F1 50.0 50.0 0.50 0.50
F4 75.0 25.0 0.70 0.30
F5 25.0 75.0 0.30 0.70
F1 50.0 50.0 0.50 0.50
F6 85.4 14.6 0.50 0.50
F7 75.0 25.0 0.30 0.70
F1 50.0 50.0 0.50 0.50
F1 50.0 50.0 0.50 0.50
F1 50.0 50.0 0.50 0.50
F1 50.0 50.0 0.50 0.50
F8 50.0 50.0 0.22 0.78
F9 25.0 75.0 0.70 0.30
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2.9. Fourier transformed infrared spectroscopy (FTIR)

Physicochemical interactions between PEOT-PBT and PLGA502 in its 
different polymeric blends and between indomethacin and the poly
meric matrix were characterized by Fourier Transform Infrared Spec
troscopy (FTIR). The KBr disks were prepared by compressing a mixture 
of dry samples (Indomethacin, PEOT-PBT, PLGA502, Empty-MPs and 
IND-loaded MPs) with KBr in an appropriate ratio (1:30–1:100). Then, 
transmission spectra of the samples in KBr disks were recorded in a 
Vertex 70v FT-MIR spectrometer (Bruker Corporation, Billerica, MA, 
USA) over a wavenumber range of 400–4000 cm− 1.

2.10. Scanning Electron Microscopy

The surface and internal morphology of the microparticles were 
characterized by Scanning Electron Microscopy (SEM). Before obser
vation, whole or cross-sectioned particles were mounted on metal stubs 
covered with adhesive carbon tape and sputter-coated with iridium 
under an argon atmosphere (Q150T-S-Plus, Quorum Technologies, 
Laughton, UK). Afterwards, samples were observed using a ZEISS EVO 
LS 15 scanning electron microscope (Carl Zeiss, Jena, Germany) oper
ated at an accelerating voltage of 15 kV and SEM micrographs were 
taken at appropriate magnification. In order to observe their internal 
morphology, microparticles were cross-sectioned after being embedded 
in an epoxy resin (5 Minute® Epoxy, Devcon®, Solon, OH, USA) using a 
modified version of a protocol previously reported [31]. Shortly, a small 
amount of dry sample was carefully dispersed into the epoxy resin (re
agent A) until a homogeneous suspension was obtained. Subsequently, 
the suspension was mixed with an equal amount of hardener (reagent B) 
for 1 min and then allowed to dry for 1 h before cross-section the 
hardened pellet with a razor blade. Thin sections obtained were 
mounted and sputter-coated with gold/palladium (SDC 005 Sputter 
Coater, BAL-TEC GmbH, Schalksmühle, Germany). Then SEM micro
graphs were taken using a JEOL JSM-6360LV scanning electron micro
scope (JEOL Ltd., Tokyo, Japan) at an accelerating voltage of 15 kV and 
appropriate magnification.

2.11. Raman confocal microscopy

Indomethacin-loaded microspheres were analyzed by Raman 
confocal microscopy to assess the spatial distribution of the drug and 
both polymers in the microparticle structure. In brief, a small amount of 
dry microparticulate formulations were placed on a glass slide and 
observed using a WITec ALPHA300R + Raman confocal microscope 
equipped with a 532 nm laser and WITec Project FIVE software package 
(v.5.3.18, WITec Gmbh, Ulm, Germany). Before microparticles analysis, 
the Raman spectrum of pure indomethacin, PLGA502 and PEOT-PBT 
were acquired as standards.

2.12. In vitro delivery profile

In vitro release profile of indomethacin was obtained for all formu
lations included in the experimental design. Shortly, 20 mg of dry mi
croparticles were suspended in 40 ml of Dulbecco’s phosphate buffer 
saline (DPBS) supplemented with 0.02 % sodium azide into a borosili
cate flask. Then, flasks were maintained at 37 ◦C under continuous 
stirring (50 r.p.m) in an orbital incubator (Unimax 1010/Inkubator 
1000; Heidolph Instruments GmbH & Co., Schwabach, Germany), and 1 
ml samples were withdrawn at predetermined time intervals and 
replaced with an equal volume of fresh medium. Experiments were 
performed under dark conditions to avoid indomethacin photo
degradation, and sink conditions were maintained throughout the pro
cess. As controls, empty microparticles and a 1 μg/ml indomethacin 
solution were also maintained in the same conditions to assess whether 
degradation of the polymeric matrix or the drug’s own degradation 
could interfere with the analytic determination of indomethacin. 

Finally, indomethacin concentration was determined spectrophotomet
rically at λ = 318 nm using an Evolution 60s UV–Vis spectrophotometer 
(Thermo Fisher Scientific, Waltham, MA, USA) according to the 
following calibration curve 

(
A318 nm = 0.0241 + 0.0166 ⋅[IND]; R2 =

0.9999
)
. All experiments were performed in triplicate.

2.13. THP-1 cell culture

THP-1 human monocytic cell cultures (ATCC® TIB-202TM, Amer
ican Type Culture Collection, Manassas, VA, USA) were grown in com
plete medium at 37 ◦C, under a 5 % CO2 atmosphere with 95 % relative 
humidity, at a cell density between 2⋅105 and 8⋅105 cells/ml. Complete 
culture medium contained RPMI 1640 (Biological Industries; Cat. Nº 01- 
104-1A) supplemented with 10 % heat-inactivated foetal bovine serum 
(FBS), 25 mM D-Glucose (total concentration), 10 mM HEPES, 2 mM L- 
Glutamine, 1 mM Sodium Pyruvate and an antibiotic/antimycotic with a 
final concentration of 100 Units/ml Penicillin G, 100 μg/ml Strepto
mycin and 100 μg/ml Neomycin). Culture media, FBS and all supple
ments were purchased from Biological Industries (Cromwell, CT, USA).

THP-1 cells were differentiated into monocytic-derived macrophages 
by exposure to Phorbol 12-Myristate-13-Acetate (PMA) as previously 
reported [32,33]. In brief, cells were seeded in complete growth medium 
supplemented with 50 ng/ml PMA for 48 h. Afterwards, the 
PMA-supplemented medium was replaced by fresh medium and cultures 
were grown for 24 h before performing any experiments. Supplemen
tation of culture medium with PMA was performed by adding the 
required volume of a 50 mg/ml PMA stock solution in DMSO to achieve 
a final concentration of 50 ng/ml. An equal amount of pure DMSO was 
assayed as a negative control.

2.14. XTT cell proliferation assays

The cytocompatibility of the IND-MPs, Blank MPs and free IND was 
tested by XTT cell proliferation assay. Shortly, THP-1 cells were seeded 
at appropriate density (15000 cells/well) in 96-well plates and differ
entiated into monocyte-derived macrophages as described above. A 
standard calibration curve for cell proliferation in the range of 
117–30000 cells/well was also performed for quantification. After dif
ferentiation, test substances were added to the culture and co-incubated 
with cells for 24 h. Finally, 50 μl of XTT reagent was added to each well, 
and plates were incubated at 37 ◦C for 4 h before absorbance determi
nation at λ = 450 nm. XTT reagent was freshly prepared before each 
experiment by mixing a 3 mg/ml phenazine methosulfate (PMS) stock 
solution in PBS with a 1 mg/ml XTT sodium salt solution in a phenol red- 
free culture medium in a 1:400 ratio.

