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Bioresorbable polymeric films were prepared by solvent casting using a tyrosine-derived polycarbonate and metronidazole (MDZ) 
as the model drug at 2.5%, 5% and 10% (w/w). Drug loading did not affect the water uptake, drug release, polymer degradation 
or erosion profiles. All devices released approximately 85% (w/w) of the drug within a 1.5 h period. This may be attributed to the 
rapid water uptake of the polymer. An increase in the water uptake correlated with a linear rate increase of the polymer degradation 
(0.968 ≤ R2 ≤ 0.999). Moreover, MDZ presented a remarkable plasticizing effect for the polymer and drug loading exerted a 
significant impact on the mechanical properties of the obtained films. The results obtained can be used to further the development 
of novel biocompatible and biodegradable polymeric platforms for the delivery of metronidazole and other drugs in a broad range 
of pharmaceutical applications.
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INTRODUCTION

The significant growth of polymer science and technology has 
provided novel materials for both medical and pharmaceutical fields. 
Regarding the development of drug delivery systems, the research 
interests for both academic community and industry have been 
shifting towards the implementation of biodegradable polymeric 
systems platform in addition to the conventional approach such as 
diffusion-controlled and solvent activated systems.1-3 The advantages 
of degradable polymers are described elsewhere.4,5 

Typically, bioresorbable polymers are broken down into 
(i) hydrolytically (e.g., Poli(α-esters, polyurethanes, poly(alkyl cyanoa-
crylates) etc.), and (ii) enzymatically (e.g., protein, polysaccharides and 
poly(amino acids)) degradable.5 As regards the first group aforementio-
ned, special attention has been focused on the rationale development 
of pseudo poly(amino acids) e.g., tyrosine-derived copolymers, which 
represent a novel and promising drug delivery platform.6–9In this pur-
suit, discovery tools such as combinatorial methods, high-throughput 
experimentation and computational modeling has been applied.10,11 

Over the last few decades, these efforts lead to the development 
of a combinatorial polymer library of tyrosine-derived polycarbo-
nates consisting of desaminotyrosyl-tyrosine alkyl esters (DTR), 
desaminotyrosyl-tyrosine (DT), and low molecular weight blocks 
of poly(ethylene glycol) (PEG). This class of polymers is presented 
by the general master formula: 

poly(DTR-co-XX%-DT-co-YY%-PEG Mw carbonate)

In addition, the notation RXXYY(Mw) is used, where R is the 
alkyl pendent chain, XX is the mole percent of DT, YY is the mole 
percent of PEG and Mw is the average molecular weight of PEG.6

Besides their proved long-term biocompatibility,12,13 these 
polymers present a remarkable structure-activity relationship, once 
DTR moieties give strength and stability, DT moieties provides 

degradability and PEG moieties tune water uptake, drug release, and 
biological and mechanical properties according to the requirements 
of a specific application.6,14,15

Herein, we report on a systematic investigation of the hydration, 
degradation and erosion of a resorbable tyrosine-derived polycarbo-
nate E2505(2K) and its impact on the drug release from solvent cast 
thin films. The effect of drug loading on the mechanical properties of 
the films was evaluated as well. Metronidazole (MDZ) was used as 
model drug in this investigation. MDZ is an antibiotic widely used in 
the development of drug delivery systems for the treatment of several 
human diseases including periodontal16–27 and vaginal infections.28

MATERIAL

Metronidazole (batch SLBG3633V), water, acetonitrile (ACN), 
d6-dymethyl sulphoxide (DMSO), tetrahydrofuran (THF) and tri-
fluoroacetic acid (TFA) were purchased from (Sigma-Aldrich Co., 
Steinheim, Germany). Also, phosphate buffer solution (PBS) pH 7.4 
(Lonza Inc., Allendale, NJ, USA) and Teflon® filters 0.45 µm x 13mm 
(Whatman Inc., Florham Park, NJ) were used. All other chemicals 
were of reagent grade.

