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Rheumatoid arthritis is an autoimmune pathology that manifests as chronic inflammatory arthropathy and 
synovitis. Treatment of rheumatoid arthritis is based on the administration of different types of drugs, including 
leflunomide, an antirheumatic drug. However, the long-term systemic use of leflunomide may be associated with 
adverse effects. Local therapy could be an efficient strategy to treat synovitis triggered by rheumatoid arthritis 
without inducing adverse effects. In this study, leflunomide-loaded poly(ε-caprolactone) implants (leflunomide PCL 
implants) were evaluated as local drug delivery systems capable of attenuating inflammation and angiogenesis, 
which represent events of synovitis. Leflunomide PCL implants were designed by hot molding technique; and 
they were characterized by FTIR and DSC. These analytical techniques demonstrated the chemical integrity and 
dispersion of drug into the polymeric chains. Then, a spectrophometric method was developed and validated to 
quantify the leflunomide incorporated into the PCL implants and released from them. Linearity was obtained by 
ordinary least squares regression method to estimate the linear regression equation. Residues were evaluated 
considering normality, independence and homoscedasticity. Precision was lower than 5 %, and accuracy ranged 
from 98 to 104.5 %. Quantitation limit was 2.0 μg mL-1. PCL implants provided controlled and sustained release of 
leflunomide for 30 consecutive days after inserting these systems in the subcutaneous tissue of mice. The main 
mechanisms of drug delivery were solubilization and diffusion from polymer. Then, a non-biocompatible sponge 
was inserted into the subcutaneous tissue of mice to function as a frame to develop the inflammatory and angio-
genic processes. Leflunomide PCL implants were inserted in direct contact with the sponge. At 4, 7 and 10 days 
after-sponge implantation, the key components of inflammatory angiogenesis were measured to verify the regres-
sion of these events induced by drug. Leflunomide controlled released from polymeric implants downregulated the 
neutrophil and monocyte/macrophage infiltration due to the reduced expression of myeloperoxidase (MPO) and 
N-acetyl-β-d-glucosaminidase (NAG), respectively. As the influx of these pro-inflammatory cells was modulated 
by leflunomide, the production of nitric oxide (NO), a pro-inflammatory substance, reached low concentrations in 
the sponge. As a consequence of the modulation of inflammation at the pathological site, the angiogenic process 
was downregulated, since the hemoglobin levels in the sponge were drastically reduced. The accumulation of 
leflunomide in the pathological site did not induce nephrotoxicity or hepatototoxicity, as confirmed by histological 
analyses. Finally, intra-articular leflunomide PCL implants represent a potential therapeutic alternative to treat 
locally the synovitis triggered by rheumatoid arthritis without inducing systemic adverse effects. 

1. Introduction
Rheumatoid arthritis is a systemic autoimmune disease that affects 
the synovial membrane, a thin layer of connective tissue that 
works as a coating of articular structures (Hernádez et al. 2014). 
Persistent synovitis leads to cartilage destruction, bone erosion and 
periarticular decalcification resulting in impaired joint function, 
motor disabilities and systemic complications. As a consequence 
of these outcomes, pain becomes the major symptom for patients 
with rheumatoid arthritis compromising their quality of life (Scott 
et al. 2010; Siafaka et al. 2016). Current therapeutic options include 
disease-modifying antirheumatic drugs (DMARDs) (Bastian et al 
2011; Boone et al. 2015) such as leflunomide, a drug that has been 
shown to be effective in modulating the inflammatory response 
inrheumatoid arthritis (Siafaka et al. 2016).
Leflunomide (N-[(4-trifluoromethyl) phenyl]-5-methylisoxaz-
ole-4-carboxamide) is a synthetic derivative of isoxazole, endowed 
with immunomodulatory and anti-inflammatory characteristics, 
and licensed for treatment of rheumatoid arthritis (Day 2008). Its 
prolonged use is associated with serious adverse events, being the 

most significant the liver damage, myelosuppression and heart 
attack (Xuan et al. 2018; Alén et al. 2018; Rubinstein et al. 2012; 
Mcinnes et al. 2010; Bongartz et al. 2006). In 2010, the FDA 
added a warning on the drug labels on the risk of severe hepatic 
leflunomide injury based on a review that identified 49 cases of 
severe liver damage, including 14 cases of fatal liver failure in the 
previous seven years (U.S. FDA 2010).
Local intra-articular implantable devices would provide the control of 
inflammation and immunossuppression directly in the target organ, 
limiting the systemic drug distribution, and consequently, reducing/
inhibiting the systemic adverse events. A number of studies have 
shown the efficacy of these polymeric implantable devices in modu-
lating the inflammatory and immune responses and in suppressing 
systemic side effects in a murine model of inflammatory angiogenesis. 
In this experimental model, non-biocompatible polymeric sponges, 
subcutaneously inserted in mice, act as a frame for locally inducing 
infiltration, proliferation, and activation of inflammatory cells that 
induce the neovascularization and extracellular matrix deposition, 
leading to acute and chronic inflammation (Orellano et al. 2015). 



ORIGINAL ARTICLES

Pharmazie 74 (2019) 213

Oliveira et al. (2018) have demonstrated that tacrolimus delivered 
from poly(ε-caprolactone) (PCL) implants suppressed inflammation 
and angiogenesis induced by non-biocompatible polymeric sponges. 
In addition, tacrolimus controlled and prolonged released from 
implants in the pathological site did not induce hepatotoxicity, neph-
rotoxicity and myelosuppression. Moura et al. (2011) have developed 
implants based on biocompatible and biodegradable polyurethane and 
dexamethasone capable of locally eliminating the inflammatory and 
angiogenic processes in this murine model of inflammatory angio-
genesis. Finally, Oliveira et al. (2015) have explored the capability 
of methotrexate controlled released from PCL implantable devices 
in decreasing the recruitment and influx of inflammatory cells, blood 
vessel formation, cytokine release and extracellular matrix deposition 
in a murine model of inflammation and angiogenesis. Moreover, this 
in vivo model permitted to investigate the inability of the methotrexate 
locally released from polymeric implants in inducing severe systemic 
adverse effects, including nephrotoxicity, hepatotoxicity and an 
adverse hematopoietic profile. 
In this study, leflunomide PCL implants were developed, and their 
efficacy in modulating the inflammatory and angiogenic responses 
in a murine sponge model was investigated. Firstly, these implant-
able devices were characterized by different analytical techniques 
including FTIR and DSC to verify the inexistence of a chemical 
interaction between drug and polymer. The lefluomide released from 
PCL implants was quantified for a long period to demonstrate that 
therapeutic doses of leflunomide could be delivered by these systems 
in a controlled and sustained way. To quantify the leached drug, a 
spectrophotometric method was developed and validated consid-
ering the following parameters: linearity, precision, accuracy and 
quantitation limits. Finally, leflunomide PCL implants were inserted 
into the subcutaneous tissue of mice which previously received 
non-biocompatible sponges to establish the inflammation and 
angiogenic processes. The leflunomide continuosly released from 
polymeric implants modulated the expression of myeoloperoxidase 