2.15. Evaluation of phagocytic capacity

Fluorescent-labelled microparticles were fabricated following the 
protocol described in section 2.2. Additionally, 2.33 μg of the high 
lipophilic dye Coumarin 6 per gram of polymeric blend was added to the 
polymer solution in methylene chloride before the ultrasonic atomiza
tion process. Both fluorescence-labelled blank and indomethacin-loaded 
MPs were obtained.

The phagocytic activity of THP-1-derived macrophages in the pres
ence of empty and IND-loaded MPs was investigated using a modified 
protocol previously reported [21]. Briefly, 50,000 THP-1 cells/well 
previously seeded and differentiated in black, bottom-flat 96-well plates 
were treated with different concentrations of Coumarin-6-loaded MPs 
(5–40 μg/well) and incubated for 1 or 2.5 h. Before incubation, the 
fluorescence signal (λex/λem = 485/520) was recorded and obtained 
values were set as 100 % uptake reference values. After incubation, 
cultures were washed in triplicate with PBS to remove 
non-cell-associated cells, and fluorescence was measured again in the 
same conditions. The percentage of uptake for each formulation after 
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co-incubation was calculated as the relative fluorescent intensity in 
relation to the 100 % uptake reference values. Eight replicates were 
assayed for each sample, and untreated cells were used as the negative 
control. For data analysis, a factorial ANOVA followed by Tukey’s post 
hoc analysis was performed (IBM® SPSS® Statistics v 24.0, IBM Corp., 
Armonk, NY, USA).

Phagocytosis activity of THP-1 derived macrophages in the presence 
of Coumarin-6-labelled empty or indomethacin-loaded microcapsules 
was also evaluated by fluorescence microscopy. Cells were seeded in 
black, transparent bottom-flat 96 well plates as described above and 
then incubated at 37 ◦C for 2.5 h with 20 μg/well fluorescent-labelled 
microparticles. Then, grown medium was removed and cell cultures 
were washed twice and fixed for 15 min with a 3.7 % formaldehyde 
solution in PBS. Subsequently, the cell membrane was permeabilized for 
5 min with 0.1 % Triton X-100 in PBS. Actin filaments were stained with 
Phalloidin-iFluor 594 to visualise the cytoskeleton according to the 
manufacturer protocol (Ab176757, Abcam, Cambridge, UK). Finally, the 
cell nucleus was stained by incubation for 5 min with a 300 nM 4′,6- 
Diamino-2-phenylindoledihydrochloride (DAPI) solution in PBS, fol
lowed by two washing steps with PBS. Stained cells were examined by 
fluorescence microscopy (Olympus IX71, Olympus Corp., Tokyo, 
Japan). Images from ten different areas were randomly taken for each 
sample (DP71 camera, Olympus Corp) with an appropriate filter for 
coumarin-6, DAPI and Phalloidin-iFluor 594. and then combined using 
Adobe Photoshop CC 2019 (Adobe Inc., San José, CA, USA). The 
resulting images were analyzed, and the Phagocytosis Index (PI) was 
expressed as the percentage of macrophages that have uptaken at least 
one microcapsule. All experiments were carried out in triplicate, and 
statistical analysis of the results was performed (IBM® SPSS® Statistics v 
24.0).

2.16. TNF-α and IL-6 production

Production of some of the key inflammatory mediators involved in 
the pathophysiology of rheumatoid arthritis (TNF-α, IL-6) was investi
gated in vitro after exposure of THP-1 macrophages to the different blank 
and INF-loaded microparticulate formulations developed.

In brief, THP-1 cells were seeded in 24-well plates at appropriate 
density (400,000 cells/ml) and differentiated into macrophages by 
exposure to PMA as previously described. Once differentiated, the cul
ture medium was replaced, and cells were pre-stimulated in the presence 
of LPS (2 μg/ml) for 2 h before the addition of the different treatments 
evaluated. Once differentiated, the medium was replaced, and the cells 
were stimulated with LPS (2 μg/ml) for 2 h before the treatments under 
investigation were added. The cells were co-incubated for 22 h in the 
presence of LPS, with two concentrations (200 μg/ml and 50 μg/ml) of 
blank MPs (F1, F4, F9) and IND-loaded MPs (F1, F4, F9), as well as with 
various concentrations of free IND (50–6.125 μM). Cell cultures were 
kept without LPS stimulation and treatment as a negative control to 
evaluate the basal production of the cellular products under investiga
tion. As a positive control, the cells were stimulated with two LPS con
centrations (2 μg/ml and 4 μg/ml) and grown without treatment.

The production of TNF-α and IL-6 by THP-1 cells exposed to the 
different experimental conditions investigated was quantified by a 
molecule-specific sandwich enzyme immunoassay (ELISA). For the as
sembly and execution of the assays, capture and detection antibody pairs 
for TNF-α (ab213467) and IL-6 (ab246838) were used in combination 
with the ELISA accessory kit (ab210905) following the protocol pro
vided by the manufacturer (Abcam, Cambridge, United Kingdom). For 
quantification, each plate incorporated a calibration curve of recombi
nant TNF-α and IL-6 ranging between 15.6 and 1000 pg/ml for TNF-α 
and between 3.9 and 250 pg/ml for IL-6. All standards and samples were 
assayed in duplicate. Statistical analysis by ANOVA following Tuckey’s 
test post hoc analysis was conducted.

2.17. Statistical methods

The relationships between particle size, encapsulation efficiency, 
and IND initial burst release with the formulation parameters assessed in 
the experimental design (polymeric composition and flow rate) were 
analyzed using a multiple quadratic regression model. The Durbin- 
Watson (DW) statistic test evaluated the absence of residues correla
tion. An ANOVA was conducted to assess the significance of the inde
pendent variables on the responses (P-value<0.05).

Variance analysis (ANOVA) followed by Tuckey test post-hoc anal
ysis was performed to evaluate to assess the statistical significance of 
differences in ζ potential, TNF-α, and Il-6 production across all formu
lations. Before performing ANOVA, a Shapiro-Wilk normality test was 
carried out to verify that all data sets followed a normal distribution, and 
Levene’s test assessed variance homogeneity. The Kruskal-Wallis test, 
followed by Bonferroni post-hoc analysis, was conducted to assess sig
nificant differences in cell compatibility and phagocytosis capacity 
among the formulations.

Statistical significance was defined as a p-value<0.05 for all statistic 
test carries out. Details of each analysis and results are provided in the 
respective methods and results sections.

3. Results and discussion

3.1. Experimental design

Experimental data obtained after the characterization of micropar
ticles in terms of Mean Diameter (d(v,0.5)), encapsulation efficiency (E. 
E.), and Indomethacin’s initial burst release after 1 h have been suc
cessfully fitted to a multiple regression quadratic model, and surface 
response graphs were constructed to assess the influence of formulation 
parameters over the microspheres’ properties. Accordingly, to the fitted 
mathematical model, 93.13 % (R2 = 0.9313; Adjusted-R2 = 0.8969), 
80.26 % (R2 = 0.8026; Adjusted-R2 = 0.7039) and 96.57 % (R2 =

0.9657; Adjusted-R2 = 0.9485) of variability on particle size (d(v,0.5)), 
E.E, and IND initial burst, respectively, were explained by changes in 
polymeric composition and contribution of both channels to the total 
flow rate. Additionally, the absence of correlation between the residues 
was confirmed by Durbin-Watson (DW) statistic (P-value>0.05). Sta
tistical analysis (ANOVA) reported significant statistical relationships 
(P-value<0.05) between the independent variables studied and the re
sponses determined. Pareto’s diagrams (Fig. 2a–c, e) display the relative 
influence of each preparation parameter over the studied response and 
its significant statistical relationship. Table 2 shows the adjusted co
efficients for the mathematical model (Response Variable = a•A + b•B 
+ c•A2+d•B2+e•A•B + k) where A is the flow rate through the external 
channel and B is the percentage of PLGA502 in the polymeric blend.

