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A B S T R A C T

The supercritical impregnation process was used as a green technology for the elaboration of drug delivery
intraocular lenses to mitigate the risk of post-operatory endophthalmitis after cataract surgery. Commercially
available hydrophobic acrylic (copolymer of benzyl methacrylate and methyl methacrylate) intraocular lenses
(IOLs) were impregnated with gatifloxacin, a fourth generation fluoroquinolone drug, using pure supercritical
CO2 (scCO2) to obtain solvent-free loaded implants. The interaction phenomena involved in the supercritical
impregnation were studied by following in situ scCO2 sorption within the polymer support and the subsequent
IOL swelling, and by taking into account drug solubility in the supercritical fluid phase. The drug impregnation
yields determined though in-vitro release studies varied between 0.33 and 1.07 ± 0.07 μg·mg−1IOL in the studied
experimental conditions (8 to 25 MPa, 308 to 328 K and 30 to 240 min impregnation duration). An impregnation
duration longer or equal to the time required for a complete CO2 uptake by the polymer as well as a higher
pressure or a higher temperature over the crossover pressure delimiting the upper limit of the retrograde so-
lubility zone, led to higher drug impregnation yields.

1. Introduction

Cataract is the most common cause of blindness and the second
cause of moderate and severe vision impairment worldwide (Varadaraj
et al., 2019). According to a recent systematic review and meta-analysis
conducted on behalf of the Vision Loss Expert Group of the Global
Burden of Disease Study, cataract was responsible for 24% of moderate
and severe vision impairments (52.6 million out of 216.6 million pa-
tients) and 35% of blindiness (12.6 million out of 36.0 million) in 2015
(Flaxman et al., 2017). Cataract blindness can be avoided only through
surgical intervention which restores visual impairment by replacing the
opacified natural crystalline lens with an artificial one, commonly made
from hydrophobic or hydrophilic polymers and less commonly from
silicone (Findl, 2009). Thanks to recent developments in material sci-
ences and surgical procedures, only small incision surgery is required to
insert the foldable intraocular lense, thus improving recovery time and
significantly reducing the incidence of postoperative complications
(Kohnen and Koch, 2005; Rengaraj et al., 2016). Even if cataract

surgery is generally considered as safe, severe postoperative compli-
cations may occur. One of the most devastating is endophthalmitis, an
intraocular inflammatory disorder affecting the vitreous cavity re-
sulting from spread of infecting organisms into the eye (Kernt and
Kampik, 2010), although these cases are rare with incidences varying
from 0.03 to 0.2% across the world (Kohnen and Koch, 2005; Javitt,
2016; Garg et al., 2017).

In order to prevent short and long-term complications from en-
dophthalmitis, the injection of anti-inflammatory or antibiotic drugs
(subconjunctival, topical, intracameral or intravitreal) is carried out at
the end of surgery (Das and Sharma, 2018). Fluoroquinolone antibiotics
are the most commonly used antimicrobials for the prevention and
management of bacterial endophthalmitis (Miller, 2006; Alhusban
et al., 2019).

Arantes et al. (2008) have applied fluoroquinolone eye drops of
either gatifloxacin (a fourth generation fluoroquinolone), or cipro-
floxacin (a second generation fluoroquinolone) one hour before and
14 days after cataract surgery. The efficacy of gatifloxacin in reducing
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the number of positive post-operative conjunctival cultures has been
shown to be superior to that of ciprofloxacin, indicating its efficacy in
reducing post-operative infections. The efficiency of gatifloxacin, was
also found to be superior to that of ceftriaxone, cefepime and vanco-
mycin in treating a strain of penicillin-resistant Streptococcus pneumo-
niae in-vitro, in a rabbit model (Perrig et al., 2001). Futhermore, based
on the rabbit model results, gatifloxacin was shown to present a better
bactericidal activity than trovafloxacin (Rodoni et al., 1999) and gre-
pafloxine (Gerber, 2000), both also being fourth generation fluor-
oquinolones. Although gatifloxacin was banned for use in oral dosage
form because of toxicity issues, no systemic toxicity was observed in
topical ophthalmic applications (Jensen et al., 2008; Schultz, 2012) and
it is still recommended for the prophylaxis of postoperative en-
dophthalmitis (Jensen et al., 2008). According to the 2014 survey by
the American Society of Cataract and Refractive Surgery, 90% of re-
spondent surgeons apply topical perioperative antibiotic prophylaxis at
the time of surgery, with 60% preferring gatifloxacin or moxifloxacin
fourth generation fluoroquinolone (Chang et al., 2015).

