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h i g h l i g h t s

• Solubility of cefuroxime axetil in
supercritical CO2was measured.

• Temperatures varying from 308 to
328 K and pressures from 8 to 25 MPa
were studied.

• An analytical dynamic method was
optimized for low amounts of drugs.

• Retrograde solubility behavior was
observed.

• Solubility data were correlated with 4
semi-empirical density-based mod-
els.
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a b s t r a c t

In this study, an analytical dynamic method was optimized for small amounts of drugs and used to
measure the solubility of cefuroxime axetil in supercritical CO2. After validating the experimental proce-
dure with nimesulide, an active ingredient already studied in the literature, the solubility of cefuroxime
axetil in supercritical CO2 was measured at temperatures varying from 308 to 328 K and pressures rang-
ing between 8 and 25 MPa. Experimental values varied between 2.2 × 10−7 and 11.24 × 10-6 (in mole
fraction) and a retrograde solubility behavior was observed.

The solubility was correlated with semi-empirical density-based models: Kumar and Johnston,
Mendez-Santiago and Teja, and Chrastil models. All three models successfully correlated the solubilities
of cefuroxime axetil with an average deviation lower than 15%.

1. Introduction

Localized drug delivery systems, which allow drug delivery to a
targeted tissue or organ, are fuelling a new generation of drug medi-
cation and leading, on one hand to minimal toxic side effects such as
overdose or drug degradation and, on the other hand, to controlled
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drug release [1]. The development of such systems can benefit
cataract surgery post-treatment if the active pharmaceutical ingre-
dients (APIs), such as antibiotics or anti-inflammatory drugs, can
be loaded into intraocular lenses (IOLs) thus making them a drug
carrier [2]. Moreover, the use of loaded IOLs makes it possible to
combine the two steps of surgery and postoperative medication in
a single procedure without increasing the operation time.

Supercritical technology is an environmentally friendly route
for drug impregnation which takes advantage of the specific prop-
erties of supercritical fluids (high density, low viscosity, diffusivity



Table 1
Chemical compounds.

Compound Formula Molar mass (g. mol−1) Supplier

APIs

Cefuroxime axetil C20H22N4O10S 510.47 USP (France)

Nimesulide C13H12N2O5S 308.31 Sigma Aldrich (France)

Solvents

Carbon dioxide CO2 44.01 Air Liquide (France)

Ethanol C2H6O 46.07 Sigma Aldrich (France)

higher than that of liquids, low interfacial tension, etc.). In par-
ticular, carbon dioxide (CO2) presents very interesting properties
such as non-flammability and non-toxicity. For medical and phar-
maceutical processing, CO2 notably presents the advantage of
rather low critical coordinates, especially in terms of temperature
(Pc = 7.38 MPa and Tc = 304.21 K). In ambient conditions of pressure
and temperature, CO2 is gaseous and therefore its separation at
the end of the process is spontaneous upon depressurization. In
addition, supercritical CO2 (SC−CO2) has biocidal properties, yet
another advantage for medical applications [3]. One of the key
parameters of supercritical impregnation is the partition of the drug
between the supercritical fluid phase and the impregnated matrix.

The determination of the drug solute solubility in the fluid phase
is therefore important in order to better control the supercritical
impregnation process. Generally, the solubility of antibiotics or of
anti-inflammatory drugs in CO2 is very low. Indeed, it is the case of
nimesulide [4–6], gatifloxacin [7], penicillin G [8], penicillin V [9],
cefixime trihydrate [10], dexamethasone [11], azithromycin [12],
erythromycin [12], clindamycin [12] and clarithromycin [12]. The
values of their solubility vary between 10−7 and 10−5 (in mole frac-
tion). The accuracy of the solubility measurement depends on the
device and operational mode. Experimental techniques can be clas-
sified in synthetic and analytical methods depending on how the
compositions of the equilibrium phases are determined [13,14]. In
the synthetic methods, the determination of the phase composi-
tion is indirect without sampling, while in the analytical methods,
the compositions are determined through analyses after sampling
once the thermodynamic equilibrium is reached. In the analytical
methods, it is possible to follow either a static or a dynamic method.
In the static method, all the components are introduced in a closed
cell, under stirring, so as to reach the thermodynamic equilibrium.
In the dynamic method, one of the phases or the whole mixture
flows through the system. In the latter case, the residence time of
the flowing phase should be long enough to reach thermodynamic
equilibrium.