3.2. Process yield and encapsulation efficiency

All formulations exhibited high process yield independently of the 
formulation parameters and polymeric composition. Also, high drug 
entrapment was achieved for all microparticulate formulations ob
tained, ranging between 56.20 % and 81.32 % (Table 3). As described in 
section 3.1, experimental data of E.E. were successfully fitted to a 
quadratic regression model, and surface response graphs were con
structed, showing a statistically significant influence of both parameters 
studied over the drug entrapment achieved (Fig. 2a and b). A complex 
relationship between polymeric composition and E.E. was established 
depending on the flow rates of internal and external channels. Concisely, 
when the outer/inner channel flow rate ratio is high, the composition of 
the polymeric blend almost does not affect the E.E. Nonetheless, as this 
ratio decreases, the influence of the polymeric composition increases, so 
an inversely proportional relationship between drug entrapment and 
PLGA content was observed.

I. Lamela-Gómez and A. Luzardo-Álvarez                                                                                                                                                                                                 Journal of Drug Delivery Science and Technology 109 (2025) 107002 

5 



3.3. Particle size analysis

Particle size analysis was performed by laser diffraction, and results 

were expressed as volume-weighted distribution. The characteristic 
parameter of the distribution to describe the mean particle size of the 
microspheres was d(v,0.5). All microparticulate formulations included 

Fig. 2. Standardized Pareto’s charts and surface response graphs for Encapsulation Efficiency (2a and 2b), Particle Size (2c and 2d) and IND burst release after 1 h 
(2e and 2f). A = External channel flow rate; B=PLGA percentage in the Polyactive®: PLGA502 polymeric blend.

Table 2 
Experimental design regression coefficients.

Response variable Regression coefficients

a b c d e k

Particle size (μm) 151.8780 0.9537 − 115.9210 − 0.0113 − 1.0290 25.6878
E.E. (%) − 9.2347 − 0.5727 − 22.7031 − 0.0006 0.8006 92.9272
IND burst release (%) − 39.6834 0.507229 89.7186 − 0.7440 − 0.0051 72.5956
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in the experimental design presented a monomodal and polydisperse 
particle size distribution, exhibiting a mean diameter ranging between 
22.81 ± 0.37 μm and 82.57 ± 0.95 μm depending on formulation pa
rameters (Table 4).

As previously stated in section 3.1, both formulation parameters 
(inner/outer flow rate ratio and polymeric composition) have demon
strated a significant influence over the mean particle size, explaining the 
93.13 % of variability on the mean diameter of the microspheres 
accordingly to the fitted quadratic regression model. Furthermore, 
particle size was mainly determined by the polymeric blend composi
tion, so an inversely proportional relationship was established between 
microspheres’ mean diameter and the percentage of PLGA502 in the 
polymeric matrix composition.

3.4. ζ potential determination

ζ potential was measured to assess the influence of formulation pa
rameters over the surface charge of the microspheres. All formulations 
showed a negative surface charge with slight differences depending on 
formulation parameters. (Table 3). Variance analysis (ANOVA) was 
performed, establishing the existence of statistically significant differ
ences between ζ Potential values of the 9 formulations included in the 
experimental design (P-value = 0.000047). Further, post-hoc analysis by 
the Tuckey test revealed that significant differences (P-value<0.05) 
were only found between the following formulation pairs: F1-F4; F1-F5; 
F2-F8; F4-F8; F5-F8 and F5-F9. Before performing ANOVA, a Shapiro- 
Wilk normality test was carried out to verify that all data sets fol
lowed a normal distribution, and the Levene test confirmed the homo
geneity of the variance. Although statistically significant differences in ζ 
potential values were observed, such slight differences are not expected 
to affect the microparticles’ behavior in terms of physiological response 
in an in vitro or in vivo environment.

3.5. X-ray powder diffraction analysis (XRPD)

As shown in Fig. 4a, the commercial indomethacin diffraction 
pattern exhibited main peaks at 11.46, 16.86, 19.45, 21.65, 26.44 and 
29.19◦ (2θ), which correspond to γ polymorph according to data pre
viously reported [34]. Polyactive® (Fig. 3b) showed a semi-crystalline 

pattern with slight peaks at 16.00, 17.11, 20.64, 23.22, 24.79 and 
31.16◦ (2θ), probably due to the presence of phase separation domains 
with crystalline regions in the hard PBT segment [35–37], whereas 
Resomer® RG 502 diffractograms (Fig. 4c) confirmed its mainly amor
phous structure with single broadband centred at 19.55◦ (2θ) [38]. 
Focusing on microparticulate formulations analysis, only diffraction 
peaks attributable to Polyactive® were identified (Fig. 3d–i). No dif
ferences were found between empty and IND-loaded microparticles’ 
diffractograms, suggesting that the drug is microencapsulated in an 
amorphous form, as confirmed by DSC and FTIR results.

3.6. Differential Scanning Calorimetry

Thermal behaviour of Indomethacin-loaded MPs, empty MPs, com
mercial IND, Resomer® RG502 (PLGA502) and Polyactive® was 
analyzed by DSC to identify the physical state of the microencapsulated 
drug and also, to characterize the changes in polymer properties after 
the microencapsulation process (Fig. 4).

DSC thermogram of pure indomethacin showed a sharp endothermic 
peak at 161.72 ◦C with a ΔHfusion = 105.6 J/g characteristic of the γ 
polymorph melting point (Tm), in consonance with data previously re
ported [39]. PLGA502 thermogram exhibited a sharp endothermic peak 
at 48.5 ◦C indicative of the relaxation peak following the characteristic 
glass transition (Tg) of the amorphous polymer around 42-46 ◦C [40,41]. 
Polyactive® multiblock co-polymers thermal analysis is characterized 
by transitions of both PEOT and PBT segments due to microphase sep
aration in a soft PEOT-rich and a hard PBT-rich region that appears as a 
consequence of the low compatibility of both blocks [42]. DSC ther
mogram of commercial Polyactive® 1000PEOT70PBT30 showed a 
broad endothermic band with a maximum of 160.9 ◦C characteristic of 
the PBT segment in consonance with previously reported data. Typical 
transitions of the PEOT segment were not detected, occurring at tem
peratures lower than the investigated range (Tg = − 50 ◦C; Tm = 6 ◦C). 
Glass transition of the PBT segment was usually not detectable in co
polymers with a high soft/hard segment ratio [42,43]. Three represen
tative formulations of empty and Indomethacin-loaded formulations 
(F1, F4, F9) containing respectively a 50:50, 75:25 and 25:75 PLGA: 
PEOT-PBT ratio were also analyzed. Empty microspheres’ thermo
grams exhibited an endothermal band between 51.2 and 51.4 ◦C 
representative of PLGA’s Tg followed by a relaxation peak with lower 
intensity than the observed in the pure commercial polymer and another 
broad endothermic peak around 165 ◦C corresponding to PBT-segment 
Tm of Polyactive®. Nevertheless, in the blend’s thermogram, the pres
ence of characteristic transitions of PLGA502 and PEOT-PBT at tem
peratures close to those of pure materials suggests that both components 
are immiscible or partially miscible, which indicates that the blend is a 
simple mixture of both pure polymers [44]. Drug-loaded microspheres 
thermograms exhibited the absence of the melting peak of indomethacin 
(Tm = 160.9 ◦C), suggesting that the drug is dispersed into the polymeric 
matrix in an amorphous form, agreeing with X-ray diffraction results 
described in section 3.2.5. Characteristic transitions of PLGA and 
PEOT-PBT were also detected in Indomethacin-loaded microcapsules. 
Nonetheless, a slight shift to lower PLGA glass transition temperatures 

