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Ocular toxoplasmosis is the major cause of infectious posterior uveitis worldwide, inducing visual field defect
and/or blindness. Despite the severity of this disease, an effective treatment is still lacking. In this study,
spiramycin-loaded PLGA implants were developed aiming at the treatment of ocular toxoplasmosis. Implants
were manufactured by a hot-molding technique, characterized by Fourier Transform Infrared Spectroscopy,
X-Ray Diffraction, Differential Scanning Calorimetry, Scanning Electron Microscopy; evaluated in terms of
ocular biocompatibility by immunofluorescence, flow cytometry, cell migration, Hen’s egg test-chorioallantoic
membrane (HET-CAM) irritation test; and investigated in terms of in vitro efficacy against Toxoplasma gondiii.
Characterization techniques indicated that spiramycin was dispersed into the polymeric chains and both
substances preserved their physical structures in implants. The HET-CAM test indicated that implants did not
induce hemorrhage or coagulation, being non-irritant to the CAM. ARPE-19 cells showed viability by MTT assay;,
and normality in cell cycle kinetics and morphology, without stimulating cell death by apoptosis. Finally, they
were highly effective against intracellular parasites without inducing human retinal pigment epithelial cell death.
In conclusion, spiramycin-loaded PLGA implants represent a promising therapeutic alternative for the local

treatment of ocular toxoplasmosis.

1. Introduction

Toxoplasmosis is caused by Toxoplasma gondii, a protozoan
parasite of Apicomplexa phylum, capable of attaching itself to the
host cell membrane through its polar apical complex (Ozgonul and
Besirli 2016). Approximately one-third of the world’s population
are infected with Toxoplasma gondii (Maenz et al. 2014). In addi-
tion, seroprevalence varies from 10 to 80% among countries and
within countries. Southeast Asia, North America, and Northern
Europe report 10-30% of seroprevalence, indicating the lowest
level worldwide (Dubey and Jones 2008; Ozgonul and Besirli
2016). Central and Southern Europe register 30-50% of sero-
prevalence, whereas Latin America and tropical African countries
present the highest seroprevalences (Robert-Gangneux and Dardé
2012; Ozgonul and Besirli 2016). The reason for the differences
in seroprevalence is probably related to the existence of cysts and
oocysts of the parasite in the environment (Pappas et al. 2009).

Ocular toxoplasmosis manifests itself in approximately 2% of
the clinically confirmed cases of infection (Petersen et al. 2012).
Ocular toxoplasmosis causes toxoplasmic retinochoroiditis,
vitritis, and less frequently, damages to macula and/or the optic
nerve. Visual loss may become permanent due to the recurrence of
the infection, inducing the formation of scars in the macula and/
or optic atrophy (Kim et al. 2013). In immunocompetent patients,
toxoplasmic retinochoroiditis is generally a self-limited infection
and may resolve spontaneously within 6 to 8 weeks (Brydak-
Godowska et al. 2015). However, medication is recommended
when lesions are adjacent to the optic disk or larger than two optic
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disc diameters, and within the large vascular arcades. In these
conditions, the risk of visual loss is high. In immunocompromised
patients, toxoplasmic retinochoroiditis has to be immediately
treated (Holland and Lewis 2002).

Treatment of ocular toxoplasmosis involves the administration of
macrolide antibiotics, sulfonamides, and pyrimethamine. The oral
combination of sulfadiazine, pyrimethamine, and folinic acid can
inhibit the growth of Toxoplasma gondii in the proliferative stage.
However, pyrimethamine can cause bone marrow depression, skin and
gastrointestinal side effects; and sulfadiazine may cause anaphylaxis.
When patients experienced significant side effects after administering
the combination of sulfadiazine and pyrimethamine, or a drug-resis-
tant parasite is confirmed, other antibiotics such as spiramycin, clin-
damycin, and azithromycin are used for the treatment of infections by
Toxoplasma. Spiramycin is the first-choice drug in pregnant women,
since it is effective against the parasite, without inducing teratogenicity
(Brydak-Godowska et al. 2015; Xiaoli and Yu, 2018).

Despite the therapeutic schemes for the treatment of ocular toxo-
plasmosis being well-established, failures occur, not only due to
drug intolerance, poor compliance, and the resistance of parasites,
but also to the low drug bioavailability in the posterior segment of
the eye, since the blood-retinal barrier prevents the penetration of
therapeutic doses of drugs into the eye cavity (Fernandes-Cunha et
al. 2016). As a result of this scenario, severe visual field defects may
be developed. Therefore, achieving therapeutic anti-Zoxoplasma
drug concentrations in the eye is essential to prevent the ocular
manifestations of toxoplasmosis and, consequently, visual damage.
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Ocular implantable polymeric devices represent a therapeutic
alternative for the local treatment of ocular toxoplasmosis, since
they are inserted directly in the posterior segment of the eye,
overcoming ocular barriers and improving drug pharmacokinetics.
In addition, implants can control and prolong drug release in the
target tissues, which induce direct drug contact with the parasites
for a longer period, reducing/eliminating the parasitemia and
avoiding resistance. Finally, implants can prolong drug action
for months to years by using reduced doses of the incorporated
drug when compared to the doses in conventional pharmaceutical
dosage forms. Dose reduction results in reduced or no side effects
and/or toxicity, enhancing patient compliance, and, consequently,
improving pharmacological responses (Silva et al. 2020).
Currently, intravitreal implants are commercially available for the
treatment of non-infectious uveitis (Retisert®, Bausch & Lomb,
Inc., USA), diabetic macular edema (Tluvien®, Alimera Sciences,
Inc., USA), and non-infectious posterior uveitis and retinal vein
occlusion (Ozurdex®, Allergan, USA) (Gote et al. 2019). By
contrast, polymeric implantable devices containing clindamycin,
aiming at the treatment of ocular toxoplasmosis, were developed
(Fernandes-Cunha et al. 2016, 2017; Tamaddon et al. 2015); but
progress in clinical trials has not been achieved. Therefore, more
investigation is necessary to transfer these implants to affected
patients.

