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Abstract The purpose of this study was to investigate the effect of three aliphatic
esters, ethyl heptanoate, methyl heptanoate, and ethyl nonanoate on the in vitro
degradation behavior of in situ forming systems. In situ forming implants based on
33% (w/w) poly (lactide-co-glycolide) (PLGA)/57% (w/w) N-methyl-2-pyrrolidone
(NMP)/10% (w/w) esters were prepared after injection of the final formulation in
phosphate buffer solution (pH 7.4, 0.2 M) at 37 °C. The influence of additives on
the implants formation, morphology, and also on their in vitro degradation behav-
iors over a period of 45 days was investigated. The degraded matrices were eval-
uated to determine morphological analysis by SEM and '"H-NMR study. The
solution of degradation medium was studied to indicate NMP removal and altering
acidity. The results showed that the additives generated a high porous structure and
caused the fast phase inversion. However, the '"H-NMR spectra indicated that ester
additives remained in the matrices during degradation periods. The results of the
acidity study showed that the degradation rates in the matrices containing esters
were higher than the control matrix. In addition, it is shown that esters with lower
molecular weight have affected the polymer degradation more efficiently than
higher molecular weight esters.
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Introduction

In the past few years, in situ forming systems have been used for various biomedical
applications, including drug delivery, cell encapsulation, and tissue repair [1]. In the
drug delivery field, several marketed parenteral systems such as microspheres,
implants and in situ forming delivery systems had been developed. The in situ
forming systems are prepared by different methods, one of which is the phase
separation by polymer precipitation. The system is composed of a water-insoluble
polymer dissolved in a water-miscible solvent. After the polymer solution is injected
via a syringe into the body, the solvent diffuses out of the polymer while water
permeates in the polymer matrix. Immediately, the insoluble polymer precipitates
and the solid polymer matrix are formed due to phase separation [2-6]. For drug
delivery application, the active drugs are added to the polymer solution to produce a
homogeneous solution or a dispersion which depend upon the solubility of the drug.
It is necessary to understand polymer properties, matrix morphology, and formation
processes in order to improve matrix performance in drug delivery [3].

Dunn et al. [7] had described a biodegradable injecting drug delivery system. The
copolymer family of poly (lactide-co-glycolide) (PLGA) was used to prepare this
system. PLGA copolymers act as matrix material from which the drug substance is
released through diffusion and during the degradation process by hydrolysis [8, 9].
Moreover, in situ forming performance is affected by their morphology that depends
on phase inversion conditions such as polymer type, additives, coagulation bath, and
polymer solution composition [3].

The additives in such systems would influence formation of implant and
degradation of the polymer, thereby; the drug release rates. The effects of additives
on the drug release process have been investigated [10—15]. It has been found that
water-soluble or insoluble additives significantly altered drug release behavior from
a controlled drug delivery system. The choice of additives used as a modifying
agent depends on the types and ratios of polymer/solvent of the systems. Some
researchers have used dimethyl citrate, triethyl citrate, ethyl heptanoate, glycerin,
and hexanediol as additives [16, 17].

Solution gelation rate, morphology of matrix, the amount of water take up and
diffusion coefficient in an in-situ forming drug delivery system are under influence of
the additive [18]. Additives may be used to vary the water uptake characteristics of
these systems [19, 20], or other components may be added to alter the matrix
formation characteristics [21]. Also the addition of some organic additives may
improve the injectability of the final solution followed by reducing solution viscosity.

Bakhshi et al. [2] and Astaneh et al. [3] have studied the effect of additives,
mainly ethyl heptanoate, glycerol, and ethyl benzoate, on the in situ formation and
their ability of the drug release. They correlated the drug release behavior of the
system with its morphology. Since the matrix morphology is affected by phase
separation rate; they had used different type of concentration of the additives. Their
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results suggested that additives which slow down the rate of solidification due to
low affinity between solvent and non-solvent, lead to a more dense structure and
hence reduce the initial solvent removal rate and the drug release.

Our aim in this study is to prepare an injectable PLGA-based in situ forming
system including one of aliphatic esters, e.g., ethyl heptanoate, methyl heptanoate,
and ethyl nonanoate. These substances have chemical structure similar to PLGA.
Ethyl heptanoate (EH) or ethyl enanthate, methyl heptanoate (MH) or methyl
enanthate, ethyl nonanoate (EN) or ethyl pelargonate are colorless liquids having
sweet odor and water-insoluble esters that are used as additives. These chemical
compounds have usually been used in flavoring alcoholic beverages [22]. Figure 1
shows the chemical structure of esters. We have focused our study on the deeper
understanding of degradation process without using any drugs to omit the drug
function. However, morphology and chemical composition of matrices during
degradation time are reported.

Experimental

Material

PLGA Resomer RG 504 [poly (pbL-lactide-co-glycolide) 50:50, IV = 0.45-0.60 dL/g]
was purchased from Boehringer Ingelheim (Ingelheim, Germany), NMP, ethyl
heptanoate, methyl heptanoate, and ethyl nonanoate were obtained from Merck
(Darmstadt, Germany). All chemicals were used as received without further
purification.

