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ABSTRACT

Poly(.-lactic acid) (PLLA) fibers were impregnated with the anti-inflammatory drug ketoprofen by
supercritical CO; (scCO;) assisted impregnation process, to develop drug-eluting absorbable sutures.
This work indicates the possibility to tune not only the drug loading but also the release profile of
ketoprofen from PLLA by modifying the impregnation (temperature and pressure) and
depressurization (temperature and rate) conditions. Different PLLA sutures that release ketoprofen
during 3 days up to 3 months were obtained. The release was shown to be governed by two
parameters: the degradation rate of PLLA, that increases with the drug impregnation, and the sutures
free volume, that was created due to scCO, sorbed and was partially conserved during
depressurization. The degradation rate and the tensile strength loss of the suture are accelerated by
ketoprofen since it catalyzes PLLA acid hydrolysis.
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1. Introduction

The supercritical carbon dioxide (scCO;) assisted impregnation process has arisen as an interesting
alternative to traditional processes to load a drug into a preformed polymer implant in order to
transform it into a drug-eluting implant [1]. This process uses CO in supercritical state (above 31 °C
and 7,38 MPa) as a solvent. CO; can sorb in many semi-crystalline polymers, and can temporarily swell
them and increase their free volume [2,3]. Moreover, scCO; can solubilize a variety of drugs [4] and
carry them into the swollen matrix resulting in the impregnation of the matrix. Using scCO, enables the
recovery of an impregnated polymer free of any solvent residues by depressurization after
impregnation. Moreover, the supercritical conditions of CO; being reached at reasonable temperature,
this process can be applied to load thermosensitive drugs.

Due to these advantages, various polymer implants and medical devices have been impregnated with
drugs to create drug-eluting implants [1,5] such as lenses and subconjunctival implants [6,7], sutures
[8,9], scaffolds for tissue engineering [10—12] and endoprosthesis [13,14] as recently reviewed [1].

It is well-known that the drug loading can be tuned by varying the operational conditions such as
temperature, pressure, contact time and depressurization conditions [1]. The influence of each
parameter on the drug loading has been intensively explored and many works focused on how to
increase the drug loading by tuning the impregnation conditions [15-17]. Only few papers have been
comparatively dedicated to exploring the potential of the scCO,impregnation process to control the
release of the drug by varying the process conditions [18—21]. Torres et al. [18] reported that an
increase in the impregnation pressure results in the increase of the thymol diffusion coefficient when
released from PLA into ethanol solutions of different concentrations. In the same study, the effect of
the depressurization rate on the diffusion coefficient of thymol showed to be non-regular. Meanwhile,
Rojas et al. [19] observed an increase in the diffusion coefficient when the depressurization rate was
decreased or when the pressure were increased, on the release of 2-nonanone from linear low-density
polyethylene (LLDPE) into an ethanol solution. In another work, Rojas et al. [20] observed no influence
of the depressurization rate on the release of thymol from low-density polyethylene (LDPE) into
ethanol solution. Milovanovic et al. [21] had also pointed out that the surface morphology created
during the impregnation process has an impact on the release of thymol from cellulose acetate; in this
study, conditions with higher impregnation yields resulted in pores on the surface that lead to a quicker
release. In these papers, the release behavior was explained by small modifications or rearrangement
of the polymer chains during the impregnation process. In the present work, we present an exploratory
study that indicates the possibility to tune the drug release profile by adjusting the operational
conditions during the scCO,impregnation process and we rationalize the influence of the experimental
conditions on the suture properties after the impregnation.

In a previous study, we have investigated the impregnation of three commonly implanted semi-
crystalline polymer sutures made of poly-lactide (PLLA), poly(ethylene terephthalate) (PET) and
polypropylene (PP) with two non-steroid anti-inflammatory drugs, ketoprofen and aspirin. We
explored the influence of the operational conditions such as time (1h—3h), temperature (40-100 °C),
pressure (10-35 MPa), depressurization rate (0.06 MPa/min to high speed) and depressurization
temperature (-78 and 80 °C) on the drug loading and on the tensile properties of the impregnated
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sutures [8]. The present work focuses of PLLA sutures impregnated with ketoprofen that have shown
the largest range of drug loading (up to 32,5 wt%) among the studied systems, and that was the only
polymeric matrix from which the impregnated drug was released. Here, we evaluate the in vitro
behaviors of these sutures to verify if they can be suitable as functional drug-eluting sutures. In case
of absorbable sutures, their rate of tensile strength loss and the rate of absorption must match the
healing speed of the tissues to respectively maintain their mechanical function and to avoid late
complications. PLLA being an absorbable polymer, its degradation rate may evolve in vitro and in vivo
due to the presence of the drug that can impact the absorption rate and its loss of tensile strength.
Moreover, the drug release rate of the impregnated suture must be tuned to ensure a sustained
release during the inflammation period, i.e. during 5—7 days [22].