With this scenario in mind, in this study, spiramycin-loaded PLGA
implants were developed for the treatment of ocular toxoplas-
mosis. These implants were composed of poly(lactic-co-glycolic)
acid (PLGA), a biodegradable and biocompatible polymer, capable
of controlling and prolonging the release of spiramycin. Besides
the well-established anti-Toxoplasma activity, spiramycin also
shows anti-inflammatory activity, since it is capable of modulating
the expression of pro-inflammatory cytokines and inhibiting the
chemotaxis and inflammatory cell infiltration (Brydak-Godowska
et al. 2015). Therefore, spiramycin can simultaneously contribute
to eliminate the parasite and suppress the inflammatory process
established in the infected ocular tissues. Implants were developed
by a hot-molding technique and characterized by different analyt-
ical instrumental techniques. In addition, the in vitro biocompat-
ibility of spiramycin-loaded PLGA implants was also evaluated
by immunofluorescence, flow cytometry, HET-CAM test, and
in vitro anti-Toxoplasma activity. Finally, spiramycin-loaded
PLGA implants represent a novel ocular drug delivery system able
to simultaneously suppress infection and inflammation, which
characterize toxoplasmic retinochoroiditis, established in ocular
toxoplasmosis.

2. Investigations and results

2.1. Development of spiramycin-loaded PLGA implants

Spiramycin-loaded PLGA implants were developed by ahotmolding
technique. Spiramycin and PLGA 85:15 were dissolved in acetoni-
trile to form a molecular mixture of substances. Subsequently, the
acetonitrile was evaporated and the combined powder was molded
under heating. The melting of the polymer propitiated the entrap-
ment of spiramycin into the polymeric chains. Spiramycin-loaded
PLGA implants were molded as cylinders measuring 0.90+0.05 mm
in diameter, 3.00+£0.22 mm in length, and 3.00+0.15 mg
in average weight (n = 10). The content of spiramycin in the PLGA
implants was 99.73+1.60% (n = 10).

2.2. Characterization

2.2.1. Fourier Transform Infrared Spectroscopy (FTIR)

Figure 1 represents the FTIR spectra of PLGA 85:15 (Fig. 1A),
spiramycin (Fig. 1B), and spiramycin-loaded PLGA implants
(Fig. 1C). The FITR spectrum of PLGA 85:15 showed bands at
1760 cm™ (C=0 stretch from ester), 1090-1185 cm™ (C-O stretch
from ester), and 2995 cm™! (C-H stretch). The infrared spectrum of
spiramycin demonstrated bands at 1724 cm (O=C-O-H stretch),
2785-2970 cm! (C-H stretch), and 3470 cm™! (C-OH stretch). The
FTIR spectrum of spiramycin-loaded PLGA implants showed that
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the absorption bands attributed to pure PLGA 85:15 and spira-
mycin were preserved after manufacturing the implantable device;
and bands at 1760 and 1724 cm™, attributed to functional organic
groups of PLGA 85:15 and spiramycin, respectively, overlapped.
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Fig. 1:  FTIR spectra of (A) PLGA 85:15, (B) spiramycin, and (C) spiramycin-loaded
PLGA implants.

2.2.2. Powder X-Ray Diffraction (XRD)

Figure 2 shows the XRD of PLGA 85:15 (Fig. 2A), spiramycin (Fig.
2B), and spiramycin-loaded PLGA implants (Fig. 2C). The XRD
pattern of PLGA 85:15 exhibited two sharp peaks at approximately
20 = 16°and 18°, demonstrating its semi-crystalline nature. The
XRD pattern of spiramycin revealed a broad peak at approximately
20 = 20°, indicating its amorphous structure. XRD diffractogram
of spiramycin-loaded PLGA implants indicated that the physical
structure of the polymer was preserved, since the sharp peaks
corresponding to this substance were detected (20 = 16°and 18°).
However, the broad peak equivalent to the spiramycin may be over-
lapped by the other peaks of the PLGA, since it was not detected.
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Fig. 2: XRD thermograms of (A) PLGA 85:15, (B) spiramycin, and (C) spiramy-
cin-loaded PLGA implants. Peak at 20 = 38° represents the aluminum sam-
ple holder.

2.2.3. Thermal analysis

Figure 3 depicts the DSC thermograms of PLGA 85:15, spiramycin,
and spiramycin-loaded PLGA implants. The DSC thermogram of
PLGA exhibited three endothermic events: at 61.9 °C (AH=2.9J g-1),
corresponding to the polymeric glass transition temperature; at 149.1
°C (AH = 14,3 J.g"), equivalent to the evaporation of lactide monomer;
and at 267 °C (AH = 507.1 J g-1), corresponding to the polymeric
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decomposition. The mass loss of these events was approximately
98%. The DSC curve of spiramycin showed three endothermic
events: at about 31-79 °C (AH = 13.18 J g"), followed by 2% of
mass loss, indicating the volatilization of residual water; at 110.4 °C
(AH = 3.09 T g"), representing drug melting; and at 221-294 °C
and at 296 °C, indicating the first and the second decomposition
steps, respectively, with a total mass loss of about 92% across all the
analyzed temperature range. DSC thermogram of spiramycin-loaded
PLGA implants exhibited two endothermic events: between 120 °C
and 160 °C, suggesting the overlapping of drug melting and lactide
monomer evaporation; and from 280 °C to 300 °C, representing the
overlapping of the decomposition of PLGA and spiramycin. The glass
transition temperature of the PLGA was not detected.
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Fig.3: DSC thermograms of PLGA 85:15, spiramycin, and spiramycin-loaded
PLGA implants.

