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A B S T R A C T

Risperidone is applied in oral dosage formulations in the treatment of mental diseases. Current trends point
toward parenteral delivery systems based on poly(lactide-co-glycolide), with wafers or rods being the more
attractive option than the routinely used intramuscular suspension with microparticles. The aim of our work was
to study the utility of solution casting and hot melt extrusion in the formulation of wafers and rods with ris-
peridone based on terpolymers, namely poly(lactide-co-glycolide-co-trimethylene carbonate) and poly(lactide-
co-glycolide-co-ε-caprolactone). Synthesis of the terpolymers was carried out by using a non-toxic zirconium
initiator and a racemic (LL/DD) or optically active form of the lactide monomer. The delivery systems were
analyzed by NMR, DSC, GPC, and SEM. The release profile was monitored by HPLC. Terpolymer chain micro-
structure, glass transition temperature, and morphology revealed unchanged values after formulation. Solution
casting resulted in a drop in molecular weight to a smaller degree than hot melt extrusion. The presence of
risperidone influenced another decrease in molecular weight. Both methods are adequate for the formulation of
delivery systems based on terpolymers for prolonged release of risperidone. An adequate selection of monomer
composition in terpolymers allows to control the release period. Risperidone was released in three phases,
however, the burst effect was observed for poly(L-lactide-co-glycolide-co-ε-caprolactone).

1. Introduction

Risperidone (RSP) is administered via solutions, oral tablets, and
orally disintegrating tablets in the treatment of mental diseases.
However, current trends point toward the development of parenteral
formulations which are characterized by prolonged release. Only one
medicinal product with long-acting RSP has been available on the
market in the form of intramuscular poly(D,L-lactide-co-glycolide)
(D,L-PLGA) 75:25 microparticles that are obtained by the encapsulation
method and administered as an aqueous suspension (EMEA, 2017;
Harrison and Goa, 2004). Other microparticles are also being developed
and optimized based on the other copolymers of lactide (LA) and gly-
colide (GA) with various contents of comonomeric units, i.e., mainly in
the range of 50:50–85:15, and with a different configuration of LA

(Acharya et al., 2010; An et al., 2016; D’Souza et al., 2014a,b; Hu et al.,
2011; Jafarifar et al., 2016; Selmin et al., 2012; Shen et al., 2016; Song
et al., 2014; Su et al., 2009; Tian et al., 2014; Wang et al., 2002). The
latest data in the literature show that PLGA microparticles may ensure
prolonged release of RSP, i.e., between 20 and 50 days (Acharya et al.,
2010; D’Souza et al., 2013, 2014a; Lu et al., 2014; Selmin et al., 2012;
Shen et al., 2015; Su et al., 2009). Yet they are administered as an
aqueous suspension, which may cause pain (Fleischhacker et al., 2003;
Martin et al., 2003). The microparticles may generate a significant burst
effect because of their surface size, according to the general rule that
the smaller the particles are, the faster the release will be. Moreover,
the microparticles cannot be removed if any side effects appear.

Solid formulations such as wafers and rods that can be administered
cutaneously, subcutaneously, or intramuscularly are a more attractive
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option than intramuscular suspensions with microparticles because of
the special precautions that need to be taken on a step-by-step basis
when they are handled in order to ensure successful administration
(EMEA, 2017). Wafers and rods additionally allow for invasiveness
reduction and removal in case there are any side effects. Also, a greater
amount of drug substance can be introduced into wafers and rods,
which ensures longer action.

Three aspects are significantly important in the design of pharma-
ceutical formulations. These are: (i) features of the drug substance, (ii)
features of the drug carrier, and (iii) the obtaining process. Generally,
RSP is well known as a drug substance, and its mechanisms of action
and pharmacodynamics (Janssen et al., 1988; Megens et al., 1988), side
effects (Borison et al., 1992; Hillert et al., 1992), and both physical and
chemical properties (An et al., 2016; Weng et al., 2016) are known.
Therefore, RSP is an adequate substance for developing drug delivery
systems for prolonged action.

Further development of a drug delivery system for RSP also involves
the use of novel materials. In this study, terpolymers based on LA with
different configurations, GA, trimethylene carbonate (TMC), or ε-ca-
prolactone (CL) were applied. These materials’ mechanical properties
were the subject of a previous study. The tests showed that scaffolds
based on pointed terpolymers for the treatment of large bone defects
using a minimally invasive surgery approach preserved optimal me-
chanical properties (Rychter et al., 2015). It was also shown that the
presence of a drug substance (e.g., sirolimus 7%-wt) had no influence
on the mechanical properties (Jaworska et al., 2015).

The terpolymers applied above allowed to modify and prolong the
release profile in comparison to routinely used PLGA copolymers which
degrade in bulk. Conversely, poly(TMC) undergoes surface erosion
(Turek et al., 2016), and commercial long-acting RSP based on D,L-
PLGA 75:25 releases the drug substance for only 7–8weeks (EMEA,
2017).

In mental disease, treatment lasts a lifetime; therefore aspects of the
biocompatibility and biodegradability of polymer drug carriers are
significantly important. In this study, terpolymers were synthesized
using a low-toxic initiator of polymerization, namely zirconium (IV)
acetylacetonate (Zr(Acac)4), which ensured lower tissue irritation in
comparison to commercially available polymers obtained using stan-
nous compounds as initiators. This aspect of the proposed terpolymers
was also described previously (Czajkowska et al., 2005; Orchel et al.,
2013; Rychter et al., 2015; Zini et al., 2007).