The elaboration of sustained-release drug delivery systems is an
effective way to improve drug formulation and administration protocols
while enhancing the therapeutic efficiency, achieving cell targeting and
avoiding overdose risks. The practice of loading drugs into modern
ocular supports has expanded in the last decades in the treatment of
various eye diseases such as as glaucoma, posterior capsule opacifica-
tion (PCO) or endophtalmitis. Several methodologies have been applied
such as soaking in liquids (Matsushima et al., 2005; Li and Chauhan,
2006; Kugelberg et al., 2010; Eibl et al., 2013; Wertheimer C et al.,
2015; Phan et al., 2016; Topete et al., 2018), molecular imprinting
(Hiratani et al., 2005; Maulvi et al., 2019), surface modification
(Wang et al., 2015), electrospinning (Mehta et al., 2017), incorporating
drugs into colloidal structures, dispersing nanoparticles or micro-
particles in the polymeric network of lenses (Gulsen and Chauhan,
2004, 2005; Kapoor et al., 2009; Jung et al., 2013), grafting or in-
building (co-polymerization) cyclodextrins into lenses to host drugs by
forming dynamic inclusion complexes (Rodriguez-Tenreiro et al., 2006;
Ribeiro et al., 2012), formulating liposomes (Danion et al., 2007a,
2007b, 2007c; Jain and Shastri, 2011) or loading contact lenses with
microemulsions (Li et al., 2007), etc.

The aforementioned listed methodologies generally imply the use of
often toxic organic solvents. In spite of the application of several se-
paration procedures for their elimination, residual traces can still re-
main inside the final products and can be problematic for the sensitive
tissues in the eye. Furthermore, drug/solvent dissolution and compat-
ibility as well as drug degradation (thermal, photochemical, etc.) issues
can also occur. In the conventional impregnation process (soaking
method), low diffusion rates imply long impregnation duration and
limited diffusion depth (Weidner, 2018).

An alternative for the elaboration of sustained-release drug delivery
systems is the use of the supercritical impregnation process. For several
years, supercritical fluid technologies have been attracting a growing
interest in the pharmaceutical and biomedical fields (Davies et al.,
2008; Duarte et al., 2009; Badens et al., 2018; Matos et al., 2019). As
underlined by several studies, supercritical CO2 (scCO2) is an attractive
impregnation carrier, thanks notably to its enhanced transfer phe-
nomena compared to that of liquid solvents (lower viscosity, higher
diffusivity and surface tension close to zero). Transfer phenomena are
further promoted by scCO2 sorption within polymers favoring their
reversible swelling and resulting in shorter processing durations with
homogeneous and in-depth impregnation (Bouledjouidja et al., 2017a;
Barros et al., 2017; Champeau et al., 2015b; Kikic and Vecchione, 2003;
Kazarian, 2000). A key parameter governing supercritical impregnation
is the partitioning of the solute between the fluid phase and the im-
pregnation support. A molecular dispersion of the drug within the
polymeric support can be obtained, even if its solubility in scCO2 is low
(Kazarian, 2004; Kazarian et al., 1998; Pasquali and Bettini, 2008). As
scCO2 is spontaneously released at the end of the process upon

depressurization, solvent free end-products meeting regulatory re-
quirements for pharmaceutical and biomedical applications can be
obtained. For these fields, the mild critical temperature of CO2 (31 °C)
allowing the processing of thermosenstive compounds as well as its
biocidal properties are also of interest (Soares et al., 2019).

The process is considered adjustable since the impregnation yield as
well as the drug release can be controlled by varying the operating
conditions to obtain sustained drug release varying from a few hours to
several weeks. Indeed, several concomitant interaction phenomena are
involved in the impregnation process; the sorption of scCO2 in the
polymer support and the resulting swelling of the latter, the solubili-
zation of the drug in supercritical CO2 and its partitioning between the
polymer and the fluid phase according to relative affinities. All these
interactions can be influenced by varying the operating conditions of
pressure, temperature and impregnation duration. Their influence on
impregnation are therefore complex to predict, and contradictory re-
sults have been reported in the literature depending on the polymer and
drug components involved (Bouledjouidja et al., 2016; Bouledjouidja
et al., 2017b; Champeau et al., 2015b; Fleming and Kazarian, 2005;
Kazarian, 2004; Kikic and Vecchione, 2003; Pasquali and Bettini, 2008;
Üzer et al., 2006).

The supercritical fluid impregnation process has been successfully
applied to the elaboration of ophthalmic localized sustained-release
drug delivery intraocular lenses or contact lenses (Braga et al., 2011;
Costa et al., 2010; Dias et al., 2011; Duarte et al., 2007, 2008;
Bouledjouidja et al., 2016, 2017b; Masmoudi et al., 2011; Yokozaki
et al., 2015a, 2015b; Yokozaki and Shimoyama, 2018). Some of these
studies feature the feasability of obtaining effective and in-depth im-
pregnation within these sensitive medical devices without altering their
thermomechanical, surface/wettability, oxygen permeability and op-
tical properties (Masmoudi et al., 2011; Braga et al., 2011;
Bouledjouidja et al., 2017a, 2017b; Costa et al., 2010).