2.2.4. Scanning Electron Microscopy (SEM)

Figure 4 shows the SEM images of spiramycin-loaded PLGA
implants recently prepared (day zero) and submitted to the simulated
physiological ocular conditions for 60 days. On day zero, implants
had an irregular and rough surface, consisting of tangled fibers (Fig.
4A and 4B). The transversal section of the implant showed a dense
mass, in which polymer and drug cannot be distinguished (Fig. 4C).
After 60 days in PBS pH 7.4, implants were deformed (Fig. 4D),
indicating its mass loss; and fissures had formed (Fig. 4E).

Fig. 4 SEM photomicrographs of (A, B and C) spiramycin-loaded PLGA implants
recently prepared (zero day) and (D and E) spiramycin-loaded PLGA implants
submitted to drug release conditions (PBS pH 7.4) for 60 days. Arrows indicate
fissures. A, C and D — 100x magnification. B and E - 1000x magnification.

2.3. Invitro release of spiramycin from PLGA implants

Figure 5 shows the in vitro release profile of spiramycin from
PLGA implants. In the first two days, approximately 50% of the
drug was quickly released in the medium, demonstrating a burst
release. From day 2 to day 42, almost 100% of spiramycin released
from polymeric implants was controlled in a prolonged manner.
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Data on in-vitro spiramycin release from PLGA implants were
fitted into Higuchi, zero-order, first-order, and Korsmeyer-Peppas
equations; and the correlation coefficients (R?) are described in
Table 1. Regarding these values, the implants followed the Korsmey-
er-Peppas model, since the correlation coefficient was the highest
when compared to those obtained in the other mathematical models.
In addition, the diffusional exponent (n) was calculated. The n value
was equal to 1.50, indicating the super-case II transport.
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Fig. 5: Invitro spiramycin release profile from PLGA implants. Data were expressed
as cumulative percentage of released spiramycin + standard deviation (n = 5).

Table 1: Correlation coefficients (R?) obtained by using different math-
ematical models to describe the spiramycin release kinetic profile from
PLGA implants. The diffusional exponent (r) for Korsmeyer-Peppas
was also expressed

Correlation coefficient (R?)

First order
0.9984

Zero order
0.5920

Higuchi
0.8950

Korsmeyer-Peppas
0.9998 (n = 1.50)

2.4. In vitro biocompatibility study

2.4.1. Cytotoxicity of spiramycin released from PLGA
implants

The viability of ARPE-19 cells in the control medium (fixed as
100%) and in direct contact with spiramycin and polymeric
degradation products released from PLGA implants for 4 and
8 days (92.31+0.76% and 90.08+0.24%, respectively) did not
show a statistical difference (p < 0.05), demonstrating the absence
of cytotoxic effects (Fig. 6).
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Fig. 6: ARPE-19 viability in contact with spiramycin and polymeric by-products
released from PLGA implants for 4 and 8 days. Cell viability on control
medium was fixed as 100%. Viability was determined by MTT assay. Data
represented mean+standard deviation (n = 10 for each sample at each time).

2.4.2. Cell cycle kinetic

ARPE-19 cells in direct contact with spiramycin and polymeric
by-products released from PLGA implants for 4 and 8 days were
analyzed by flow cytometry regarding the cell cycle progression.
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Table 2: Percentages of ARPE-19 cells in G0/G1, S, and G2/M phases after 48 hours in contact with spiramycin and polymeric by-products released
from PLGA implants for 4 and 8 days. Control represented ARPE-19 cells in the culture medium without treatment. (p < 0.05)

G0/G1 S G2/M
Control (4 days) 66.40 = 1.37 8.80+0.71 2420 = 1.42
Spiramycin and polymeric by-products released for 4 days 60.03 £ 1.05 8.92+1.10 3043 £ 1.58
Control (8 days) 58.97 +1.94 9.87 £0.32 30.57 +£2.08
Spiramycin and polymeric by-products released for 8 days 59.60 +0.98 10.23 £2.48 29.63 +2.70
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Fig. 7: Effect of spiramycin and polymeric by-products released from PLGA implants for 4 (A and C) and 8 (B and D) days on GO/G1, S, and G2/M phases, and granulosity.

Sub-G1 phase was undetectable. ARPE-19 cells were incubated for 48 hours and stained with propidium iodide. Data represent mean of triplicate.

Percentages of ARPE-19 control and cells exposed to spiramycin
and polymeric by-products in GO/G1, S, and G2/M phases did not
statistically differ (p < 0.05), suggesting that the cell cycle progres-
sion was not disturbed by implants. In addition, implants did not
stimulate cell death by apoptosis, since sub-G1 phase content was
not observed. Finally, the size and granulosity of ARPE-19 cells
were also evaluated after exposition by spiramycin and polymeric
by-products; and they did not promote modifications in morpholog-
ical parameters when compared to control cells. Data on cell cycle
kinetics and cell morphology are described in Table 2 and Fig. 7.