Table 3 
Process Yield, Encapsulation Efficiency and ζ potential of IND-loaded 
microparticles.

Process Yield (%) Encapsulation Efficiency (%) ζ potential (mV)

F1 84.63 ± 1.63 72.48 ± 2.44 − 12.54 ± 1.20
F2 83.12 ± 3.39 69.44 ± 1.47 − 14.84 ± 2.54
F3 87.90 ± 3.54 75.22 ± 2.74 − 14.05 ± 1.91
F4 88.52 ± 2.46 71.04 ± 1.46 − 14.96 ± 1.17
F5 84.54 ± 4.39 81.32 ± 2.45 − 15.56 ± 1.92
F6 85.16 ± 3.33 66.20 ± 1.76 − 14.18 ± 1.29
F7 79.86 ± 1.90 56.29 ± 1.97 − 13.23 ± 1.55
F8 86.71 ± 5.19 69.90 ± 3.47 − 12.04 ± 1.14
F9 78.19 ± 1.59 66.20 ± 1.86 − 13.18 ± 1.74

Table 4 
Characteristic parameters of IND-loaded microspheres’ particle size distribution.

d(v,0.9) (μm) d(v,0.5) (μm) d(v,0.1) (μm) D [3,4] (μm) D [2,3] (μm) Span

F1 119.49 ± 0.30 66.29 ± 0.39 12.35 ± 0.81 69.19 ± 0.11 16.10 ± 0.14 1.616 ± 0.012
F2 106.64 ± 2.16 61.29 ± 1.12 27.70 ± 0.77 63.92 ± 1.00 16.25 ± 0.19 1.288 ± 0.024
F3 137.12 ± 3.13 82.57 ± 0.95 38.66 ± 0.22 85.08 ± 1.48 25.46 ± 0.23 1.193 ± 0.022
F4 48.32 ± 2.50 22.81 ± 0.37 4.53 ± 0.29 26.92 ± 1.88 8.48 ± 0.15 1.919 ± 0.066
F5 116.21 ± 1.27 67.55 ± 0.29 10.1 ± 0.51 69.53 ± 0.59 13.65 ± 0.10 1.568 ± 0.017
F6 70.19 ± 5.90 30.19 ± 1.01 7.63 ± 0.21 37.70 ± 4.04 9.38 ± 0.27 2.070 ± 0.118
F7 94.48 ± 3.34 45.53 ± 0.62 11.96 ± 0.07 50.78 ± 1.54 14.59 ± 0.12 1.812 ± 0.048
F8 107.85 ± 0.77 61.24 ± 0.26 9.38 ± 0.25 62.60 ± 0.33 13.38 ± 0.09 1.608 ± 0.011
F9 119.29 ± 1.54 65.41 ± 0.49 18.73 ± 0.62 68.53 ± 0.76 15.80 ± 0.17 1.537 ± 0.009
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was found compared to empty MPs thermograms. Further, the shift 
magnitude varied depending on the formulation (F1>F4>F9). This fact 
can be attributed to the plasticizing effect of indomethacin on PLGA, 
which leads to a displacement of PLGA Tg to lower temperatures in a 
directly proportional relationship to IND/PLGA ratio [41,45].

3.7. Fourier transformed infrared spectroscopy (FTIR)

Resomer® RG502 spectrum (Fig. 5a) showed the most intense band 
at 1759.8 cm− 1, corresponding to characteristic ester C=O stretch, and 
less intense typical bans at 2999.9 cm− 1 (CH2 bend), 1426.4 cm− 1 (C-H 
deformation), 1179.1 cm− 1 and 1094.6 cm− 1 (C-O stretching) in 
consonance with already reported data [46]. Infrared spectra of 

Fig. 3. X-Ray difractograms of pure Indomethacin (a), Polyactive® 1000PEOT70PBT30 (b), Resomer® RG 502 (c), Empty MPs [F1 (d), F4(e), F9 (f)] and IND-loaded 
MPs [F1 (g), F4 (h) and F9 (i)].

Fig. 4. DSC thermograms of γ indomethacin (a), Resomer® RG502 (b), Polyactive® 1000PEOT70PBT30 (c), Empty F9 MPs (d), Loaded F9 MPs (e), Empty F4 MPs 
(f), Loaded F4 MPs (g), Empty F1 MPs (h) and Loaded F1 MPs (i).
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Polyactive® 1000PEOT70PBT30 (Fig. 5b) displayed the classic bands 
associated with the functional groups that are present in both segments, 
as previously observed for similar poly(ether/ester)s copolymers based 
on PEOT and PBT [47]. Broadband in the region 3000-2800 cm− 1 

related with aliphatic C-H2 symmetric and asymmetric stretch vibra
tional modes was identified. Additionally, several bands related to the 
aromatic terephthalate units were identified, including intense peaks at 
1720.1 cm− 1 and 1272.9 cm− 1 due to stretching vibration modes of C=O 
and C-O bonds of the aromatic ester and less intense peaks at 1616.8 
cm− 1 (aromatic C-C stretching), 1027.8 cm− 1 (In-plane aromatic C-H 
bending) and 730.9 cm− 1 (out of plane aromatic C-H bending). Those 
bands’ intensity was mainly related to the copolymer’s PBT segment 
weight fraction. Also, characteristic peaks of asymmetric and symmetric 
stretching vibration modes of C-O-C aliphatic ether in the soft segment 
were identified, respectively, at 1108.2 cm− 1 and 872.7 cm− 1.

