Macroporous poly(e-caprolactone) with antimicrobial
activity obtained by iodine polymerization
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Abstract: The most serious problem usually encountered
in the field of implanted biomedical devices is infectious
morbidity as a primary source of mortality. In this work, the
synthesis and characterization of a macroporous iodine-
based sanitizer (iodophor), poly(caprolactone)-iodine (PCL-
I,), are presented. Characterization methods include nuclear
magnetic resonance spectroscopy, gel permeation chroma-
tography, nitrogen adsorption-desorption, and scanning
electron microscopy. The in vitro cytotoxicity to CHO cells
based on cell viability with Chinese hamster ovary cells
(CHO) and antimicrobial activities against Escherichia coli

and Staphylococcus aureus were examined. The obtained
macropore PCL-I, structures had a rather narrow size dis-
tribution. The PCL-I, iodophor was noncytotoxic to Chinese
hamster ovary cells. The antimicrobial activities of the
PCL-I, were assessed against E. coli and S. aureus. The tested
PCL-I, showed better antimicrobial activity against E. coli
than against S. aureus. © 2003 Wiley Periodicals, Inc.
] Biomed Mater Res 68A: 473-478, 2004
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INTRODUCTION

It is well known that one of the most serious prob-
lems usually encountered in the field of implanted
biomedical devices is infectious morbidity as a pri-
mary source of mortality." The attachment of bacte-
ria to solid biomaterial surfaces is an important phe-
nomenon because of its possible role as the very first
step in the development of an infection.

The usefulness of systemic administration of antibi-
otics to the infection treatment after biomaterials im-
plantation depends mainly on the absorption kinetics
and the spectrum action of the drug, reinforcing the
consensus that topical therapy has a very important
role in the restriction of the infection area, thus reduc-
ing the risks of septicemia.*”

Since the iodophor poly(vinylpyrrolidone)-iodine
(povidone-iodine) was reported to have antimicrobial
properties in the 1960s, extensive studies have rein-
forced their antibacterial, antifungal, and antivirus
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properties.°”'® However, the high toxicity of povi-
done-iodine at higher iodine concentrations, their wa-
ter-solubility, limited viability of the iodine at low
concentrations, and the risks of immunological rejec-
tion, limit the use of the iodophor in treatment of
superficial burn injuries.'”

Poly(e-caprolactone) (PCL), an aliphatic polyester
often used in a number of medical and drug delivery
devices with United States Food and Drug Adminis-
tration approval, has been used as wound-covering
material and matrix for tissue engineering.?’ >

Recently, we have reported that iodine promotes
ring-opening polymerization of e-caprolactone (e-CL)
under mild conditions, with a moderate rate, high
degree of conversion, high molecular weight, and
good stereoregularity.

The bulk polymerization promoted by iodine in-
duces a phase inversion in the reaction medium, pro-
ducing the charge transfer complex PCL-iodine (PCL-
I). As a consequence of the phase inversion, the
synthesis of PCL-I structures with both higher degree
of porosity and available/free iodine concentrations
may be attained.

To the best of our knowledge, the macroporous
iodophor PCL-I has not been reported in the literature
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and this appears to be the first study of its antimicro-
bial activity. The present study was undertaken to
determine the in vitro antimicrobial activity of PCL-I
against Escherichia coli and Staphylococcus aureus, the
potential infecting microorganisms in the surgical im-
plant area.

MATERIALS AND METHODS

Synthesis and physicochemical characterization

The monomer e-CL, obtained from Aldrich, was dried with
CaH, for 24 h and then distilled under reduced pressure.
Iodine-induced e-CL polymerization was performed in bulk
using septum-stoppered flasks in a bath, which was protected
from light. The reaction temperature was controlled by an
immersion bath and maintained at 25°C. Stoichiometric
amounts of purified and pulverized iodine (Merck) were
added directly with vigorous agitation into e-CL under nitro-
gen flow, the monomer-initiator ratio being [e-CL]/[I,] = 20:10.
Reaction time was taken to start at the moment when the
iodine was added. Afterward, the reaction mixture was pre-
cipitated with a large excess of cold ethanol. Total available
iodine was assayed in PCL-I by potentiometric titration with
standardized sodium thiosulfate.

The maximal level of free iodine concentration in PCL-I
was maintained at 10% of available iodine to get the maxi-
mal antimicrobial activity and to avoid possible effects of
irritant contact dermatitis.

The obtained polyester was characterized by different
techniques. The reaction conversion and chemical structure
of the polyester was evaluated by proton nuclear magnetic
resonance ("H NMR) spectroscopy. Spectra were performed
in a Varian UNITY-400 NMR spectrometer. Chemical shifts
in parts per million (ppm) were reported downfield from
0.00 ppm using tetramethylsilane as the internal reference.