2.4.3. Cell migration (In vitro wound-healing assay)

Effects of spiramycin and polymeric degradation products released
from PLGA implants for 4 and 8 days on the ARPE-19 cell migration
were evaluated by the in vitro wound-healing assay. After 48 and 72
hours of incubation, ocular cells in direct contact with spiramycin

and by-products lixiviated from PLGA implants for 4 days showed
migration comparable to the control cells (p < 0.05). In addition, after
48 hours of incubation, substances released from polymeric implants
for 8 days did not interfere on ARPE-19 cell migration; however, after
72 hours of incubation, they increased cell migration compared to the
control cells (p > 0.05). Migration percentages are described in Table 3.

2.5. Hen’s egg test-chorioallantoic membrane (HET-
CAM) irritation test

Figure 8 shows that spiramycin and polymeric by-products
released from PLGA implants for 4 and 8 days (Fig. 8A and 8B)
did not induce hyperemia, hemorrhage, and coagulation on the
CAM surface over the period of 5 min. By contrast, 0.1 mol/L
sodium hydroxide solution (positive control) promoted vessel lysis
and hemorrhage (Fig. 8C), inducing irritation to the CAM.

Table 3: Percentages of ARPE-19 cell migration after 48 and 72 hours in contact with spiramycin and polymeric degradation products released
from PLGA implants for 4 and 8 days. Control represented ARPE-19 cells in the culture medium without treatment. “(p > 0.05)

48 hours 72 hours
Control (4 days) 61.83 +1.05 71.41 £0.43
Spiramycin and polymeric by-products released for 8 days 55.84 +£0.70 73.50 £ 1.12
Control (8 days) 4596 £ 2.35 36.25 +0.27
Spiramycin and polymeric by-products released for 8 days 62.44 = 1.47 5279 = 1.07"
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Fig. 8: HET-CAM test: vascular response post-application of (A and B) spiramycin
and polymeric by-products released from PLGA implants for 4 and 8 days,
respectively, and (C) 0.1 mol/L sodium hydroxide solution (positive control).
Implants did not induce vascular phenomena onto the CAM. Positive control
was irritant to the CAM.

2.6. Anti-Toxoplasma activity of spiramycin released
Jfrom PLGA implants

Anti-Toxoplasma activity of spiramycin and polymeric by-prod-
ucts released from PLGA implants was determined by measuring
the MTT metabolization by ARPE-19 cells infected with
Toxoplasma gondii. Ocular cells showed approximately 85%
and 90% of viability when in direct contact with spiramycin and
degradation products lixiviated from polymeric implants for 4 and
8 days, respectively. The statistical analysis revealed no signifi-
cant difference between treated and untreated cells (p < 0.05),
suggesting the effectiveness of the implantable devices against
intracellular Toxoplasma gondii. In addition, the anti-Toxoplasma
activity of spiramycin at 6.5 and 21.6 pg mL"! was also evaluated.
These concentrations are equivalent to those released from PLGA
implants after 4 and 8 days in incubation. The spiramycin in
solution at both concentrations did not prevent the reduction of
ARPE-19 viability when compared to that obtained for the control
and treated cells with implants (p > 0.05) (Fig. 9).
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Fig. 9: Viability of ARPE-19 cells infected by Toxoplasma gondii after 48 hours of
treatment with spiramycin and polymeric by-products released from PLGA
implants for 4 and 8 days, and pure spiramycin in solution at 6.5 and 21.6
ug mL". Cell viability on control medium was fixed as 100%. Viability was
determined by MTT assay. Data represented mean + standard deviation (n =
10 for each sample at each time or concentration) “(p > 0.05).

2.7. Conclusion

In this study, spiramycin-loaded PLGA implants were developed
aiming at the local treatment of ocular toxoplasmosis. These
implantable devices showed reduced dimensions (0.90 mm and
3.00 mm in diameter and length, respectively), being possible
to inject them into the vitreous cavity by using extremely fine
needles. The manufacturing process of implantable devices
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provided the dispersion of the amorphous spiramycin throughout
the semi-crystalline structure of the PLGA 85:15; and they
probably established weak chemical interactions, which did not
interfere in the controlled drug release from PLGA implants
for a prolonged period. Spiramycin-loaded PLGA implants, as
a sustained intraocular drug delivery system, did not disturb
the ARPE-19 cells genetically, morphologically, and biochem-
ically, indicating their ocular biocompatibility; and this was
also demonstrated in the anti-Toxoplasma activity test, since
implants eliminated the intracellular parasites without reducing
the viability of ARPE-19 cells. Finally, spiramycin-loaded PLGA
implants showed to be non-irritant to the CAM; and this result
was very important, since the HET-CAM test is a borderline case
between in vitro and in vivo experiments. In conclusion, these
promising results encourage us to hypothesize that spiramy-
cin-loaded PLGA implants could be a therapeutic alternative to
simultaneously suppress Toxoplasma gondii and inflammation
established in ocular toxoplasmosis.

3. Discussion

Ocular toxoplasmosis is caused by Toxoplasma gondii, in which
bradyzoites establish cysts in the retina. These cysts are activated
by unknown mechanisms, leading not only to retinochoroiditis
but also vasculitis, vitritis, and even anterior uveitis (Tabuenca del
Barrio et al. 2019). Signs of active ocular toxoplasmosis include
retinal inflammatory infiltration followed by disruption of photo-
receptors and retinal pigment epithelial cells, detachment of retinal
sites, and the thickening of choroid. As a result, in the center of
the injured site, an atrophic retina and choroid usually manifest,
causing disturbances in vision and significant vision loss (Garweg
2016). Frequently, ocular toxoplasmosis lesions are associated
with adjacent old scars, indicating a recurrent infection (Maenz
et al. 2014).