The present work is a part of a larger research project for the ela-
boration of sustained-release drug delivery intraocular lenses through
supercritical impregnation to prevent postoperative complications of
cataract surgery. More precisely, in this study, gatifloxacin, a bacter-
icidal antibiotic of the fourth-generation fluoroquinolone family was
loaded into commercially available hydrophobic foldable IOLs for the
prevention of endophthalmitis. The originality of this work is to in-
vestigate the different mechanisms involved in supercritical impreg-
nation to better explore the influence of operating conditions and to
improve the understanding and the optimization of the process. For that
purpose, CO2 sorption within polymer IOLs and the subsequent swelling
of the latter were determined by carrying out in situ Fourier transform
infrared micro-spectroscopy (FTIR) measurements. By following the
kinetic of CO2 sorption online, it was also possible to determine the
time required to reach thermodynamic equilibrium, which is an im-
portant data to understand the influence of impregnation duration. In
addition to this, the drug solubility in supercritical CO2 was calculated
(using results from the literature) and its partition coefficent between
the polymer and the fluid phase determined in the different experi-
mental conditions of pressure and temperature. The variation of the
drug impregnation yield has been discussed refering to all these data.

2. Material and methods

2.1. Chemicals

Commercially available foldable hydrophobic acrylic (copolymer of
benzyl methacrylate and methyl methacrylate) IOLs were kindly pro-
vided by Shenyang Bio Medical Device Co. Ltd. and He Eye Care System
(Liaoning Province, China). They present diopters varying between 21
and 22 + D.

Carbon dioxide (99.7% purity) was supplied by Air Liquide
(France). Gatifloxacin (C19H22FN3O4, 375.39 g.mol−1) was purchased
from Sigma-Aldrich (France) and was stored at −20 °C. Its skeletal
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formula is illustrated in Fig. 1.

2.2. Solubility of gatifloxacin in supercritical CO2

Gatifloxacin solubility in supercritical CO2 (yGTX) was studied by
Shi et al. (2017) Experimental measurements were carried out at three
temperatures 313, 323 and 333 K within a pressure range of 12 to
36 MPa using a dynamic method. Experimental solubilities were then
correlated using different semi-empirical density based models
(Mendez-Santiago and Teja model, Chrastil model, Bartle model, and
Kumar and Johnston model) with average absolute relative deviations
varying from 6.7 and 11.5% indicating the measurement consistency.
As the lowest deviation was obtained with the Kumar and Johnston
model (Eq. (1)), this correlation was used to estimate gatifloxacin so-
lubility in supercritical CO2 under pressures varying from 8 to 25 MPa
at 308, 318 and 328 K.

= +lny 3.0100 7472.5661
T

0.0070GTX (1)

T is the temperature (K) and ρ is the density of scCO2 (g·L−1) calculated
using Span et al. equation (Span and Wagner, 1996).

2.3. Fourier transform infrared micro-spectroscopy (FTIR)

An original experimental set-up combining a FTIR microscope and
high-pressure cell was used in this study to simultaneously measure in-
situ CO2 sorption within the polymer IOLs and their subsequent swelling
(Dubois et al., 2018). The infrared microscope (Perkin-Elmer spotlight
200) operates in a transflection mode and covers a spectral range over
800–6500 cm−1 with a resolution of 4 cm−1 obtained after the Fourier
transformation of 100 accumulated interferograms. The stainless-steel
high-pressure cell is equipped with a 12 mm diameter sapphire window
and a polished stainless-steel mirror. The IOL (without the haptics) was
maintained facing the sapphire window and supported at its center by

the mirror as illustrated in Fig. 2. The high-pressure cell withstands
pressure up to 40 MPa and temperature up to 473 K. In order to reg-
ulate the temperature, a thermocouple is located near a cartridge heater
and a second thermocouple is placed close to the sample area to mea-
sure the sample temperature with a 1 K accuracy. The cell is connected
through a capillary to a hydraulic pressurization system allowing a
pressure increase with a standard uncertainty of 0.1 MPa.

The experiments were performed under isothermal conditions,
without drugs. In the first step, the spectra of raw IOL (before exposure
to CO2) were recorded. The cell was then filled with CO2 respecting
similar pressurization rates to those used in impregnation experiments.
The spectra were measured every 2–5 min during the pressurization
phase and recording was then pursued until the thermodynamic equi-
librium of CO2 sorption within the IOL was reached.

An example of the infrared spectra in the wave number range from
3400 to 6500 cm−1 of raw IOL as well as IOL exposed to scCO2 at 8 MPa
and 35 °C are illustrated in Fig. 3.