(MPO) and N-acetyl-β-d-gluocosaminidase (NAG), indicating that 
the levels of neutrophils and monocyte/macrophage, respectively, in 
the pathological site were downregulated by the implantable devices 
for ten consecutive days. This drug also reduced the accumulation of 
nitric oxide (NO) in the sponge frame; as well as the production of 
hemoglobin (Hb), inhibiting angiogenesis. Therefore, it was hypoth-
esized that leflunomide-loaded PCL implants could attenuate the 
progressive joint damage in the rheumatoid arthritis, by controlling 
synovitis, neovascularization and immunological components 
locally established in joints in rheumatoid arthritis patients.

2. Investigations, results and discussion

2.1. Development of lefl unomide PCL implants
Leflunomide PCL implants were prepared by the hot molding 
technique. Drug and polymer were solubilized in acetonitrile to 
provide a molecular mixture of compounds. Then, the organic 
solvent was evaporated, and the blend was molded under heating 
at approximately 60-70 oC. This temperature range induces poly-
meric fusion, which propitiates the entrapment of leflunomide 
into the polymeric chains. Implants were designed as flat spheres 
measuring 4.98±0.07 mm in diameter, 0.65±0.03 mm in thickness, 
and 9.94±0.07 mg in average weight (n = 10). Leflunomide content 
into PCL implants was 99.97±2.10 % (n = 10). The obtained value 
indicated that leflunomide was uniformely distributed within 
the implants. It has been previously reported that one possible 
disadvantage associated with the melting fabrication process of 
implants is the non-uniform dispersion of drugs in the polymeric 
matrix, due to a short time mixing of components (Cheng et al. 
2009). However, the homogeneous distribution of leflunomide into 
the units and drug content close to the totality indicated that the 
manufacture method was suitable to obtain a good distribution of 
leflunomide in PCL implantable devices, without losing compound 
during manufacture. 

Fig. 1: Residual plots for outlier by Jacknife standardised residuals test. (A) leflunomide; (B) leflunomide in contact with PCL (matrix).

Fig. 2: Normal QQ plots of residuals for (A) leflunomide; and (B) leflunomide in contact with PCL (matrix).ei: residual. R: correlation coefficient of Ryan-Joiner test.
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Fig. 3: Plots of residuals autocorrelation. (A) leflunomide; (B) leflunomide in contact with PCL (matrix).ei: residual. d: Durbin-Watson statistic.

Table 1: Residual homoscedasticity evaluation by modified Levene test

Statistic Leflunomide Leflunomide/matrix

t
L

1,33 0,949

dU 2.89 2.88

2.2. Method validation
Calibration curves of leflunomide and leflunomide in contact with 
PCL (matrix) were obtained from six drug concentrations (2.5; 5.0; 
7.5; 10.0; 12.5 and 15.0 μg mL-1) in three independent replicates, 
performed in random order. Figure 1 represents the graphs of residues 
(regression residues versus leflunomide concentration levels) for 
leflunomide in contact with PCL (matrix). Dotted lines correspond 
to ±t

(1-α/2;n-2)
Sres, which is the acceptable variation range for regression 

residues (Silva et al. 2018). It can be observed that there were not 
outliers in the evaluated solutions. It indicates the absence of values 
that can influence the regression equation. Then, the assumption that 
residues followed the normal distribution was evaluated by Ryan-
Joiner test. Figure 2 depicted the QQ plots, and their Ryan-Joiner 
correlation coefficients. It can be observed in this figure that there is 
a significant correlation between the two components (Req > Rcrit), 
indicating that there is no deviation from the normality when α = 
0.10. According to the Durbin-Watson statistic, correlation residues 
(D = 2.55 > dU = 2.89 for leflunomide and D = 2.55 > dU = 2.88 for 
leflunomide in the matrix, both for α = 0.05) indicate independence of 
the residues. This homoscedastic behavior is also present on residues 
graphs (Fig. 3), where there is a random distribution of the residues. 
In addition, Table 1 shows that the residue variability of all drug 
concentrations was not significantly different (p > 0.05), indicating 
homoscedasticity (Souza et al. 2005; Silva et al. 2018).
After verifying the premises required by OLSM, the following 
regression equations were retrieved: Abs = 76.613 [leflunomide] 
+ 0.0899 (R2 = 0.9687) to the analytical blank and Abs = 77.025 
[leflunomide] – 0.0188 (R2 = 0.9937) to matrix solution (Fig. 4). 
The regressions for the two evaluated media were substantial for 
p < 0.05 (F > Fcrit = 4.49), Table 2. In this sense, the linearity of 
method for the two digested flours ranged from 2.5 to 15 μg mL–1. 
Slopes and intercepts of calibration curves of leflunomide and leflun-
omide in contact with PCL (matrix effect) were compared using the 
Student’s t-test in order to evaluate the possible interference of PCL in 
drug quantitation. This analysis indicated that slopes and intercepts from 
both calibration curves were not statistically different, showing that PCL 
did not interfere in quantifying leflunomide. Finally, the limit of quanti-
tation, calculated by equation 1, was 2.0 μg mL-1 of leflunomide.
Data from intra-assay precision (repeatability) and inter-assay 
precision (intermediate) tests were expressed as coefficient of vari-
ation (CV); and they are summarized in Table 3. CV values were 
less than 5 % for all drug concentrations; thus indicating the preci-
sion of the spectrophotometric method. Data from accuracy tests 
indicated that leflunomide was recovered from the matrix in the 

Fig. 4: Calibration curves of leflunomide, and leflunomide in contact with PCL (ma-
trix). Regression equations and determination coefficients (R2) were expressed.