Another important issue in pharmaceutical manufacture is opti-
mizing the formulation conditions, and various methods can be used to
obtain drug delivery systems. The formulation process should not sig-
nificantly influence the properties of either the drug substance or the
polymer carrier. Encapsulation is used as a formulation method for
commercial medicinal products with microparticles containing RSP,
although this method requires large amounts of the solvent. There is
also often an aqueous solution that may change the properties of the
drug substances and the aliphatic polyesters and polycarbonates (Chen
et al., 2014; Fredenberg et al., 2011; Selmin et al., 2012). Solid phar-
maceutical formulations such as wafers and rods obtained by solution
casting (SC) and hot melt extrusion (HME) may either decrease or
eliminate the solvents, and they are currently the most often applied
methods (Cicero and Dorgan, 2001; Gogolewski et al., 1993; Jelonek
et al., 2011; Kasperczyk et al., 2009; Li et al., 2013a,b; Ma and McHugh,
2010; Manson and Dixon, 2012; Nuutinen et al., 2002; Rattanakit et al.,
2012; Ro et al., 2012; Rothen-Weinhold et al., 1997, 1999; Simpson
et al., 2015; Turek et al., 2010, 2013, 2015, 2016; Yen et al., 2009;
Yuan et al., 2001). SC is often used in preliminary studies for its sim-
plicity, low cost, and possibility of avoiding thermal degradation
(Jelonek et al., 2011; Kasperczyk et al., 2009; Turek et al., 2015). It
constitutes an interesting method due to processing at room tempera-
ture, and thus may be of interest particularly with temperature-sensi-
tive compounds. However, slow solvent removal and hardening of the
formulations may be associated with separation of the drug substance

and the polymer (Wischke and Schwendeman, 2012), drug substance
sedimentation, or plastification caused by the presence of solvent re-
sidues (Santoveña et al., 2005; Snejdrova et al., 2015; Snejdrova et al.,
2016). In turn, HME allows to precisely control the shape and size of the
implants but increases the risk of overheating and thermal degradation
(Cicero and Dorgan, 2001; Ellä et al., 2011; Gogolewski et al., 1993; Liu
et al., 2006; Nuutinen et al., 2002; Rothen-Weinhold et al., 1997;
Rothen-Weinhold et al., 1999; Simpson et al., 2015; Yen et al., 2009;
Yuan et al., 2001).

The aim of our work was to study the utility of SC and HME in the
formulation of wafers and rods with RSP based on racemic poly(D,L-
lactide-co-glycolide-co-trimethylene carbonate) (P(D,L-
LA:GA:TMC)), optically active poly(L-lactide-co-glycolide-co-tri-
methylene carbonate) (P(L-LA:GA:TMC)), racemic poly(D,L-lactide-
co-glycolide-co-ε-caprolactone) (P(D,L-LA:GA:CL)), and optically
active poly(L-lactide-co-glycolide-co-ε-caprolactone) (P(L-
LA:GA:CL)) synthesized with a low-toxic initiator via: (i) synthesis of
the terpolymers, (ii) determining the thermal properties of RSP and
raw terpolymers in order to optimize the conditions of the for-
mulations (wafer and rod), (iii) conducting a study of the compo-
sition, chain microstructure, and molecular weight (Mn) of raw
terpolymers, (iv) release profiles, and (v) the influence of SC and
HME on the composition and chain microstructure, thermal para-
meters, molecular weight, and morphological features of the for-
mulations.

2. Materials and methods

2.1. Terpolymers

P(D,L-LA:GA:TMC), P(L-LA:GA:TMC), P(D,L-LA:GA:CL), and P(L-
LA:GA:CL) were synthesized at the Centre of Polymer and Carbon
Materials of the Polish Academy of Sciences in Zabrze in bulk using Zr
(Acac)4 as a low-toxic initiator according to a previous methodology
(Dobrzynski et al., 2013). Synthesis of the terpolymers was carried out
using a reactor from the Parr Instrument Company (4550 Floor Stand
Pressure Reactor) with computer control of the polymerization para-
meters. The polymerization process was conducted in a melt at 120 °C
for 72 h. The materials were purified by dissolution in chloroform and
adding dropwise to cold methanol. Then the terpolymers were dried
under vacuum conditions at 25 °C. All of the monomers that were used,
except for CL, were purified by recrystallization from ethyl acetate,
dried in air conditions and then dried in a vacuum oven at room tem-
perature. CL was dried and purified by distillation over calcium hy-
dride.

2.2. Solution casting

Blank wafers (wafers) 9.9 mm ± 0.011mm in diameter and
0.3 mm ± 0.023mm thick and wafers with RSP (wafers-RSP) (10%-wt,
Teva, Kutno, PL) 10.0 mm ± 0.012mm in diameter and 0.3mm ±
0.023mm thick were formulated by SC at 25 °C.

Before the process, raw terpolymers were dried under air conditions
in a laminar box for 7 days. The dry terpolymers were subjected to
grinding at a temperature of -196 °C in a cryogenic mill (6870 SPEX,
USA) and dried again with the use of a drying set containing a dryer
(Memmert VO500) and a pump (BUCHI V-710) for 14 days in a tem-
perature of 23 °C and at a pressure of 80mbar.

A total of 1.0 g of terpolymers in 1.5 mL of methylene chloride
(POCH, Gliwice, PL) was used for the wafer formulations, whereas RSP
and the terpolymers were dissolved in methylene chloride (POCH,
Gliwice, PL) in the following proportions: 0.1 g of RSP in 0.5 mL of
solvent and 1.0 g of terpolymer in 1.5mL of solvent for wafers-RSP. The
obtained mixtures were deprived of air under a vacuum line, cast on
Teflon molds and left for solvent evaporation in a laminar box (7 days)
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followed by drying under a vacuum (7 days).

2.3. Hot melt extrusion

Blank rods (rods) 1.0mm ± 0.014mm in diameter and
1.0 mm ± 0.007mm long and rods with RSP (rods-RSP) (10%-wt,
Teva, Kutno, PL) 1.0 mm ± 0.014mm in diameter and 1.0 mm ±
0.007mm long were prepared by HME. Before the process, raw ter-
polymers were subjected to the same procedure as terpolymers in the
SC method. A drug substance was introduced to the milled dry terpo-
lymers and thoroughly mixed by vortex for 10min.

Terpolymers or mixtures of terpolymers and RSP were fed into an
extruder cylinder heated to 105 °C. The extrusion process was carried
out in a co-rotating twin screw extruder (Minilab, Thermo-Haake, GE)
using a plasticizing screw at a rotational speed of 20 rpm. The plasti-
cized material was pressed through a die 0.7mm in diameter and re-
ceived on cooled rolling devices. The formulated rod, 1mm in dia-
meter, was cut into 1 cm pieces.