EXPERIMENTAL

Polymer synthesis and characterization

The polymer used was a tyrosine-derived polycarbonate called 
E2505(2K), which was synthetized via solution polycondensation 
reactions using the procedure described elsewhere.13 The polymer 
was placed in the absence of oxygen into sealed aluminum foil bags, 
and stored under refrigeration (-10 °C) prior to characterization and 
further use.

The chemical structure was determined by 1H-NMR. A sample 
of approximately 10 mg was dissolved in 0.75 mL d6-DMSO and 
analyzed on a Varian VNMRS 400 MHz machine (Varian Inc., Palo 
Alto, CA, USA).
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The molecular weight (weight average, Mw) and polydis-
persity index (PDI) were determined using a Gel Permeation 
Chromatography (GPC) system consisting of a Waters 717 Plus 
Autosampler, Waters 2414 Refractive Index Detector, Waters 515 
HPLC Pump, serial PLgel columns (5 µm beads; 104 Å and 102 Å 
pores size; 30 cm long; Polymer Laboratories Inc., subsidiary 
of Varian Inc., Palo Alto, CA), PLgel 5 µm guard column and 
Empower® 2 Software (Waters Inc., Milford, MA, USA). The 
column was operated at room temperature with DMF containing 
0.1% TFA as the mobile phase at a flow rate of 1.0 mL min-1. 10 mg 
sample (n = 3) was dissolved in 1 mL DMF containing 0.1% TFA 
and filtered with a 0.45 µm Teflon® filter. The injection volume was 
20 µL and run time for the analysis was 25 min. Molecular weights 
were determined relative to polystyrene standards. 

The total residual solvent content were measured using a 
Thermogravimetric Analyzer (TGA) Model TGA/SDTA851e with 
STARe software version 19.10 (Mettler-Toledo Inc., Columbus, OH, 
USA). Sample of approximately 10 mg (n = 3) were heated from 25 
to 300 °C at a rate of 10 °C min-1.

The glass transition temperature (Tg) was measured using a 
Differential Scanning Calorimeter (DSC) Model DSC 823e (Mettler-
Toledo Inc., Columbus, OH, USA). Approximately 10 mg sample 
(n = 3) was heated from 25 to 200 °C at a rate of 10 °C min-1, and 
then kept at 200 °C for 5 min. Then it was cooled down to -40 °C at 
the same rate and kept at this temperature for 5 min. Finally, sample 
was heated from -40 to 200 °C at a rate of 10 °C min-1. 

Fabrication of drug-loaded films

Drug was dissolved under low agitation speed in tetrahydrofuran 
(THF) and then the polymer was added to make a 4% (w/v) solution 
(final volume of 25 mL) and kept overnight for dispersion. For unlo-
aded sample, the polymer was dissolved in THF to make a 4% (w/v) 
solution. The dispersions were cast into Teflon® dishes (50 mL, 60 x 
20 mm) (VWR International, Philadelphia, PA, USA) in an vacuum 
oven Isotemp® 280A (Fisher Scientific Inc., USA) at 40 °C for 72 h 
to reach a residual solvent content inferior to 1%. Test sample were 
made by punching 6 mm disks from the casted films and stored in 
sealed flasks at low moisture and room temperature.

Characterization of films

Uniformity of mass and thickness 
Films sample were individually weighed in an analytical balance 

XS105 (Mettler-Toledo Inc., Columbus, OH, USA). Film thickness 
was determined using a digital micrometer IP65 (Mytutoyo America 
Corporation, MA, USA). The experiments were performed in 15 
replicates and, in both cases, the results were expressed in average 
± standard deviation.

Drug loading 
Test sample were weighted and dissolved in 5 mL ACN with 

0.1% TFA using an ultrasonic bath 3510R-MT (Branson Ultrasonics, 
Danbury, CT, USA) for 40 min. Sample were filtered with 0.45 
µm Teflon® filters and analyzed by High Performance Liquid 
Chromatography (HPLC). The analyses were performed in a LC sys-
tem comprising a Waters Separations Alliance 2695 Module, Waters 
2487 Dual λ Absorbance Ultraviolet (UV) Detector and Empower 
Pro® Software (Waters Inc., Milford, MA,USA). 