First, the effect of the scCO, impregnation treatment on the degradation rate and on the tensile
strength loss was evaluated in vitro for the PLLA suture impregnated with ketoprofen. The respective
effects of CO; and drug on the degradation were determined by comparing the behavior of an
impregnated suture with a suture only subjected to scCO; in the same conditions of pressure,
temperature, impregnation time and depressurization. Then, the effects of impregnation temperature
(80 and 90 °C) and pressure (30 and 35 MPa) as well as the depressurization rate (0.06 MPa/min and
high speed) and temperature (-78 and 80 °C) on the ketoprofen release profiles from PLLA were
evaluated. The results were rationalized regarding the drug impregnation, the coating and the free
volume created in the PLLA sutures during the process. Based on our previous work [8], we have
selected a set of conditions that result in a range of drug impregnation values (from 11.8 to 23.4%) and
impact the polymer microstructure (i.e. crystallinity) in a different extent while maintaining sufficient
mechanical properties of the suture.

2. Material and methods

2.2. MATERIALS

Carbon dioxide N45 (purity 99.95%) was supplied by Air Liquide. PLLA monofilament suture was
provided by Covidien. Ketoprofen, sodium nitrite (NaNO;), sodium chloride (NaCl), potassium chloride
(KCl), sodium phosphate dibasic (Na;HPQ,), monopotassium phosphate (KH,PO,), were purchased
from Sigma—Aldrich and used as received.

2.2. SUPERCRITICAL IMPREGNATION PROCESS

The impregnation of the fibers was performed in a batch process and a previously described protocol
was applied [8]. 300 mg of ground drug powder and a stirrer bar were added in a 40 mL stainless steel
cell. This amount of drug ensured the saturation of CO, with drug in all process conditions. A glass flask
was placed above the stirrer bar, and about 60 mg of suture was wind up and inserted in the flask. No
filter was used to limit a possible drug deposition on the sutures surface during depressurization. Then,
the high-pressure cell was placed into a thermostated bath heated up to the required temperature. A
syringe connected to a high pressure-liquid pump (model 26D from Teledyne Isco) was used to load
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COsinto the cell. When the desired pressure was reached, the system was kept at a given pressure and
temperature, and the magnetic stirring was turned on (100 rpm). The impregnation time was 3h since
we have previously estimated that it is sufficient to reach the thermodynamic equilibrium [8] i.e. the
drug solubilization in scCO,[23] and the scCO; sorption into the suture [3]. After the soaking time, the
reactor was depressurized.

For the investigation of the degradation and the loss of tensile strength of impregnated PLLA suture,
the PLLA fibers were impregnated at 75 °C and 30 MPa and quickly depressurized after dipping the
reactor in an acetone/dry ice bath (- 78 °C) for 10 min. The process conditions were selected to obtain
an intermediate drug impregnation (11.2 %) among the range of drug loadings of ketoprofen that we
previously obtained in PLLA suture (that reached up to 32.5 wt% at 80 °C and 35 MPa) [8]. For the
determination of CO; effect on the PLLA degradation and on the tensile strength, samples were
prepared by treating the suture with scCO,at the same operational conditions but without the addition
of ketoprofen.

For the study of the influence of the operational conditions on the ketoprofen release profile from
PLLA, five PLLA fibers were impregnated in different conditions, varying the impregnation temperature
(80 and 90 °C) and pressure (30 and 35 MPa) as well as the depressurization rate (0.06 MPa/min and
quick (c.a. 2 s)) and depressurization temperature (-78 and 80 °C). The fibers are named from A to E
and the process conditions used for each one are reported in Table 1. The set of conditions have been
chosen based on our previous results, considering that significant Drug Impregnations were obtained
varying in the range, 11.8-23.4 %. The samples were prepared in triplicate.

As explained, different depressurization conditions were applied: the reactor was either dipped into
an acetone/dry ice bath to quickly freeze the system at -78 °C before a manual fast depressurization
(fibers A, B and C); or quickly depressurized at 80 °C (fiber D). The cooling of the reactor to -78 °C led
to the CO;freezing and formation of dry ice that avoided the removal of the drug during the following
rapid depressurization (2 s) of the residual gaseous CO,. The low depressurization rate (0.06 MPa/min)
was performed by adding an automated valve (Top Industry) that controls the depressurization at the
outlet of the reactor.
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Table 1. Experimental conditions used to prepare the five PLLA sutures impregnated
with ketoprofen and their final characteristics.

Sample Impregnation Depressurization Diameter Drug Coating Drug

conditions (T; conditions (T; (pm) Loading (%) Impregnation
P) rate): (%) (%)
80°C; 30 MPa -78 °C; quick 228+ 13 21.3+0.7 3.0+£0.2 18.3+0.8
90°C; 30 MPa  -78 °C; quick 256+16 239+08 28+0.2 211%0.3
80°C; 35 MPa  -78 °C; quick 307+18 28.9 5.5 234
80 °C; 30 MPa 80 °C; quick 191 +8 12.4 0.6 11.8
80°C; 30 MPa 80 °C; 215+12 33+26 132+17 19809

0.06 MPa/min

quick corresponds to a depressurization duration of 2-5 s.

During the quick depressurization at 80 °C, the reactor was maintained at this temperature but it is
worth pointing out that the real temperature inside the reactor may have decreased due to the
JouleThomson effect. However, the real temperature has not been measured along the

depressurization.

After depressurization, the fibers were kept in open petri dishes for a few hours and then stored in
ziplock plastic bags at ambient temperature (18-23 °C).