Table 2: ANOVA statistics for regression including lack-of-fit test

Source d. f. SS MS F F
critical

P

Leflunomide

Due to regression 1 2.03 2.03 495.44 4.49 1.83 x 10-13

Residual 12 6.55 x 10-2 4.09 x 10-3

Lack-of-fit 4 1.25 x 10-3 3.13 x 10-4 0.059 3.25 9.93 x 10-1

Pure error 8 6.42 x 10-2 5.35 x 10-3

Total 13 2.09

Leflunomide/Matrix

Due to regression 1 1.95 1.95 2517.98 4.49 4.98 x 10-19

Residual 16 1.24 x 10-2 7.73 x 10-4

Lack-of-fit 4 2.67 x 10-3 6.69 x 10-4 0.828 3.25 5.33 x 10-1

Pure error 12 9.70 x 10-3 8.08 x 10-4

Total 17 1.96

range from 98.2 to 104.5 %, as shown in Table 3, demonstrating 
the accuracy of the method (Souza et al. 2005; Silva et al. 2018).

2.3. Characterization

2.3.1. FTIR
Figure 5 shows FTIR spectra of pure leflunomide (Fig. 5A), 
leflunomide PCL implants (Fig. 5B), and unloaded PCL implants 
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(Fig. 5C). Typical infrared absorption bands observed in PCL were 
detected in spectra of Figs. 5B and 5C, such as at ~1700 cm-1 due 
to the carbonyl stretching vibration of ester groups; at 1166 cm-1 

related to the C-O and C-C stretching in the amorphous phase; at ~ 
2860 cm-1 and ~ 2940 cm-1 equivalent to symmetric and assymetric 
CH

2
 stretching, respectively. These FTIR results corroborated with 

those previously described (Belsley et al. 1980). FTIR spectrum 
revealed characteristic absorption bands of leflunomide (Figs. 5A 
and 5B, Horwitz 1995): at ~1310 cm-1 due to the C-F; at ~1600 
- 1700 cm-1 related to C=O stretching vibration; at 3300 - 3100 
cm-1 corresponding to the hydrogen stretching vibration of amine. 
Therefore, the IR spectrum of leflunomide PCL implants showed 
all bands of characteristic organic groups of drug and polymer. 
In addition, new bands for drug-loaded PCL implants were not 
detected. All these findings show that chemical interactions 
between compounds or functional organic group modifications 
were not detected even after the manufacturing process of implants. 

structure. According to Mccauley et al. (2005), the suppression of 
thermal events of drug incorporated into a polymeric system indi-
cates the formation of a binary amorphous dispersion. Therefore, 
the incorporation of leflunomide as an amorphous structure into 
the polymeric chains was attributed to its dispersion rather than 
molecular interactions, which were not detected in FTIR results. 

Table 3: Mean content of leflunomide in the intra-assay and inter-assay precisions and accuracy.

Level
5.0  μg mL-1

(50%)

1.0 μg mL-1

(100%)

15 μg mL-1

(150%)

Day 1 0.52 ± 0.00 
(R = 103.3%; %CV = 0.04)

1.03 ± 0.00 
(R = 103.2%; %CV = 0.1)

1.53 ± 0.00 
(R = 101.7%; %CV = 0.1)

Day 2 0.50 ± 0.00 
(R = 99.4%; %CV = 0.4)

0.98 ± 0.00 
(R = 98.2%; %CV = 0.1)

1.48 ± 0.00 
(R = 98.4%; %CV = 0.1)

Day 3 0.48 ± 0.00 
(R = 104.5%; %CV = 0.3)

1.04 ± 0.00 
(R = 103.6%; %CV = 0.1)

1.52 ± 0.02 
(R = 101%; %CV = 1.1)

Precision Inter- assay
(n= 9) 

0.51 ± 0.01 
(R = 102.4%; CV = 1.9)

1.02 ± 0.02 
(R = 102.0%; CV = 2.3)

1.51 ± 0.02 
(R = 100.4%; CV = 1.4)

Fig. 5: FTIR spectrum of leflunomide (A), leflunomide PCL implants (B), and PCL 
implants (C).

2.3.2. DSC
Figure 6 represents DSC thermograms of leflunomide (Fig. 6A), 
PCL implants (Fig. 6B), and leflunomide PCL implants (Fig. 
6C). The DSC curve of leflunomide indicated an endothermic 
event at 168.2 oC equivalent to its melting point. In addition, 
an endothermic event at approximately 260 oC was identified, 
representing the degradation of leflunomide (Vega et al. 2006). 
Therefore, thermal stability of leflunomide was preserved during 
the hot molding technique of implants, since the temperature of 
manufacturing was 60 – 70 oC. The DSC curve of unloaded PCL 
implants (Fig. 6B) indicated the melting of a polymeric crystalline 
phase at 63.7 oC. Finally, DSC the thermogram of leflunomide 
PCL implants showed a unique endothermic peak at 59.4 oC, 
corresponding to the melting of PCL. The absence of endothermic 
events of leflunomide was related to the fact that this drug was 
completely dispersed in the polymeric chains in an amorphous 

Fig. 6: DSC thermograms of leflunomide (A), PCL implants (B), and leflunomide 
PCL implants (C).

