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Electron beam sterilization of implantable rods
with risperidone and with 17-f-estradiol:
a structural, thermal and morphology study
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Purpose: Poly(L-lactide-co-glycolide-co-trimethylene carbonate) rods with risperidone and 17-f-estradiol were sterilized by electron
beam irradiation. The aim of the study was to assess electron beam irradiation impact on terpolymer composition, chain microstructure, glass
transition temperature, molecular weight and the morphological features of rods. Methods: Hot melt extrusion in the formulation of rods was
applied. Sterilization of the rods was performed by electron beam in an electron beam accelerator (10 MeV, 360 mA, 25 kGy). The following
methods in the development of rods were applied: nuclear magnetic resonance, differential scanning calorimetry, gel permeation chromatog-
raphy and scanning electron microscopy. Results: Sterilization influenced only glass transition temperature in blind rods and rods with ris-
peridone. As for the other parameters, no significant changes were observed as far as a sterilization effect is concerned. However, some
changes were noted after introducing drug substances and after extrusion. Conclusions: Electron beam irradiation of rods with risperidone
and rods with 17-f-estradiol is an adequate method for sterilizing implantable drug delivery systems.
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1. Introduction

Schizophrenia is one of several neuropsychiatric
disorders that manifest a complex of syndromes, e.g.,
positive, negative and cognitive deficits. In the last six
decades, intensive progress was observed in this area
in both pharmacotherapy and drug technology.

The introduction of typical neuroleptics, i.e., chlor-
promazine and haloperidol, was a significant break-
through in the treatment of schizophrenia, and many
novel drug substances have been developed since then.
Currently, atypical neuroleptics, such as risperidone
(RSP), are the most commonly used to treat the symp-
toms of schizophrenia.

It is known that schizophrenia is also considered to
be a neurodegenerative disease. Previously, it was

proved that 17-f-estradiol (E2) possesses neuroprotec-
tive properties against Parkinson’s and Alzheimer’s
disease. E2 inhibits dopamine action, improves neu-
ronal regeneration, neuroplasticity and cognitive func-
tions. However, RSP may reduce the level of endoge-
nous E2 [12]. For these reasons, a complex therapy
with RSP and E2 should be considered.

Nowadays, RSP is administered via various oral
formulations like solutions, tablets, disintegrating tab-
lets and by intramuscular microparticles as an aqueous
injection. However, novel propositions of the solid
implantable drug delivery systems with RSP are also
developed [27], [28]. According to the literature data,
poly(lactide-co-glycolide) (PLGA) copolymers are the
most often proposed as carriers for prolonged RSP
release [1]. Many issues should be solved at the stage
of formulation design [11], [13], [26], and one of them
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is sterilization of the drug carrier. Beta irradiation
(electron beam (EB)) and gamma irradiation are the
routine sterilization methods of PLGA copolymers
[7]. It is worth noting that EB processing is charac-
terized by a low exposure time (less than 1 min) and
a high dose rate and low penetration. Gamma sterili-
zation, on the other hand, is connected with a longer
exposure time (624 h), a lower dose rate and higher
penetration [4], [7], [25] than EB sterilization.

According to the literature, the irradiation process
may significantly influence the properties of the drug
formulations and medical devices based on polymers
(composition, chain microstructure, thermal properties,
molecular weight (M,) and morphology) [4], [17], [19],
[23]. Changes in polymer features occurring during
irradiation may be the result of the cross-linking and
chain scission [5], [7], [9], [14], [16], [21], [24], [30].

It should be noted that EB or gamma irradiation is
also routinely applied to sterile drug substances (e.g.,
E2 and RSP) and medicinal products (e.g., Rispolept
Consta®, Risperdal Consta® with RSP) to keep
maintained stability and biological activity [18], [29].

The aim of this study was to assess the EB irra-
diation impact on terpolymer composition, chain
microstructure, glass transition temperature (75), M,
and morphology of poly(L-lactide-co-glycolide-co-
trimethylene carbonate) (P(L-LA:GA:TMC)) extruded
rods with RSP (P(L-LA:GA:TMC)-RSP) and rods with
E2 (P-(L-LA:GA:TMC)-E2).