Furthermore, the experimental results can be modeled follow-
ing different approaches, including models based on equations of
state (EoS). However, they require physicochemical properties such
as critical temperatures and pressures, acentric factors or vapor
pressures. Such properties are not available for many drug solutes
and have to be estimated through group contribution methods.
Therefore, the use of semi-empirical density-based models is a good
alternative for modeling drug solute solubilities because of their
simplicity [15].

With the aim of developing ophthalmic drug delivery systems
dedicated to the prevention of postoperative endophthalmi-

tis in cataract surgery, cefuroxime axetil, a second-generation
cephalosporin antibiotic [16] was chosen as the antibiotic to be
loaded into IOLs. This work aims to measure its solubility in super-
critical CO2 using an analytical dynamic method. A previously
used set-up, based on an open circuit method allowing accurate
measurements of low solute solubilities [17], was slightly mod-
ified in this study so as to require a low quantity of the drug.
The experimental protocol was first validated using a solute with
low solubility in SC−CO2, nimesulide [4–6], a nonsteroidal anti-
inflammatory drug. Then, the solubility of cefuroxime axetil was
measured at a temperature varying from 308 to 328 K and at a pres-
sure varying from 8 to 25 MPa. Finally, the experimental data were
correlated using semi-empirical density-based models.

2. Materials and methods

2.1. Chemical compounds

Two active pharmaceutical ingredients were used within this
study: nimesulide CAS: 51803-78-2 (≥ 98% purity) and cefuroxime
axetil CAS: 64544-07-6 (100% purity). Their formula, molar mass
and their supplier are given in Table 1. The solvents employed were
carbon dioxide (99.7% purity), ethanol (≥ 99.8% purity) and ultra-
pure water.

2.2. Experiment

The solubility of drug solutes in supercritical CO2 was measured
using a continuous flow apparatus described previously [17] and
illustrated in Fig. 1.

The set-up was mainly composed of an equilibrium cell (EC)
withstanding pressures up to 50 MPa at temperatures up to 400 K. It
contained three compartments (total volume of 4.5 cm3) connected
in series and fitted at their bottoms with stainless steel sintered
disks and O rings. 350 mg of API and glass beads (2 mm diame-
ter) were introduced into the equilibrium cell. This latter was then
placed in a thermo-regulated oven. The glass beads were used so as
to limit the quantity of APIs used while enhancing the dissolution
phenomena by increasing the CO2/API surface contact.

Upstream of the equilibrium cell, a feed circuit equipped with a
CO2 line and a co-solvent line allowed either a solubility measure-
ment in pure supercritical CO2 or in a CO2/co-solvent mixture. In the
present work, only solubilities in pure CO2 were measured. It was
introduced into the equilibrium cell by means of a syringe pump P1
(Isco, model 260 D) that could be operated in either constant-flow
or constant-pressure mode for flow rates ranging from 0.1 !L min−1



Fig. 1. Flow diagram of the set-up for solubility measurements V: 2 way valves; P1: high pressure pumps; M: mixer; CV: checking valve; H: heater; O: thermostated oven; HE:
heat exchanger; V6: 6 way-2 position valve; EC: equilibrium cell; TT: temperature transducer; PT: pressure transducer; BPR: back pressure regulator; C: cooler; S: separator;
PP: peristaltic pump; GV: gas volumeter.

to 90 mL min−1 and pressures up to 50 MPa. The feed line was also
equipped with a heater (H) and a heat exchanger (HE) ensuring that
the fluid phase would be set to the working temperature before
entering the equilibrium cell. Downstream of the heat exchanger,
a six-way, two-position high-pressure valve V6 was placed in the
circuit to either direct the supercritical fluid to the cell or to bypass
it.