Indomethacin infrared spectrum has been reported to change 
depending on the crystalline or amorphous state of the drug, which 
confirms FTIR as a proper technique for characterizing the physical state 
of the drug in combination with other characterization tools like DSC or 
X-Ray diffraction. Concisely, a significant shift to lower wavenumbers of 
the characteristic band of γ polymorph at 1717 cm− 1 was reported for 
amorphous indomethacin [48,49]. FTIR spectrum of pure indomethacin 
employed in microspheres preparation (Fig. 5c) exhibited the charac
teristics bands at 2927.6 cm− 1 (O-H stretching), 1717.5 cm− 1 (carbox
ylic C=O stretching), 1691.9 cm− 1 (benzoyl C=O stretching), 1308.4 
cm− 1 (C-O stretch), 1261.6 cm− 1 (aromatic C-O asymmetric stretching), 
1086.2 cm− 1 (aromatic C-O symmetric stretching) and 753 cm− 1 (C-Cl 
stretching), agreeing with those previously reported in the literature for 
γ indomethacin [49,50]. These results support those obtained by DSC 

and X-ray diffraction as described above.
FTIR spectra of drug-free microspheres (Fig. 5d (F1), f(F4) and h 

(F9)) preserved the main peaks of both polymers present in the poly
meric matrix, exhibiting relative peak intensity depending on the weight 
fraction of each one in the polymeric blend. Bands attributable to new 
functional groups and significant shifts were not detected, suggesting 
that the polymeric blend is a physical mixture of both components 
without a chemical reaction between both polymers. Analysis of IND- 
loaded microspheres (Fig. 5e (F1), g (F4), i (F9), j (F3) and k (F6)) 
exhibited an infrared spectrum very close to those of blank microcap
sules except for the presence of small intensity peaks attributable to 
indomethacin. The low intensity of the drug peaks can be justified by 
their small proportion in the microspheres (<10 %) combined with the 
reduction of peak intensity reported for the amorphous state. Also, shifts 
in FTIR spectrum from 1713 cm− 1 to 1708 cm− 1 for carboxylic ester 
C=O band and from 1690 cm− 1 to 1680 cm− 1 for benzoyl carboxylic 
peak were reported for amorphous form compared with γ indomethacin 
[48,51]. Whereas carboxylic C=O stretching peak of indomethacin was 
not detectable due to the high intensity of carbonylic C=O band of PBT 
at 1720 cm− 1, a low-intensity peak at 1682.1 cm− 1 was identified as the 
indomethacin’s benzoyl C=O stretching band, shifted from 1691.9 cm− 1 

due to the amorphization of indomethacin during the microencapsula
tion process. Also, slight peaks or spectral changes attributable to IND 
were observed around 1362, 1310, 1600 and 1030 cm− 1.

3.8. Scanning Electron Microscopy

Microparticles’ observation by SEM revealed that all formulations 
exhibited spherical shapes with homogeneously distributed surface 

Fig. 5. FTIR spectrums of Resomer® RG502 (a), Polyactive® 1000PEOT70PBT30 (b), Indomethacin (c), Empty MPs (d,f,h) and IND-loaded MPs (e, g, i, j, k).
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porosity. Furthermore, smaller particles with spherical or hemispherical 
shapes emerging from the microspheres’ porous were also observed, 
leading to a characteristic surface morphology not previously described 
for microparticles made of PLGA or PEOT-PBT alone [52,53]. Although 
the microparticle’s porosity was not analyzed, SEM micrographs 
revealed differences in porous surface distribution depending on poly
mer composition. In particular, microspheres with an equal amount of 
both polymers (Fig. 6a, b, h) showed a higher porous diameter with a 
sponge-like surface structure. Nonetheless, those formulations mainly 
composed of PEOT-PBT (Fig. 6c–e, i) or PLGA (Fig. 6f) exhibited smaller 
porous homogeneously distributed on the surface except for F4 (Fig. 6d) 
and F7 (Fig. 6g), which were exhibited an irregular-surface with low or 
no porosity.

The particle size observed agreed with results obtained by laser 

diffraction except for the high values reported for d(v.0,9) since no 
particles higher than 100 μm were observed by SEM. Those high values 
for 90 % undersize diameter in the volume-weighted particle size dis
tribution can be attributed to a few microparticle aggregates, air bubbles 
or artefacts during analysis that can represent a high volume despite 
being in a small number.

To characterize the internal morphology of the microcapsules, three 
representative formulations composed of different ratios of PEOT-PBT: 
PLGA RG502 were selected: F1 (50:50), F4 (25:75), and F9 (75:25). 
The microparticles were successfully sectioned following the previously 
described protocol. However, due to the inherent limitations of the 
method used for sectioning the MPs and the porous nature of some 
formulations, it was not always possible to observe the complete cross- 
section of the particles.–

Fig. 6. Representative SEM micrographs of IND-loaded microparticles: a.1) F1 (500x; SB = 20 μm);a.2) F1(3000x; SB = 10 μm); b.1) F2 (500x; SB = 20 μm); b.2) F2 
(3000x; SB = 10 μm); c.1) F3 (500x; SB = 20 μm); c.2) F3 (3000x; SB = 10 μm); d.1) F4 (500x; SB = 20 μm); d. 2) F4 (3000x; SB = 10 μm); e.1) F5 (500x SB = 50 
μm); e.2) F5 (3000x; SB = 20 μm); f.1) F6 (500x; SB = 20 μm); f.2) F6 (3000x; SB = 10 μm); g.1) F7 (500x; SB = 10 μm); g.2) F7(3000x; SB = 5 μm); h.1) F8 (500x; 
SB = 20 μm); h.2) F8 (3000x; SB = 10 μm); i.1) F9 (500x; SB = 20 μm); i.2) F9 (3000x; SB = 10 μm).*SB = Scale Bar.
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Representative cross-sections for the different formulations investi
gated are displayed in Fig. 7. The cross-section of the microparticles 
composed of both polymers in equal proportions (Fig. 7a) showed the 
existence of a low-porosity core with increasing porosity in the periph
eral regions, resulting in a sponge-like matrix structure not surrounded 
by a well-defined shell. Additionally, the presence of small particles 
located inside the pores with a peripheral distribution was observed. 
This type of internal structure had not been previously observed in 
PEOT-PBT or PLGA microparticles, as well as the distinctive external 
surface where small particles appear to emerge from within the micro
capsules through the surface pores.

Formulation F4, with a high content of PLGA502 (75 %), was char
acterized by MPs with a non-porous matrix structure (Fig. 7b1). How
ever, some MPs with a thick non-porous outer layer surrounding a small 
cavity with small particles located on its inner surface were observed. 
These findings are consistent with the absence of surface porosity 
observed for this formulation (Fig. 6d), as well as with the results from 
confocal Raman microscopy, which suggested the presence of a more 
homogeneous polymeric matrix with PLGA and PEOT-PBT enriched 
domains without a defined spatial distribution (Fig. 8c). Finally, MPs 
mainly composed of PEOT-PBT (F9) exhibited an internal structure 
characterized by pores with small spherical particles inside them 
(Fig. 7c1 and 7c.2). In contrast with the structure observed for F1, these 
small particles were located in the central region of the MPs rather than 
on the external surface. In some particles, a higher density was observed 
at the outer edge, simulating a partially porous covering enveloping the 
porous matrix structure. The observed morphology confirms the 
confocal Raman data, indicating that randomly positioned small parti
cles in F9 MPs correspond to PLGA-rich regions (Fig. 8f).

3.9. Raman confocal microscopy

Raman spectrums of empty and IND-loaded MPs in a cross-section 
plane were acquired using a confocal Raman microscopy equipped 
with a 532 nm laser. Spatial distribution of the component was achieved 
by filtering the MPs spectrum by a characteristic RAMAN band of each 
component, and then images were created. For better comprehension of 
results, images displaying the spatial distribution of each component 
into the MCs were combined to create a unique image where the areas 
with a higher content of each component were displayed according to a 
colour scale.