2. Materials and methods

2.1. Terpolymer

P(L-LA:GA:TMC) (57:19:24) (59000 Da) was syn-
thesized in bulk with the use of a low-toxic initiator
zirconium (IV) acetylacetonate (Sigma-Aldrich) at the
Centre of Polymer and Carbon Materials of the Polish
Academy of Sciences in Zabrze, according to previ-
ously developed method [3].

2.2. Extrusion process

P(L-LA:GA:TMC) was used to prepare three kinds
of rods: (i) a P(L-LA:GA:TMC) rod, (ii) a P(L-LA:
GA:TMC) rod with 10% w/w of RSP (Teva, Kutno)
(P(L-LA:GA:TMC)-RSP) and (iii) a P(L-LA:GA:TMC)
rod with 10% w/w of E2 (Sigma, USA) (P-(L-LA:GA:
TMC)-E2) by hot melt extrusion. Before the process, the
terpolymer was dried under a vacuum and subjected to

grinding at a temperature of —196 °C in a cryogenic mill
(6870 SPEX, USA). E2 or RSP was mixed with milled
raw terpolymer. The mixtures were vortexed and fed to
an extruder cylinder heated to 105 °C. This process was
carried out in a co-rotating twin screw extruder (Minilab,
Thermo-Haake, GE) using a plasticizing screw rotational
speed of 20 rpm. The molten mixture was extruded
through a 0.7 mm diameter die. The molded rods were
received on a chilled roll. Afterwards, rods 1 mm in
diameter and 10 mm long were formulated.

2.3. Sterilization process

Sterilization of the rods was performed by electron
beam in an EB accelerator (10 MeV, 360 mA, 25 kGy).
The process was conducted at the Institute of Nuclear
Chemistry and Technology at the Radiation Research
and Technology Center (Certificate No. 625/2017/E).

2.4. Terpolymer composition
and chain microstructure study

The composition and chain microstructure study
were determined by nuclear magnetic resonance spec-
troscopy (NMR). Spectra were recorded using a Bruker-
-Avance II Ultrashield Plus spectrometer operating at
600 MHz ('H) and 150 MHz (**C) using DMSO-d6 as
a solvent, with a 5 mm sample tube. '"H NMR spectra
were obtained with 32 scans, 11 ps pulse width and
2.65 s acquisition time. *C NMR spectra were obtained
with 20 000 scans, 9.4 us pulse width and 0.9 s acqui-
sition time. Signals observed in 'H and °C NMR spec-
tra were assigned to appropriate sequences in the poly-
mer chain. The molar percentages of lactidyl (Fy;),
glycolidyl (Fs) and carbonate (Fryc) units as well as
the average length of lactidyl (/;1), glycolidyl (/g¢) and
carbonate (Iryc) blocks were calculated according to
a previously described procedure [8].

2.5. Thermal study

The study of the thermal properties of the analyzed
rods was carried out by the differential scanning calo-
rimetry (DSC) method. The measurements were per-
formed with a TA DSC 2010 apparatus (TA Instru-
ments, New Castle, DE) calibrated using standards of
indium and gallium with high purity and worked un-
der a nitrogen atmosphere (a flow rate of 50 ml/min).
The rod samples were heated to 190 °C during the
first heating run, then the melted samples were rapidly
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cooled to =30 °C. During the second heating run, the
rods were heated within a range of —30 °C to 190 °C.
The 7, was determined as the midpoint of the heat
capacity change of the amorphous sample from the sec-
ond heating run. DSC measurements were performed
according to previously described procedure [28].

2.6. Molecular weight
and molecular weight distribution study

M, and molecular weight distribution (D) of the
samples were determined by gel permeation chromato-
graphy (GPC) using a Viscotek Rimax chromatograph
with two Viscotek 3580 columns and a Shodex SE 61
detector. The process was performed with a flow rate of
1 ml/min and with chloroform used as a solvent. The M,
value was calibrated with polystyrene standards.

2.7. Morphology study

The surface and cross-section of the rods were
characterized by scanning electron microscopy (SEM)
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(Quanta 250 FEG, FEI Company, USA) operating
under low vacuum conditions (80Pa) and an accelera-
tion voltage of 5 kV from secondary electrons col-
lected by a large field detector.