2.3. CHARACTERIZATION

2.3.1. IN VITRO DEGRADATION

The degradation study was performed with three fibers: a raw PLLA fiber to serve as a reference; a
PLLA fiber impregnated at 75 °C and 30 MPa and quickly depressurized at —-78 °C; and a PLLA fiber only
subjected to scCO;in absence of drug at 75 °C and 30 MPa and quickly depressurized at -78 °C. About
200 mg of each suture was immersed into 50 mL of 1 M phosphate buffered saline (PBS) solution at 37
°C in separated flasks. At each sampling time, about 40 mg of each fiber was taken off, rinsed with
distilled water and dried at room temperature before GPC analysis and tensile tests; and the PBS
solution was totally replaced. The degradation study was carried out during 5 weeks.
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2.3.2. GEL PERMEATION CHROMATOGRAPHY

Gel Permeation Chromatography (GPC) was performed using the Malvern Viscotek TDA 305 model
(Malvern Panalytical Ltd, United Kingdom). The molecular weight (M) of the PLLA samples was
determined by GPC in tetrahydrofuran (THF) using poly(styrene) standards at 45 °C, at a flow rate of
0.7 mL/min, using the maximum of the peak. Ketoprofen was not removed before performing GPC.

2.3.3. TENSILE TEST

The tensile properties of the sutures after immersion in PBS were measured with an electromechanical
tensile tester (Instron model 5566, Elancourt, France). All fibers were mounted between holders at a
distance of 2 cm (Pneumatic Action grips, Elancourt, France). Tensile testing was conducted at room
temperature, at a rate of 5 mm.min™™. Three replicates were performed for each sample. The load is
reported instead of stress since the diameters of the fibers were different and since, for the envisioned
application, the fiber must resist to a given load.

2.3.4. DRUG LOADING

The Drug Loading (DL) corresponds to the total mass of ketoprofen (impregnated and in the coating)
per mass of PLLA fiber and was calculated according to:

D'r"u,g loadz'n,g (%) — M fibera fterimpregnation —Mraw fiber *100 (])

Myaw fiber

where Myiper after impregnation IS the weight of the impregnated suture fiber and myaw fiver is the weight of the
initial raw suture fiber. The weights were measured with a balance Mettler Toledo XS 204 (precision
10 g).

2.3.5. DISSOLUTION OF THE COATING AND MASS CONTRIBUTION OF THE COATING

All the sutures were recovered with a coating made of ketoprofen precipitated on the suture surface.
The time teoaing Necessary to totally dissolve the coating on each fiber was determined from the
scanning electron microscope (SEM) images of sutures, that were immersed in 1 M PBS at 37 °C for
different times.

Coating represents the percentage of loaded ketoprofen that forms the coating. Coating was
determined by measuring the mass of ketoprofen forming the coating (mcouing) from the drug release
curves at teoaing. We considered that the amount of drug that is released from the suture until tcoating is
only due to the dissolution of the coating and not to the release of the impregnated drug inside the
suture, and that the suture does not absorb water during this period. Thus, Coating can be also
expressed as:

Coating (%) = —eesting_ %100 (2)

Myaw fiber

where m...s 1S the weight of ketoprofen in the coating and m,.. «.is the weight of the initial raw suture
fiber.
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2.3.6. DRUG IMPREGNATION

The Drug Impregnation corresponds to the mass of impregnated ketoprofen inside the PLLA suture
(excluded the ketoprofen forming the coating) per mass of PLLA fiber and was calculated using
equation (3):

. . . o . . Mpulk
DrugImpregnation (%) = Drugloading — Coating = T ¥ 100 (3)
where m,.is the weight of ketoprofen impregnated inside the PLLA and m,, i the weight of the initial
raw suture fiber.

The impregnated samples were weighted at least 5 days after the impregnation since preliminary tests
have shown that CO, was desorbed after that time and the mass remained constant.

2.3.7.IN VITRO DRUG RELEASE

The drug release experiments were performed in 1 M PBS at 37 °C. Between 7 and 10 mg of
impregnated fiber was immersed into 10 mL of PBS, the weight of the fiber being precisely determined.
The coating of the impregnated fibers was not removed before the release experiment in order to
study the release profile that can be obtained from the sutures as obtained directly after the process
(with the coating and the impregnated drug). At predetermined time periods, 2 mL aliquot of the
released solution were taken off and replaced by 2 mL of fresh PBS. The 2 mL were analyzed by UV-
vis spectroscopy (HITACHI U-3300/ 130-0614, Japan) and the concentration of ketoprofen in the
samples was measured at 259 nm for ketoprofen, using a previously performed calibration curve. The
drug release experiments were performed in duplicate except for fibers C and D.

In order to compare the release profile of fibers impregnated with different drug loadings, the
cumulative drug release was calculated as the percentage of cumulative mass of drug released M; at
time t in relation to the Drug Loading:

. . *k M[

Cumulativedrugrelease = 100* 5" T (4)
The Korsmeyer-Peppas model was used to analyze the drug release profile and to estimate the kinetic
model and the release mechanism of drug from the fibers for the first 60% of cumulative drug release,
using equation (5):

A];—’; = ktn (5)

where u, is the amount of impregnated drug released at infinite time (which corresponds to the mass
of ketoprofen impregnated into PLLA), and t the time (in hours). n corresponds to the diffusional
coefficient that is representative of the transport mechanism and k is the kinetic constant. This
equation can be applied to model the release of the present system since the drug diffuses in only one
dimension as the length/thickness ratio of the fibers is above 10 [24]. The mechanism responsible for
the drug loading is evaluated from the value of the diffusional coefficient n. For a cylindrical matrix,
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n < 0.45 corresponds to Fickian diffusion, 0.45 < n < 0.89 to a anomalous transport due to diffusion and
degradation of the polymer, n = 0.89 to case Il transport, and n > 0.89 to super case |l transport.