2.4. In vitro release of lefl unomide from PCL implants
Figure 7 shows the in vitro release profile of leflunomide from PCL 
implants over a period of 90 consecutive days. PCL implants led 
to a controlled and sustained release of leflunomide, since approx-
imately 40 % of the drug was leached from the devices during the 
study period. In addition, the pattern of drug release from implants 
was composed of two distinct stages. During the first 7-day 
period, the polymeric devices released an initial burst of drug 
corresponding to 12 %. The existence of the burst effect of drug 

Fig. 7: In vitro cumulative release of leflunomide (%) from PCL implants. Results 
represent mean ± standard deviation ((n = 5 for each day).
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indicated the presence of leflunomide at the surface of implantable 
devices, leading to the rapid drug solubilization and diffusion. In 
the second stage, which occurred between the 8th and the 90th day 
of the test, approximately 28 % of leflunomide was delivered from 
implants, demonstrating a long period of controlled and sustained 
release of this drug entrapped into the polymeric chains of PCL. At 
this moment, the water uptake induced the dissolution of lefluno-
mide dispersed in the polymer; and the PCL delivered the drug in a 
slow rate during the days. Furthermore, the hydrophobic character 
of PCL and leflunomide induced the controlled delivery of drug 
from implantable devices. Diffusion was the main mechanism of 
leflunomide release from the polymeric implants, since the PCL 
presents an extremely slow biodegradation rate, which can be 
extended over a prolonged period of at least one year (Solano et 
al. 2013); therefore, polymeric erosion did not contribute to the 
mechanism of leflunomide delivery.

2.5. In vivo release of lefl unomide from PCL implants
Polymeric implants provided a controlled and sustained release of 
leflunomide over a 30-day period within the subcutaneous tissue of 
mice (Fig. 8). PCL implants exhibited an initial burst release, since 
approximately 15 % of leflunomide was released during the first 7 
days of the test. Afterwards, from the 8th and the 30th day, the rate of 
drug release markedly decreased. During this period, 9.8 % of the 
leflunomide was leached from the implantable devices. An average 
daily release of 16.51 ± 2.15 μg of drug was observed. The in vivo 
environment could induce the degradation of polymer due to the 
presence of enzymes and constant drenage of biological fluids. As a 
consequence, the leflunomide would be rapidly released from PCL 
implants and its controlled and sustained delivered could be compro-
mised. However, as the biodegradation rate of polymer is extremely 
slow even in the biological environment, leflunomide was released 
by diffusion from polymeric implants. This fact explains the simi-
larity between the in vitro and in vivo leflunomide release profiles. 

the MPO activity was attenuated by leflunomide released from 
PCL implants when compared to the MPO index of control group 
within 4, 7 and 10 days. Statistical analysis (one-way ANOVA) 
shows that there was a significant difference in the concentration 
of MPO in the sponge discs between the treated and untreated 
groups (p < 0.05) (Fig. 9A). The obtained results corroborated 
with those previously reported by Ozturk et al. (2008). In this 
report, leflunomide was capable of reducing the lung injury after 
cecal ligation puncture-induced sepsis by inhibition of neutrophils 
accumulation, demonstrated by the regression of MPO levels. 
Additionally, Karaman et al. (2006) described the significant atten-
uation of MPO activity after the administration of leflunomide in 
an experimental model of extrahepatic cholestasis. Therefore, the 
inflammation inhibiting effect of leflunomide delivered from PCL 
implants may reflect the reduction in the migration of neutrophils 
into the non-biocompatible sponge. 
As part of the inflammatory phase, neutrophils and monocytes 
progressively migrate from the circulation to the injured tissue. 
Activated monocytes differentiate into macrophages. Macrophages 
appear and continue the process of phagocytosis as well as releasing 
more PDGF and TGF-beta. Subsequently, macrophage prolifer-
ation increases, attracting smooth muscle cells and fibroblasts to 
begin the proliferative phase and deposit new extracellular matrix 
(Diegelmann et al. 2005). The influence of leflunomide on activated 
macrophages was assessed by the measurement of NAG lysosomal 
enzymes that are specific for this cell population. Accordingly, NAG 
activity was not affected by the leflunomide released from the PCL 
implants after 7 days of sponge insertion. However, leflunomide 
downregulated significantly the NAG index at the 10th day after 
sponge implantation (p > 0.05) (Fig. 9B). Therefore, the leflunomide 
controlled delivered by PCL implants probably affected the recruit-
ment of this inflammatory cell population just in a later phase of the 
injury. Consistent with this result was the finding that the systemic 
administration of teriflunomide at approximately 3 mg kg-1 per 
day caused a significant decrease in monocytes, and consequently 
macrophages, in arthritic rats after 10 days of treatment (Balagué 
et al. 2012). However, leflunomide PCL implants displayed a ther-
apeutic effect with one single implantation; and the treatment with 
free teriflunomide required a daily administration of drug to regulate 
the recruitment of macrophages, representing a disadvantage of this 
conventional treatment. Additionally, the systemic administration 
of teriflunomide at approximately 10 mg kg-1 promoted extensive 
pancytopenia (leukocytopenia, thrombocytopenia and erythropenia) 
relative to the un-induced arthritis in rats (Balagué et al. 2012). 
This report demonstrated another disadvantage of the conventional 
pharmaceutical dosage forms, which affected stem cells causing 
intense myelosuppression. By contrast, PCL implants containing 
leflunomide could deliver therapeutic levels of drug directly into 
the targeted site, probably minimizing severe side effects frequently 
observed after systemic administration.

2.6.2. Measurement of nitric oxide (NO) content
Following activation, proinflammatory macrophages produce a large 
number of mediators and cytokines including interleukin-1, inter-
leukin-6, interleukin-12, TNFα, and inducible nitric oxide synthase 
(iNOS) (Koh et al. 2011). However, many of these mediators have 
been shown to be present in the early wound environment, indicating 
that inflammatory cells such as neutrophils could be another source 
of iNOS production. NO production is directly involved in the patho-
genesis of several autoimmune diseases such as rheumatoid arthritis 
and multiple sclerosis, inducing tissue destructive actions (Miljkovic 
et al. 2011). Then, the suppression of iNOS, and consequently, the 
NO levels, might partly account for the anti-inflammatory effects at 
the pathological site. In this study, it was verified that leflunomide 
released from PCL implants was capable of inducing significant 
regression of the NO index in the sponge discs. The NO accumu-
lation in the sponges of the untreated group, which did not receive 
the leflunomide PCL implants, was remarkable. Leflunomide 
attenuated the excessive NO levels by suppressing iNOS, produced 
by different types of inflammatory cells such as neutrophils, in the 
early days of the experiment, and probably activated macrophages, 

Fig. 8: Figure 8. In vivo cumulative release of leflunomide (%) from PCL implants. 
Results represent mean ± standard deviation (n = 5 for each day).