Considering the thickness of the IOL (~1 mm), the spectral ranges
below 3800 cm−1 were saturated. Two band ranges corresponding to
the CeH combination modes and overtones of the polymer appear at
3800–4800 cm−1 and 5500–6075 cm−1, respectively. During exposure
to scCO2, the intensity of the bands corresponding to the polymer de-
creases, indicating swelling phenomena, whereas two characteristic
peaks of CO2 appear at 4950 and 5070 cm−1 indicating the sorption of
CO2 within the polymer. The peak at 4950 cm−1 corresponds to the
combination mode + +21 2 3 of CO2, whereas the peak at
5070 cm−1 is assigned to the combination mode +2 1 3. For quanti-
tative measurements, as the peak intensity was higher at 4090 cm−1,
this wavenumber was rather used in order to determine CO2 sorption
within the polymer. As peak position and bandwidth of combination
bands are expected to be more sensitive to pressure than overtones, the
peak range of 5500–6000 cm−1 was selected and its area integrated to
quantify the polymer swelling.

The concentration of the CO2 sorbed into the IOL was determined
using the Beer-Lambert law applied to CO2 peak.

=A ·l·C .CO2 CO2 (2)

where ACO2 is the absorbance at 4950 cm−1, l the path length (cm)
equal to twice the IOL’s thickness, CCO2 the CO2 concentration
(mol·L−1) and ε the molar extinction coefficient (L·mol−1·cm−1) equal
to 0.25 L·mol−1·cm−1 at 4950 cm−1. (Dubois et al., 2018)

As previously described by Kazarian et al. (Flichy et al., 2002;

Fig. 1. Skeletal formula of gatifloxacin.

Fig. 2. In situ FTIR spectrometer coupled with a transflection high-pressure cell.
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Guadagno and Kazarian, 2004), the polymer volume swelling can be
calculated using the absorbance of a polymer specific band before and
during exposure to CO2. The absorbance (A) at a specific band can also
be calculated following the Beer-Lambert law:

=A ·l·Cpolymer (3)

Cpolymer is the polymer concentration (mol·L−1) in the IOL, l is the
pathlength (twice the IOL thickness in transflection mode) and ε the
molar extinction coefficient of the polymer band (L·mol−1·cm−1).

ε can be considered to be independent of CO2 pressure (Dubois
et al., 2018) and l is constant since the IOL was maintained between the
sapphire window and the mirror.

The absorbance before and during exposure to CO2 (A0 and A) can
be expressed as follows:

=A ·l·C0 0polymer (4)

=A ·l·Cpolymer (5)

where C0polymer and Cpolymer are respectively the polymer concentration
in IOL before and during exposure to CO2 (mol·L−1). If V0 is the volume
occupied by polymer before exposure to CO2, then the volume during
exposure to CO2 can be expressed as V0 + ΔV. As the polymer mass
does not change during exposure to CO2, it is possible to write that:

= = +A
A

C
C

V V
V

polymer

polymer

0 0 0

0 (6)

Consequently, the polymer swelling (S) can be expressed as:

= =
A

S V
V

C
C

1 A 1
0

0polymer

polymer

0

(7)

The Beer-Lambert law can also be applied to the integrated absor-
bance of the polymer between 5500 and 6000 cm−1 (Guadagno and
Kazarian, 2004).

=AA A( )dIOL 5500

6000

(8)

The polymer swelling (S) can therefore be expressed as:

=S AA
AA

10IOL

IOL (9)

2.4. Supercritical impregnation

Supercritical impregnations were conducted in batchmode using a high-

pressure set-up and following the experimental protocol described pre-
viously (Bouledjouidja et al., 2016, 2017a, 2017b; Masmoudi et al., 2011).
For all the experiments, one IOL protected by a filter paper was placed on an
aluminum support and 5 mg of gatifloxacin was introduced within a frit
filter basket to prevent any contamination of the IOL surface in the 125 mL
autoclave. Based on previous studies, a constant pressurization flow rate of
250 g·h−1 and a depressurization rate of 0.2 MPa·min−1 were respected to
avoid IOL foaming (Bouledjouidja et al., 2016). The influence of the oper-
ating conditions was studied by varying the impregnation pressure, tem-
perature and duration. The impregnation duration corresponds to the con-
tact time between scCO2 and the IOL at a constant pressure (recorded since
the end of the pressurization step).

2.5. Impregnation yields

In order to determine impregnation yields, loaded IOLs were soaked
at 37 °C under stirring in 3 mL of simulated aqueous humor (pH of 7.2)
prepared as described previously (Bouledjouidja et al., 2016). After
several weeks of release, aliquots of 0.4 mL were collected and drug
concentration quantified at 287 nm using a spectrophotometer (Jenway
6715, UV/VIS). Time-spaced samples were withdrawn to confirm the
stability of the concentration indicating a complete drug release. After
each analysis, the aliquot was returned to the release vessel to maintain
the initial volume. The impregnation yield (Yimp) was calculated ac-
cording to Eq. (10).