Preparation of in situ forming system

Polymer solutions were prepared from PLGA in NMP with and without esters
(Table 1) in several glass vials. The polymer solutions were mixed using a
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Fig. 1 Chemical structure of PLGA, NMP, ethyl heptanoate (EH), methyl heptanoate (MH), and ethyl
nonanoate (EN)
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Table 1 Compositions of the prepared solution

Formulation Polymer (%ow/w) NMP (%ow/w) Ester type Ester (%ow/w)
F, 33 67 - -

F, 33 57 EH 10

F; 33 57 MH 10

F, 33 57 EN 10

EH ethyl heptanoate, MH methyl heptanoate, EN ethyl nonanoate

laboratory shaker (100 rpm, 12 h) and were sonicated for 5 min to achieve a
homogeneous solution.

A 0.2 g portion of the prepared solution was injected into three separate glass
vials containing 20 mL phosphate buffer solution (pH 7.4, 0.2 M) as degradation
medium using medical syringes. The vials were kept in a laboratory oven at 37 °C.
In order to follow the performance and morphology of in situ formed system, the
samples were stored in buffer for the appropriate times.

Solvent removal study

To analyse the released NMP, a novel high performance liquid chromatography
(HPLC) method with good precision was developed using a high performance liquid
chromatography (Agilent® HPLC (1200 series) system) operated by reversed phase
Waters C-18 column (150 mm x 4.6 mm, 5 pm) at 30 °C, isocratic elusion of a
mobile phase composed of 68:32 volume ratio trifluoroacetic acid (0.1% v/v) and
acetonitril. The UV detector, flow rate and condition of injection volume were
220 nm, 0.5 mL/min, and 20 pL, respectively.

Scanning electron microscopy (SEM)

For the characterization of the cross-section morphology by the scanning electron
microscopy (Cambridge S360), the samples were removed from buffer solution and
dried for 24 h in laboratory oven at room temperature, frozen in liquid nitrogen,
broken, mounted into the sample holder, gilded, and examined with SEM.

Nuclear magnetic resonance (NMR)

Samples were removed from the degradation medium, dried, and dissolved in
DMSO-d6 to assign with a Brucker-Advance 400 MHz instrument at room temperature.

Results and discussion
NMP removal percentage

The removal of NMP from PLGA matrix occurs at once with diffusion of water into
matrix which determines the final matrix morphology. Phase inversion is the
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response of injected solution into aqueous medium. Presence of additive influences
the rate of phase inversion. Matrices morphology investigation is necessary to
understand matrices transport characteristics. By increasing the affinity between the
solvent and non-solvent, phase inversion is performed faster and as a result a thin layer
at the surface of the matrices and finger-like holes in the cross-section of the matrices
are formed. On the contrary, delayed precipitation causes the formation of thicker
skins at the surface and sponge-like structure at the matrices cross-section [21].

The water influx rate and the gelation rate are important kinetic parameters
during the systems formation. The water influx rate refers to the diffusion of water
from biological fluids and subsequent accumulation within the injected polymer
solution [21]. Due to more water penetration into the matrices which have more
porosity, the degradation rate takes place in them more rapidly. In the first step of
this study, the removed NMP from matrices was evaluated by HPLC. Table 2
compares the removed NMP percentage from PLGA matrices to buffer solution
during 4 days of degradation time. After this time, NMP removal percentage is 50%
for control matrix (F;) and 100, 95, and 66% for matrices containing EH (F,), MH
(F3), and EN (F,), respectively.

Results show that the additives increased the release of NMP from matrices.
Also, this value was exceeded more for F, and F; in comparison with F,.

It seems possible that the nature of the chemical groups at the polymer chain-
ends can affect the release of NMP from matrices. The literature has underlined the
impact of the nature of the polymer chain-ends in drug delivery systems [23]. In the
case of PLGA Resomer RG non-H type, hydroxycarboxylic acid ester is used as
chain length controller for generating alkyl ester as the end groups [24]. In our
study, it has been expected that the matrices prepared from PLGA Resomer RG 504
(a non-H type) have hydrophobic character.

A slow NMP removal for control sample (F) is observed due to hydrophobicity of
PLGA Resomer RG 504 causing a decline in water penetration. There are several inter
molecular interactions between components of additive-loaded matrices. Figure 2
shows schematic diagram of the interaction between components of system during

Table 2 Released NMP %

during in situ forming system Sample Time e R
solidification F, 15 min 13
2 days 50
4 days 51
F, 15 min 14
2 days 80
4 days 100
F, 15 min 9
2 days 77
4 days 95
F, 15 min 41
2 days 50
4 days 66
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Fig. 2 Schematic diagram of
the interaction between
components of system during

« A
matrix solidification (solid line: x 3 \
strong affinity, dotted line: low l NMP | <« L PLGA |
affinity) )
L'
Water

matrix solidification. NMP has good miscibility with water, but esters by having
hydrophobic characteristic; have low solubility with water. PLGA and each of
additives have strong affinity due to the similarity of their chemical structure (shown
by solid line). Hence, during matrix solidification, the NMP can readily be transferred
to the external media due to more interaction between PLGA and esters and reducing
the affinity of ester/PLGA with NMP (shown by dotted line). As a result, matrices
containing esters show fast phase inversion and more NMP removal percentage.