Empty and IND-loaded MPs analysis showed a heterogeneous dis
tribution of both constituents of the polymeric blend in the 

microspheres. Concisely, empty F1 MPs (Fig. 8a), which contain an 
equal amount of both components, showed a more homogeneous dis
tribution of PEOT-PBT over the polymeric matrix, whereas spot areas 
with a high content in PLGA were observed especially near the MPs 
borders. Similar results were obtained for all IND-loaded MPs containing 
more than 50 % PEOT-PBT (Fig. 8d–f). The compassion of those results 
with SEM micrographs suggested the existence of a main porous struc
ture with a high content of Polyactive® that coexisted with spot areas 
mainly composed of PLGA, which seemed to correspond to the smaller 
particles observed emerging from the MPs’ porous. Nevertheless, MPs 
with a higher PLGA502 content showed main PLGA structures with 
PEOT-PBT regions mainly localized in the non-peripherical regions 
where IND was also found (Fig. 8c–e).

Regarding drug localization within the MPs, the IND distribution 
pattern was related to its presence in PEOT-PBT-rich domains. To clear 
visualization, the spatial distribution of the three components in F1 was 
displayed separately (Fig. 8b), clearly showing the correlation between 
PEOT-PBT (Fig. 8b2) and IND (Fig. 8b3) localization patterns. Those 
results agreed with the high drug entrapment exhibited by formulations 
with a high PEOT-PBT content, even when a small outer/inner channel 
flow ratio was employed. This fact suggested a high affinity of IND for 
hydrophobic domains of PEOT-PBT, which contrast with the high in vitro 
drug delivery rates found for MPs with a higher content in PEOT-PBT 
(Fig. 9). Although several authors have previously characterized the 
behaviour of PEOT-PBT copolymers in microencapsulation of proteins 
and small hydrophilic drugs [21,54,55], further research should be 
performed to elucidate its interactions with high hydrophobic drugs like 
indomethacin.

Analysis of MPs with a 75:25 PLGA: PEOT-PBT ratio (Fig. 8c–e) 
revealed the encapsulation of IND in non-peripheric PEOT-PBT do
mains. Also, a PLGA-rich continuous shell surrounding a PEOT-PBT core 
containing IND and PLGA spots was observed when a small outer/inner 
channel flow rate ratio was used (Fig. 8e), which agrees, from a 
morphological point of view, with the non-porous surface observed by 
SEM for this formulation (Fig. 6g). Nevertheless, MPs with a 25:75 
PLGA:PEOT-PBT ratio (Fig. 8d–f) exhibited an IND distribution in the 
interface between both polymeric domains, being more evident in F5, 
prepared with a small external/internal channel flow rate ratio (Fig. 8d). 
IND peripherical distribution or interfacial areas easily accessible to 
water could contribute to the greater burst release observed in vitro for 
those formulations compared to those with higher PLGA content. 
Concisely, the continuous PLGA shell observed in F7 by Raman confocal 
microscopy (9e), and SEM (Fig. 6g) may explain the lower burst release 

Fig. 7. Representative micrographs of the cross-sections of IND-loaded microparticles: a.1) F1 (SB = 10 μm); a.2) F1 (SB = 5 μm); a.3) F1 (SB = 10 μm); a.4) F1 (SB 
= 10 μm); b.1) F4 (SB = 10 μm); b.2) F4 (SB = 20 μm); c.1) F9 (SB = 10 μm) and c.2) F9 (SB = 20 μm).
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and drug delivery rate exhibited for this formulation in vitro. Finally, we 
can conclude that although further analysis is needed to understand the 
physicochemical interactions and the underlying mechanisms for the 
observed morphology, the presence of distinct regions with a predomi
nant content of one polymer supports the DSC results, suggesting limited 
miscibility between both components of the polymer matrix.

3.10. In vitro delivery profile

After an initial burst of loaded-IND ranging between 48.6 % and 
88.6 % in the first hour, depending on the formulation parameters 
(F6<F7<F4<F1<F5<F8<F3<F2<F9), an IND sustained release was 
achieved once a plateau was reached (Fig. 9). After 50 h, the delivery 
assay was concluded, with 82.3 %–97.9 % of the total encapsulated IND 
delivered, depending on the formulation. Experimental data of the 
percentage of drug delivered in the first hour were successfully fitted to a 
mathematical quadratic model to assess the impact of formulation 

parameters over the initial burst release, and a surface-response graph 
was also constructed (Fig. 2e and f).

A significant influence of polymeric composition over the magnitude 
of the initial burst was observed, so an inverse proportional relationship 
was established between the percentage of PLGA in the polymeric blend 
and the IND initial burst. The analysis of the statistically significant 
results concluded that an increment in the outer/inner channel flow rate 
ratio leads to a rise in the drug’s initial burst. However, a more complex 
relationship between both parameters can be observed in Fig. 2e. In 
particular, when the polymeric matrix was rich in PEOT-PBT, an in
crease in the external channel flow rate boosted the initial burst effect. 
Nevertheless, the inverse effect was observed when a polymeric blend 
with a high content of PLGA was used.

3.11. Cell biocompatibility

XTT viability assay results are displayed in Fig. 10, showing high cell 

Fig. 8. Optical confocal image of empty F1 MP (a1) and Color-coded Raman images of Empty F1 (a2) and IND-loaded F1 (b1-4), F4 (c), F5 (d), F7 (e) and F9 (f). Red 
= PLGA502; Blue = PEOT-PBT; Green = Indomethacin. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.)

Fig. 9. In vitro release profile of IND at pH 7.4 and 37 ◦C under sink conditions. All experiments were performed in triplicate. Released IND was expressed as 
percentage of the total IND loading for each formulation.
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compatibility of the microparticles with viability rates near 100 % for all 
formulations assayed. Statistical analysis results performed by Kruskal- 
Wallis non-parametric test revealed significant differences in cell sur
vival (p-value = 0.00017) between untreated cells and cells co- 
incubated with empty or IND-loaded microparticles for 24 h. Nonethe
less, post-hoc analysis by Bonferroni showed that statistical differences 
(p-value<0.05) in cell viability were only found between untreated and 
treated cells at the highest dose (400 μg/ml) of microparticles. More
over, statistically significant differences in cell survival were not 
established between untreated cells and those incubated with the three 
formulations when applied at doses equal to or lower than 200 μg MP/ 
ml. The absence of indomethacin toxicity to THP-1 at the concentrations 
used in cell culture assays was also verified. Although a slightly lower 
viability rate (89.1 ± 4.4 %) was observed for the maximum IND con
centration assayed, no statistically significant differences were found by 
the Kruskal-Wallis test (P-value = 0.062) over the concentration range 
studied (10–100 μM).