Molecular weights and molecular weight distributions
were determined by gel permeation chromatography (GPC)
using a PerkinElmer gel permeation chromatograph
equipped with a refractive index detector series 200. A set of
104, 103, and 500 A PL-gel columns conditioned at 25°C
were used to elude the samples of 10 mg/mL concentration
at 1 mL/min high-performance liquid chromatography-
grade chloroform flow rate. The weight-average (M,,) and
number-average (M,) molecular weights were determined
using a calibration curve with polystyrene standards. The
polydispersity index was calculated as the M, /M, ratio.

Surface areas of PCL-I were determined from conven-
tional N, sorption isotherms utilizing the BET theory.***
The Dubinin-Radushkevich equation and the density func-
tional theory formalisms were used to calculate the pore
volume, from which the pore surface area and pore size
distribution were determined.®® The samples (0.3-0.8 g)
were previously degassed at 298 K during approximately
24 h and then studied at 77 K.

The pore morphology of PCL-I samples was observed by
scanning electron microscopy (SEM) using a Phillips JEOL
XL 30 microscope.
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Antimicrobial activity

The in vitro antimicrobial activities against E. coli and S.
aureus (ATCC 6538 P) were determined on the powdery
PCL-I samples by the cut plug method on nutrient agar
which contained peptone (10 g - L"), NaCl (5 g - L), beef
extract (5 g -+ L"), and agar (20 g - L") at physiological
pH.?7° The assay plates were seeded with the test bacteria
and, after solidification, the wells were made and filled with
20 mg of the powdery polymer. The plates were incubated at
30°C for 24 h after which the diameters of inhibition zones
were measured. The compounds produced inhibition zones
that were further assayed at different concentrations in
aqueous suspension in order to quantify their inhibitory
effects. A loopful of each culture was placed into test tubes
containing 10.0 mL of 10-fold diluted sterile nutrient broth,
and then incubated overnight at 30°C. At this stage, the
cultures of the test bacteria containing 6 X 10* cells/mL
were used for the antimicrobial test.

Because the PCL-I is not water soluble, it was suspended
in the dilute of the above nutrient broth medium to make
0.05 g-mL ™" and 0.5 mL was transferred to flasks containing
sterile 10-fold diluted nutrient to give the final concentra-
tions of 10.5 and 2.5 mg - mL~'. Exposure of the bacterial
cells was started when 0.2 mL of the culture containing 6 X
10* bacterial cells - mL™" was added to 10 mL of the above
PCL-I suspension and shaken at 30°C. At the same time, 0.2
mL of the same culture was added to 10 mL of the nutrient
broth solution, decimal solutions were prepared, and the
starting number of cells was counted by spread plate
method. After 24 h contact, 1.0-mL portions were removed
and mixed with 9.0 mL of 10-fold diluted nutrient broth and
then decimal serial solutions were prepared from these di-
lutions.

The surviving bacteria were counted by the spread plate
method. After inoculation, the plates were inoculated at
30°C and the number of colonies was counted after 24 h. The
ratio was performed in triplicate every time. The ratio of the
colony numbers for the media containing the PCL-I and
those without the polymer was taken as surviving cell num-
ber. Finally, the antimicrobial activity was evaluated from
this value.

Cytotoxicity evaluation

The cytotoxicity of PCL-I extracts was evaluated against
Chinese hamster ovary (CHO) cells, ATCC CHO k1 [Amer-
ican Type Culture Collection (ATCC)], according to ISO
guidelines.>*>!

Serially diluted PCL-I extracts were added to a CHO cell
culture. CHO cells were grown in Eagle minimum essential
medium (MEM)-fetal calf serum (FCS) and 1% penicillin-strep-
tomycin solution, in a plastic tissue culture flask, at 37°C/5%
CO,. After confluent monolayer propagation, the culture me-
dium was removed and the cells were washed with calcium-
and magnesium-free phosphate saline buffer. The culture was
treated with 0.25% trypsin solution to detach the cells from the
culture tissue flask. After trypsinization, the cells were trans-
ferred to a screw-capped plastic tube, centrifuged, and washed
twice with calcium- and magnesium-free phosphate saline
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buffer. The cells were resuspended in MEM-FCS and adjusted
to give 1 X 10% cells/mL. A volume of 2 mL of this cell
suspension was seeded to each 60-mm-diameter assay culture
dish and incubated for about 5 h for adhesion of the cells. The
culture medium was then replaced by 5 mL of fresh MEM-FCS,
in the control plates, and by undiluted (100%) and successively
diluted extracts (50, 25, 12.5, and 6.25%), in culture dishes with
the adhered cells. All concentrations were tested in triplicate.
After incubation of the culture dishes for 7 days at 37°C, 5%
CO, for the cell colonies formation, the PCL-I cytotoxicity was
evaluated quantitatively, based on cell viability.

After the incubation time, the medium was removed from
the dishes and after fixation with buffered saline formalin
solution (10% formaldehyde), the colonies were stained with
Giemsa. The number of visible colonies on each dish was
counted and compared with the number of colonies in the
CHO control dish. Phenol solution (0.02%) and PCL extract (60
cm” in 60 mL MEM-FCS) were used as positive and negative
controls, respectively. The results were expressed as percent
cell survival from control per volume of extract tested.