Heterogeneity, circularity and solidity of the struc-
tures were developed by using software Image]® version
1.49¢ (National Institutes of Health, Bethesda, MD,
USA). Appropriate magnification of the SEM images
was a length scale calibrated to a known distance and
converted to binary. Solidity (value of the monolithic
area), circularity (a value of 1.0 indicates a perfect circle)
and heterogeneity (percentage of the elevation area com-
pared to the total area) were determined.

3. Results

3.1. Terpolymer composition
and chain microstructure changes

Figures 1 and 2 present the '"H NMR spectrum and
'2C NMR spectrum, respectively. In Table 1 the NMR
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Fig. 1. "H NMR spectra of the P(L-LA:GA:TMC) rod, EB-sterilized P(L-LA:GA:TMC) rod, P(L-LA:GA:TMC)-RSP rod,

EB-sterilized P(L-LA:GA:TMC)-RSP rod, P(L-LA:GA:TMC)-E2 rod and EB-sterilized P(L-LA:GA:TMC)-E2 rod (600 MHz, DMSO-d6).

1 — Methine proton region of the lactidyl units CH; 2 — methylene proton region of the glycolidyl units CH,;
3 — methylene proton region of the carbonate units (3) CH,
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Fig. 2. *C NMR spectra of the P(L-LA:GA:TMC) rod, EB-sterilized P(L-LA:GA:TMC) rod, P(L-LA:GA:TMC)-RSP rod,
EB-sterilized P(L-LA:GA:TMC)-RSP rod, P(L-LA:GA:TMC)-E2 rod and EB-sterilized P(L-LA:GA:TMC)-E2 rod (150 MHz, DMSO-d6).
5-GLLT+GLLLT, 6-TLLLL+LLLLT, 7-LLLL, 8-LLGG, 9-GLG, 10-TT’G+GGT’GG+TGT GG, 11-GGTT, 12-GGT’GT+GT GT,
13-GGT'GT+TT'L+LTT’, 14-TT'T+TTT'+TT"G, 15-TT'GG, 17-TGT+TGGL+TGGT, 18-LGGGT+TGGGT+GGGGT,
19-TT'L+LT'T, 20-LT'L+LT"L, 21-GGT'T, 22-GGT"GT+GGT"GG, 23-TGT"GG+TGT'GT,
24-TGGGG+TTGG, 25-TGGT, 26-GGLL, 27-GGGG

Table 1. Composition and chain microstructure of the P(L-LA:GA:TMC) rod, EB-sterilized P(L-LA:GA:TMC) rod,
P(L-LA:GA:TMC)-RSP rod, EB-sterilized P(L-LA:GA:TMC)-RSP rod, P(L-LA:GA:TMC)-E2 rod
and EB-sterilized P(L-LA:GA:TMC)-E2 rod

Rod Fr; [mol%] | Fgg [mol%] | Frye [mol%] I lge lrvie
P(L-LA:GA:TMC) 57.3 18.2 24.5 4.5 1.1 1.5
EB-sterilized P(L-LA:GA:TMC) 57.0 18.2 24.7 43 1.1 1.5
P(L-LA:GA:TMC)-RSP 57.6 18.2 24.23 4.5 1.1 1.5
EB-sterilized P(L-LA:GA:TMC)-RSP 57.4 18.2 24.7 44 1.1 1.5
P(L-LA:GA:TMC)-E2 58.0 17.7 243 4.5 1.1 1.5
EB-sterilized P(L-LA:GA:TMC)-E2 57.5 17.6 24.9 4.4 1.1 1.5

F;; — molar percentage of lactidyl units in terpolymer, Fgg — molar percentage of glycolidyl units in terpolymer,
Fryc — molar percentage of carbonate units in terpolymer, /;; — average length of lactidyl blocks, /;; — average length of
glycolidyl blocks, /7,c — average length of carbonate blocks.