Chromatographic separation was carried out in a reverse-phase 
column Synergi Polar RP (250 x 4.6 mm, 4 µm, 80Å) purchased from 
Phenomenex® (Phenomenex Inc., Torrance, CA, USA). The mobile 
phase A was water with 0.1% TFA and mobile phase B was ACN 

with 0.1% TFA. The column was operated at 30 ± 1 °C at a flow rate 
of 1.0 mL min-1 using the following gradient of A and B: 0 min, 70% 
A and 30% B; 8 min, 5% A and 95% B; 9 min, 5% A and 95% B; 10 
min, 70% A and 30% B; 12 min, 70% A and 30% B. The injection 
volume was 20.0 µL and detection was 320 nm. MDZ contents (µg/
mg) were determined as compared to a standard curve of MDZ (2.5 
– 80 µg mL-1). The experiments were performed in triplicate.

Hydration study
Samples (n = 3) were individually weighted (W0) and immersed 

in different vials with 5 mL PBS and stored at 37 °C. At predetermined 
times (i.e., 1.5, 3, 6, 12 and 24 h) of incubation, the respective samples 
were removed from the vials, blotted dry and reweighted (Wt). The 
percentage increase in mass as a result of water uptake (WU, %) were 
measured using the following equation 1:

 ( ) 100×−
W0

W0WtWU (%) =  (1)

“In vitro” drug release profile
Sample (n = 3) were fully immersed in scintillation vials con-

taining 5 mL pre-warmed PBS as the release medium, and placed at 
37 °C into a culture oven Isotemp® 500 Series (Fisher Scientific Inc., 
USA). At predetermined time intervals (i.e., 0.17, 0.33, 0.75, 1.0, 
1.5, 3, 6, 12, 24, 36 and 48 h), 1 mL sample of the releasing medium 
was withdrawn. The same volume of fresh dissolution medium at 
the same temperature was added to replace the amount withdrawn 
after each sampling. MDZ concentration in the samples were de-
termined by HPLC-UV using the method described at the section 
“Drug loading”. The cumulative amounts of MDZ dissolved on the 
release medium at t time (At, µg) were calculated according to the  
equation 2:

 ( ) 




 ×+×= ∑

−1n
SVCtVCtAt   (2)

where: Ct = concentration of MDZ in the released medium at t time 
(µg mL-1); V = total volume of release medium (mL); VS = sample 
volume (mL).

Finally, the percent cumulative amounts of MDZ released were 
calculated in weight basis as a function of the drug content in each film.

“In vitro” polymer degradation and erosion
Sample (n = 4) were fully immersed in 5 mL pre-warmed PBS in 

scintillation vials with one sample per vial and placed into a culture 
oven Isotemp® 500 Series (Fisher Scientific Inc., USA) at 37 °C. At 
predetermined times (i.e., 1.5, 3, 6, 12, 24, 36 and 48 h) both remai-
ning film and eluent solution were analyzed. 

Degradation study
The remaining films were removed from the PBS, blotted dried 

and dissolved in 1 mL DMF with 0.1% (v/v) TFA. The Mw of the 
dissolved polymer was determined by GPC as previously described 
(see polymer synthesis and characterization section). Molecular 
weights loss was calculated as a ratio of the polymer Mw at time 0. 

Erosion study
150 µL of 0.1 mol L-1 sodium hydroxide solution were added to 

the elutant solutions and incubated for 4 hours at room temperature, 
followed by the addition of 1000 µL of 0.2 mol L-1 hydrochloric 
acid and incubation for 30 min. at room temperature. The mixture 
was frozen, then lyophilized in a Labconco FreeZone 2.5 lyophilizer 
(Labconco Inc., Kansas City, MO, USA) operating at -45 ± 5 °C and 
< 0.1 millibar. The lyophilized powder was reconstituted in 1 mL of 
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a solvent mixture containing water: ACN (70:30, v/v), then filtered 
using a 0.45 µm Teflon® filter.

The test sample mixtures were analyzed by HPLC using the me-
thod described above (see section Drug loading). Herein, detection 
was 220 nm and DT contents (µg mL-1) were determined as compared 
to a DT standard curve (2 – 150 µg mL-1). Results were expressed as 
ratio of initial polymer mass loss.