Downstream of the equilibrium cell, a back-pressure regula-
tor (BPR) allowed the regulation of the upstream pressure within
0.7% during the experiment, while the outlet of the BPR was at
atmospheric pressure. To prevent solid precipitation and deposi-
tion resulting from the pressure drop as well as a potential resulting
clogging, a recovering liquid solvent stream flowed at the outlet
stream of the BPR. The liquid stream was cooled before enter-
ing a separator allowing the recovering solution to be collected
(solvent/solute mixture) and the gaseous CO2 to be vented out
through a gas meter enabling the cumulative volume of gaseous
CO2 VCO2 (m3) to be measured. At the end of each experimental run,
the liquid solvent line was washed with fresh solvent to recover
potential residual solute. The total volume of the recovering liq-
uid phase VL (m3) was determined and its concentration in solute
CL

solute (kg. m−3) measured using a UV–vis Spectrophotometer (Agi-
lent Cary 8454 UV–vis). With these data, the solubility of the solute
in the fluid phase (y) was calculated through Eq. (1):

y = nsolute
nsolute + nCO2

(1)

where

nCO2 = VCO2 × !CO2

MCO2
(2)

and

nsolute =
CL
solute × VL

Msolute
(3)

n (mol) is the number of mole, " (kg. m−3) the density, and M
(kg. mol-1) the molar mass.

The first step in this work was to select the recovering solvent
for UV–vis Spectroscopy analyses and to confirm the validity of the
Beer-Lambert law for each compound studied. Ethanol was selected
for nimesulide and ultrapure water for cefuroxime axetil. The cal-
ibration curves describing the evolution of the absorbance versus
the solute concentration were determined by analyzing solutions
with concentrations ranging between 0 and 50 !g.cm-3at 299 and
280 nm, respectively, for nimesulide and cefuroxime axetil. The

concentration variation of each compound in thecorrespondingse-
lected solvent was linear (c.f.

Fig. 2) with a coefficient of determination of 0.9995 and 0.9996,
respectively.

In order to measure the solute solubility in the supercritical fluid
phase, the CO2 flow rate has to be tuned so as to ensure a sufficient
residence time to reach saturation conditions of the solute in the
fluid phase.

For the whole study, the solubility measurements were carried
out at least in duplicate in each condition. The average values and
the corresponding uncertainties were therefore indicated for the
different conditions studied.

2.3. Semi-empirical correlations

Semi-empirical density-based models are widely used for deter-
mining the solubility of APIs [15,18]. In this work, four widely used
density based correlations were selected to calculate the solubility
of APIs: Kumar and Johnston [19], Chrastil [20] and Mendez-
Santiago and Teja [21] models.

In the Kumar and Johnston models, the solubility of APIs in the
supercritical fluid phase in mole fraction (y) varies linearly in log-
linear coordinates or log-log plot of the SC−CO2 density (Eq. (4) and
Eq. (5), respectively). The slope is related to the solvent isothermal
compressibility and the partial molar volume of the solute present
at infinite dilution in the supercritical fluid phase [19].

ln (y) = a1 + b1 ! (4)

ln (y) = a2 + b2ln (!) (5)

where " (kg m−3) is the density of the fluid phase and a1, b1, a2, b2
are adjusted to solubility experimental data.

The second semi-empirical model used in this work was sug-
gested by Chrastil [20] (Eq. (6)) and is based on the hypothesis that
one molecule of a solute associates with k molecules of the super-
critical solvent to form a solvato complex in equilibrium with the
system. The definition of the equilibrium constant through ther-
modynamic considerations leads to the following expression for
the solubility:

ln(y) = a3 + kln (!) + c3

T
(6)

k is the association number, c3 is dependent on both solvation and
vaporization enthalpies of the solute, and a3 is dependent on the
molecular weights of the species.



Fig. 2. Calibration curve of") nimesulide in ethanol and !) cefuroxime axetil in ultrapure water.

Fig. 3. Evolution of solute concentration in pure CO2 with CO2 flowrate") nimesulide (at 313 K and 19 MPa) and !) cefuroxime axetil (at 308 K and 16.5 MPa).

The third model was suggested by Mendez-Santiago and Teja
[21] (Eq. (7)) who derived a relation from the theory of dilute solu-
tion near the critical point of the solvent by simplified expressions
of Harvey [22].

T ln (y P) = a4 + b4 ! + c4 T (7)

T is the temperature of the supercritical phase and a4, b4, c4 are
adjusted to solubility experimental data.