parameters, i.e., terpolymer composition (Fi;, Fge, 3.2. Thermal properties study
Fryc) and chain microstructure (/;;, lgs, Iruc) are

shown. The analyses of the spectra and data revealed
no significant changes as a result of the presence of The P(L-LA:GA:TMC) rods shows T, at 40.7 °C.
drug substances and EB sterilization. The introduction of both RSP and E2 into the rods did
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not significantly influence changes in these parame-
ters, i.e., 40.5 °C and 41.0 °C, respectively.
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Fig. 3. DSC second heating run curves of the P(L-LA:GA:TMC) rod,
EB-sterilized P(L-LA:GA:TMC) rod, P(L-LA:GA:TMC)-RSP rod,
EB-sterilized P(L-LA:GA:TMC)-RSP rod,
P(L-LA:GA:TMC)-E2 rod
and EB-sterilized P(L-LA:GA:TMC)-E2 rod

In turn, EB sterilization resulted in a decrease in T,
for the blind rods and rods with RSP, i.e., 37.1 °C and
37.5 °C, respectively. Sterilization of rods with E2 did
not influence Ty significantly (Fig. 3).

3.3. Molecular weight
and molecular weight distribution study

The addition of RSP to P(L-LA:GA:TMC) re-
vealed a decrease in M, i.e., 52%. No changes were
observed for rods with E2. The sterilization process
did not significantly influence M, and D for any of the
rods (Table 2).

Table 2. Molecular weight and molecular weight distribution
of the P(L-LA:GA:TMC) rod, EB-sterilized P(L-LA:GA:TMC) rod,
P(L-LA:GA:TMC)-RSP rod, EB-sterilized P(L-LA:GA:TMC)-RSP

rod, P(L-LA:GA:TMC)-E2 rod
and EB-sterilized P(L-LA:GA:TMC)-E2 rod

Rod M, [kDa] D
P(L-LA:GA:TMC) 45.5 22
EB-sterilized P(L-LA:GA:TMC) 45.1 2.0
P(L-LA:GA:TMC)-RSP 23.7 22
EB-sterilized P(L-LA:GA:TMC)-RSP 23.3 2.4
P(L-LA:GA:TMC)-E2 45.8 1.9
EB-sterilized P(L-LA:GA:TMC)-E2 45.5 2.0

M, — molecular weight (kDa), D — molecular weight distribu-
tion.

3.4. Morphology study

The surface of P(L-LA:GA:TMC) rods, P(L-LA:GA:
TMC)-RSP rods and P(L-LA:GA:TMC)-E2 rods re-
vealed no porosity. Circularity was in the range of
0.010-0.014. RSP and E2 loading resulted in no changes
of this parameter. Solidity also showed no differences.
However, the presence of RSP and E2 resulted in an
increase in surface heterogeneity, i.e., 14.4% and 14.2%,
respectively. EB sterilization did not influence the
above-mentioned parameters (Fig. 4, Table 3).

The cross-sections of the P(L-LA:GA:TMC) rods,
P(L-LA:GA:TMC)-RSP rods and P(L-LA:GA:TMC)-E2
rods also showed no porosity. Circularity was in the
range of 0.003-0.051. RSP and E2 loading resulted in
insignificant changes. Solidity did not show any differ-
ences. However, the presence of RSP and E2 resulted in
an increase in surface heterogeneity, i.e., 36.25% and
36.51%, respectively. EB sterilization did not influence
the above-mentioned parameters (Fig. 4, Table 4).

4. Discussion

4.1. Terpolymer composition
and chain microstructure changes

Terpolymer composition and chain microstructure
are important factors that affect the degradation rate of
drug carriers, including PLGA copolymers and other
aliphatic polyesters [27], [29].

In this study, the analyses of "H NMR spectra and
'C NMR spectra revealed no significant changes in
the composition and chain microstructures of all kinds
of EB-processed rods (Figs. 1 and 2, Table 1).