2.4. Terpolymer composition and chain microstructure study

The composition and chain microstructure of the raw terpolymers,
wafers, wafers-RSP, rods, and rods-RSP were analyzed by nuclear
magnetic resonance spectroscopy (NMR). Spectra were recorded using
a Bruker-Avance II Ultrashield Plus spectrometer operating at 600MHz
(1H) and 150MHz (13C) using DMSO‑d6 as a solvent with a 5.0 mm
sample tube. 1H NMR spectra were obtained with 32 scans, 11 μs pulse
width, and 2.65 s acquisition time; 13C NMR spectra were obtained with
20 000 scans, 9.4 μs pulse width, and 0.9 s acquisition time. The ana-
lyses were performed in 80 °C. Signals observed in 1H and 13C NMR
spectra were assigned to appropriate sequences in the terpolymer chain,
and parameters such as molar percentage of lactidyl units (FLL), gly-
colidyl units (FGG), carbonate units (FTMC), caproyl units (FCL), average
length of lactidyl blocks (lLL), glycolidyl blocks (lGG), carbonate blocks
(lTMC), and caproyl blocks (lCL) were calculated according to a pre-
viously described procedure (Gebarowska et al., 2011) and based on the
following, newly developed equations (Table 1, Eqs. (1)–(4); Table 2,
Eqs. (5)–(8)).

2.5. Thermal study

The thermal characteristics of RSP, raw terpolymers, wafers, wafers-
RSP, rods, and rods-RSP were analyzed by means of differential scan-
ning calorimetry (DSC) using a TA DSC 2010 apparatus (TA
Instruments, New Castle, DE) in a range from -30 °C to 220 °C under
nitrogen atmosphere (flow rate= 50mL/min). The instrument was
calibrated with high purity indium. Two heating runs were performed
for all samples. The first run for the initial samples and the second run
for the amorphous samples were obtained by quenching from a melt
(220 °C). The values of the melting temperature (Tm), glass transition
temperature (Tg), and crystallization temperature (Tc) were determined.

The heating rate for pure RSP was 10 °C/min and 20 °C/min for the
terpolymer samples. Tg was taken as the midpoint of the heat capacity
change for amorphous samples obtained by quenching from a melt
(220 °C) in liquid nitrogen.

2.6. Molecular weight study

Mn and molecular weight distribution (D) of the raw terpolymers,
wafers, wafers-RSP, rods, and rods-RSP were analyzed by gel permea-
tion chromatography (GPC) with a Physics SP 8800 chromatograph.
Tetrahydrofuran was used as the eluent with a flow rate of 1mL/min,
using Styragel columns and a Shodex SE 61 detector. Mn was calibrated
with polystyrene standards.

2.7. Morphology study

Electron micrographs of the wafers, wafers-RSP, rods, and rods-RSP
were obtained using a Quanta 250 FEG scanning electron microscope
(SEM) (FEI Company, USA) operating at an acceleration voltage of 5 kV
under low vacuum conditions (80 Pa) from secondary electrons col-
lected by a Large Field Detector (LFD). The samples were glued to
microscopic stubs with double-sided adhesive carbon tape.

2.8. RSP release study

The concentration of RSP released from the wafers (n= 10) and
rods (n= 10) was determined by high-performance liquid chromato-
graphy (HPLC) using an Elite LaChrom HPLC system (VWR Hitachi,
Merck) with a UV absorbance detector (Diode Array Detector L-2355,
VWR Hitachi, Merck) set at 280 nm. The samples were first purified on
filters (ISO Disc Filters pTFE-13–2) sized 13 nm x 0.2 µm (SUPELCO).
Separation was performed using a precolumn (LiChroCART 4–4,
LiChrospher 60 RP – select B) and columns 5 µm in diameter
(LiChroCART 250–4 and LiChrospher RP -18) working in reverse phase.
The mobile phase consisted of methanol and ammonium acetate in a
ratio of 90:10 and a flow rate of 1mL/min. The analysis was carried out
at a temperature of 40 °C, during a time period of 10min.

3. Results

3.1. Thermal characterization of RSP

The DSC curve for pure RSP revealed a sharp melting endotherm at
171.0 °C in the first heating run. The second heating scan for the
amorphous sample revealed Tg at 29.5 °C. Further heating of the
amorphous sample exhibited the “cold” crystallization effect with Tc at
89.8 °C and two melting endotherms at 158.6 °C and 169.1 °C, respec-
tively (Fig. 1).

Table 1
Equations for FLL, FGG, FTMC, and FCL calculations based on 1H NMR spectra.

FLL =
+ +

FLL
nLL

nLL nGG
2

1
Eq. (1)

FGG =
+ +

FGG
nGG

nLL nGG

2
1

Eq. (2)

FTMC =
+ +

FTMC
nT

nLL nGG
2

1
Eq. (3)

FCL =
+ +

FCL
nC

nLL nGG 1
Eq. (4)

FLL – molar percentage of lactidyl units in terpolymer.
FGG – molar percentage of glycolidyl units in terpolymer.
FTMC – molar percentage of carbonate units in terpolymer.
FCL – molar percentage of caproyl units in terpolymer.
n – unit contribution.

Table 2
Equations for lLL, lGG, lTMC, and lCL calculations based on 13C NMR spectra.

lLL =
+ + +

+ +
lLL

LLL LLX XLL XLX
XLX LLX XLL

0.5(
0.5( )

Eq. (5)

lGG =
+ + +

+ +
lGG

GGG GGY YGG YGY
YGY GGY YGG

0.5(
0.5( )

Eq. (6)

lTMC =
+lTCM

TT ZT
ZT

Eq. (7)

LCL =
+lCL

CC ZC
ZC

Eq. (8)

lLL – average length of lactidyl blocks.
lGG – average length of glycolidyl blocks.
lTMC – average length of carbonate blocks.
lCL – average length of caproyl blocks.
X – GG or T or C, Y – LL or T or C and Z – GG or LL.
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3.2. Characterization of raw terpolymers

Terpolymers containing TMC possessed lower FLL (∼ 57mol%) and
higher FGG (∼ 18mol%) than terpolymers with CL (∼ 70mol% and
∼ 13mol%, respectively). Differences were also observed in the chain
microstructure, as terpolymers with TMC had relatively shorter lLL, lGG
and longer lTMC (Figs. 2 and 3, Table 3).