=Y
m
mimp

imp

IOL0 (10)

where m0IOL is the initial mass of raw IOL and mimp is the drug released
mass.

2.6. Partition coefficient

The partition coefficient (K) is defined as the drug concentration in
the polymer over its concentration in the fluid phase as indicated in Eq.
(11). It highlights the relative affinity of the drug to the polymer to-
wards that of sc CO2.

=
m m

m m
K

/
/

imp IOL

solubilized

0

CO2 (11)

where the msolubilized/ mCO2 is the mass ratio of drug solubilized in
scCO2 in saturation conditions to scCO2.

Fig. 3. In situ IR spectra of raw IOLs (blue line) and IOLs exposed to scCO2 at 8 MPa and 35 °C after 200 min (Red line). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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3. Results and discussion

3.1. Solubility of gatifloxacin in supercritical CO2

The evolution of calculated gatifloxacin solubility in supercritical
CO2 with pressure under isothermal conditions (308, 318 and 328 K) is
illustrated in Fig. 4 and shows the presence of a crossover pressure at
14 MPa. Below this pressure, the solubility decreases when the tem-
perature is increased indicating a retrograde solubility. Above 14 MPa,
the solubility increases while increasing the temperature. This behavior
is explained by two competing effects when the temperature is in-
creased under isobaric conditions. The solute vapor pressure increases,
enhancing dissolution phenomena whereas CO2 density decreases, re-
ducing interactions between solute and CO2 molecules, thereby limiting
the drug dissolution. Below 14 MPa, the effect of the fluid phase density
is predominant and retrograde solubility behavior is observed whereas
at higher pressures the effect of solute vapor pressure prevails.

3.2. CO2 sorption and swelling

To study the influence of pressure on CO2 sorption in the polymer
and on the subsequent IOL swelling, FTIR measurements were per-
formed at 308 K and 8 MPa and 25 MPa. For each pressure, CO2 peak
absorbance at 4950 cm−1 (ACO2) and integrated area of IOL peaks in
the range of 5500–6000 cm−1 (AAIOL) were followed in-situ and re-
corded from the supply of the high-pressure cell with CO2 (including
therefore the pressurization step) until thermodynamic equilibrium was
reached (Fig. 5). The evolution of corresponding CO2 concentration
within the polymer and the subsequent swelling are illustrated in Fig. 6.

In both experimental conditions, the absorbance of a specific band
of CO2 was negligible during the pressurization step (10 min at 8 MPa
and 25 min at 25 MPa) and the integrated area of IOL peaks was

constant suggesting negligible sorption of CO2 within the IOL. During
pressurization, as the IOLs support is incompressible and its entangled
intrinsic free volume hinders diffusion phenomena, CO2 is mainly
compressed in the free volume of the autoclave and pressure is in-
creased.

When a constant pressure was set within the high-pressure vessel
(end of the pressurization step), the absorbance of the CO2 specific band
increased, indicating CO2 sorption within the polymer until reaching a
plateau corresponding to sorption thermodynamic equilibrium (Fig. 5).
In the meantime, the integrated area of IOL peaks decreases, implying
polymer swelling that stabilizes when sorption thermodynamic equili-
brium is reached. The simultaneous evolution of CO2 sorption and
polymer swelling are presented in Fig. 6 and indicate a direct correla-
tion between both phenomena.

The duration required to reach sorption thermodynamic equili-
brium (teq) was defined as the contact time between supercritical CO2
and the polymer, from pressure stabilization (end of the pressurization
step) until reaching constant CO2 concentration within the polymer. teq
and the corresponding CO2 concentration and IOL swelling are reported
in Table 1. Although one would expect that an increase in pressure from
8 to 25 MPa would significantly increase the CO2 dissolution in an
amorphous polymer, only a slight increase in CO2 concentration at
equilibrium was observed at 25 MPa compared to 8 MPa and the IOL
swelling was similar. Such an observation could be explained by the
fact that the experiments are performed at a temperature and pressure
close to the critical region. The high density fluctuations of CO2 in this
region could explain the high solubility of CO2 already reached at
8 MPa. A significant reduction in time required for reaching sorption
equilibrium at 25 MPa compared to 8 MPa was observed. This differ-
ence is also illustrated by a higher slope of CO2 concentration within
the IOL with time at 25 MPa compared to 8 MPa as illustrated in Fig. 7,
indicating a faster diffusion kinetic within the IOL at 25 MPa.

3.3. Supercritical impregnation

3.3.1. Experimental repeatability
Supercritical impregnation repeatability was studied by carrying

out 4 impregnations at 308 K and 25 MPa (corresponding to a CO2
density of 902 kg·m−3) for 240 min as presented in Table 2.