Pyrimethamine and trimethoprim, two major drugs in the treatment
of ocular toxoplasmosis, must be associated with sulfonamides,
to guarantee the synergistic action against the DNA synthesis of
parasites by inhibiting the folate pathway (Konstantinovic et al.
2019). However, these combined drugs can cause severe systemic
side effects, inducing discontinuation of therapy and the modifica-
tion of pharmacological regimen. Thus, other antibiotics should be
administered such as spiramycin, sulfamethoxazole, clindamycin,
and atovaquone; and the treatment needs to be continued for at
least 4 to 6 weeks (Maenz et al. 2014), which probably causes
systemic side effects, leading to the lack of patient compliance
(Brydak-Godowska et al. 2015; Xiaoli and Yu 2018). Finally, after
having defined an appropriate oral therapeutic scheme for the
patient aiming at the treatment of ocular toxoplasmosis, the full
pharmacological potential of these drugs may not be achieved due
to low ocular penetration, and consequently, low bioavailability.
The blood-retinal barrier restricts the vitreous and retinal distri-
bution of active principles from the systemic circulation (Pascual-
Pasto et al. 2017).

Currently, intravitreal injections have been applied as an attempt to
treat ocular toxoplasmosis, since they deliver therapeutic doses of
drugs directly to the posterior segment of the eye, overcoming the
blood-retinal barrier and avoiding systemic side effects. In a clin-
ical study, patients with ocular toxoplasmosis received intravitreal
injections of clindamycin and dexamethasone for four weeks. The
majority of patients experienced resolution and no recurrences of
ocular toxoplasmosis for 24 months (Lasave et al. 2010). However,
intravitreal injections are associated with fast drug clearance,
resulting in repeated administrations, which may cause retinal
detachment and vitreous hemorrhage, among other complications
(Khine et al. 2020).

To overcome the drawbacks of conventional pharmaceutical
dosage forms, new drug delivery systems, such as intraocular
implants, have been developed to deliver active principles directly
to the posterior segment of the eye, to improve pharmacokinetics
and to avoid systemic side effects (Fernandes-Cunha et al. 2017,
De Souza et al. 2016; Saliba et al. 2016). In addition, ocular
implantable devices can be produced by using non-biodegradable
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or biodegradable polymers that are able to incorporate drugs and
release them for a prolonged period, over weeks or months, in a
controlled manner. Increased drug residence time improves patient
compliance due to the reduced frequency of administration and
effectiveness of the therapy.

In this study, spiramycin-loaded PLGA implants were developed
as a therapeutic alternative for the local treatment of ocular toxo-
plasmosis. PLGA was selected to compose the implants since it
has considerable mechanical strength, allowing it to be manufac-
tured as drug delivery systems. PLGA is capable of entrapping
drug molecules into its polymeric chains, providing controlled
drug release for a prolonged time. In addition, it is a biodegradable
polymer, and its hydrolytic cleavage generates two monomers
(lactic and glycolic acids), which are endogenous substrates of the
Krebs cycle, being eliminated from the body as carbon dioxide and
water. Finally, PLGA is biocompatible and safe for ocular tissues,
being used in ophthalmological applications. In this context,
implants based on PLGA and dexamethasone (Ozurdex, Allergan,
Inc) are commercially available for the treatment of non-infectious
uveitis, central retinal vein occlusion, and macular edema related
to retinal vein occlusion. Spiramycin, a macrolide antibiotic,
acts against Toxoplasma gondii by binding to the 50S ribosomal
subunit, preventing the elongation of peptide chains, and conse-
quently, inhibiting protein synthesis (Chang and Pechere 1998).
Spiramycin displays selective toxicity since it is probably not
active against eukaryotes (Brisson-Noel et al. 1988). In addition,
spiramycin has multifactorial anti-inflammatory properties since
it modulates the production of proinflammatory (IL-1, IL-6, IL-8,
TNF-0) and anti-inflammatory cytokines (IL-10, possible 1L-4),
inhibits the formation of leukotriene B4, interferes with the migra-
tion and functionality of neutrophils, decreasing oxidant produc-
tion and apoptosis (Labro 1998; Alzolibani and Zedan 2012).
Therefore, the anti-toxoplasmic and anti-inflammatory activities
of spiramycin incorporated into PLGA implants contribute not
only to reduce the cyst load in acute and chronic ocular infections,
but also to modulate the inflammatory process established in the
delicate tissues of the eye. The synergistic therapeutic effects of
spiramycin can decrease morbidity, and consequently, reduce
severe damage to vision.

Spiramycin-loaded PLGA implants were produced by a hot
molding technique in which the PLGA softened when heated at
a temperature above its Tg (61.9 °), providing the formation of
monolithic implantable devices in which the drug was homo-
geneously distributed throughout the polymeric chains. These
systems measured approximately 3.00 mm and 0.90 mm in length
and diameter, respectively; making it possible to inject these into
the posterior segment of the eye through a tiny needle. Importantly,
smaller needles are required to induce less pain in patients, less
vitreous reflux and reduced changes in ocular pressure (Rodrigues
etal. 2011).