2.3.8. FIBER MORPHOLOGY IMAGING

The morphology of the fibers was observed by SEM using a JEOL JSM 840-A microscope after
metallization with Pt (30 nm).

2.3.9. DIAMETER OF THE FIBERS

The diameter of the impregnated fibers used in the drug release study was measured with a
micrometer at five different places along each fiber, at tcoaing i-€. Once the coating had been removed.
The average of the diameter was calculated.

2.3.10. DRUG DISTRIBUTION BY RAMAN IMAGING

The impregnated fibers were cut perpendicularly to their length, and their coating was not removed
prior to measurement. The drug distribution was evaluated on the cross section of the fibers by Raman
imaging. A confocal Raman system (Labram Il, Horiba Jobin-Yvon, Japan), with a 633 nm excitation
wavelength was used, with a 20x objective. A spectrum was recorded each 10 um in X and Y directions.
The Raman imaging were obtained from the ratio of the Raman bands of ketoprofen (bands centered
at 1598 and 1658 cm™) and PLLA (band centered at 1450 cm™). The band of PLLA was chosen since it
is independent on PLLA degradation. All the Raman images have identical color scales.

3. Results and discussion

3.1. DEGRADATION STUDY OF PLLA SUTURES

The properties of absorbable sutures such as PLLA evolve in vitro and in vivo as a consequence of their
degradation. The chemical degradation of degradable polyester sutures such as PLLA happens through
hydrolysis of the ester bonds in its amorphous regions. The cleavage of the ester bonds results in the
decrease of the molecular weight and the regression of the tensile properties.

In biomedical engineering, two terms are distinguished for absorbable sutures: the rate of absorption
and the rate of tensile strength loss. The rate of absorption of the suture has to match the healing
speed of the tissue on which the suture is implanted to avoid any late complications [25], the healing
speed being specific for each tissue. The rate of tensile strength loss impacts the function of the suture
that is to mechanically ensure an adequate proximity of the wound edges during the healing process
of the tissues [26].

The in vitro evolution of molecular weight and tensile strength with incubation time in 1 M PBS at 37
°C have been compared for three fibers: the raw commercial PLLA suture, a PLLA suture impregnated
with ketoprofen and a fiber only subjected to scCO,. The impregnated suture was impregnated at 75
°C and 30 MPa during 3h and quickly depressurized at -78 °C. This suture resulted in a Drug
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Impregnation value of 11.2% and a Coating of 1.2% that was removed before the characterizations.
The suture only subjected to scCO;, was prepared in the same conditions but without ketoprofen.

3.1.1. EVOLUTION OF THE MOLECULAR WEIGHT

The evolution of the molecular weight of PLLA in function of the immersion time in PBS for the three
sutures is reported in Fig. 1. The impregnated suture had a Drug Impregnation value of 11.2% and a
Coating of 1.2% that was removed before the characterizations.

] &
250 :
)
200+ o
© o = a)raw PLLA
(\Ej) 1504 A b) subjected to scCO,
m; e c)impregnated with ketoprofen
% 1001 .
2 °
= 501 o
[}
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Immersion time (weeks)

Fig. 1. Evolution of PLLA molecular weight in function of the immersion time in PBS for a) raw PLLA (squares); b) PLLA subjected
to scCO; (triangles); and c) PLLA impregnated with ketoprofen (Drug Impregnation = 11.2%) (circles).

The degradation of PLLA is not disturbed by the scCO, treatment since the molecular weights of the
raw suture and the one only subjected to CO; are similar and both exhibit a decrease of 20% of their
initial molecular weight after 5 weeks of immersion.

The initial molecular weight of the impregnated PLLA is 30% smaller than the PLLA only subjected to
scCO,, indicating that the presence of ketoprofen has induced some PLLA degradation during the
impregnation process. Once immersed in PBS, the molecular weight strongly decreases during 5 weeks,
being 85% smaller when compared to the raw PLLA suture at the same time. The measurements were
stopped after 5 weeks, but it is expected that the molecular weight continues to decrease with time.

Ketoprofen (Fig. 2a) is a molecule that bears one carboxylic acid function which, impregnated into PLLA
and in presence of PBS, can accelerate the hydrolysis of the ester bonds of PLLA (Fig. 2b) and its
degradation. Even if ketoprofen is released from the matrix with time, the short chains resulting in the
degradation of PLLA possess acidic function at their chain ends that catalyzes the hydrolysis [24,27].

a) b)

OH

HC

o CHs
OH
H4—0
n
o)

(o]

Fig. 2. Chemical Structure of a) Ketoprofen and b) PLLA.
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Moreover, a higher diameter of the impregnated fiber is associated to a higher free volume that
facilitates the diffusion of water that induces hydrolysis into the PLLA matrix, as further explained in
section 3.2.3. Indeed, the diameter of raw suture is 150 um, whereas the diameter of the one just
subjected with scCO; is about 170 um (13% higher) and the one of the suture impregnated with
ketoprofen is about 187 £ 5 um (~25% higher).