The first DSC heating run revealed no melting endotherms, whereas
Tg in the range of 33.8–39.8 °C was determined based on the second
heating run (Table 3).

Mn for raw terpolymers showed high values in the range of
49.9–76.3 kDa, and D in the range of 2.015–2.234 (Table 3).

3.3. Characterization of wafers, wafers-RSP, rods, and rods-RSP

3.3.1. Composition and chain microstructure study
Formulations of wafers, wafers-RSP, rods, and rods-RSP based on P

(D,L-LA:GA:TMC), P(L-LA:GA:TMC), P(D,L-LA:CL), and P(L-LA:GA:CL)
did not result in significant changes of FLL, FGG, FTMC, and FCL, and in lLL,
lGG, lTMC, and lCL (Figs. 4–7, Table 4) in comparison to the raw terpo-
lymers (Table 3).

3.3.2. Thermal study
The first heating run of the wafers, wafers-RSP, rods, and rods-RSP

did not indicate the presence of melting endotherms. The observed
endothermal events resulted from structural relaxation of the rods
based on P(L-LA:GA:TMC), P(D,L-LA:GA:CL), and P(L-LA:GA:CL), and
rods-RSP based on P(L-LA:GA:CL) (Fig. 8, Table 5). The second heating
run indicated that the way of formulation (i.e., SC and HME) and the
presence of RPS did not influence the Tg values significantly (Tables 3
and 5).

3.3.3. Molecular weight study
The GPC study for P(D,L-LA:GA:TMC), P(L-LA:GA:TMC), P(D,L-

LA:CL), and P(L-LA:GA:CL) wafers revealed that SC resulted in a de-
crease in Mn (20.04%, 22.79%, 12.32%, and 25.57%, respectively)
(Table 5) in comparison to raw terpolymers (Table 3).

Mn values for wafers-RPS revealed an even greater drop after RSP
loading (41.48%, 30.10%, 21.49, and 33.97%, respectively) (Table 3)
as compared to raw terpolymers (Table 3).

For P(D,L-LA:GA:TMC), P(L-LA:GA:TMC), P(D,L-LA:CL), and P(L-
LA:GA:CL) rods,Mn had even lower values after HME (41.68%, 24.15%,
36.96%, and 24.43%, respectively) (Table 5) as compared to raw

Fig. 1. DSC first heating run of RSP (Tm 171 °C) and DSC second heating run of
RSP (Tg 29.5 °C; Tc 89.8 °C; Tm 158.6 °C and Tm −169.1 °C).

Fig. 2. H1 NMR spectra of P(D,L-LA:GA:TMC), P(L-LA:GA:TMC), P(D,L-LA:GA:CL), and P(L-LA:GA:CL) raw powders (600MHz, DMSO‑d6, 80 °C). The methine proton
region of lactidyl units and methylene proton region of glycolidyl and carbonate or caproyl units were used for calculations of FLL, FGG, FTMC, and FCL.
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terpolymers (Table 3).
The introduction of a drug substance resulted in a decrease in Mn in

a similar manner to wafers (73.35%, 59.69%, 64.87%, and 47.90%,
respectively) (Table 5) and when compared to raw terpolymers
(Table 3).

3.3.4. Morphology study
The outer morphology of the P(D,L-LA:GA:TMC), P(L-LA:GA:TMC),

P(D,L-LA:CL), and P(L-LA:GA:CL) wafers showed a non-porous and
monolithic surface. Moreover, no slits and cracks were visible on either
sides of the wafers. The introduction of RSP did not result in significant
changes in morphology. However, granule-like elements occurred on
both the averse and reverse side in some of the wafers. The most sig-
nificant morphological diversity was observed on the averse side of P(L-
LA:GA:CL) wafers-RSP (Fig. 9).

The outer morphology of the P(D,L-LA:GA:TMC), P(L-LA:GA:TMC),
P(D,L-LA:CL), and P(L-LA:GA:CL) rods also had a monolithic surface
and a lack of perforation, slits, and cracks. Rods made from P(D,L-
LA:GA:TMC) and P(D,L-LA:GA:CL) had a more differential topography
than the P(L-LA:GA:TMC) and P(L-LA:GA:CL) rods. The inner mor-
phology also revealed a monolithic structure and no pores in the
pointed rods. Preparation of the cross-section had an influence on the
presence of delamination. Some layers with different areas were visible.

Loading RSP into the rods resulted in changes in morphological
features of the surface, i.e., rods made from P(D,L-LA:GA:TMC) and P
(D,L-LA:GA:CL) were more diversified than rods made from P(L-
LA:GA:TMC) and P(L-LA:GA:CL). The least morphological diversity was
observed in P(L-LA:GA:CL) wafers-RSP. A deformation of the P(D,L-
LA:GA:CL) rods-RPS was noted. The cross-section also revealed sig-
nificant delamination because of sample preparation (Fig. 10).

3.3.5. RSP release study
RSP was released in three phases, however, the burst effect was

observed in the poly(L-LA:GA:CL) wafers-RSP and rods-RSP. Generally,
the release period for the wafers was similar to that for the rods, except
for P(L-LA:GA:CL) wafers-RSP, for which it was shorter. Terpolymers
with optically active LA revealed a longer release period in comparison
to terpolymers with racemic LA (Fig. 11).

4. Discussion

4.1. Thermal properties of RSP

The DSC analysis revealed a crystalline character of RSP in the
presence of a melting endotherm at 171 °C (Fig. 1), which was reflected
in data in the literature (An et al., 2016; Rahman et al., 2010a; Rahman
et al., 2010b). It should be noted that for crystalline substances such as
RSP the formulation process should occur below Tm as there is a risk of
changes in the substance features.

It should also be noted that tableting and SC require a relatively
lower temperature as compared to HME. Based on a thermal analysis of
RSP, the temperature conditions for SC at 25 °C and for HME at 105 °C
were determined as appropriate, since melting of RSP takes place at
171 °C.