Thermal analysis
Changes on the polymer Tg were analyzed by DSC according the 

method described earlier (see Polymer synthesis and characteriza-
tion). Experiments were performed at least in triplicate.

Mechanical properties
Films were tested using a Sintech 5/D stress strain tester (MTS®, 

Shakopee, MN, USA) according to ASTM standard D882-0229 at 
room temperature. Sample width (±5 mm) and thickness (±0.25 mm) 
were averaged from three measurements prior to analysis. The cros-
shead speed was 10 mm min-1, and the cell charge was 100 N. The 
yield point was determined based on the zero slope criterion. The 
reported values of tensile modulus, tensile strength, strain at yield 
and strain at break were derived from the stress-strain curves and 
averaged from five separate runs.

DATA ANALYSIS

Comparison of averages of two samples were performed by 
Student`s t-test. For three or more sample, averages were compared 

by one-way Analysis of Variance (ANOVA), followed by Tukey’s test 
using the software GraphPad Instat 5.1 (GraphPad Software Inc., CA, 
USA). It was considered as significant values of p lower or equals to 
5% (p ≤ 0.05). Analysis of linear regression were performed using 
the software Minitab 16 (Minitab Inc., USA). 

RESULTS AND DISCUSSION

Polymer synthesis and characterization

The structure of E2505(2K) and 1H NMR spectrum of the polymer 
are shown in Figure 1. The chemical shifts assignments were addres-
sed for their respective chemical group on the structure of the polymer:

A and B protons correspond to the CH2 linked to amide and 
aromatic groups from the desaminotyrosine respectively. C protons 
correspond to the CH2 linked to the aromatic ring arising from 
tyrosine. D and E protons correspond, respectively, to the methyl 
and ethyl groups of the ethyl-ester from the DTE moieties. F proton 
corresponds to the α-position in tyrosine. G proton corresponds to 
the CH2 groups arising from the PEG moieties. H proton corres-
ponds to the aromatic groups in both DTE and DT moieties. I and 
J proton correspond to the amide groups arising from DTE and DT 
moieties, respectively.

Additionally, the molar content of each monomeric unit was 
calculated based on the integration of amide protons (I and J) at 
~8.3 and ~8.2 ppm, aromatic protons (H) at ~7.2 ppm and PEG 
methylene protons (G) at ~3.6, ~3.4 and ~3.3 ppm (1H NMR 
spectrum in Figure 1). Hence, the experimental composition was 

Figure 1. Chemical structure and 1H NMR spectrum for E2505(2K)
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poly(DTE-co-24.98%DT-co-5.05%PEG2K carbonate), which is close 
to the theoretical one.

Besides the analysis of polymer composition, along the resorbable 
polymer synthesis the evaluation of several other chemical and physi-
cal properties are required. Therefore, the glass transition temperature 
(Tg), average molecular weight (Mw), polidispersivity index (PDI) and 
residual solvent content were evaluated in this study. The polymer 
presented Tg 49 ± 1 °C, Mw 366 ± 10 KDa, PDI 1.5 ± 0.1 and 0.85 ± 
0.12% (w/w) residual solvent. In comparison, E2502(2K) presents 
Mw 268 KDa, PDI 1.4 and Tg 83 °C, while E5003.5(2K) presents Mw 
239 KDa, PDI 1.4 and Tg 75 °C.9

Characterization of MDZ loaded films

The obtained films presented a light yellow homogeneous color, 
without characteristic of drug crystallization or bubbles. Moreover, 
the films showed excellent handling properties due to suitable flexi-
bility. Table 1 presents the results obtained on the characterization 
of thickness and uniformities of mass and content of the developed 
resorbable films. 

The thickness and mass were distributed around 230 µm and 8 
mg, respectively. No significant differences were observed for the 
thickness and mass of several films. It was expected once the total 
solid content of the dispersions was kept constant for all formulations. 
Also, Mw loss ranging from 8.6% up to 17.5% was observed for the 
dried films as compared to the pure polymer. The Mw loss during 
the fabrication of the films may be attributed to the residual water 
content within the solvent used (around 0.1%). Moreover, taking 
into account the amount of PEG 2000 in the polymer’s composition, 
it also may have drag in some water from the atmosphere along its 
dispersion procedure (which toke at least 12 h), or even during test 
sample preparation.