Since the degradation of an absorbable suture must match the healing speed of the tissue on which it
is implanted, the application of the PLLA sutures impregnated with ketoprofen by scCO;-assisted
impregnation must be adapted to tissues with a faster healing process than the ones repaired with the
raw PLLA fibers [28].

3.1.2. LOSS OF TENSILE PROPERTIES

Fig. 3 shows the evolution of the load-strain curves with immersion time in PBS of the three studied
fibers. The tensile properties of the raw commercial suture (Fig. 3a) and of the suture subjected to
scCO; (Fig. 3b) are initially different due to the impact of the CO, pressurization/depressurization
treatment on the PLLA microstructure [8] but do not change during 5 weeks. On the contrary, the load-
strain curve of the suture impregnated with ketoprofen (Fig. 3c) undergoes dramatic changes after one
week in PBS and the suture totally loses its tensile strength after 3.5 weeks due to its accelerated
degradation. The plastic domain is more impacted than the elastic one, but the tensile yield strength
remains the same. The ultimate strength decreases up to 75% after 3.5 weeks while the Young modulus
tends to slightly increase with the degradation time in PBS (see supporting information a).

a) b) c)
—1t=0 —_—t=0
8- 1 week 8- 1 week -
| ——2 weeks — 2 weeks
— 3,5 weeks — 3,5 weeks
61 —— 5 weeks 61 5 6+
oy = — 5 weeks ~
z z z
3 3 3
T4+ S 44 o4 —1t=0
| — = 1 week
—2 weeks
2 24 24 ——3,5 weeks

0

® T * T X T T T ¥ T x 1 0 T T T T T T T T T T T T T
0 10 20 30 40 50 60 0 20 40 60 80 100 0 20 40 60 80 100 120
Strain (%) Strain (%) Strain (%)
Fig. 3. Evolution with immersion time in PBS of the tensile curves of a) raw PLLA; b) PLLA subjected to scCO2; and c) PLLA impregnated
with ketoprofen (Drug Impregnation =11.2%).

This loss of tensile strength is comparable to other absorbable sutures. For instance, Caprosyn™ a
monofilament composed of glycolide, caprolactone, trimethylene carbonate and lactide, losses its
original tensile strength after 3 weeks of implantation in vivo. The applications of Caprosyn™ sutures
include general soft tissue approximation and/or ligation [29]. Our impregnated PLLA can then be used
in similar application as Caprosyn™. To avoid such a fast loss of tensile strength, a PLLA fiber with a
higher original molecular weight could be used to enlarge the applicability range and to create drug-
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eluting sutures for tissues that heal more slowly. Another possibility should be to impregnate a drug
that does not possess acidic function in order to avoid the faster degradation of PLLA.

3.2. IN VITRO DRUG RELEASE OF IMPREGNATED PLLA SUTURES

The possibility to tune the drug release profile of a drug impregnated into a polymer by varying the
impregnation and/or depressurization conditions was investigated. Five PLLA fibers were impregnated
with ketoprofen in different conditions of impregnation and depressurization that are reported in
Table 1. The diameter, the % Drug Loading, Coating, and the % Drug Impregnation are also listed in
Table 1, for each impregnated fiber.

As it has been previously reported in the literature, the scCO; impregnation process can lead to the
formation of a coating on the surface of the polymer [8,30]. The release study has been carried out
with the sutures as obtained after the process, without removal of the coating.

The process conditions may also impact the release of the impregnated drug. In section 3.1., it has
been highlighted that a drug bearing carboxylic acid function can catalyze the hydrolysis of an
absorbable polymer such as PLLA, the speed of degradation being expected to be dependent on the
Drug Impregnation of such a drug. Moreover, the process conditions may change the free volume of
the polymer and the diffusion of the drug through the matrix.

3.2.1. COATING CHARACTERIZATION

The coatings composed of ketoprofen on the five sutures have been characterized in terms of
morphology, homogeneity and rate of dissolution in 1 M PBS at 37 °C, by SEM images (Fig. 4). Three
morphologies of coating were observed, that varied with the depressurization conditions. The time
teoating NECESSAry to totally dissolve each kind of coating was evaluated by SEM images of fragments of
each fiber, after different period of time of immersion of the fibers in PBS (see supporting information
b).
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Fig. 4. SEM images of a) and b) first kind of coating of
ketoprofen observed on fibers A, B and C that were
cooled at —78 °C before quick depressurization; c)
and d) of the second kind of observed on fiber D that
was depressurized at 80 °C during 2 s; e) and f) third
kind of coating observed on fiber E that was
depressurized at 80 °C at a depressurization rate of
0.06 MPa/ min.

In the case of fibers that were cooled at -78 °C before depressurization (fibers A, B and C), a
homogeneous and non-friable coating was observed. Ketoprofen crystallized in needle-shaped crystals
(Fig. 4a and b). This coating is formed from the drug solubilized in surrounding scCO, that precipitated
during the cooling step [31]. The Coating is c.a. 2,8-5,5% in the three samples.

The sutures that were subjected to a quick depressurization at 80 °C (fiber D) exhibited a thin
homogeneous coating made of packed platelets (Fig. 4c and d). The amount of drug in the coating is
small (Coating = 0,6%). During the quick depressurization, the drug is quickly vented with CO, due to
flow dragging. The precipitation of ketoprofen from surrounding CO; should be minimal and, the
coating may arise from ketoprofen that was inside the fiber and was extracted during venting.