Fig. 3. 13C NMR spectra of P(D,L-LA:GA:TMC), P(L-
LA:GA:TMC), P(D,L-LA:GA:CL), and P(L-LA:GA:CL)
raw powders (150MHz, DMSO‑d6, 80 °C). The me-
thine carbon region of lactidyl units (LL) and me-
thylene carbon region of glycolidyl (GG), carbonate
units (T), and caproyl units (C) were used for cal-
culations of lLL, lGG, lTMC, and lCL.

Table 3
Parameters characterizing raw P(D,L-LA:GA:TMC), P(L-LA:GA:TMC), P(D,L-
LA:CL), and P(L-LA:GA:CL).

FLL FGG FTMC or FCL lLL lGG lTMC or lCL Tg Mn D

P(D,L-LA:GA:TMC)
56.6 18.5 24.9 3.9 1.1 1.5 35.0 49.9 2.015

P(L-LA:GA:TMC)
57.3 18.2 24.5 4.1 1.1 1.5 39.8 58.8 2.108

P(D,L-LA:GA:CL)
70.5 13.4 16.1 10.3 1.8 1.2 33.8 76.3 2.234

P(L-LA:GA:CL)
70.3 12.6 17.1 9.2 1.4 1.2 38.2 52.4 2.226

FLL – molar percentage of lactidyl units in terpolymer.
FGG – molar percentage of glycolidyl units in terpolymer.
FTMC – molar percentage of carbonate units in terpolymer.
FCL – molar percentage of caproyl units in terpolymer.
lLL – average length of lactidyl blocks.
lGG – average length of glycolidyl blocks.
lTMC – average length of carbonate blocks.
lCL – average length of caproyl blocks.
Tg – glass transition temperature (°C).
Mn – molecular weight (kDa).
D – molecular weight distribution.
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Fig. 4. H1 NMR spectra of P(D,L-LA:GA:TMC) and P(L-LA:GA:TMC), wafers, wafers-RSP, rods, and rods-RSP (600MHz, DMSO‑d6, 80 °C). 1-LLG+GLL, 2-LLL, 3-
TLL+ LLT, 4-GLGGG, 5-GLGGL, 6-GGGGGG, 7-TGGGG+GGGGT+ LLGGL+ LGGLL, 8-GGGGL+LGGGG, 10-GGGLL, 11-XLGLX (X-T or G), 13-TGGGG, 14-GGGLG,
16-LGGLG, 17-TGGGT, 18-TGGT, 20-LT+GT, 21-TT.

Fig. 5. 13C NMR spectra of P(D,L-LA:GA:TMC) and P(L-LA:GA:TMC), wafers, wafers-RSP, rods, and rods-RSP (150MHz, DMSO‑d6, 80 °C). 3-TLLLT, 4-TLLLL+TLLLT,
5-GLLT+GLLLT, 6-TLLLL+ LLLLT, 7-LLLL, 8-LLGG, 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.
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Fig. 6. H1 NMR spectra of P(D,L-LA:GA:CL) and P(L-LA:GA:CL), wafers, wafers-RSP, rods, and rods-RSP (600MHz, DMSO‑d6, 80 °C). 1-LLLL, 2-
LLGG+LLC+CLL+GGLL, 3-CLC+GLG, 4-GGGG, 5-CGGGG+GGGGC, 6-GGL+LGG, 7-CGGGC, 8-LGL, 9-GGGC, 10-CGGGG+CGGGC, 11-CGGC, 12-CGC, 13-
GC+ LC, 14-CC.

Fig. 7. 13C NMR spectra of P(D,L-LA:GA:CL) and P(L-LA:GA:CL), wafers, wafers-RSP, rods, and rods-RSP (150MHz, DMSO‑d6, 80 °C). 1-CCC+CGCC+GGCC, 2-
CGCGC+GGCGC+LCC+CCL, 3-GGCGG+CCGG+LCL, 4-CLC, 5-CLL+ LLC, 6-LLGG, 7-LLLL, 8-GLG, 9-CGC, 10-CGGC, 11-CGGGG, 12-CGGGC, 13-GGGGC, 14-
CGGGC, 15-CGGGG, 16-GGGGC, 17-GGGGG, 18-GGLL.
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4.2. Thermal properties of terpolymers

DSC measurement of P(D,L-LA:GA:TMC), P(L-LA:GA:TMC), P(D,L-
LA:CL), and P(L-LA:GA:CL) revealed a lack of melting endotherms,
which proved the drug carriers’ amorphous character (Table 3). This
points to the possibility of composite formation between the crystalline
drug substance (RSP) and the amorphous terpolymers. The same effect
was previously observed for sirolimus and P(D,L-LA:GA:TMC)
(Jaworska et al., 2015), and for estradiol and P(L-LA:GA:TMC) (Turek
et al., 2016). The processing temperature for the amorphous polymer
should be determined from Tg, as opposed to semi-crystalline polymers,

for which Tm is applied.
In this study, the formulation conditions for HME should have been

selected on the basis of Tg, i.e., above 33.8–39.8 °C (Table 3). However,
ensuring flow behavior for the extruded material was also significant.
Here, the terpolymers possessed thermoplastic properties. Flow tem-
perature was empirically determined at a level of 105 °C, which is also
safe for RSP, as each processing temperature should not exceed 171 °C.
The thermal conditions had lesser meaning in SC because the for-
mulation process was carried out at 25 °C.

Tg is also important in the design of polymer drug delivery systems
for prolonged release. According to the literature, Tg of the applied

Table 4
NMR parameters characterizing wafers, wafers-RSP, rods and rods-RSP formulated from P(D,L-LA:GA:TMC), P(L-LA:GA:TMC), P(D,L-LA:CL), and P(L-LA:GA:CL).