2.6. Murine sponge model

2.6.1. Measurement of MPO and NAG activities
At the moment of sponge implantation and tissue injury, platelets 
come into contact with exposed collagen and other elements of the 
extracellular matrix. This contact triggers the platelets to release 
clotting factors as well as essential growth factors and cytokines 
such as platelet-derived growth factor (PDGF) and transforming 
growth factor beta (TGF-beta). Following hemostasis, the neutro-
phils enter the wound site and begin the critical task of phagocy-
tosis to remove foreign materials and damaged tissue (Diegelmann 
et al. 2005). In this study, the accumulation of activated neutrophils 
could be indirectly measured by assaying the MPO enzyme, which 
is specifically secreted by this cell population. It was verified that 
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at 4, 7 and 10 days after sponge implantation. The statistical analysis 
(one-way ANOVA) demonstrated that the concentration of NO in 
both groups was significantly different (p < 0.05) (Fig. 10). These 
results corroborated with those previously reported by Milijovik et 
al. (2011) who have demonstrated the ability of the leflunomide to 
suppress the iNOS-mediated NO synthesis in astrocytes in vitro, 
which are implicated in inflammatory destruction of brain tissue, 
including those occurring in multiple sclerosis. Additionally, the 
alteration of the iNOS production by leflunomide in human beings 
has been demonstrated by Reddy et al. (2005). It was reported that 
the serum nitrite and citrulline levels after 4 weeks of treatment 
with leflunomide significantly decreased in patients with active 
rheumatoid arthritis. Therefore, leflunomide controlled delivered by 
polymeric implants inhibited the synthesis of NO in the inflamed 
site, and may represent one of the important mechanisms of phar-
macological action of this anti-rheumatic drug. 

tory infiltrate sustain the new vasculature and further exacerbate the 
inflammatory response. This is the case in severe pathologies such as 
atherosclerosis, rheumatoid arthritis, and psoriasis (Arroyo et al. 2010; 
Mazzone et al. 2009). In this work, the extent of angiogenesis could 
be estimated by detecting the Hb content in the sponge discs. It was 
observed that the Hb index in the animals receiving leflunomide PCL 
implants was significantly lower than that obtained for the control 
group at all days of experimentation (one-way ANOVA, p < 0.05), 
indicating that the drug released from polymeric implants suppressed 
the growth of new blood vessels in the inflamed tissue (Fig. 11). As the 
neovascularization was inhibited, the released leflunomide contrib-
uted to the resolution of inflammatory response, and consequently, it 
facilitated the tissue repair. The antiangiogenic activity of leflunomide 
was also described by Nars et al. (2014), who demonstrated that this 
drug was capable of inhibiting the VEGF expression, making the 
antiangiogenic process evident.

Fig. 9: Levels of neutrophil (A), and monocytesmacrophage (B) accumulation, measured by MPO and NAG activities, respectively, in the sponge matrices of treated group 
(sponges containing leflunomide PCL implants), and control group. Values represent means  SEM of 6 animals per group.

Fig. 10: Nitric oxide (NO) levels in sponge discs of treated group (sponges containing 
leflunomide PCL implants) (gray bar), and control group (black bar). Values 
represent means  SEM of 6 animals per group.

2.6.3. Measurement of hemoglobin (Hb) content
Inflammation and angiogenesis are key processes that act simultane-
ously and synergistically to maintain diseases (Da Silva et al. 2009). 
Angiogenesis is a complex and critical process that leads to the forma-
tion of new blood vessel from pre-existing ones (Koh et al. 2011). 
The angiogenic process is frequently driven by an excess of vascular 
endothelial growth factor (VEGF), NO, or other mediators produced 
by infiltrated macrophages, endothelial and NK cells. The resolution 
of the inflammation and the onset of lasting tissue repair cause the 
newly formed vasculature to regress, resulting in the restoration of 
homeostatic control. In the absence of vascular regression, positive 
feedback mechanisms operating between vessels and the inflamma-

Fig. 11: Hemoglobin content in sponge discs of treated group (sponges containing 
leflunomide PCL implants) (gray bar), and control group (black bar). Values 
represent means  SEM of 6 animals per group.

2.6.4. Histological examination
The histological examination of sponge discs receiving lefluno-
mide clearly demonstrated the inhibition of inflammatory and 
angiogenic responses, since the infiltration of inflammatory cells 
and the neovascularization were significantly decreased during 
the 10-day period of the experiment (Fig. 12). The qualitative 
histological findings corroborated with the measured biochemical 
parameters as described above. 

2.7. Toxicity
To assess information about the toxicity of leflunomide PCL implants, 
kidneys and livers from animals under experimentation were collected 
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4, 7 and 10 days after implantion, and were analyzed by histological 
processing. The liver morphology of animals from control and treated 
groups showed no structural differences in the organization of hepato-

in terms of linearity, matrix effect, quantitation limit, precision, 
and accuracy. This method provided unequivocal quantitation of 
leflunomide, showing that the selected analytical conditions were 
suitable to avoid the interferenc of PCL in the assay of drug. Besides 
the uniform distribution of leflunomide into polymeric implants, 
the drug was completely dispersed in the matrix and showed chem-
ical integrity. Leflunomide was delivered from PCL implants in a 
controlled and sustained way by a diffusion mechanism, providing 
the regression/inhibition of inflammatory angiogenesis triggered 
by the non-biocompatible sponge. In this context, neutrophil and 
monocyte/macrophage influx was attenuated due to the modulation 
of MPO and NAG activities, respectively. As the number of these 
pro-inflammatory cells was reduced, NO levels were also down-
regulated, inducing an anti-inflammatory effect in the pathological 
site. Finally, considering the regression of inflammation, the Hb 
concentration in sponges was reduced drastically, indicanting that 
the descontruction of inflammatory process by leflunomide does not 
demand the formation of new vessels. In addition, the accumula-
tion of leflunomide directly in the affected area avoided systemic 
adverse effects like hepatotoxicity and nephrotoxicity.In conclusion, 
the attenuation of inflammation and angiogenesis by leflunomide 
controlled released from PCL implants directly into the target tissue 
indicated the potential of these systems to act as intra-articular drug 
delivery implantable devices to treat synovitis in rheumatoid arthritis 
pacients without triggering systemic damages.