Finally, a third kind of coating was observed on the sutures that were slowly depressurized at 80 °C
(fiber E). A heterogeneous coating composed of partially crystallized ketoprofen can be noticed on Fig.
4e and d. This coating was friable and could be partially removed during handling. Since the
depressurization speed was slow, ketoprofen was not dragged by CO; but instead it precipitated in the
high-pressure cell due to the slow decrease of its solubility from 7.2 * 10™*M fraction at 80 °C and 30
MPa up to zero at atmospheric conditions [23]. Consequently, it precipitated and accumulated
progressively on the upper side of the suture, creating an irregular and thick coating (Coating of
13.2%).

The dissolution rate of the coatings can be influenced by their thickness and by the polymorphic form
of ketoprofen [32-34]. Two polymorphic forms of ketoprofen exist: a regular crystalline one and a



Published in : Journal of Drug Delivery Science and Technology (2020), vol. 55, 101468 =
DOI: 10.1016/).jddst.2019.101468 o r L I EG E
Status : Postprint (Author’s version) & université

second amorphous one that is metastable [35,36]. The first coating may correspond to the crystalline
one. However, it is difficult to clearly determine in which crystalline state is ketoprofen in the second
and third coatings.

The first coating was totally solubilized after teoaing = 5 min. Normally, the crystalline form of ketoprofen
solubilizes more slowly than the amorphous one, but the observed quick dissolution may be accounted
by the high surface area of the needles and porosity of the coating [37]. The second coating (fiber D)
was totally dissolved after 4 h due to the lower surface area of the ketoprofen plate-shaped coating.
The thicker coating formed on fiber E lasted 5 h to totally dissolved, probably due to its higher thickness
and high density in localized regions.

During storage of the samples at room temperature (18-23 °C), the diffusion of ketoprofen from the
coating to the polymer top layer may have occurred, driven by the difference of ketoprofen
concentration between the two regions. Nonetheless, this diffusion is probably limited by the low
mobility of the polymeric chains at room temperature. For example, the glassy temperature of PLLA
sutures impregnated with 21 wt% of ketoprofen is c.a. 38 °C which highlights the restricted chains
mobility in storage conditions [8]. We have estimated that this diffusive phenomenon during storage
occurred similarly in all the samples regardless of their drug impregnation (in all the samples,
ketoprofen concentration was superior in the coating in comparison to the polymer phase) and that
this phenomenon may affect in a slight extent the amount of drug within the coating (Coating) and
within the suture (% Drug Impregnation) along the storage time.

In this work, no protection was used to prevent the coating formation by drug precipitation. If a
physical protection had been used, the precipitation of the solubilized drug in the surrounding scCO,,
as observed in fibers A, B, C and E, would not occur on the fiber surface and no coating would be
formed by this process. However, the coating still could be formed due to the drug being dragged out
the matrix and precipitating at its surface, as it was seen in fiber D.

3.2.2. DRUG IMPREGNATION

The Drug Impregnation that corresponds to the mass of drug impregnated into the matrix per mass of
polymer was calculated using equation (3). As shown in Table 1, the Drug Impregnation of ketoprofen
in PLLA depends on the impregnation conditions. scCO»-assisted impregnation process is governed by
mass transfer and thermodynamics. The drug solubility in scCO,, the CO; sorption into PLLA and
polymer swelling are impacted by temperature and pressure. The mass transfer of ketoprofen from
the CO,-phase to the fiber is a diffusion process facilitated by an increase of CO, sorption and swelling.
In accordance to already reported data [8], Drug Impregnation rises with temperature (comparison of
fibers A and B) and pressure (comparison of A and C). In the range of investigated pressures (above
the ketoprofen crossover pressure), the solubility of ketoprofen in CO;rises with temperature due to
its higher sublimation pressure, increasing from 5 * 10 to 7.2 * 10~ mol fraction when the
temperature is increased from 80 °C to 90 °C at 30 MPa [23]. Moreover, the CO; sorption and PLLA
swelling increase between 80 °C and 90 °C as temperature get closer to the in situ melting temperature
of PLLA (=100 °C) impregnated with ketoprofen. To the best of our knowledge, there are no data of
CO; sorption and PLLA swelling reported in the literature at these temperatures. However, at such
temperatures, Differential Scanning Calorimetry proved elsewhere that a partial melting of the PLLA
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crystals occurs during its impregnation with ketoprofen due to an increase in the chain mobility caused
by the interaction between the scCO,, the ketoprofen and the polymer, a phenomena known as a
cryogenic effect of the {scCO, + ketoprofen} mixture [8]. That results in an increase of the proportion
of amorphous domains that probably allows more CO,to be absorbed in PLLA and a higher swelling of
the fibers [3]. These phenomena favor the diffusion of the {CO,+ketoprofen} mixture in the fiber, thus
resulting in higher Drug Impregnation. Under isothermal conditions, an increase of pressure provokes
anincrease in the Drug Impregnation which is associated to an increase of CO,density and its solvating
power, thus improving ketoprofen solubility. At 80 °C, ketoprofen solubility rises from 5 * 10™*to 7 *
10~* mol fraction when the pressure is increased from 30 to 35 MPa [23]. Moreover, CO, sorption in
PLLA and polymer swelling are also favored by pressure [3,38].