Sample FLL FGG FTMC or FCL lLL lGG lTMC or lCL Sample FLL FGG FTMC or FCL lLL lGG lTMC or lCL

P(D,L-LA:GA:TMC) P(L-LA:GA:TMC)
Wafer 56.6 18.5 24.9 3.9 1.1 1.5 Wafer 57.3 18.2 24.5 4.1 1.1 1.5
Wafer-RSP 56.6 18.5 24.9 3.9 1.1 1.5 Wafer-RSP 57.3 18.2 24.5 4.1 1.1 1.5
Rod 57.4 17.6 25.0 3.9 1.1 1.5 Rod 57.3 18.2 24.5 4.0 1.1 1.5
Rod-RSP 57.1 17.5 25.4 3.9 1.1 1.5 Rod-RSP 58.0 17.9 24.10 4.10 1.1 1.5

P(D,L-LA:GA:CL) P(L-LA:GA:CL)
Wafer 70.5 13.4 16.1 10.3 1.8 1.2 Wafer 70.3 12.6 17.1 9.2 1.4 1.2
Wafer-RSP 70.7 13.4 16.0 10.3 1.8 1.2 Wafer-RSP 70.3 12.6 17.1 9.1 1.4 1.2
Rod 70.6 13.4 16.0 10.3 1.7 1.2 Rod 71.5 12.3 16.2 9.51 1.4 1.2
Rod-RSP 71.1 13.0 15.9 10.3 1.8 1.2 Rod-RSP 71.3 12.4 16.3 8.8 1.4 1.2

FLL – molar percentage of lactidyl units in terpolymer.
FGG – molar percentage of glycolidyl units in terpolymer.
FTMC – molar percentage of carbonate units in terpolymer.
FCL – molar percentage of caproyl units in terpolymer.
lLL – average length of lactidyl blocks.
lGG – average length of glycolidyl blocks.
lTMC – average length of carbonate blocks.
lCL – average length of caproyl blocks.

Fig. 8. DSC curves of the first and second heating runs for wafers, wafers-RSP, rods, and rods-RSP formulated from P(D,L-LA:GA:TMC), P(L-LA:GA:TMC), P(D,L-
LA:GA:CL), and P(L-LA:GA:CL).
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polymers is higher than body temperature in most formulations.
According to data in the literature, for formulations with RSP, polymers
have Tg in the range of 40 °C to 60 °C (Acharya et al., 2010; An et al.,
2016; D’Souza et al., 2014a; Navitha et al., 2014; Panda et al., 2016;
Rawat et al., 2011; Rawat et al., 2012; Selmin et al., 2012; Shen et al.,
2015; Shen et al., 2016, Turek et al., 2015; Wang et al., 2002). Drug
carriers exposed to temperatures above Tg will exhibit an increase in
free volume, which will permit greater local segmental chain mobility
and faster drug release.

It was revealed that Tg was above body temperature for P(L-
LA:GA:TMC) and P(L-LA:GA:CL) and lower for P(D,L-LA:GA:TMC) and

P(D,L-GA:LA:CL) (Table 3), which was reflected in the release profiles.
Formulations with Tg in the range of 38.1 °C to 40.8 °C revealed a re-
lease period from 85 days to 127 days, whereas formulations with Tg
from 32.5 °C to 35 °C released RSP from 75 days to 99 days (Table 5;
Fig. 11). Moreover, polymers with lower Tg can be useful for the for-
mulation of delivery systems based on blends, as they may allow to
deliver the initial dose (bolus) in the first phase of release and then
prolonged release during the whole process of degradation. They can
thus be used in order to decrease the release period, which was revealed
for P(L-LA:GA:CL).

The formulation method should not significantly influence Tg due to

Table 5
Parameters characterizing wafers, wafers-RSP, rods, and rods-RSP formulated from P(D,L-LA:GA:TMC), P(L-LA:GA:TMC), P(D,L-LA:GA:CL), and P(L-LA:GA:CL).

Sample Tr Tg Mn D Sample Tr Tg Mn D

P(D,L-LA:GA:TMC) P(L-LA:GA:TMC)
Wafer ND 35.0 39.9 2.081 Wafer ND 39.8 45.4 1.953
Wafer-RSP ND 35.0 29.2 2.154 Wafer-RSP ND 39.4 41.1 1.910
Rod ND 34.0 29.1 2.412 Rod 38.2 40.4 44.6 2.048
Rod-RSP ND 33.00 13.3 2.905 Rod-RSP ND 40.0 23.7 2.402

P(D,L-LA:GA:CL) P(L-LA:GA:CL)
Wafer ND 33.8 66.9 2.334 Wafer ND 38.2 39.0 2.108
Wafer-RSP ND 33.7 59.9 2.289 Wafer-RSP ND 38.1 34.6 2.023
Rod 39.00 33.6 48.1 2.438 Rod 43.2 40.8 39.6 2.923
Rod-RSP ND 32.5 26.8 2.691 Rod-RSP 42.2 39.5 27.3 2.249

Tr – temperature of structural relaxation (°C).
Tg – glass transition temperature (°C).
Mn – molecular weight (kDa).
D – molecular weight distribution.
ND – non-detected.

Fig. 9. SEM images of the P(D,L-LA:GA:TMC) wafer, P(D,L-LA:GA:TMC) wafer-RSP, P(L-LA:GA:TMC) wafer, P(L-LA:GA:TMC) wafer-RSP, P(D,L-LA:GA:CL) wafer, P
(D,L-LA:GA:CL) wafer-RSP, P(L-LA:GA:CL) wafer, and P(L-LA:GA:CL) wafer-RSP.
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the risk of bioavailability changes. SC and HME as used in this study did
not change this parameter (Table 5). It should also be noted that the
solvent and drug substances may act as either plasticizers or anti-
plasticizers, i.e., Tg either decreases or increases. However, these effects
were not noted in this study. This may show that our samples did not
contain significant amounts of water (moisture) and other solvents
(Santoveña et al., 2005; Snejdrova et al., 2013, 2016).