Spiramycin-loaded PLGA implants were characterized by several
instrumental analytical techniques. The DSC thermogram of
implantable devices showed that the glass transition temperature
of the PLGA was modified after incorporating the spiramycin,
which indicated the existence of chemical interaction between
these substances. Other endothermic polymer and drug events
were detected; but they were superimposed, which represented the
dispersion of spiramycin among the polymeric chains. Further-
more, as the decomposition of polymer and drug was detected at
up to 280 °C (Erbetta et al. 2011), it demonstrated that the hot
molding technique used to produce the implants did not induce the
thermal degradation of these compounds (Fernandes-Cunha et al.
2017). The FTIR spectra of implantable devices demonstrated the
overlapping of typical bands of organic groups of spiramycin and
PLGA, indicating the miscibility of these substances; and chem-
ical interactions could not be detected. The XRD diffractogram
of implantable devices showed evidences of the semi-crystalline
structure of the PLGA due to the presence of sharp peaks in this
compound; but the broad peak of spiramycin was not detected,
probably due to its entrapment among the polymeric chains. On
the other hand, since spiramycin has a mesophase amorphous
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structure, it does not convert to a crystalline state (Van Eeden
2019; Atassi et al. 2016). Hence, the reflection plan of the drug
may be preserved after producing the systems. In conclusion, char-
acterization techniques demonstrated the dispersion of spiramycin
throughout the polymeric chains of PLGA and the preserved phys-
ical stability of PLGA and spiramycin even after the application
of the manufacturing technique of implants. In addition, weak
chemical interactions between spiramycin and PLGA may exist,
such as Van der Walls type links.

The amorphous structure of spiramycin could interfere with
its controlled release from PLGA implants due to its increased
aqueous solubility (Melo et al. 2020). However, polymeric
implants were capable of releasing the amorphous drug in a
controlled manner for 42 consecutive days. PLGA implants
released the spiramycin in a biphasic pattern. During the first
days, implants showed a burst spiramycin release, indicating that
the drug diffused from the surface of the implants. Afterwards,
the spiramycin was slowed released via a complex delivery
mechanism that involved the diffusion of the drug and erosion
of the polymeric matrix. A similar release profile was reported
by Fernandes-Cunha et al. (2016), who demonstrated that PLGA
implants exhibited an initial burst release of the clindamycin
followed by a controlled drug release for a prolonged period.
This similarity of release profiles of clindamycin and spiramycin
from PLGA implants was attributed to the fact that these systems
were manufactured by using the same technique (hot molding
process), drug-loading was equal to 25% (w/w), and the polymer
showed the same morphological modifications after incubation
in the medium. As detected by SEM photomicrographs, before
incubation in PBS (pH 7.4), PLGA implants as appeared to be
a dense mass, in which polymer and drug could not be distin-
guished; after incubation in PBS (pH 7.4), the implants showed
shape deformation, indicating their mass loss, and the surface
was covered by fissures. Finally, the release of spiramycin from
PLGA implants fit best in the Korsmeyer-Peppas mathematical
model with super case II transport mechanism, indicating that
the drug release was dominated by a complex process involving
diffusion, surface erosion, and disentanglement (Sonawane et al.
2016).

After demonstrating the sustained spiramycin release from
PLGA implants, which is essential to constantly expose 7oxo-
plasma gondii, aiming at its elimination in an acute or chronic
ocular lesion, the in vitro biocompatibility of these implantable
devices was investigated against the ARPE-19 cells. In this study,
the precursors of implants, as well as the hydrolytic degradation
products from polymer, were selected to favor ocular biocompat-
ibility (Da Silva et al. 2010). In order to support this expectation
of ocular biocompatibility, ARPE-19 cells were cultured in direct
contact with spiramycin and polymeric by-products released
from PLGA implants. According to the cytotoxicity test, using
MTT assay, ARPE-19 cells were not affected by spiramycin and
polymeric degradation products released from PLGA implants,
suggesting their non-toxicity. This was an important result since
minimal levels of damage in mitochondria and mitophagy could
trigger cell degeneration. Mitophagy is the mitochondria-spe-
cific autophagy by which impaired mitochondria is eliminated
to keep normal cellular functions (Wang et al. 2016). Defects in
ARPE-19 cell functions may result in damage to vision. Ocular
biocompatibility was also investigated regarding the measure-
ment of GO/G1, S, and G2/M phases equivalent to ARPE-19 cell
cycle kinetics. According to the flow cytometry, ARPE-19 cell
cycle progression was not disturbed by spiramycin and polymeric
degradation products released from PLGA implants, indicating
that even under a different environment due to the exposition to
the drug and lactic and glycolic acids, they did not affect cell
proliferation and genome stability (Borland et al. 2018). These
data corroborated those obtained by the cell migration test,
which demonstrated the ARPE-19 cell capacity to migrate after
treated with substances lixiviated from implants. In addition,
these substances did not stimulate cell death by apoptosis, which
is a complex intracellular process orchestrated by hydrolytic

73



ORIGINAL ARTICLES

enzymes, that degrade DNA and cytoskeleton molecules (Verme
et al. 2000). Therefore, spiramycin-loaded PLGA implants did
not disturb the ARPE-19 cells genetically, morphologically, and
biochemically, suggesting their biocompatibility against this cell
population, which plays a vital role in keeping retinal functions.
This study also evaluated the ocular biocompatibility of spiramy-
cin-loaded PLGA implants by using the HET-CAM assay. This can
substitute the Draize eye test since the chorioallantoic membrane
of the chick embryo is similar to the conjunctival tissue of the
anterior segment of rabbit eyes. The membrane shows a complete
tissue, including blood vessels, which respond to damage though
an inflammatory process. To assay with the use of eggs is border-
line between in vitro and in vivo experiments; and ethical approval
is not required (Gupta et al. 2010). Spiramycin and polymeric
by-products from PLGA implants were investigated by applying
this assay; and they showed to be nonirritant, indicating their ocular
tolerability. Therefore, data obtained from the HET-CAM assay
and the other previously attained with ARPE-19 cells evidenced
the non-toxicity of these implants.