The temperature and speed of depressurization also impact the Drug Impregnation. Cooling the
sample at -78 °C before depressurization enables to freeze the system and to trap the drug inside the
PLLA matrix. In that way, no drug is lost during depressurization of fibers A, B and C and Drug
Impregnation varying between 18.3 and 23.4% are achieved. However, a quick depressurization at 80
°C leads to mechanically drag out the drug with CO, during the venting, the Drug Impregnation of fiber
D is thus lower than the one of fiber A. This extraction effect is hindered by reducing the
depressurization rate like in the case of fiber E (0.06 MPa/min; 80 °C). The retention of ketoprofen in
PLLA at slow depressurization rate is accounted by the high affinity of ketoprofen and PLLA [8] that
interact through strong H-bonds [3].

3.2.2. FREE VOLUME

The free volume of the fiber can also have a strong impact on the drug release profile since the buffer
and the drug can more easily diffuse through the matrix if the cavities formed by the free volume are
at least equal or larger than the volume of the ketoprofen molecule. The increase in the fibers diameter
after impregnation (Table 1) has been used to estimate their free volume considering that the diameter
of the raw PLLA fiber is originally 150 £ 3 um. Indeed, this increase can be the result of three
phenomena, i.e., the presence of ketoprofen molecules within the fiber, the increase of free volume
due to the processing, and the presence of pores due to the polymer foaming entailed by CO..

The polymer foaming contribution to the free volume can be discarded by the SEM analysis since no
macroporosity has been observed. Among the processing conditions that have been explored, the one
used for fiber D are favorable for polymer foaming (high depressurization temperature and quick
depressurization) [39]. However, as shown in Fig. 5, no macroporosity is evidenced on the SEM images
of the surface of fiber D after coating removal. The surface of the other samples after coating removal
was also analyzed (not shown here) and led to the same conclusion.
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Fig. 5. SEM images of fiber D that was impregnated at 80 °C and 30 MPa and depressurized at 80 °C during 2 s, after coating
removal. No evidence of foaming can be observed.

The highest diameters have been observed for fibers A, Band C, i.e. fibers depressurized after freezing
the impregnated fibers at =78 °C. The Tg of PLLA is about 61 °C under atmospheric pressure and can
decrease in situ due to plasticizing effect of CO, and ketoprofen [3,40,41]. Therefore, in these
conditions, the temperature falls below the T, of PLLA while CO s still present inside the fibers. The
frozen polymer cannot reorganize during depressurization and the free volume created by the sorbed
CO, during the impregnation is partially conserved. The diameter of these three fibers increases when
the impregnation conditions favor CO; sorption in the polymer, i.e. higher temperature and higher
pressure [1].

It is worth noting that the presence of the drug tends to increase the free volume created during the
process since lower increase of the diameter has been observed for fibers only subjected to CO,in the
same experimental conditions: 174 + 4 um at 80 °C and 30 MPa (compared to 228 + 13 um in fiber A)
and 190 £ 3 um at 90 °C and 30 MPa

(compared to 256 + 16 um in fiber B), both quickly depressurized at -78 °C. Ketoprofen acts as a
cryogenic agent and induces a melting/ recrystallization process in this range of temperatures that
consequently increases the CO; sorption and the swelling of the PLLA matrix [3,42].

Fibers D and E have been depressurized at 80 °C. This temperature being above the T; of PLLA, the
chains can reorganize during the depressurization step. Besides, the depressurization rate impacts the
restructuration of the polymer that was swollen by scCO,. In case of fiber D, the quick venting of CO,
as well as the partial mechanical dragging of ketoprofen leads to the decrease of the polymer swelling
and the final fiber exhibits a small diameter (191 + 8 um) and, a poor free volume fraction. The higher
diameter of fiber E in respect to fiber D can be explained by the higher drug impregnation.

3.2.4. DRUG RELEASE PROFILES

The drug release profiles of the five PLLA sutures impregnated with ketoprofen have been measured
(Figs. 6, 8 and 9). Varying the conditions of the process not only impacts the drug loading but also
influences the release profile. Some fibers exhibit a sustained release profile up to 3 months (fiber D;
Fig. 8) whereas other fibers release all the drug after 3 days (fiber C; Fig. 6). In all the release profiles,
a first burst release occurs which is due to the dissolution of the coating of ketoprofen and that lasts
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between 5 min and 5 h depending on the kind of coating. This burst release due to the coating would
permit an immediate anti-inflammatory effect after the implantation of the sutures.
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Fig. 6. Comparison of the drug release profiles of PLLA fibers (A, B and C) impregnated. at different pressure and temperature
(in parenthese is reported the temperature and the depressurization rate; and in square bracket is reported the drug loading).

3.2.4.1. Influence of the impregnation conditions on the drug release. The faster release occurs for
fibers A, B and C in the following order: C > B > A (Fig. 6). The loaded drug is totally released after 3
days in case of fiber C whereas fiber A releases only 50% of its Drug Loading after 10 days. The coating
of these three fibers exhibiting a similar morphology, solubility and amount, it cannot explain these
differences. However, two main parameters can account for these results: the free volume and the
degradation rate of PLLA.

Indeed, the release kinetic is dependent on the diameter and, consequently, on the free volume of the
fibers. The higher is the free volume and the faster is the diffusion of the buffer into PLLA and the
diffusion of ketoprofen towards the buffer media. Consequently, conditions that favor the increase of
free volume result in a quick release of ketoprofen from PLLA, which is the case of fiber C.