Despite the great variation on film thickness and mass, the MDZ 
content proved to be uniform, with values of relative standard devia-
tion lower than 3%. Furthermore, the MDZ contents obtained are close 
to the theoretical expected and varied within the limits recommended 
by the literature i.e., 85 – 115%.30

The water uptake profiles of films are presented in Figure 2. In 
contrast to the drug release, polymer degradation and erosion, the 
evaluation of the hydration process was performed within a 24 h 
interval. Afterwards, the films became weak and evaluation of water 
uptake beyond this time period was not possible. 

Monitoring the water uptake of films revealed that unloaded and 
loaded films all absorbed water in an amount approximately equal to 
40% (w/w) of their initial dry weight within a 1.5 h period. Based on 
these findings, is it possible to assert that the presence of MDZ did 
not exerted any effect on the hydrophilicity of E2505(2K). 

Water uptake is a crucial parameter in the characterization of 
moisture-activated biodegradable polymers.31-33 Several studies 
have been reporting its effects on drug release performance,7,9,34-36 
degradation,9,37,38 erosion,9,31,38 swelling,9,37-39 mechanical proper-
ties,40 and biological behavior.13,37,41 There are several methods 

available to quantify and understand the water uptake phenomena. 
Gravimetric9,35 and thermogravimetric analysis (TGA),7,33,37  as 
well 3H-radiolabeled water (3H2O)32,33 and multiscale analysis (e.g., 
Confocal Raman Spectroscopy, Small-angle scattering, Confocal 
Raman imaging and cryo-scanning transmission electron microsco-
pe)31,32 are the most commonly used. Each method presents intrinsic 
advantages and disadvantages, that may be evaluated in regard the 
cost / benefit ratio by the formulator along the characterization of 
the biodegradable device. Herein, we have chosen to use a rapid 
gravimetric method, once the other methods available at the labo-
ratory were more expensive and required long time as well great 
experience to be performed.33

As shown in Figure 2, films presented water uptake ranging 
from 150% up to around 230% over a period of 24 h, which means 
that they increased their initial mass up to 2.3 folds. Interestingly, 
the specimen dimensions increased dramatically, but did not form 
a thick hydrated gel layer (hydration front) as can be observed for 
conventional pharmaceutical polymers such as acrylic and cellu-
losic derivate.42 

The high water uptake may be attributed to the amphiphilic 
character of the polymer, which contains 5% (molar) of PEG in the 
composition. In comparison, it was reported that the homopoly-
mer, poly(DTE carbonate), absorbs only about 1-2% of water over 
months.43 Moreover, previous studies compared the properties of 
several Tyrosine-PEG-derived poly(ether carbonate)s, showing that 
increased PEG content increased the rate of water uptake as well as 
the equilibrium water content of the polymer.37

The in vitro MDZ release profiles obtained for the several loaded 
films are presented in Figure 3.

All devices released approximately 85% (w/w) of the drug within 

Table 1. Thickness and uniformities of mass and content of unloaded and 
MDZ loaded polymeric resorbable thin films

Film Thickness (µm) Mass (mg) MDZ (µg/mg)

Unloaded 240 ± 27 8.4 ± 1.3 -

MDZ 2.5% 231 ± 26 8.1 ± 1.2 21 ± 0.3

MDZ 5% 226 ± 27 7.6 ± 0.8 42 ± 1

MDZ 10% 222 ± 23 8.3 ± 1 83 ± 2
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Figure 2. Water uptake profiles for unloaded and several MDZ loaded 
polymeric resorbable films incubated in PBS at 37 ºC. Mean values of n = 3 
samples of n = 3 films ± SD
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Figure 3. Drug release profiles for MDZ loaded polymeric resorbable films 
incubated in PBS at 37 ºC. Mean values of n = 3 samples of n = 3 films ± SD
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a 1.5 h period. For this reason, it was not possible to evaluate the drug 
release kinetics. This burst release profile is likely attributed to rapid 
initial water uptake (Figure 2), which leads to polymer chain relaxa-
tion and, consequently, increases the driving force for solubilization 
and diffusion of drug molecules from polymer domains. Similar 
burst release profile was reported by Lan et al.27 on the development 
of alginate rings for dental implants. In this case, 33 days sustained 
release was obtained by using MDZ loaded poly-e-caprolactone/
alginate composites.