Anti-Toxoplasma activity of spiramycin-loaded PLGA implants
was determined by measuring the MTT metabolization by
ARPE-19 cells infected with Toxoplasma gondii. Ocular cells
in direct contact with spiramycin and degradation products
from polymeric implants showed better anti-Toxoplasma
activity than a pure spiramycin solution, suggesting that drug
and lactic and glycolic acids from PLGA exerted synergistic
actions against the intracellular parasites. This hypothesis was
also described by Fernandes-Cunha et al. (2016), who supposed
that clindamycin and the acidity of PLGA degradation products
demonstrated better effectiveness against the Toxoplasma gondii
infecting ARPE-19 cells than pure clindamycin in an aqueous
solution. However, this hypothesis should be further studied.
Finally, spiramycin-loaded PLGA implants showed their potent
activity against Toxoplasma gondii without damaging the
ARPE-19 cells, which demonstrated their selectivity to intra-
ocular parasites.

4. Experimental

4.1. Development of spiramycin-loaded PLGA implants

Spiramycin and PLGA (85:15 Resomer® RG 858 S, Germany) were dissolved in
5 mL of acetonitrile. The resultant mixture was frozen using nitrogen and lyophilized.
The powder was molded into cylindrical implants using a hot plate at approximately
40-45 °C. The spiramycin concentration in PLGA implants was 25% (w/w), which is
equivalent to 0.25 mg per implant. Unloaded PLGA implants were also developed.
Implants were sterilized by exposure to ultraviolet light for 15 minutes (Fernandes-
Cunha et al. 2017).

4.2. Determination of spiramycin content into PLGA implants

The general chapter of the United States Pharmacopoeia was followed (USP
2018). Ten spiramycin-PLGA implants were weighted and the drug into each
implant was assayed by using a High-Performance Liquid Chromatographic
(HPLC) method previously developed and validated. Chromatographic conditions
were: C18 column (150 x 4.6 ODS, 5 um) at 40 °C; 50 mM phosphate buffer
pH 4.26: methanol: acetonitrile (50:35:15) as mobile phase and isocratic elution;
0.8 mL min"' of mobile phase flux; 50 pL of injection volume; detection at
232 nm. The amount of spiramycin was calculated and expressed as the percentage
of the pre-indicated value (0.25 mg). The relative standard deviation was also
calculated (Souza et al. 2018).

4.3. Characterization

4.3.1. Fourier Transform Infrared Spectroscopy (FTIR)

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™ (Melo et al., 2020).

4.3.2. Powder X-Ray Diffraction (XRD)

Powder X-Ray Diffraction (XRD) was recorded using an X-Ray Diffractometer
Shimadzu XRD-7000 (Japan) at 20 °C, 40 kV, 30 mA, and Cu ka radiation at
L = 1,54056 A, a graphite monocromator. Samples mounted into aluminum
sample holders, analyzed at the angle range of 5 up to 35° of 20 with a step size
of 0.02°, at arate of 1.2 s. step™’, using a pollycapilar focus optics, under spinning
of 30 rpm.
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4.3.3. Thermal analysis

Thermal behavior was evaluated by Differential Scanning Calorimetry (DSC) and
Thermogravimetry (TG)/Differential Thermal Analysis (DTA). DSC curves were
obtained in a DSC60 Shimadzu cell, calibrated with Indium (melting point: Tonset =
156.63 °C, AHfus = 28.45 J.g"') under dynamic N, atmosphere, at 50 mL min"', heating
rate of 10 °C min’', from 30 to 400 °C, in closed aluminum crucible and sample mass
accurately at about 1.5 mg. Thermal phenomena were described by “Tonset ” in °C
and enthalpy in J g"'. TG/DTA curves were obtained by using a Shimadzu DTG60
thermobalance with a heating rate of 10 °C min", from 30 up to 600 °C, dynamic N,
atmosphere at 50 mL min™, in an alumina crucible and mass of sample accurately
weighted (approximately 2.5 mg) (Melo et al. 2020).

4.3.4. Scanning Electron Microscopy (SEM)

Implants recently produced and submitted to simulated ocular physiological condi-
tions for 60 days were analyzed by using SEM. SEM was performed using a JEOL
microscope (model JSM — 6360LV) operating at 15 kV. Implants were fractured and
mounted on aluminum stubs using double-sided adhesive tape. Prior to microscopical
examination, implants were sputter-coated with a gold layer under argon atmosphere
using a sputter apparatus (Balzers Union SCD 040 unit, Germany). Implant surfaces
were viewed at 100x and 1000x magnifications; and images were transferred to the
computer by means of a Digital Image Transference Interface (DITI). Photomicro-
graphs were adjusted using the software Adobe Photoshop 6.0 and Adobe Illustrator
9.01 (Adobe Systems Incorporated, 2000, USA).

4.4. Invitro release of spiramycin from PLGA implants

In-vitro release of spiramycin was carried out under sink conditions during 60 days.
Spiramycin-loaded PLGA implants were immersed in different tubes containing 11.5
mL of phosphate buffer solution (PBS, pH =7.4) (n = 5). These tubes were incubated
at 37 °C and 30 rpm. At predetermined intervals, the release medium was collected and
completely renewed with fresh PBS. The amount of spiramycin released from each
implant was quantified by a HPLC method. The release profile was evaluated as the
cumulative percentage of spiramycin delivered from PLGA implants in the medium.
Higuchi, zero order, first order, and Korsmeyer-Peppas mathematical models were
applied to evaluate the kinetic profile of spiramycin released from PLGA implants
(Fernandes-Cunha et al. 2017).

4.5. In vitro biocompatibility study
4.5.1. ARPE-19 cell culture

ARPE-19 cells, an established but no immortalized human RPE cell line, were grown
in Dulbecco’s Modified Eagle’s Medium and Ham’s F12 medium (DMEM/F12 Gibco
BRL, USA) with 10% fetal bovine serum (FBS Gibco BRL, USA) in a 37 °C humid-
ified atmosphere of 5% CO, and 95% air (Da Silva et al. 2015).