Morphology study

Figure 3 represents the cross-section morphology of the matrices at 3 and 7 days
after solidification. There are differences between control matrix and other matrices
containing additives. The morphology of the control sample (Fig. 3a) shows a
homogenous appearance with small pores so-called “sponge-like structure”. As
seen, the morphology images of cross-section of ester-loaded matrices (Fig. 3c, e, g)
show irregular macro voids and larger pores in comparison with control sample.
Mainly, during matrix formation, slow release rate of solvent forms sponge-like
structure, and high release rate of solvent causes formation of finger structure.

For additive-loaded matrices, tendency to precipitation and separation of PLGA
by removal of NMP are faster. As mentioned above, addition of esters as a
hydrophobic component having chemical structure similar to PLGA increases the
exchange rate of solvent and water, causing formation of matrices with a large pore
structure. The results of morphology study are in good agreement with results
obtained in NMP removal percentage section.

After 7 days of degradation process (Fig. 3b, d, f, h), the matrices undergo more
degradation reaction and the pores become larger. However, erosion in some of the
edges of matrices (mainly F, and F3) appears which proves degradation progress.

NMR study

"H-NMR studies were used to determine the chemical composition of matrices
during degradation time (Fig. 4). The "H-NMR spectrum of polymer matrix showed
typical signals attributed to PLGA and residue esters. The resonance signal at
1.45 ppm (a) for methyl groups of the lactic acid units and at 4.8 ppm (b)
corresponding to the methylene groups of glycolic acid and at 5.2 ppm (c) relates to
methine groups of lactic acid were appeared. The presence of ester in the matrices
was confirmed by the peaks 0.85 (d), 1.3-1.4 (e), 2.3 (f), 4.2 (g) ppm. Signals
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Fig. 3 Cross-section morphology of different matrices (F: a, b; F»: ¢, d; F5: e, f; F4: g, h) 3 and 7 days
after solidification (x200). a, ¢, e, and g for 3 days; b, d, f, and h for 7 days
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Fig. 4 "H-NMR spectrum of PLGA matrix containing MH

attribute to DMSO and water were observed in 2.5 (h) and 3.3 (i) ppm. As a result,
the data show that ester remains in the matrix during degradation.

Residual ester can affect the degradation behavior of polymer. Researchers
believe that the presence of low molecular weight substances or solvents make the
polymer main chain more flexible which effect the degradation process [25]. As a
result, water penetration into solid matrix containing esters would be faster than for
control matrix (F;), thereby; degradation rate will occur rapidly. Among the studied
additives, methyl heptanoate causes more flexibility in polymer main chain due to
its lower molecular weight. Hence, matrix containing methyl heptanoate is believed
to show the most rapid degradation rate among the studied samples.

Difference between degradation rate of matrices containing EH (F,), MH (F3),
and EN (F,) were evaluated using '"H-NMR spectra (Fig. 5). These changes were
studied using methylene group signal of glycolide end unit (4.67-4.76 ppm), which
is caused by degradation of PLGA estric bond. The ratio between a signal area from
glycolic end wunit and that from the methylene group of glycolic acid
(4.76-4.95 ppm) was used for quantitative evaluation of degradation behavior.
The values were calculated as: 0.1377, 0.09659, and 0.06717 for Fs, F,, and F,,
respectively. This observation confirms that PLGA degradation in the presence of
MH, EH, and EN proceeds in the following manner:

MH > EH > EN.
Degradation study

Poly (lactide-co-glycolide) matrix undergoes hydrolytic degradation in contact with
water. The monomer or oligomer carboxylic acid end groups (lactic and glycolic
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Fig. 5 Comparison of "H-NMR
spectra of PLGA matrix
containing MH (F3), EH (F,),
and EN (F,)

acid) were produced by the hydrolytic cleavage of ester bond which induce a
decrease in internal pH of the matrix. These alterations further accelerate
degradation in the central region. For this cause, the polymer degradation profile
looks similar to a sigmoidal curve [3].

As shown in Fig. 6, variation of pH due to PLGA degradation in buffer solution
with time shows different passes for the control sample and ester-loaded matrices.
Decline in pH at each time especially between days 18th and 35th as an indication
of degradation rate, shows the same trend observed from NMR (e.g., line [a] in
Fig. 6).

Conclusion

The effect of EH, MH, and EN as additives with chemical structure similar to PLGA
on preparation and degradation rate of the PLGA-based in situ forming systems has
been demonstrated. It was found that the NMP was removed rapidly from additive-
loaded matrices during solidification in comparison with a matrix without additive
(control matrix). The SEM results suggested a fast phase inversion for additive-
loaded matrices. The morphology of these matrices is very porous rather than
sponge-like structure seen for control matrix. The pH measurements of degradation
mediums show that the additive-loaded matrices are degraded more than control
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50

Time (days)

Fig. 6 pH changes profiles during degradation of in situ forming system

sample due to more water penetration. The NMR result also confirms the presence
of esters in matrices during degradation time.
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