The results presented in Figure 3 are useful for understanding the 
lack of effect of drug loading on the polymer hydration. As previou-
sly discussed, in the first 1.5 h of water uptake study, no statically 
significant difference were observed between the amount of water 
absorbed for the loaded and unloaded films (Figure 2). Taking into 
account that at this same time span the loaded films all released 
around 85% of MDZ, the different water uptake profile observed for 
the film containing MDZ at 10% (w/w) may be attributed essentially 
to an experimental error, once the drug was almost totally washed 
out from the films.

The in vitro degradation (reduction in polymer Mw of solid phase) 
and erosion (physical loss of mass and dissolution of films) of the 
unloaded and MDZ loaded tyrosine-derived polycarbonate films 
were profiled in aqueous conditions (PBS, 37 °C) for 48 h and are 
presented in Figures 4(a) and 4(b), respectively.

We did not observe any significant differences between the Mw 
and mass retention ratios for unloaded and MDZ loaded resorbable 
films over the 48 h study period. Moreover, most of drug was wa-
shed out from the films within the 1.5 h of experiment (Figure 3). 
In conclusion, the hydrolytic degradation of the polymer backbone 
and erosion of polymeric matrix were not affected by drug loading 
on the films. Previously, it was reported by Macry et al.9 that the 

drug loading did not affect the degradation profile from a polymer 
with close chemical composition i.e., E2502(2K) in fast bioerodible 
electrospun fiber mats for topical delivery of a hydrophilic peptide.

As shown in Figure 4a, E2505(2K) loses around 70% of its initial 
Mw (degradation) within 48 h. In contrast, mass loss was slower. Only 
10-15% (w/w) of the material was eroded (Figure 4b). Noteworthy, 
the degradation and the erosion are distinctive chemical and physical 
phenomena. While degradation occurs by covalent bond cleavage, the 
polymer erosion occurs by dissolution of degradation products after 
chain scission (oligomers, dimers, monomers) in non-crosslinked 
systems.5,38,44 Therefore, these two phenomena may be interdependent 
or may even occur simultaneously. 

Typically, biodegradable polymers can degrade and erode as: i) 
bulk process, where no significant alterations occurs in the physical 
size of the polymer carrier until it is always fully degraded or eroded, 
but the fraction of polymer remaining on the carrier decreases over 
time; and ii) surface process, where the polymer matrix is progres-
sively removed from the surface, but the polymer volume fraction 
remains fairly unchanged.5 According to Burkersroda et al.,38 all 
degradable polymer can undergo both processes. Beside the diffu-
sivity of water inside the matrix, the dominant process depends 
on the degradation rate of the polymer’s functional group, and the 
matrix dimension.

Upon visual inspection, films were found to be completely eroded 
and dissolved in the aqueous medium within 3 to 4 days. However, 
after 2 days it was not possible to evaluate the Mw retained by the 
remaining device anymore, once film became very weak. These 
results are in agreement with both Magno et al.,13 who reported that 
E2502(2K) scaffolds eroded within 3 to 7 days and Macri et al.,9 
who showed that E2502(2K) electrospun fiber mats eroded in 4 days. 
Interestingly, the unloaded films had the tendency to become opaque 
and eroded into larger particulates before completely dissolving. 
The loaded films however, turned into clear gel-like material prior 
to complete dissolution.

In order to evaluate the effect of hydration on the degradation of 
E2505(2K) films, we have correlated the data obtained from the water 
uptake and Mw retention ratio over a 24 h study period. The obtained 
linear regression plots, as well their respective fit curve equations and 
determination coefficients (R2) are presented in Figure 5.