The Drug Impregnation tends also to increase the drug release rate. The acceleration of the hydrolysis
of PLLA by the increase in ketoprofen impregnation can account for this observation, as observed in
section 3.1. Unfortunately, from these results alone, it is not possible to determine which one of the
two parameters has the highest impact on the drug release profile.

Raman imaging were performed on the cross-section of the fibers after determined times to
understand the ketoprofen release. The distribution of ketoprofen on the cross-section of fiber C along
the drug release is shown in Fig. 7. Although a peripheral zone appears to be depleted of ketoprofen
after 30 min, the drug is released from all the parts of the fiber, meaning that PBS diffused into the
inner part of the fiber. After 20 h, 80% of the drug is released and after 3 days, only traces of ketoprofen
can be observed confirming the almost total release.

Since the release profile of fiber C stops after 3 days, this impregnated suture would not match the
inflammation duration requires a release over 5-7 days. However, fiber A and B would fulfill this
requirement.
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Fig. 7. Raman imaging showing the distribution of ketoprofen on the cross-section of fiber C during drug release.
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3.2.4.2. Influence of depressurization conditions on the drug release. The influence of
depressurization conditions on the ketoprofen release profile is highlighted by comparing fibers A, D
and E that have been depressurized at different temperatures and different depressurization rates
(Fig. 8).

The burst releases during the early release time are concordant with the presence of the coatings and
their progressive dissolution. Fiber E exhibits the most significant burst release due to the important
contribution of the coating to the Drug Loading (Coating of 13.2%) that is released during the first 5 h.

In order to compare the release of the drug impregnated into the three sutures, the contribution of
the coating has been subtracted to the release profiles and the results are shown in Fig. 9 where the
time t = 0 corresponds to the time tcoaing at which all the coating has been solubilized in PBS.

The drug release kinetic coefficients corresponding to the release of the impregnated ketoprofen were
determined. The first 60% of drug release of Fig. 9 was fitted with the Korsmeyer-Peppas model,
(Equation (5)). The parameters n and k are listed in Table 2.
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Table 2. Ketoprofen drug release kinetic parameters obtained from the Korsmeyer-
Peppas model for samples impregnated varying the depressurization conditions.

Sample n k R2

A 0.34 0.08 0.977
D 0.82 0.006 0.99
E 0.30 0.14 0.94

The kinetic of release and the percentage of released ketoprofen are similar for fibers A and E during
the first 5 days. Similar amount of ketoprofen remains in the two matrices after 5 days as proved by
Raman mapping, Fig. 9. The diffusional coefficient n of samples A and E are similar. The values of n are
characteristic of a Fickian diffusion mechanism (< 0.45) [43], meaning that ketoprofen release is
governed by diffusion during the first days. However, the significant degradation of PLLA after few days
must contribute to the release at longer time. The similar drug release profiles of fiber A and E are
explained by their similar Drug Impregnation and their similar free volume (similar diameters).

The release of fiber D is slower with respect to the one of A and E. The diffusional coefficient (0.45 <n
< 0.89) suggests that ketoprofen is released by a combination of drug diffusion of matrix degradation.
The diameter of this fiber is lower so the structure is more narrowly packed and the free volume is
lower which hinders the quick diffusion of ketoprofen. Ketoprofen is progressively released during
about 3 months due to the progressive degradation of PLLA that facilitates the diffusion of the buffer
into the matrix.

4. Conclusion

We have evaluated the properties in vitro of sutures made of PLLA impregnated using scCO;
impregnation process with an anti-inflammatory drug, ketoprofen. The objectives of the present study
were (i) to evaluate the degradation and the loss of tensile strength in vitro of the absorbable PLLA
suture once impregnated with ketoprofen; and (ii) to explore the possibility to tune the drug release
of the drug by varying the impregnation and depressurization conditions.

The degradation rate of PLLA was accelerated by the loaded ketoprofen since the carboxylic acid
functions of the drug catalyze the hydrolysis of the ester bonds of the matrix. As a consequence, the
total loss of tensile strength occurred between 3.5 and 5 weeks making the impregnated PLLA more
adapted for suturing tissues that quickly heal.

Varying the impregnation and/or the depressurization conditions, five PLLA sutures were impregnated
with ketoprofen. These sutures exhibited various ketoprofen release profile during 3 days to 3 months.
A first burst release was observed for all the fibers that is due to the dissolution of a coating made of
ketoprofen that precipitated on the suture during the depressurization step. Changing the
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depressurization conditions enabled to modify the properties of the coating i.e. the amount of drug in
the coating and the duration of dissolution (between 5min and 5 h). The release of ketoprofen
impregnated into the suture was governed by two parameters: the free volume of the PLLA matrix and
on the degradation rate of the polymer that increases with the amount of drug impregnated inside the
suture. The free volume is a function of the depressurization conditions, freezing the reactor before
depressurization allows to conserve the volume occupied by CO, during impregnation whereas a quick
depressurization results in a more packed structure. The drug loading is responsible for a higher
degradation rate of PLLA which facilitates the ketoprofen release. This exploratory study indicates that
the impregnation and depressurization conditions of the scCO, impregnation process enables to
control not only the drug loading but also the drug release from an absorbable matrix.
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