According to the statistical analysis results, the presence of IND in 
the microparticles has been demonstrated not to affect cell viability 
when compared with the same drug-free formulation in the same con
ditions (p-value>0.05). These results agreed with the absence of IND 
toxicity in this concentration range, considering that theoretical drug 
concentration achieved after the complete delivery of micro
encapsulated IND for the highest MPs dose assayed was below 100 μM 
(theoretical loading = 10 μg IND/100 μg MP), even though the final 
concentration of IND in the culture medium depends on multiple factors 
and is not entirely known. Reduction in viability rates (85.5–88.7 %) 
obtained for THP-1 macrophages treated with 400 μg/ml of blank or 
IND-loaded MPS seems to be related rather to the presence of high mi
croparticle’s density in the culture well than with the toxicity of the 
polymeric material. Furthermore, the high biocompatibility of both 
polymers in the composition of the MPs has been extensively reported. 
Moreover, cellular response changes and cell viability reduction were 
previously reported by several authors when high concentrations of MPs 
were used [56], probably due to the mechanical effect of the high 
amount of MPs on the culture well over cell monolayer. According to 
obtained results, a non-toxic concentration range was selected for 
further in vitro characterization assays in THP-derived macrophages.

3.12. Phagocytic activity

Phagocytosis activity of THP-derived macrophages upon F1, F4 and 
F9 microparticulate formulations was assessed using a fluorescence- 

based quantitative assay and UV optical microscopy. All experiments 
were performed in the absence of LPS stimulation. As can be seen in 
Fig. 11a quantitative results of the assay have been shown that the mi
croparticles were highly phagocyted by THP-1 cells in a significant time- 
dependent and dose-dependent manner. Also, significant differences 
were found depending on the microparticulate formulation since a 
correlation between PLGA content in the MPs, and phagocytosis per
centage could be established. This effect was, probably due to the strong 
influence of polymeric blend composition over particle size distribution, 
which represents a critical factor in the phagocytosis process as previ
ously reported by several authors [57,58]. As shown in Fig. 11a, F4 
exhibited the highest percentage of MPs phagocyted followed by F1 and 
F9, with the independence of the incubation time or the dose assayed. 
When incubation time increased from 1 to 2.5 h, a more significant boost 
in F4 phagocytosis percentage was observed compared to those 
observed for F1 and F9. A decrease in incubation time influence was also 
observed when tested lower concentrations of MPs. Those results can 
probably be explained by the significant minor diameter of F4 MPs. As a 
matter of fact, quicker and more extensive internalization was previ
ously reported for smaller particles, exhibiting an inverse relationship 
between particle diameter and the average number of MPs uptaken per 
cell [58].

Furthermore, high internalization of the MPs by the macrophages 
was stated by UV optical microscopy as shown in representative mi
crographs (Fig. 11b–d), where intracellular spherical microspheres 
could be observed. Phagocytosis index (PI), which represents the per
centage of cells that phagocyted at least one microparticle, was higher 
than 95 % for the three formulations assayed. In summary, both assays 
performed demonstrated that all microparticulate formulations were 
extensively internalized by THP-1 cells, effectively targeting macro
phages and allowing intracellular delivery of IND.

Phagocytosis has been reported to depend on particle size, shape, 
surface charge and hydrophobicity [59]. Regarding particle size, 
although microparticles with a diameter lower than 10 μm are often 
considered adequate for phagocytosis, a general cutoff can not be 
established due to the complexity of factors involved in the phagocytic 
process [58,59]. In fact, the internalization of microparticles, even with 
greater diameters than the cells, has been previously reported [60]. 
Macrophages have been demonstrated to play a central role in the 
physiopathology of RA as the main amplifiers of inflammation, making 
macrophage targeting an attractive approach to rheumatoid arthritis 
treatment [61,62]. Due to the polydisperse distribution of the 
IND-loaded MPs obtained and their average mean diameter (22.8–66.3 

Fig. 10. Percentage of THP-1-derived macrophages viability rated obtained by XTT assay upon cell incubation with free IND, empty and IND-loaded microparticles 
for 24 h. All experiments were performed in triplicate.
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μm), only a formulation fraction can be potentially internalized by the 
macrophages, leading to an intracellular delivery of IND. This strategy 
would allow a specific targeting to phagocytic cells and an extracellular 
delivery in the articular space. Accordingly, to well-known phagocytosis 
mechanisms, the particle engulfment involves a membrane extension to 
envelop the target to form a phagosome containing the phagocyted 
IND-loaded MP. After phagosome maturation, it can fuse with lyso
somes, leading to a highly acidic environment and several degradative 
enzymes [59]. Despite in vitro delivery assays showing a rapid IND de
livery rate, the results obtained under sink conditions at physiological 
pH were not completely predictable in intracellular IND delivery from 
phagocyted MPs. Although the IND intracellular delivery profile cannot 
be elucidated, several factors, such as small intracellular volume and 
lower drug solubility in a highly acidic environment, point to a slower 
IND delivery, whereas enhanced polymeric degradation can stimulate 
IND release. Also, IND stability upon internalization should be further 
investigated, even though its high stability at acidic pH values was 
already reported [63,64]. Delivered lipophilic IND could easily diffuse 
from the phagolysosomal membrane and reach the cytoplasm. COX-2 
induction and overexpression in inflamed joint tissues have been re
ported in RA, which causes an increase in prostaglandin levels and ex
acerbates the inflammatory reaction. Moreover, synovial macrophages 
were reported as the main producer of inducible COX-2 in RA, which is 
mainly localized in the cytoplasm [65,66]. Therefore, microparticulate 

formulations seem to be a promising approach to intracellular delivery 
of IND, inhibiting COX activity and achieving an anti-inflammatory ef
fect using low doses while improving the systemic toxicity profile.

3.13. Antiinflammatory activity in vitro

Indomethacin exhibits high efficacy in the treatment of rheumatic 
diseases like RA. As an AINE, it exerts its anti-inflammatory activity by 
blocking prostaglandins’ production by COX [1]. Nonetheless, there is 
no consensus about its effect on the production of TNF-α, IL-6 and other 
key pro-inflammatory mediators in RA [67–69]. In this work, the effect 
of free and microencapsulated IND (F1, F4, F9) over the production of 
TNF-α and IL-6 was evaluated in vitro in LPS-stimulated THP-1-derived 
macrophages.

Quantification of TNF-α and IL-6 concentration in the cell culture 
supernatants was performed by ELISA according to the respective cali
bration curves previously obtained using recombinant TNF-α and IL-6 
standards. The relationship between the decimal logarithm of TNF-α 
concentration and absorbance (λ = 450 nm) resulted in an asymmetric 
sigmoidal curve that fitted a five-parameter logistic regression model 
(R2 = 0.9999; Adj-R2 = 0.9995). The relationship between IL-6 con
centration and absorbance fitted a second-degree polynomial model (R2 
= 0.9999; Adj-R2 = 0.9999).

Treatment of THP-1 macrophages with microencapsulated IND 

Fig. 11. Micrograms of microparticles phagocyted by THP-1 macrophages after incubation for 1 or 2.5 h (a). UV micrographs of F1 (b), F4 (c) and F9 (d) 
fluorescence-labelled microparticles phagocyted by THP-1 macrophages. MPs are displayed in green, cell nucleus in blue and actin filaments in red. Scale Bar = 50 
μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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reduced TNF-α production compared to the positive LPS control (2 μg/ 
ml). A statistically significant reduction was reached after treatment 
with 200 μg of IND-MPs from formulations F1 and F4, whereas statistical 
significance was not reached for formulation F9 at the same dose. That 
fact could be attributed to the lower encapsulation efficiency of F9 
compared to F1 and F4 (Fig. 12A). Moreover, treating macrophages with 
all IND-loaded microparticulate formulations investigated resulted in a 
statistically significant dose-dependent reduction in IL-6 levels. Specif
ically, incubating macrophages with a 200 μg/ml dose of MPs from F1, 
F4, and F9 led to a 74 %, 68 %, and 54 % reduction in IL-6 production, 
respectively, demonstrating their high in vitro anti-inflammatory ca
pacity (Fig. 12).