4.5.2. Cytotoxicity of spiramycin released from PLGA implants

After 48 hours in culture, the medium was aspirated, and ARPE-19 cells in contact
with the spiramycin and polymeric by-products released from PLGA implants for
4 and 8 days and control TCPS were rinsed with phosphate-buffered saline (PBS).
ARPE-19 cells were incubated with 150 pL of 3-[4,5-dimethylthiazol-2-yl]-2,5-di-
phenyltetrazolium bromide (MTT) (I mg mL" in PBS) (Sigma Chemical, USA).
After 3 hours of incubation, cells were lysed with 100 uL of isopropanol and absor-
bance values were measured at 570 nm versus 630 nm using a microplate reader
(BioRad, USA). The mean absorbance on the control was set as 100%, while the mean
absorbance + standard deviation obtained with cells in contact with spiramycin and
polymeric degradation products was calculated as a percentage of the control. Data
were shown as a histogram (Da Silva et al. 2015).

4.5.3. Cell cycle kinetic

5 x 10° ARPE-19 cells were seeded into 12-well plates. After 24 hours, cells were
treated with spiramycin and polymeric by-products released from PLGA implants
for 4 and 8 days. After 48 hours of treatment, the supernatant was collected and cells
were detached using trypsin. They were centrifuged at 1000 rpm for 10 minutes.
The sediment was fixed with 70% ethanol and maintained at -20 °C for 12 hours
(Brassesco et al. 2013). Subsequently, cells were washed, resuspended in 200 uL
of labeling solution (0.0914 g of magnesium chloride; 0.0774 g of sodium citrate;
0.04766 g of HEPES; 10 uL of Triton-X, 0.5 mL of propidium iodide, and 9490 mL
of water (Galbraith et al. 1983), placed on ice and protected from light for at least 30
minutes. Percentages of cells in the GO/G1, S and G2/M phases were measured using
flow cytometry (BD FACSCalibur) and analyzed using FlowJo® software. Data from
30,000 cells were collected in each file and experiments were conducted in triplicate.

4.5.4. Cell migration (in vitro wound-healing assay)

Cells were seeded onto six-well culture plates (10° cells/well) and cultured during
24 h. Cell monolayer was scraped with a sterile 200-uL pipette tip to create a wound.
Then, cells were washed and treated with spiramycin and polymeric by-products
released from PLGA implants for 4 and 8 days (medium serum-free). After 48 h of
treatment, cell migration was observed and images were captured at 0, 48 and 72 h
with an inverted microscope. Quantification of cell motility was performed using the
software Image] measuring the distance between the invading front of cells in three
random selected microscopic fields for each condition (Géndara et al. 2014).
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4.6. Hen’s egg test-chorioallantoic membrane (HET-CAM) irritation test

Fertilized hen’s eggs were purchased from a poultry farm (Alimentos Rivelli, Brazil).
Collected hen’s eggs were incubated at 37+0.5 °C and 40+4% relative humidity for
10 days. Eggs were turned every day during incubation but were left in a horizontal
position for several minutes to assure that the embryo was properly positioned. On
day 10, each egg was opened by cracking the underside of the egg against the edge
of a plastic Petri dish (Alany et al. 2006). CAM was exposed and samples were
placed directly onto the CAM’s surface (n = 6 for each sample). After 20 seconds,
samples were discarded and the CAM was carefully washed with HEPES buffer (pH
7.4) to ensure the total removal of the tested substance. CAM was visually observed
for 5 minutes (0.5, 2 and 5 minutes) regarding the appearing of any of the following
phenomena: hyperemia, hemorrhage, and coagulation (Sa et al. 2015). Samples
were PBS pH 7.4 (negative control), 0.1 mol/L sodium hydroxide solution (positive
control), spiramycin and polymeric by-products released from PLGA implants for
4 and 8 days.

4.7. Anti-Toxoplasma activity

Approximately 5 x 10* ARPE-19 cells were seeded in 24-well tissue culture plates
24 h before the assay. Cells in DMEM/F-12 medium were infected with tachyzoites
from the virulent RH strain of Toxoplasma gondii using a 5:1 parasite — host cell
ratio according to a host cell count on the day of infection. Plates were gently
centrifuged (1000 rpm for 2 min) to allow immediate contact of tachyzoites with
host cells. Tachyzoites were allowed to interact for 1 h, cell monolayer was washed
twice with PBS to remove non-adhered parasites and 1 mL of the basal medium was
added to each well. Different treatments were added to infected cells in triplicate and
corresponded to spiramycin aqueous solution at 0.25 mg, spiramycin and polymeric
by-products released from PLGA implants for 4 and 8 days. After 24 h, the medium
was removed and 170 uL of MTT solution (5 mg mL™") and 210 pL of new basal
medium were added to each well. Two hours later, formazan crystals were dissolved
with 210 pL of SDS-10% in HCI. After 18 h, 100 uL of solution was transferred to
a 96-well plate, and the optical density was measured at 595 nm. Cells not infected
with tachyzoites were subjected to the same procedure, as a control. Cell death control
was assayed by culturing cells/tachyzoites with staurosporine (200 pM) (Fernandes-
Cunha et al. 2016).

4.8. Statistical analysis

Results were expressed as meanzstandard deviation. Data were tested for normality
and investigated for statistical significance using one-way analysis of variance
(ANOVA), when appropriate. A p-value of less than 0.05 was considered significant.
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