In the tested conditions, impregnation yields varied from 0.99 to
1.08 μg·mg−1IOL with an average yield of 1.03 μg·mg−1IOL and a standard
deviation of 0.04 μg·mg−1IOL lower than the experimental error and
confirming a satisfactory experimental repeatability. These results are
in good accordance with previous data obtained with other drug/IOL
combinations (Bouledjouidja et al., 2016) (see Table 2).

3.3.2. Influence of operating conditions on supercritical impregnation
The influence of operating conditions on the supercritical

Fig. 4. Gatifloxacin solubility in supercritical CO2 (yGTX) at (Δ) 308 K, (x) 318 K
and (o) 328 K calculated using data from (Shi et al., 2017).

Fig. 5. Evolution of CO2 peak absorbance at 4950 cm−1 (ACO2) (●) and integrated area of IOL peak in the range of 5500–6000 cm−1 (AAIOL) (▴) with contact time at
308 K and 8 MPa (left) and 25 MPa (right).
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impregnation of gatifloxacin into IOLs was studied at 8, 16.5 and
25 MPa. The impregnation temperature and duration were varied from
308 to 328 K and from 30 to 240 min respectively as presented in
Table 3. The impregnated masses per IOL (mimp) varied from 7.7 to
24.0 ± 1.2 µg/IOL and impregnation yields (Yimp) from 0.33 to
1.07 ± 0.07 μg·mg−1IOL indicating the influence of the operating con-
ditions on impregnation. All the impregnated IOLs were visually
transparent, confirming previous conclusions that controlled pressur-
ization and depressurization conditions prevent the occurrence of
foaming phenomena (Bouledjouidja et al., 2016). Based on former
works (Bouledjouidja et al., 2017a) and considering the impregnated
masses, the optical properties of the IOLs should also be preserved
meeting the ISO standards (ISO 11979-2:2014). Indeed, Bouledjouidja
et al. impregnated two different active ingredients (ciprofloxacin and
dexamethasone 21-phosphate disodium) into hydrophobic and foldable
IOLs at 308 K and under 8 and 20 MPa for 2 h. In these conditions, drug
impregnated masses varying between 1.8 and 23.7 µg/IOL were

obtained and the optical properties of all the impregnated IOls were
preserved meeting the ISO standards (ISO 11979-2:2014). As the im-
pregnated masses cover the range obtained within this study in close
operating conditions, it can be reasonably hypothesized that the optical
properties are maintained.

As illustrated in Fig. 8, supercritical impregnation was promoted
with pressure increase from 8 to 25 MPa at the same duration and
temperature. Under isothermal conditions, as CO2 density increases at a
higher pressure, its sorption within an amorphous polymer can be ex-
pected to be promoted. For the studied IOLs, only a slight increase in
CO2 concentration within the IOLs from 3.7 to 4.4 ± 0.2 mol.L−1 was
observed when increasing the pressure from 8 to 25 MPa at 308 K and
the influence on the subsequent polymer swelling was not significant.

However, gatifloxacin solubility in supercritical CO2 was greatly
enhanced at higher pressures under isothermal conditions. At 308 K,
the solubility increases from 0.15 to 3.81 × 10−7 mol·mol−1 with
pressure increase from 8 to 25 MPa and from 0.13 to

Fig. 6. Evolution of CO2 concentration (CCO2) (●) and IOL swelling (S%) (▴) with contact time between supercritical CO2 and IOLs at 308 K and 8 MPa (left) and
25 MPa (right).

Table 1
CO2 concentration (CCO2) and IOL swelling (S%) determined at sorption ther-
modynamic equilibrium at 308 K.

Pressure CO2 density*
ρCO2

CCO2** S** tpressurization teq**

MPa kg·m−3 mol.L−1 % min min
8 436 3.7 18 ± 2.5 10 95 ± 5
25 902 4.4 20 ± 2.5 25 75 ± 5

* Density data from NIST chemistry webbook using Span and Wagner model
(Span and Wagner, 1996).
** Experimental errors: CCO2 ± 0.2 mol.L−1; S ± 2.5%; teq ± 5 min.

Fig. 7. Evolution of CO2 concentration (CCO2) with contact time between scCO2 and IOLs at 308 K and 8 MPa (x) and 25 MPa (▴).

Table 2
Repeatability of gatifloxacin impregnation in IOLs at 25 MPa and 308 K for
240 min.

mimp* Yimp*
µg µg·mg−1IOL

25.1 1.08
24.6 1.05
23.1 1.00
23.0 0.99

Average ± SD 24.0 ± 1.1 1.03 ± 0.04

* Experimental errors: mimp ± 1.2 µg; Yimp ± 0.07 µg·mg−1IOL.
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8.78 × 10−7 mol·mol−1 at 328 K. The variation of the impregnation
yield with the pressure under isothermal conditions is therefore related
to the variation of the drug dissolution within the fluid phase rather
than to the polymer swelling.