Production of TNF-α and IL-6 was also investigated in response to 
free IND (12.5–50 μM). A statistically significant reduction in TNF-α 
synthesis was only achieved after cell incubation with the highest IND 
concentration assayed (50 μM). If we keep in mind that this free-IND 
concentration is higher than the maximum theoretical concentration 
that could be achieved after complete release of IND entrapped in 200 μg 
of MPs (Table 5), in combination with the higher decrease of TNF-α and 
IL-6 levels achieved after cell treatment with lower doses of 

microencapsulated IND (F1, F4), its reasonable to conclude that 
microparticulate IND formulations exhibiting a stronger in vitro anti- 
inflammatory effect in comparison to free drug. This may be hypothet
ically explained by the delivery of IND to the cytosol of macrophages 
after the internalization of IND-loaded microparticles, causing COX in
hibition primarily in the cytoplasm and thereby minimizing the acti
vation of the inflammatory cascade, as discussed in section 3.12.As a 
control, it should be noted that cell treatment with drug-free formula
tions did not lead to a statistically significant increase in the production 

Fig. 12. TNF-α (A) and IL-6 (B) production by LPS-stimulated THP-1-derived macrophages after exposure to empty MPs, IND-loaded MPs, and free IND. All ex
periments were performed in triplicate. *(p ≤ 0.05); **(p ≤ 0.01); ***(p ≤ 0.001); ****(p ≤ 0.0001).

Table 5 
Free IND theoretical concentration that would be achieved after the complete 
release of microencapsulated IND for both MP concentrations assayed (200 y 50 
μg MP/ml).

Formulation IND Concentration (μM)

200 μg MP/ml 50 μg MP/ml

F1 40.5 μM 10.1 μM
F4 39.7 μM 9.9 μM
F9 37.0 μM 9.0 μM
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of TNF-α and IL-6 (Fig. 12), confirming that polymeric microparticles 
did not exhibit an inherent anti-inflammatory or pro-inflammatory ef
fect on macrophages. Despite the absence of statistically significant 
differences from the LPS control, both mediators’ production was 
slightly higher in response to the maximum investigated dose of blank 
MPs.

There is no consensus regarding the effect of IND and other NSAIDs 
on the production of TNF-α and IL-6. In contrast with our results, Spa
tafora et al. investigated the effect of IND on TNF-α production by pri
mary human monocytes stimulated with LPS, concluding that IND 
stimulated the release of TNF-α, probably as a result of its ability to 
inhibit the endogenous production of prostaglandin E2 [69]. Likewise, 
Page et al. evaluated the impact of various NSAIDs on TNF-α and IL-6 
production in LPS-stimulated human monocytes and synovial mem
brane primary cultures from RA patients, demonstrating the ability of 
NSAIDs to induce TNF-α production but not other cytokines such as IL-6 
or IL-1 [68].

However, supporting our in vitro results, several studies have shown 
the opposite effect, with a reduction in TNF-α and IL-6 in response to 
IND treatment. Specifically, intra-articular treatment with nano
encapsulated IND resulted in a statistically significant decrease in the 
production of TNF-α and IL-6 in an in vivo model of collagen-induced 
arthritis in rats, while the administration of the free drug did not lead 
to a significant decrease in the levels of both mediators (Yin et al., 
2020a). Other authors observed in a rat arthritis model a reduction in 
the production of TNF-α and an improvement in the inflammatory level 
after treatment with free and micelle-encapsulated IND [67]. Further
more, the oral treatment of an in vivo RA model with IND nanocapsules 
reduced TNF-α and IL-6 levels [23].

According to the results, microparticulate formulations of IND show 
promising potential in treating RA through intra-articular administra
tion. Data obtained in vitro demonstrated their suppressive capacity on 
producing IL-6 and TNF-α, two pivotal inflammatory mediators in RA.

4. Conclusions

Nine different formulations of Indomethacin-loaded polymeric mi
croparticles made of PEOT-PBT and PLGA502 at different ratios were 
successfully developed by coaxial ultrasonic atomization according to a 
central composite experimental design, exhibiting high process yield 
(78.2–88.5 %). The microparticulate formulations were characterized in 
terms of particle size, encapsulation efficiency and in vitro delivery of 
IND and achieved data were analyzed by surface-response methodology 
to assess how the inner/outer flow rate and polymeric composition in
fluence the features of the microparticles.

Spherical polydisperse microparticle formulations with a mean 
diameter of 22.8 and 82.6 μm were obtained, demonstrating an inverse 
relationship between particle size and the percentage of PLGA502 in the 
polymeric matrix. Regarding encapsulation efficiency, our results evi
denced the high efficacy of ultrasonic atomization encapsulating indo
methacin, establishing a complex relationship between formulation 
parameters and encapsulation efficiency (56.2 and 81.32 %). All for
mulations showed suitable in vitro release profiles to achieve a sustained 
release of indomethacin for 50 h, even though all formulations exhibited 
a significant burst effect of magnitude directly proportional to the PEOT- 
PBT content on the polymeric matrix.

The extensive physicochemical characterization confirmed that the 
encapsulation process did not degrade or modify the polymers’ prop
erties. Moreover, the heterogeneous distribution of both polymers in the 
microparticles combined with morphology and DSC results suggested 
low PEOT-PBT and PLGA502 miscibility. Concerning the spatial distri
bution of indomethacin within the polymeric matrix, RAMAN confocal 
microscopy analysis concluded that the drug was mainly located in the 
PEOT-PBT-rich domains and the interface between the regions rich in 
PEOT-PBT and PLGA-rich domains.

The biocompatibility of IND-loaded microparticles was confirmed in 

vitro in cell cultures of THP-1 macrophages, achieving viability rates 
near 100 %. Further, the macrophages extensively phagocyted micro
particles in a time and dose-dependent manner. Indomethacin-loaded 
microparticles demonstrated their anti-inflammatory activity in vitro, 
leading to a statistically significant reduction in the production of IL-6 
and TNF-α by LPS-stimulated THP-1 macrophages compared to the 
LPS positive control. It should be noted that a higher magnitude of the 
anti-inflammatory effect was observed in response to microencapsulated 
indomethacin compared to equivalent doses of free drug.

In conclusion, ultrasonic atomization is revealed to be a suitable 
technology for preparing IND-loaded microparticles with suitable 
properties for the intra-articular delivery of indomethacin, targeting 
macrophages and achieving effective retention into the joint. Also, this 
technique allows us to modulate microparticles’ features depending on 
the formulation parameters. Those findings, in combination with the 
high anti-inflammatory activity observed in vitro, established IND- 
loaded microparticles as a promising approach for the local treatment 
of rheumatoid arthritis. Despite these promising results, a further pre
clinical investigation should be performed in vivo to confirm these for
mulations’ therapeutical potential and establish the therapeutical doses 
in the intra-articular space.
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[21] I. Lamela-Gómez, L.M. Gonçalves, A.J. Almeida, A. Luzardo-Álvarez, Infliximab 
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