RESULTS AND DISCUSSION

"H NMR spectrum of PCL-I obtained after 2.5 h reac-
tion time is shown in Figure 1. The assignments of the
chemical shifts of PCL obtained by iodine-promoted po-
lymerization are in excellent agreement to those reported
in the literature.** The presence of signals associated to
the residual monomer allowed the calculation of the
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Figure 1. 'H NMR spectra recorded in CDC, of the reac-
tion mixture at low conversion (2.5 h reaction time).
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Figure 2. GPC profile of iodine-promoted polymerization
of e-CL.

monomer conversion. It was previously reported that
higher levels of monomer conversion may be achieved
by increasing the [e-CL]/[l,] molar ratio.”

Figure 3. SEM micrographs of the PCL-I particles obtained
by the iodine bulk polymerization.
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Figure 4. Differential pore size distributions for PCL-I cal-
culated by application of the density functional theory
method to N, adsorption isotherms at 77 K.

Figure 2 illustrates the GPC traces for PCL-I ob-
tained by bulk iodine polymerization at 25°C. The
molecular weight distribution is very narrow, with a
polydispersity value (M,,/M,) of 1.3 and an apparent
molecular weight (M,,) of 35.900.

SEM micrographs (Fig. 3) of the synthesized PCL-I
displayed particles with pore diameter larger than 2
pm, forming an interconnected sponge-like structure.
According to the definition of IUPAC,* porous mate-
rials can be divided into three types according to their
pore diameters: microporous (<2 nm), mesoporous
(2-50 nm), and macroporous (>50 nm). Based on this
terminology, PCL-I structure has a macroporous
structure. The macropores observed in the particles
were closely circular and they had rather uniform
sizes.

The size distribution of pores calculated from the N,
adsorption isotherms is shown in Figure 4. PCL-I ex-
hibits a monodisperse distribution, with pores com-
prised between 3 and 5 wm. Because of the porous
sponge-like structure of the PCL-I, an improvement
on the desirable properties of a wound dressing such
as high permeability to oxygen and better water up-
taking ability relative to the nonporous PCL may be
expected. The maintenance of the monodisperse po-
rous structures may be desirable to the development
of systems with controlled small-to-moderate mole-
cule release and high absorption of wound exudates
providing a moist environment and three-dimensional
structure for cell growth and tissue respiration.

The macropore fraction of PCL-I plotted against
activation temperature of the reaction medium is
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Figure 5. Effects of activation temperature on the macro-
pore fraction (A) and BET surface area (B).

shown in Figure 5. The macropore fraction decreased
continually with the increase of activation tempera-
ture, indicating coalescence of the pore structures in
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Figure 6. Cytotoxicity profile of PCL-IL, (B) extracts against
CHO cells; negative control (high-density polyethylene) (A);
and positive control (phenol) (C).
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Figure 7. Growth inhibition of different concentrations of
PCL-L Inoculation: 6 X 10* cells - mL ™, E. coli (A), S. aureus

(B).

the proximity of the melting temperature of PCL
which is approximately 60°C.

The potential cytotoxicity was evaluated quantita-
tively by the cytotoxicity index ICg, the dose that
produces 50% of cell survival, from the dose-response
curves shown in Figure 6. The cytotoxic character was
based on the determination of percent of cell survival
per dose of component, and the ICs, value was extrap-
olated from the curves of percent cell survival versus
dose. The studies with PCL-I extracts demonstrate that
the iodophor was noncytotoxic to the CHO cells.

The antimicrobial capacities of PCL-I against E. coli
and S. aureus were explored by the cut plug method
and viable cell counting methods. The capability of the
prepared polymer to inhibit the growth of the tested
microorganisms on solid media is shown in Figure 7.
The growth-inhibiting effect was quantitatively deter-
mined by ratio of the surviving cell number (M) in the
medium containing the polymer to that without the
polymer (C). PCL-I inhibited the growth of the tested
bacteria on solid agar medium with increasing con-
centration of the iodophor. Finally, the results show
that the inhibitory effect is more pronounced for E. coli
and it becomes similar at high concentrations of PCL-I.

CONCLUSIONS

PCL-], an essentially macroporous polymeric mate-
rial exhibiting a rather narrow pore size distribution,
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was synthesized. The PCL-I macroporous structures
revealed no signs of cytotoxicity in the methyl tetra-
zolium assays, showing a satisfactory biocompatibil-
ity. The tested PCL-I samples showed better antimi-
crobial activity against E. coli than against S. aureus.
Improved antimicrobial PCL-I properties can be ex-
plained by a synergistic effect between the polymeric
support and the biologically active substance (iodine),
linked to the matrix via a charge-transfer complex.
However, the exact mode of action of the synthesized
PCL-I on the test microorganisms in this study needs
more investigation, and such results will be reported
in the future.
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