Another interesting phenomenon was observed in this study. In the
analyzed samples, an endothermal event following Tg was revealed for

P(L-LA:GA:TMC), P(D,L-LA:GA:CL), and P(L-LA:GA:CL) rods, and for P
(L-LA:GA:CL) rods-RSP (Fig. 8, Table 5). This effect reflects the en-
thalpy of structural relaxation, which depends on the storage and
processing temperature. It should be noted that amorphous glassy
polymers are thermodynamically unstable and their structure relaxes
toward the equilibrium state after processing. Data in the literature
point to the fact that relaxation events are revealed in the region of Tg
(Armeniades and Baer, 1977; Badii et al., 2005; Berens and Hodge,
1982, Chung and Lim, 2003a,b, 2004; Hung et al., 2002). It should also

Fig. 10. SEM images of the P(D,L-LA:GA:TMC) rod, P(D,L-LA:GA:TMC) rod-RSP, P(L-LA:GA:TMC) rod; P(L-LA:GA:TMC) rod-RSP, P(D,L-LA:GA:CL) rod, P(D,L-
LA:GA:CL) rod-RSP, P(L-LA:GA:CL) rod, and P(L-LA:GA:CL) rod-RSP.
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be noted that Tg and structural relaxation are two major transitions in
amorphous polymers.

In this study, rods were obtained by HME. This process is based on
compressing materials under high pressure which are then forced to
pass through a die of an adequate shape. The observed endotherms can
result from the orientation of the terpolymer fibers during HME. Re-
ordering of the fibers took place during the first heating run. On the
other hand, the additional endotherm may have resulted from in-
complete amorphization of CL.

Relaxation may also result from the DSC measurements. It has been
confirmed that enthalpy relaxation may occur when the cooling rate is
slower than the heating rate. In our study, we used quenching as a
cooling procedure to obtain amorphous samples which was faster than
the heating rate (20 °C/min).

4.3. Terpolymer composition and chain microstructure

The polymer’s composition and chain microstructure are important
features that decide about the degradation rate and release pattern. For
PLGA copolymers, a higher content of GA accelerated the release pro-
cess (Acharya et al., 2010; An et al., 2016; D’Souza et al., 2013,
2014a,b; Hu et al., 2011; Jafarifar et al., 2016; Jaworska et al., 2015;
Mittal et al., 2007; Park, 1996; Selmin et al., 2012; Shen et al., 2016;
Song et al., 2014; Su et al., 2009; Tian et al., 2014; Turek et al., 2015,
2016; Wang et al., 2002; Zilberman and Grinber, 2008). Tailoring and
determining these parameters is significant at the stage of design, as
various components have been proposed to optimize the features of
drug delivery systems, e.g., LA, GA, TMC, and CL (D’Souza et al.,
2014a,b; Megens et al., 1988; Mittal et al., 2007; Park, 1996; Turek
et al., 2015, 2016; Zilberman and Grinber, 2008). These components
possess different thermal stability, which may play a key role during the
formulation process at higher temperatures.

In this study, the average length of the blocks was determined for
the chain microstructure. No significant changes took place in the ter-
polymers’ chain microstructure during the formulation process. Both SC
and HME allowed to retain the initial terpolymers’ composition and
chain microstructure in formulations with and without RSP. The ap-
plication of P(L-LA:GA:CL) resulted in a two-phase release pattern, and
a three-phase pattern was revealed for the other terpolymers (Fig. 11).

4.4. Molecular weight

Mn is one of the important parameters in the design of drug carriers
based on aliphatic polyesters. Mn is closely related to drug release,
polymer degradation, and storage (Turek et al., 2015, 2016). D’Souza
and co-workers showed that PLGA copolymers with Mn of 15 kDa and
30 kDa revealed faster release of olanzapine-loaded microspheres and
the degradation process than copolymers with higher Mn (82 kDa and

131 kDa) (D’Souza et al., 2014a). In our previous study we also pointed
to significant differences in the degradation period between L-PLGA
85:15 (100 kDa) and P(L-LA:GA:TMC) with a ratio of 57:19:24
(59 kDa). Lower values influence faster degradation of drug carriers
(Turek et al., 2015, 2016). For this reason, a study regarding the in-
fluence of the formulation process on the Mn value was significant for
pharmaceutical manufacture since the value of Mn may decrease sig-
nificantly as a result of the formulation process.

In this study, some findings were noted in the context of Mn and the
formulation process, namely (i) Mn decreased after SC, (ii) HME re-
sulted in a drop in Mn to a greater extent than SC, and (iii) the in-
troduction of RSP into the wafer and rods influenced further decreases
in Mn (Table 5).

These issues have been presented in data in the literature.
Microparticle formulation via the encapsulation method requires sig-
nificant amounts of the solvent. Selmin and co-workers (2012) showed
that manufacturing blank microspheres from D,L-PLGA 65:35 and D,L-
PLGA 85:15 by the extraction/evaporation method in an aqueous en-
vironment resulted in a decrease in Mn by ca. 4% and 5%, respectively,
in comparison to raw polymers. It may thus be suggested that only
dissolution of aliphatic polyesters results in an Mn decrease. Moreover,
the introduction of RSP resulted in a drop in Mn by 20% and 10%,
respectively, in comparison to raw polymers. The researchers explained
that the reason for this effect lay in the use of RSP in solution (Selmin
et al., 2012).

In this study, for wafers and wafers-RPS, the SC method influenced a
decrease inMn between 12–26% and 21–41%, respectively. It should be
noted that small amounts of methylene chloride were used in SC. The
decrease in Mn may have resulted from the presence of water in the
solvent. It is understandable that more solvent was used for the for-
mulation of wafers-RSP, which reflected a higher decrease in Mn.

One of the features of aliphatic polyesters is their thermoplasticity,
therefore melt-processing is adequate for drug formulation. However,
melt-processing is often problematic due to thermal and hydrolytic
instability (Ellä et al., 2011).

A decrease in Mn for HME was also observed. A study on thermal
degradation during melt-processing performed by other researchers
revealed a decrease in Mn between 27% and 69% (Cicero and Dorgan,
2001; Gogolewski et al., 1993; Nuutinen et al., 2002; Rothen-Weinhold
et al., 1997; Rothen-Weinhold et al., 1999; Simpson et al., 2015; Yen
et al., 2009; Yuan et al., 2001).