3. Experimental

3.1. Development of lefl unomide PCL implants
Poly(ε-caprolactone) (PCL, MW ~ 14,000, Sigma Aldrich, USA) (20 mg) and leflun-
omide (Purifarma, Brazil) (80 mg) were dissolved in acetonitrile (9 mL). This solution 
was homogeinized for 15 min in an ultrasonic bath; and remained in the desiccator 
for 48 h to enable solvent evaporation. Blend was molded into spherical implants 
using a metallic mold at approximately 60-70 oC. Leflunomide-loaded PCL implants 
contained 2 mg of drug and 8 mg of polymer. Unloaded PCL implants were also 
developed. Implants were desinfected by exposure to ultraviolet light for 20 min. 

3.2. Development and validation of spectrophotometric method to 

quantify lefl unomide into PCL implants

3.2.1. Instrumentation and analytical conditions
A Shimadzu model 1700 (Japan) double beam UV/Visible spectrophotometer with 
spectral width of 2 nm, wavelength accuracy of 0.5 nm and a pair of 10 mm matched 
quartz cell was used to measure absorbance of all solutions. Spectra were automat-
ically obtained by UV-Probe system software. The detection of leflunomide was 
carried out at 259 nm. Acetonitrile was used as analytical blank. All solutions were 
prepared in acetonitrile by using leflunomide reference standard. 

3.2.2. Method validation
The spectrophotometric method was validated by determining the following parame-
ters: linearity and matrix effect, precision, accuracy, and quantitation limit. 

Fig. 12: Representative histological sections (5 μm, HE) of contrtol group (unloaded PCL 
implants) (A, B, C) and treated group (sponges containing leflunomide PCL im-
plants) (D, E, F) after 4, 7 and 10 days post-sponge implantation, respectively. Pho-
tomicrographs represent the inflammatory infiltrate and angiogenesis during the 
period of the experiment. (*) Sponge trabecular. 50 μm bar = × 20 magnification. 
A, B, C (dashed arrow) - × 100 magnification. (V) New vessels. (N) Neutrophils.

cytes, ducts, vessels or arteries or star cells. Hepatocytes displayed a 
homogeneous cytoplasm, of polyhedral shape without degenerative 
alterations. The nucleus for the most part of hepatocytes exhibited 
an obvious nucleolus without signs of pycnotic formations. Signs of 
necrosis or connective changes of the extracellular matrix were not 
observed in any animal in both groups. Finally, hemorrhage and/or 
inflammatory infiltrate was not detected (Fig. 13).Therefore, leflun-
omide did not induce hepatotoxicity, since this drug was only locally 
released. By contrast, it has been previously shown, that leflunomide 
administrated by oral or parenteral routes, and systemically distrib-
uted, induced fatal hepatitis and liver failure (Ma et al. 2016).
The kidney morphology of animals from control and treated groups 
was also assessed, and glomeruli exhibited no changes. In addition, 
the existence of glomerulonephritis, degeneration and/or intratu-
bular hyaline cylinders, which are indicative of nephrotoxicity, was 
not identifyed (Fig. 14). Therefore, leflunomide controlled delivered 
by polymeric implants did not cause injuries in the renal tissues. 

2.8. Conclusion
In conclusion, leflunomide PCL implants were developed by melting 
the polymer and agglomerating the particles of drug. To quantify the 
leflunomide incorporated in implantable devices and released from 
them, a spectrophotometric method was developed and validated 

Fig. 13: Histological photomicrographs (4 mm, HE) of liver collected after 4, 7 and 
10 days post implantation of leflunomide PCL implants. Photomicrographs 
in (A), (B) and (C) represented the hepatic tissues of animals from control 
group. Photomicrographs in (D), (E) and (F) represented the hepatic tissues 
of animals from treated group (receiving leflunomide PCL implants) (n = 
5 - 6 mice per each time). CV, central vein. Bar = 50 μm.

Fig. 14: Histological photomicrographs (4 mm, HE) of kidney collected after 4, 7 and 
10 days post implantation of leflunomide PCL implants. Photomicrographs 
in (A), (B) and (C) represented the renal tissues of animals from control 
group. Photomicrographs in (D), (E) and (F) represented the hepatic tissues 
of animals from treated group (receiving leflunomide PCL implants) (n = 
5 - 6 mice per each time). G = glomerulus; HT = hepatic tissue. Bar = 50 μm.
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3.2.2.1. Linearity and matrix effect
Calibration curves were obtained using six drug reference standard concentrations (2.5; 
5.0; 7.5; 10.0; 12.5 and 15.0 μg mL-1) in 3 independent replicates run in random order. 
To verify the matrix effect, calibration curves were plotted using six drug reference stan-
dard concentrations (2.5; 5.0; 7.5; 10.0; 12.5 and 15.0 μgmL-1) associated with PCL at 
the concentration of 15 μg mL-1 in 3 independent replicates run in random order. Linear 
regression analysis was done by the ordinal least squares method (OLSM). Residue 
analysis was performed (Meyer et al. 1993), and outliers were deleted by using the 
Jacknife standardized residual test (Belsley et al. 1980). Maximum exclusion of 22.2 
% of original points was considered (Horwitz 1995). Then, normality by Ryan-Joiner 
test (Ryan 1996), homoscedasticity by Brown-Forsythe test (Levene 1960; Brown et 
al. 1970) and independency by Durbin-Watson test (Horwitz 1995) were achieved. For 
this model assumption, the lack-of-fit test (ANOVA) (p > 0.05), and the significance of 
regression (p > 0.05) were considered. Finally, as the linear model was suitable, slope 
and intercept were calculated to establish the equation that describes each calibration 
curve (calibration curve for leflunomide and calibration curve for leflunomide asso-
ciated with PCL – matrix effect). Then, these calibration curves were compared by 
t-Student test assuming combined or distinct variances (Souza et al. 2005).