Results from Figure 5 all show a significant negative correlation 
between the evaluated factors (0.968 ≤ R2 ≤ 0.999), which means that 
increasing the water uptake decreased the Mw retention ratio from 
the polymer. These findings corroborate with other results reported 
earlier9,31,37,38 and sustain the hypothesis that water uptake exerts a 
key role on the degradation of resorbable polymers. For degrada-
tion to occur by hydrolysis, polymer must interact with water by 
mean of charge interactions or hydrogen bonding mechanisms and 
absorb the surrounding aqueous solvent. Obviously, the presence of 
hydrolytically labile bonds on the polymers backbone or crosslinker 
is mandatory to enable this mechanism.5

Comparing Figure 3 with Figures 4a and 4b, it is clear that nor 
the degradation neither the erosion of the polymeric matrix showed 
significant correlation with drug release profiles. This was expected 
due to bulk erosion properties of the polymer. Typically, for drug 
delivery purpose, bulk-eroding polymers may give lower release 
rates, as they have no constant erosion velocity. On the other hand, a 
surface-eroding polymer can provide constant and easily controllable 
drug release rates. In that case, erosion proceeds at constant velocity 
at any time over this phenomena duration.5 

Although being very useful for pharmaceutical applications, 
achieving a surface erosion characteristic for a bioerodible polymer 
displays a difficult task. In general, it requires adjusts on the material’s 
dimensions and shape, as well changes in its chemical properties. 
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Figure 4. Degradation (a) and erosion (b) profiles for unloaded and MDZ 
loaded polymeric resorbable films incubated in PBS at 37 ºC. Mean values 
of n = 4 samples of n = 4 films ± SD
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Accordingly, most polymers present bulk erosion characteristics, 
since surface erosion can occurs slower than the penetration of water 
and degradation of the interior of the materials.44

The results for the thermal and mechanical properties for the 
obtained resorbable films are presented on Table 2. 

The Tg of the polymer ranged from 28.9 up to 46.7 ºC, in a way 
that increasing the MDZ loading decreased the Tg. This trend can also 
be seen graphically in Figure 6, where a zoom in the glass transition 
region from the second heating DSC curve is presented. 

The Tg, is the temperature at which the amorphous phase of the 
polymer is converted between rubbery and glassy states. At the Tg an 
amorphous polymer softens, undergoing a transition from a glassy state 
to a rubbery state because of increased segmental mobility.35 Typically, 
decreasing the Tg of polymers can improve its film forming properties 
and the appearance of the obtained films. Moreover, the decrease on the 
Tg is noticed to exert crucial impact in the physical-mechanical proper-
ties of polymers. For instance, it prevents film cracking and improves 
film flexibility and processability.45-47 The mechanism by which it occurs 
is already very well understood and can be explained by the reduction 
(weakening) on the interactions of the polymer chains. This allow 
polymer chains to more easily slide across one another. Substances that 
act decreasing the Tg of a polymer are called plasticizers.48

The visual difference on the erosion behaviors reported earlier 
for unloaded and loaded films may be attributed to the plasticizing 
effect that MDZ exerted over the polymer.

There are just a few works in the literature reporting the plastici-
zing effect of drugs so far.45,47,49 Furthermore, despite its importance 
on the development of drug delivery systems, to date no study has 
attempted the effect of MDZ on the Tg of polymers. This ratifies the 
unprecedented nature of our work. 

The same trend was also observed for both tensile strength (S) 
and Tensile or Young`s Modulus (M), which varied from 1.6 MPa up 
to 4.4 MPa and 71 MPa up to 253 MPa, respectively. The S of a film 
is defined as the resistance of the material to a force tending to tear it 
apart. On the other hand, the M is a fundamental measurement of the 
stiffness of the material i.e., how it deforms in an elastic region. In 
both cases, the higher are their values, the more resistant the material 
is to being stretched.50

Elgindy and Samy51 evaluated the mechanical properties and 
drug release of cross-linked Eudragit films containing metronida-
zole. Using different amounts of succinic or citric acid (3.5 and 7% 
w/w) as cohesion promoters and triacetin (10. 25 and 45% w/w) as 
plasticizing agent, values of S and M ranging from 0.98 N cm-2 up 
to 30.98 N cm-2 and 0.28 N cm-2 up to 10.13 N cm-2, respectively, 
were obtained.