Our results reflected the above results, as an Mn decrease for rods
and rods-RSP was observed (Table 5). According to data in the litera-
ture, this phenomenon may have been caused by the presence of
moisture and oxygen. In theory, moisture can be eliminated by drying,
whereas the impact of atmospheric oxygen can be minimized by using
an inert gas (Ellä et al., 2011). In practice, the total elimination of both
water and oxygen during formulation is practically impossible. Ella and
co-workers also showed that sufficient drying did not eliminate the
drop in Mn that was noted at a level of 47–64%, therefore, the re-
searchers suspected that other factors also played a significant role in
the Mn drop, i.e., the formulation temperature and time residence in the
extruder, and the shear stress exerted on the polymer (Ellä et al., 2011).
According to Liu et al., degradation during processing may be caused by
random chain scission. Additionally, acidic degradation products en-
hance the autocatalytic degradation process, which leads to a sub-
sequent drop in Mn (Liu et al., 2006).

In our study, the lowest value of Mn was 13.3 kDa for P(D,L-
LA:GA:TMC) RSP-rods (Table 5), however, this material can be con-
sidered useful, which was confirmed by the release profile (Fig. 11). It
should be added that a polymer with low Mn may ensure zero-order
release for estradiol. Mittal and co-workers indicated zero-order release
of estradiol from PLGA nanoparticles with a Mn of 14.5 kDa and 45 kDa,
whereas estradiol was released for PLGA nanoparticles with a Mn of
85 kDa and 213 kDa according to Higuchi’s pattern (Mittal et al., 2007).
Our previous study also pointed to a zero-order release pattern for P(L-

Fig. 11. Cumulative release profile of RSP from wafers-RSP and rods-RSP.
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LA:GA:TMC) with a Mn of 59 kDa (Turek et al, 2016). This fact was not
observed for RSP in this study (Fig. 11).

The influence of Mn (Table 5) on the release period is shown for the
formulation with a terpolymer with racemic and optically active LA,
GA, and TMC (Fig. 11). For the P(L-LA:GA:TMC) wafers-RSP (41.1 kDa)
and P(L-LA:GA:TMC) rods-RSP (23.7 kDa), the release period was
longer than for P(D,L-LA:GA:TMC) wafers-RSP (29.2 kDa) and P(D,L-
LA:GA:TMC) rods-RSP (13.3 kDa). This rule was not observed in the
case of terpolymers with CL (Table 5, Fig. 3), although it should be
emphasized that the release process is the resultant of many variables.

Therefore, the formulation obtained by SC and HME may offer in-
teresting solutions for RSP delivery; however, the Mn decrease should
be considered when designing new drug formulations.

4.5. Morphology

The important role of surface and inner structure of the drug for-
mulation is known in the literature (Fredenberg et al., 2011; Turek
et al., 2015, 2016), and which the results of this study also confirmed.
None of the formulations showed pores, cracks, or slits on the surfaces
(Figs. 9 and 10), which minimalized an uncontrolled burst in the ob-
tained release profiles (Fig. 11) (Janoria and Mitra, 2007). The greatest
morphological diversity was observed for the averse of P(L-LA:GA:CL)
wafers-RSP (Fig. 9), which may have influenced the presence of the
burst effect (Fig. 11).

4.6. Release process of RSP

RSP was released in three phases, however, the burst effect was
revealed for P(L-LA:GA:CL) wafers-RSP and rods-RSP. Generally, these
release patterns are most often exhibited for PLGA copolymers, which
the data in the literature also confirm for RSP release (D’Souza et al.,
2013, Navitha et al., 2014; Rawat et al., 2012; Selmin et al., 2012).

The release pattern is related to both the shape and the size of the
formulations. Generally, according to Sansdrap and Moës (1997) and
Fredenberg et al. (2011), for PLGA copolymers the bi-phasic model is
characteristic of small particles and thin films. Berchane et al. (2007)
and Berkland et al. (2003) pointed out that tri-phasic release takes place
due to heterogeneous degradation of large particles. However, drug
substances are mainly released in the classic tri-phasic profile from
PLGA copolymers. The first phase is usually determined as a burst effect
and is attributed to non-entrapped substance molecules in the polymer
structure. The burst effect may also be attributed to drug molecules
close to the surface that are easily accessible by hydration (Wang et al.,
2002). Thus burst release is determined as a stage of the release me-
chanism and as a surface phenomenon with neither a negative nor a
positive role, i.e., the burst effect has no strict definition. Yet according
to some authors the burst effect is assigned negative occurrences, i.e.,
cracks and disintegration (Huang and Brazel, 2001; Janoria and Mitra,
2007). Uncontrolled release may influence a decrease in the total drug
dose tailored for the formulation with prolonged release. Phases II and
III are often called the slow-release phase (slow drug diffusion) and the
fast-release phase (erosion onset), respectively. This tri-phasic profile
was observed for all of the obtained formulations that are characteristic
of large particles (Berchane et al. 2007; Berkland et al., 2003).

The burst effect was noted for P(L-LA:GA:CL) wafers-RSP and rods-
RSP. We believe that these release patterns did not represent the bi-
phasic model since overlap of the first and second phases took place. It
should be noted that the greatest morphological diversity was observed
for the averse of P(L-LA:GA:CL) wafers-RSP, which may be related to
the presence of RSP molecules close to the surface (Fig. 9).

Generally, the wafers’ release period was similar to that for the rods,
except for P(L-LA:GA:CL) wafers-RSP, for which it was shorter.
Terpolymers with optically active LA showed a longer release period in
comparison to terpolymers with racemic LA (Fig. 11), which also re-
sulted from the properties of the applied raw terpolymers and

formulations (Figs. 2–11, Tables 3–5). It is difficult to state which fea-
ture was dominant for the release process, nevertheless the obtained
formulations may be an interesting therapeutic solution in prolonging
administration intervals and the release period in comparison to the
commercial product.

5. Conclusions

The study presented here points to the following: (i) the thermal
properties of RSP and the applied terpolymers enable processing by SC
and HME; (ii) SC resulted in a lower decrease in Mn than HME, and the
introduction of RSP to the terpolymers influenced another drop in this
parameter; (iii) no changes in the other parameters were observed as a
result of the formulation process; (iv) the release process underwent
three phases and (v) none of the applied terpolymers revealed sig-
nificant benefits when compared to one another at this stage of the
study in the formulation process.

Reassuming, SC and HME are adequate methods for the formulation
of biodegradable drug delivery systems (wafers and rods, respectively)
based on the proposed terpolymers.
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