3.2.2.2. Quantitation limit 
The limit of quantitation value (LOQ) is defined as the lowest concentration that can 
be quantitatively determined with suitable precision and accuracy. The LOQ was 
calculated directly from the calibration curve and can be expressed as: 

Experiments were approved by the Ethics Committee in Animal Experimentation at 
Federal University of Ouro Preto.
Animals were anesthetized with a mixture of 10 mg kg−1 of xylazine and 100 mg kg−1 

of ketamine hydrochloride (i.p.). Their dorsal hair was shaved and the skin wiped 
with 70 % (v v–1) ethanol. Leflunomide PCL implants were aseptically inserted into 
a subcutaneous pouch that had been made with curved artery forceps through a 1 
cm long dorsal mid-line incision. After the implantation procedure, the animals were 
maintained in individual cages and provided with chow pellets and water ad libitum. 
The light/dark cycle was 12:12 h with lights on at 7:00 am and lights off at 7:00 pm. At 
4, 7, 15, and 30 days after implantation, animals (n = 5 for each time) were euthanized, 
and implants were carefully removed. The implant was fragmented using a scissor, and 
pieces were dissolved in 10 mL of acetonitrile. The content of leflunomide remaining 
in the PCL implants was measured using the validated spectrophotometric method.

3.7. Murine sponge model

3.7.1. Preparation of sponge discs
Animals described under 2.6.1 were used in the murine sponge model. Non-biocompat-
ible polymeric sponge discs (5 mm in thickness, 8 mm in diameter, and approximately 4.6 
mg in weight) (Vitaform Ltd, Manchester, UK) were used as the matrix for fibrovascular 
tissue growth. Sponge discs were soaked overnight in a 70 % (V V–1) ethanol solution and 
sterilized by boiling in distilled water for 15 min before the implantation surgery. 

3.7.2. Implantation of sponge discs and lefl unomide-loaded PCL implants
Animals were anesthetized with a mixture of xylazine (10 mg kg–1) and ketamine 
hydrochloride (100 mg kg–1) (i.p.). Their dorsal hair was shaved, and the skin wiped 
with 70 % (V V–1) ethanol. Leflunomide PCL implants were incorporated into the 
sponge discs, and they were aseptically inserted into a subcutaneous pouch that had 
been made with curved artery forceps through a 1 cm long dorsal mid-line incision 
(treated group). The same implantation procedure was carried out in order to insert the 
sponge discs containing unloaded implants (control group). Post-operatively, animals 
were monitored for any signs of infection at the operative site, or upon discomfort or 
distress; any mice presenting such signs were immediately sacrificed.

3.7.3. Measurement of hemoglobin (Hb) content
The extent of vascularization of sponge discs was assessed by the amount of Hb 
detected in the tissue using the Drabkin method (Drabkin et al. 1932). At 4, 7 and 
10 days post-implantation, six animals of treated and control groups were euthanized 
and the sponge discs were carefully removed. Sponges were dissected from adherent 
tissue, weighed, homogenized in 2 mL of Drabkin reagent (Labtest, São Paulo, Brazil) 
and centrifuged at 4 °C at 12.000 g for 20 min. Supernatants were filtered through 
a 0.22 μm Millipore filter. The Hb concentration of samples was determined by 
measuring the absorbance at 540 nm using an ELISA plate reader, and was compared 
against a standard curve of Hb. The content of Hb in the sponge discs was expressed 
as micrograms of Hb per milligram of wet tissue.

3.7.4. Tissue extraction and determination of myeloperoxidase (MPO) 

and N-acetyl-β-d-glucosaminidase (NAG) activities
The extent of neutrophil accumulation in the sponge discs was measured by assaying 
MPO activity (Bradley et al. 1982). After processing the supernatant of sponges (n = 6 
for each group) for Hb determination, a part of the corresponding sponge was weighed, 
homogenized in 2 mL of buffer pH 4.7 (0.1 mol L-1 NaCl, 0.02 mol L-1 Na

3
PO

4
, 0.015 

mol L-1 Na
2
-EDTA), and centrifuged at 4 °C at 12.000 g for 10 mins. Sponges were then 

re-suspended in a 0.05 mol L-1 sodium phosphate buffer (pH 5.4) containing 0.5 % hexa-
1,6-bis-decyl trimethyl ammonium bromide (HTAB). MPO activity in the supernatant 
samples was assayed by measuring the change in absorbance (optical density; OD) at 450 
nm using 3,3’-5,5’-tetramethylbenzidine (TMB) prepared in dimethyl sulfoxide (DMSO) 
at a final concentration of 1.6 mM and H

2
O

2
 (0.3 mM) in the sodium phosphate buffer, pH 

6.0.The reaction was terminated by the addition of 50 μL of H
2
SO

4
 (4 mol L-1). Results 

were expressed as change in OD per milligram of wet tissue (Silva-Filho et al. 2012).
The infiltration of mononuclear cells into the sponge discs was quantified by measuring 
the levels of the lysosomal enzyme N-acetyl-β-d-glucosaminidase (NAG) which is 
present in high levels in activated macrophages (Bradley et al. 1982; Belo et al. 2004). 
A portion of sponges that remained after the Hb measurement was kept for this assay (n 
= 6 for each group). These sponges were weighed, homogenized in a NaCl solution 0.9 
% (W V–1) containing 0.1 % (V V–1) Triton X-100 (Promega), and centrifuged (3000 g; 
10 min at 4 °C). Samples of the resulting supernatant (100 μL) were incubated for 10 
min with 100 μL p-nitrophenyl-N-acetyl-β-d-glucosaminide (Sigma-Aldrich) prepared 
in the citrate/sodium phosphate buffer (0.1 mol L-1 citric acid, 0.1 mol L-1 Na

2
HPO

4
; pH 

4.5) to yield a final concentration of 2.24 mM. The reaction was stopped by the addition 
of 100 μL of 0.2 mol L-1 glycine buffer (pH 10.6). Hydrolysis of the substrate was 
determined by measuring the absorption at 400 nm. NAG activity was expressed as the 
change in OD per milligram of wet tissue (Silva-Filho et al. 2012).