The influence of increasing the temperature from 308 to 328 K at
similar impregnation duration and pressure is illustrated in Fig. 9. At
8 MPa, similar impregnation yields are obtained at both temperatures
whatever the impregnation duration. However, at 25 MPa, a higher
impregnation yield is obtained at 328 K compared to 308 K.

As aforementioned in the solubility discussion part, a crossover
pressure of the solubilibity curves is observed at 14 MPa (Fig. 4). At
8 MPa, in the retrograde solubility zone, gatifloxacin solubility in su-
percritical CO2 decreases when the temperature is increased from 308
to 328 K. Nevertheless, the variation of the solubility is relatively small
(0.15–0.13 × 10−7 mol·mol−1) which can explain the similar im-
pregnation yields obtained at 8 MPa.

At 25 MPa, over the crossover pressure, increasing the temperature
from 308 to 328 K promotes the drug solubility from 3.81 to

8.78 × 10−7 mol·mol−1. Even if one hypothesizes that 30 min could
not be enough to reach the gatifloxacin solubilization equilibrium, an
increase in drug concentration in the fluid phase should be observed for
similar contact duration at higher temperature, thus favoring impreg-
nation.

Under isobaric conditions, diffusion phenomena are enhanced at
higher temperatures which also promotes impregnation. Furthermore,
in amorphous polymers, increasing the temperature favors the polymer
chain mobility above its glass transition temperature (Champeau et al.,
2015b) which can further enhance diffusion phenomena. On the other
hand, the decrease in CO2 density at higher temperatures could be
expected to be unfavorable towards CO2 sorption in amorphous poly-
mers. Nevertheless, as already highlighted, the influence of CO2 density
on its sorption into the studied IOLs is low which should not sig-
nificantly influence impregnation.

In order to study the influence of the duration, impregnations were
carried out at similar pressures and temperatures for 30 and 240 min,
respectively below and beyond the CO2 sorption equilibrium duration.
Corresponding impregnation yields are compared in pairs in Fig. 10
where the experimental conditions are sorted in order of increasing CO2
density.

At constant pressure and temperature, supercritical impregnation is
enhanced by increasing the duration from 30 to 240 min, in particular
at higher CO2 density conditions. Indeed, at 8 MPa, similar impregna-
tion yields were obtained at 328 K (ρCO2 = 204 kg·m−3) and a slight
increase was observed at 308 K (ρCO2 = 436 kg·m−3) when impreg-
nation was extended from 30 to 240 min. At higher CO2 densities of
769 kg·m−3 and 902 kg·m−3, impregnation yields were significantly
higher for an impregnation duration of 240 min.

Following the evolution of CO2 concentration (CCO2) within the
polymer IOLs and the subsequent swelling of the latters (Figs. 5 and 6),
30 min is not sufficient to reach CO2 sorption equilibrium in the studied

Table 3
Influence of the operating conditions on supercritical impregnation of gatifloxacin into IOLs.

Experiment P T Duration CO2 densityρCO2 yGTX** mimp* Yimp*
(×107)

MPa K min kg·m−3 mol.mol−1 µg µg·mg−1IOL

1 8 308 30 436 0.15 ± 0.01 7.7 0.33
2 240 436 0.15 ± 0.01 11.7 0.51
3 328 30 204 0.13 ± 0.01 10.9 0.47
4 240 204 0.13 ± 0.01 11.5 0.49
5 16.5 318 30 769 3.21 ± 0.21 8.1 0.35
6 240 769 3.21 ± 0.21 22.8 1.05
7 328 135 694 3.87 ± 0.26 22.8 1.07
8 25 308 30 902 3.81 ± 0.26 13.3 0.58
9 240 902 3.81 ± 0.26 24.0 1.03
10 328 30 811 8.78 ± 0.59 20.8 0.90

* Experimental errors: mimp ± 1.2 µg; Yimp ± 0.07 µg·mg−1IOL.
** The solubility precision was deteminated by the average relative deviation indicated by Shi et al. (2017).

Fig. 8. Influence of pressure on IOL impregnation yield at different experi-
mental conditions.

Fig. 9. Influence of temperature on IOL impregnation yield at different experimental conditions.
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conditions whereas at 240 min the CO2 sorption is complete. The most
pronounced enhancement of impregnation with the duration at a higher
CO2 density, could not be explained by CO2 soprtion kinetic. Indeed,
the difference in CO2 concentration within the IOLs between 30 min
and 240 min is lower at higher CO2 densities as 75% of total CO2 is
sorbed within the IOLs over 30 min at 25 MPa and 308 K
(ρCO2 = 902 kg·m−3), compared to 60% at 8 MPa and 308 K
(ρCO2 = 436 kg·m−3).