This issue has been briefly developed and discussed
in the literature. Only Plikk and co-workers pointed to
the influence of EB sterilization (25 kGy) on the compo-
sition and chain microstructure of scaffolds based on
various kinds of copolymers, i.e., (i) 1,5-dioxepan-2-one
(DXO): L-lactide (L-LA), (i) DXO: e-caprolactone (CL)
and (iii) L-LA: CL with various contents of co-mono-
mers. The composition changes after EB irradiation for
co-polymers with a higher content of lactide, an increase
in /;; and decrease in [ were noted for the analyzed
copolymers [21]. It is difficult to expect significant
changes when sterilization is the last stage of processing.
Therefore, the changes may be due to another back-
ground. In this study, no significant changes were ob-
served in terpolymer composition and chain microstruc-
ture (Table 1), which was in line with expectations.



44

J. WILINSKA et al.

Surface Cross-section

Fig. 4. SEM images of the P(L-LA:GA:TMC) rod (1a—1d), EB-sterilized-P(L-LA:GA:TMC) rod (2a-2d),
P(L-LA:GA:TMC)-RSP rod (3a—3d), EB-sterilized-P(L-LA:GA:TMC)-RSP rod (4a—4d),
P(L-LA:GA:TMC)-E2 rod (5a—5d), EB-sterilized-P(L-LA:GA:TMC)-E2 rod (6a—6d)
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Table 3. Circularity, solidity and heterogeneity of surfaces of the P(L-LA:GA:TMC) rod (magnification 1036x),
EB-sterilized P(L-LA:GA:TMC) rod (magnification 1130x), P(L-LA:GA:TMC)-RSP rod (magnification 196x),
EB-sterilized P(L-LA:GA:TMC)-RSP rod (magnification 1006x), P(L-LA:GA:TMC)-E2 rod (magnification 598x)

and EB-sterilized P(L-LA:GA:TMC)-E2 rod (magnification 734x), as calculated by Imagel®

Rods Area [um] Circularity Solidity | Heterogeneity [%]
P(L-LA:GA:TMC) 15347.8 0.014 0.91 32.8
EB-sterilized P(L-LA:GA:TMC) 2070.3 0.083 0.87 34.8
P(L-LA:GA:TMC)-RSP 19177.5 0.017 0.89 47.2
EB-sterilized P(L-LA:GA:TMC)-RSP 18135.5 0.054 0.86 48.0
P(L-LA:GA:TMC)-E2 4910.3 0.010 0.91 47.0
EB-sterilized P(L-LA:GA:TMC)-E2 2797.9 0.002 0.91 473

Area — total area of image after set scale; Circularity — a value of 1.0 indicates a perfect circle; Solidity
— value of the monolithic area; Heterogeneity — percentage of the elevation area compared to the total area.

Table 4. Circularity, solidity and heterogeneity of cross-sections of the P(L-LA:GA:TMC) rod (magnification 1131x),
EB-sterilized P(L-LA:GA:TMC) rod (magnification 1131x), P(L-LA:GA:TMC)-RSP rod (magnification 1037x),
EB-sterilized P(L-LA:GA:TMC)-RSP rod (magnification 1131x), P(L-LA:GA:TMC)-E2 rod (magnification 1037x)

and EB-sterilized P(L-LA:GA:TMC)-E2 rod (magnification 1037x), as calculated by ImageJ®

Rod Area [um] Circularity Solidity | Heterogeneity [%]
P(L-LA:GA:TMC) 35611.1 0.032 0.89 13.9
EB-sterilized-P(L-LA:GA:TMC) 34883.9 0.048 0.90 13.8
P(L-LA:GA:TMC)-RSP 3845.8 0.003 0.85 36.3
EB-sterilized-P(L-LA:GA:TMC)-RSP 7371.6 0.012 0.89 36.5
P(L-LA:GA:TMC)-E2 37481.2 0.051 0.84 39.2
EB-sterilized-P(L-LA:GA:TMC)-E2 645.7 0.010 0.89 40.4

Area — total area of image after set scale, Circularity — a value of 1.0 indicates a perfect circle, Solidity
— value of the monolithic area, Heterogeneity — percentage of the elevation area compared to the total area.