3.7.5. Measurement of nitric oxide (NO) content
Basal production of nitric oxide (NO) by sponge discs was measured in the perfu-
sate using carbon micro sensors with a NO permeable membrane (ISO-NOPF100; 
World Precision Instruments Inc., Sarasota, FL, USA). Carbon micro sensors to NO 
were stabilized for 1 h in Krebs buffer solution (in mM): 110.8 NaCl, 5.9 KCl, 25.0 
NaHCO

3
, 1.07 MgSO

4
, 2.49 CaCl

2
, 2.33 NaH

2
PO

4
 and 11.51 glucose, pH 7.4. At 

day 4, 7 and 10 after implantation, six animals of treated and control groups were 
euthanized and the sponge discs were carefully removed and rinsed in 50 mL of 

LOQ =
10σ

b
   (1)

where, σ is the standard deviation of the response and b is the slope of the calibration 
curve.

3.2.2.3. Precision
Precision was determined based on repeatability and intermediate precision. Repeat-
ability was assessed through the assay of solutions at concentrations of 5.0; 10.0; 
and 15.0 μg mL-1 on the same day. The solutions were prepared in triplicate with 
leflunomide associated with PCL at the concentration of 15 μg mL-1. Intermediate 
precision was verified by evaluating the results on 3 different days. Precision was 
expressed as coefficient of variation (CV) amongst responses.

3.2.2.4. Accuracy
To determine accuracy, standard solutions at concentrations of 5.0; 10.0 and 15.0 μg 
mL-1 were prepared in triplicate with leflunomide associated with PCL at the concen-
tration of 15 μg mL-1. The solutions were assayed on three different days (n = 18 
for each concentration). The percent recovery of added leflunomide was calculated 
comparing absorvances of resultant solutions with leflunomide standard solutions at 
the same concentration. The relative error was also calculated. 

3.3. Determination of lefl unomide content incorporated into PCL 

implants
Ten implants were selected and weighted (n = 10). Each implant was dissolved in acetoni-
trile to obtain a solution at 10 μg mL-1 of leflunomide. The amount of drug in each implant 
was quantified with the spectrophotometric method previously developed and validated. 
The uniformity content of leflunomide was expressed as the percent of the pre-indicated 
value (approximately 2.0 mg). The relative standard deviation was also calculated.

3.4. Characterization
Infrared spectra were collected in a Fourier Transform Infrared Spectrophotometer 
(FTIR; Perkin Elmer, model Spectrum 1000). Measurements were carried out using 
the Attenuated Total Reflectance (ATR) technique. Each spectrum was a result of 32 
scans with a resolution of 4 cm-1.
Differential scanning calorimetric (DSC) thermograms were obtained on a Mettler 
Toledo DSC (Switzerland). Samples were put into aluminium pans. The calorimeter 
was calibrated for temperature and heat flow accuracy using pure indium melting 
(m.p. 156.6 °C and DH = 25.45 J g–1). The temperature ranged from 25-300 °C with a 
heating rate of 25 °C min–1 under nitrogen atmosphere.

3.5. In vitro release of lefl unomide from PCL implants
In vitro release of leflunomide was carried out during 90 days. Leflunomide- PCL 
implants were immersed in different tubes containing 71 mL of phosphate buffer 
solution (PBS, pH = 7.4) (n = 5). These tubes were incubated at 37 oC and 40 rpm. At 
predetermined intervals (0, 4, 7, 15, 30, 45, 60, 75 and 90 days), the release medium 
was collected, and completely renewed with fresh PBS. The amount of leflunomide 
released from each implant was quantified by using the spectrophotometric method 
previously developed and validated. The release profile was evaluated as the cumula-
tive percentage of drug delivered in the medium.

3.6. In vivo release of lefl unomide from PCL implants

3.6.1. Animals
Six to eight weeks old female Swiss mice from the Federal University of Ouro Preto 
were maintained in individual cases, with food and water ad libitum, and controlled 
temperature and humidity in the animal house of the Federal University of Ouro Preto. 
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Krebs buffer solution, stood for 5 min, and then placed in 1.5 mL of gassed (95 % O
2
 

and 5 % CO
2
) Krebs solution, at 37 °C. Carbon micro sensors were connected to an 

amplifier-recorder (TBR-4100 Free Radical Analyzer; World Precision Instruments 
Inc.) and to a computer equipped with a data acquisition board (Lab-Trax-4/16; World 
Precision Instruments Inc.), using Lab-Trax software (World Precision Instruments 
Inc.). Currents (nA) were measured by micro sensors continuously (30 minutes) and 
NO concentrations were determined by calibrations curves of known concentrations 
of S-nitroso-N-acetyl-dl-penicillamine (SNAP; 0.2-500 nM) (Araújo et al. 2013).

3.7.6. Histological examination
Animals were anesthetized and euthanized by cervical dislocation 4, 7, and 10 days 
after implantation. Adjacent tissues to the sponge discs were carefully collected and 
fixed in formalin [10 % (V V–1) in isotonic saline] for 48 h. Tissues were embedded in 
paraffin and 5 μm thick sections were obtained. Sections were stained with hematox-
ylin and eosin and examined under an objective 40 × lens in light microscopy. Images 
were digitized through a microcamera JVC-TK1270/JG Band transferred to an image 
analyzer (KS300 version 2; Kontron Electronics, Carl Zeiss). 

3.8. Toxicity
Sponge discs, liver, and kidney tissues of each mouse under experimentation were fixed 
in 10 % (V V–1) buffered formaldehyde pH 7.4 for at least 48 h. Fragments of the sponge 
and organs, measuring approximately 1 cm2, were included in 60 % (W V–1) paraffin. 
Sections (4 mm) were obtained and stained by hematoxylin-eosin. Images were digi-
talized through a microcamera (JVC-TK 1270/JGB) and transferred to an analyzer 
(Kontron Electronics, Carls Zeiss-KS300 version 2) (De Oliveira et al. 2015). 

3.9. Statistical analysis
Results were expressed as mean ± standard deviation. Data were tested for normality 
and investigated for statistical significance using one-way analysis of variance 
(ANOVA). A P-value of less than 0.05 was considered statistically significant. Statis-
tical analysis was performed using a Graph-Pad Prim 5.
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