In order to explain this behavior, it could be hypothesized that ga-
tifloxacin solubilization equilibrium is not reached in 30 min.
Therefore, as gatifloxacin solubility is enhanced at higher CO2 densities,
even if the difference in CO2 concentration within the IOLs is lower, as
the solubilized gatifloxacin concentration in the fluid phase and
therefore carried within the IOLs is significantly higher, the influence of
the duration on impregnation is more pronounced. To support this
hypothesis, the CO2 residence times used for solubility measurements in
Shi et al. work (Shi et al., 2017) were calculated.

The authors used a dynamic method to measure gatifloxacin solu-
bility in supercritical CO2 and the CO2 flow rate through a dissolution
high pressure cell (32 cm3) was varied from 18 to 54 mg·min−1 at 333 K
and 36 MPa to achieve dissolution equilibrium. Gatifloxacin con-
centration in supercritical CO2 increased when the flow rate was de-
creased from 54 to 36 mg·min−1 but remained stable when the CO2
flow rate was further decreased to 18 mg·min−1, indicating that in their
studied experimental conditions, a CO2 residence time comprised be-
tween 515 and 773 min is required to reach solubility. Even if these
durations cannot be directly transposed in batch mode and at lower
conditions of pressure and temperature, they give an indication that
gatifloxacin dissolution in supercritical CO2 could be time-consuming
and could therefore be enhanced at a longer duration of 240 min
compared to 30 min. As gatifloxacin solubility is significanlty higher at
25 MPa, the difference in drug concentration in the fluid phase when
increasing the contact duration could be higher than that at 8 MPa. It
should also be emphasized that the drug diffusivity within the IOL
could be slower than that of CO2, which could also explain higher
differences in impregnation yields between 8 and 25 MPa at longer
durations (Champeau et al., 2015a).

In order to highlight the influence of CO2 density, the impregnation

yields were compared only for impregnation durations longer than
135 min to be in CO2 sorption equilibrium conditions (see Table 4). As
can be observed in Fig. 11, whatever the pressure and the temperature,
higher impregnation yields were obtained for higher solubilities. In the
studied conditions, an impregnation yield of almost 1 µg·mg−1IOL was ob-
tained for solubility varying between 3.21 and 3.87 × 10−7 mol·mol−1,
whereas only about 0.5 µg·mg−1IOL was obtained at lower solubilities of
0.13 and 0.15 × 10−7 mol·mol−1.

When comparing the partition coefficients (see Table 4), in spite of
an impregnation enhancement for higher drug solubilities in super-
critical CO2, a significant decrease in the partition coefficient was ob-
served from 4085 to 4593 to 318–383. This variation is explained by an
increase in the drug solubility up to 30 fold that outweighs that of the
impregnation yield which was doubled.

4. Conclusions

Gatifloxacin, a bactericidal antibiotic of fourth-generation fluor-
oquinolones, was loaded into commercially available hydrophobic
foldable IOLs for the elaboration of drug delivery systems for the pre-
vention of endophthalmitis. For that purpose, the supercritical CO2
impregnation process was carried out in batch mode while varying the
operating conditions of pressure (8–25 MPa), temperature (308–328 K)
and impregnation durations (30–240 min). Effective impregnations
varying from 0.33 to 1.07 ± 0.07 μg·mg−1IOL were obtained. In order to
explain the impregnation yield evolution, different phenomena in-
volved in supercritical impregnation were investigated. Gatifloxacin
solubility in supercritical CO2 was calculated from the literature data
using a validated density-based semi-emprical (Kumar and Johnston)
model (Shi et al., 2017). Solubility evolution shows a crossover pressure
corresponding to the upper limit of the retrograde solubility zone at
14 MPa.

CO2 sorption within the IOLs and the subsequent IOL swelling were
followed in-situ through Fourier transform infrared micro-spectroscopy
(FTIR). At 308 K, the duration necessary to reach CO2 sorption equili-
brium varies between 75 and 95 min after a pressure stabilization re-
spectively at 25 and 8 MPa. Even if CO2 concentration was only slightly
enhanced at higher pressure and the subsequent polymer swelling not
significantly increased, the diffusion kinetic was enhanced.

The variation of the impregnation duration below and beyond CO2
sorption equilibrium time was shown to have a more significant influ-
ence at high CO2 density conditions (769 and 902 kg·m−3 compared to
204 and 436 kg·m−3), explained by a higher gatifloxacin solubility in
supercritical CO2, which should imply larger variations on drug con-
centration in the fluid phase with the duration if thermodynamic dis-
solution is not reached. At long impregnation durations sufficient to
establish CO2 sorption equilibrium, higher drug solubility conditions in
supercritical CO2 were favorable for enhancing impregnation for the
studied drug/IOL components.
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