4.2. Thermal properties

The analyses of 7, for P(L-LA:GA:TMC) rods,
P(L-LA:GA:TMC)-RSP rods and P(L-LA:GA:TMC)-E2
rods pointed to the lack of either antiplastification or
plastification effects caused by the presence of the
drug substances. A decrease in T, for the blind rods
and rods with RSP as a sterilization effect was also
observed (Fig. 3). According to the literature data, this
effect may be related to chain scission [7], [16], [22],
[23]. It is known that the value of 7, for drug carriers
should be higher than the body temperature because of
the transition from a vitreous to an elastic state [8],
which was shown in this study.

Additionally, the lack of any significant changes
after sterilization for rods with E2 may result from E2’s
properties. It may suggest that E2 protects the polymer
chains against radiolysis via free radical scavenger
properties. The same effect was also revealed by Mohrr
and co-workers in a study on D,L-PLGA (75:25) mi-
croparticles with E2 sterilized by gamma irradiation
[18]. This phenomenon was also confirmed in bio-
chemical studies in other areas [15].

On the other hand, the lack of any significant
changes in 7, in the case of rods with E2 may have also
resulted from terpolymer cross-linking or the presence
of E2-terpolymer interactions. However, a decrease
in 7, was observed for blind rods, therefore a significant
cross-linking effect is not possible. Moreover, the lack
of interactions between E2 and P(L-LA:GA:TMC)
was shown by the transmission technique of Fourier-
-transform infrared spectroscopy as previously de-
scribed [30]. Therefore, the lack of a T, decrease
may have resulted from E2’s antioxidant properties.
Moreover this data reflected previous study on ther-
mal properties of EB-sterilized P(L-LA:GA:TMC)
matrices [23].

4.3. Molecular weight
and molecular weight distribution study

In this study, a significant decrease was revealed
in M, in rods with RSP (Table 2). This effect resulted
from thermal degradation during hot melt extrusion.
According to the literature data, significant decrease
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in M,, which may be caused by the presence of mois-
ture and oxygen, the formulation temperature and
period residence of the polymer in the extruder, the
shear stress exerted on the polymer, random chain
scission and the autocatalytic degradation process [6],
[27] was noted.

For rods with E2, no decrease in M, was revealed
(Table 2), which may have resulted from the free radi-
cal scavenger properties of E2 [3], [15], as described
in the section with thermal properties.

In this study, the sterilization process did not have
an influence on M, (Table 2). The influence of EB ster-
ilization on the M, of PLGA, poly(trimethylene car-
bonate) (PTMC) or poly(e-caprolactone) (PCL) was
relatively well developed. Chain scission and cross-
-linking may take place during this process and result in
either a decrease or increase in M,, respectively [7],
[10], [20], [22], [24]. However, these results did not
reflect previously study on P(L-LA:GA:TMC) matri-
ces, in which a decrease of M, was observed. This
effect might result from formulation, shape and mate-
rial composition [23]. The lack of M, changes may
result from the balance of these phenomena or from
a non-significant impact of the applied dose.

4.4. Morphology study

The loading of RSP and E2 influenced an increase
in rod heterogeneity (Fig. 4, Tables 3 and 4). This was
shown in a previous study, in which changes in the mor-
phology of wafers and rods were noted [8], [29]. Other
parameters, e.g., circularity and solidity, remained at the
same level.

According to the literature data, structure disinte-
gration, pores and cracks, microcavities and deforma-
tion as a result of high energy action and radiolysis
during EB sterilization were observed [2], [5], [9], [23].
In this study, no changes in morphology as a result of
EB irradiation were revealed. These results were also
presented in a study by Cairns and co-workers [2]
who revealed the lack of morphological changes of
P(L-LA) sheets after EB irradiation at 150 kGy and
500 kGy. This may suggest the possibility of applying
higher doses for rods based on P(L-LA:GA:TMC) if
necessary.

5. Conclusions

In summary, EB sterilization (25 kGy) of P(L-
LA:GA:TMC) rods with RSP and E2 revealed insig-

nificant changes in tested properties. A decrease was
noted only for 7,. However, the values of T, did not
decrease below body temperature, which may aggra-
vate the quality of the medicinal product. Moreover,
negligible changes in polymer composition, chain
microstructure, M, and morphological features were
noted. Therefore, EB sterilization is an adequate
method in the processing of rods with RSP and E2
based on P(L-LA:GA:TMC).
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