Regarding the parameter of strain at yield (Y), no significant 
differences were observed between the values obtained, which varied 
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Figure 5. Linear regression plots between Water Uptake (WU) and Mw retention ratios for unloaded (a) and loaded resorbable polymeric films containing 2.5% 
(b), 5% (c) and 10% (d) of metronidazole. Plotted data are the average values obtained over 24 h period of experiments

Table 2. Thermal and Mechanical properties of resorbable films containing 
different loadings of metronidazole

Film Tg (ºC) S (Mpa) M (Mpa) Y (%) B (%)

Unloaded 46.7 ± 1 4.4 ± 0.6 253 ± 19 6 ± 0.2 268 ± 18

MDZ 2.5% 41.3 ± 0.5 3.5 ± 0.2 151 ± 39 6 ± 0.8 368 ± 46

MDZ 5% 36.0 ± 0.7 2.9 ± 0.4 107 ± 10 6 ± 1.2 388 ± 27

MDZ 10% 28.9 ± 0.4 1.6 ± 0.1 71 ± 6.2 5 ± 0.7 356 ± 59

Tg: Glass transition temperature of the polymer; S: Tensile strength; M: Tensile 
Modulus; Y: Strain at yield; B: Strain at break.

Figure 6. Second heating DSC curves showing the changes in the Tg as a 
function of MDZ loading on films
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around 5.5%. This parameter represents the stress at which a material 
begins to deform plastically. Knowledge of the yield point is important 
when designing a polymeric device since it generally represents an 
upper limit to the load that can be applied.50

Additionally, independently of the MDZ charge on the films, loa-
ded films presented greater values of strain at break (B) as compared 
to the unloaded films. The B is the measurement of the maximum 
deformation the film can undergo before tearing it apart.51 In the light 
of the plasticizing effect of MDZ in the obtained films, our results 
are in agreement with others published elsewhere, which reported 
that the strain at break increases with the increase of plasticizer in a 
certain formulation.52

For better understanding how the drug loading, glass transition 
temperature, Young’s Modulus and Tensile Strength correlate one 
with each other, a matrix correlation was prepared and is shown in  
Table 3.

Based on the obtained determination coefficients it is possible to 
assert that all parameter evaluated have a significant interdependence 
with each other. Increasing drug loading decreases Tg of the polymer 
as well M and S of the films. On the other hand, increasing the Tg 
of the polymer increases both M and S of the films. Finally, the 
Tensile Modulus and the Tensile strength showed to be positively 
correlated, which means that increasing one factor the other also 
increases and vice versa. For the first time the effects of metronida-
zole loading on the physical-mechanical properties of a polymer are 
reported. A knowledge of the nature of drug - polymer interaction 
and their impacts on properties of bioresorbable films would be 
extremely useful for effective formulation design and its end usage  
properties.

CONCLUSIONS

The obtained results suggest possible pharmaceutical applications 
for metronidazole loaded resorbable films from tysorine-derived 
polycarbonates. Due to fast hydration process, the film would most 
likely be useful in applications where rapid drug release is desired or 
for prolonged release from a poorly hydrated region such as for wound 
dressing or to be applied on the short term periodontal pocket treat-
ment. Aiming to enable their application for sustained drug release 
purpose, the formulations must be engineered in order to control the 
water uptake. For that, the hydrophobicity of both drug and polymer 
must be adjusted. This can be achieved by i) using metronidazole 
benzoate or another hydrophobic drug or macromolecule as model; 
ii) using a tyrosine-derived copolymer comprising a smaller amount 
of PEG and/or a smaller average molecular weight of PEG in its 
composition e.g., E2005(1K); and/or iii) blending this polymer with 
others biodegradable polymers of higher degree of hydrophobicity 
(e.g., poly-caprolactone, poly(lactic acid), poly(lactic-co-glycolic 
acid), chitosan etc.).
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