For each model, the average absolute relative deviation (AARD)
between correlated and experimental data were calculated accord-
ing to Eq. (8) and used as the index to check the accuracy of the
modeling systems.

AARD(%) = 100
N

N∑

i=1

∣∣ycal − yexp

∣∣
yexp

(8)

ycal is the solubility derived from the model, yexp the experimental
solubility and N the number of data points.

3. Results and discussions

3.1. CO2 flow rate selection and repeatability

In order to measure the solute solubility in SC−CO2, the resi-
dence time of CO2 in the equilibrium cell should be sufficient to
reach the saturation conditions of the solute in the fluid phase.
For that purpose, the experiment was repeated while gradually
increasing the CO2 flowrate. A constant concentration at different
flowrates indicates saturation of solute in the supercritical phase. If
the concentration decreases with a further increase in CO2 flowrate,
this indicates that the residence time is becoming too short to
ensure saturation conditions.

At a constant CO2 flowrate, the solubility uncertainty depends
on the duration of the experiment: the longer the duration, the
higher the quantity of the recovered solute and the more accurate
the solubility value. Therefore, the flow rate should be selected
while respecting the saturation conditions without imposing an

excessively long experiment. The solubility measurements were
carried out at least in duplicate in each condition.

Fig. 3 shows a stable concentration of nimesulide in supercrit-
ical CO2 at 313 K and 19 MPa in flowrate range between 0.2 and
1.1 cm3. min−1. A stable concentration cefuroxime axetil in super-
critical CO2 at 308 K and 16.5 MPa was also observed in the CO2
flowrate range of 0.3 to 1.2 cm3. min−1. The CO2 flow rate was thus
fixed at 0.65 cm3. min-1 for each compound and the solute recover-
ing step was set to about 35 min to obtain measured concentrations
in the calibration range of the spectrophotometer.

3.2. Nimesulide solubility measurements and procedure
validation

The validity of the experimental procedure was tested by mea-
suring nimesulide solubility in pure supercritical CO2 since some
solubility data of this nonsteroidal anti-inflammatory drug in
SC−CO2 at 313 K and for different pressures are available in the
literature. Caputo et al. [4] and Abdelli [6] measured nimesulide
solubility by using a static method while Macnaughton et al. [5]
used a dynamic method. Its solubility in SC−CO2 varied between
1.95 × 10−5 and 7.42 × 10−5 (in mole fraction) for pressures ranging
between 13 and 22 MPa at 313 K.

Comparison of solubility data determined in this study with
those reported from the literature is illustrated in

Fig. 4 and shows a rather good agreement between the results.
The results validate the developed experimental protocol based
on the analytical dynamic method while using a small quantity of
solute (as low as 350 mg).

3.3. Cefuroxime axetil solubility measurements

The solubility of cefuroxime axetil in supercritical CO2 was
experimentally measured using the validated dynamic method at
pressures ranging between 8 and 25 MPa in isothermal conditions
(308, 318 and 328 K). The measured solubilities data are presented
in Table 2 and graphically illustrated in



Fig. 4. Comparison of solubility data of nimesulide in SC−CO2 at 313 K; o, Caputo
[4];", Macnaughton [5]; !, Abdelli [6]; ×, Present work.

Table 2
Cefuroxime axetil solubility in supercritical CO2 at 308, 318 and 328 K.

Temperature (K) Pressure (MPa) !CO2 (kg. m−3)a 106 × y

308

8.0 419.09 0.51 ± 0.03
10.0 712.81 0.72 ± 0.04
12.0 767.05 2.06 ± 0.12
14.0 801.41 1.80 ± 0.07
16.5 832.78 3.91 ± 0.23
20.0 865.73 6.19 ± 0.37
25.0 901.23 11.24 ± 0.67

318

8.0 241.05 0.22 ± 0.01
12.0 657.74 0.83 ± 0.03
14.0 720.47 1.35 ± 0.08
16.5 768.02 3.23 ± 0.19
20.0 812.69 5.14 ± 0.31
25.0 857.14 9.70 ± 0.58

328

8.0 203.64 0.27 ± 0.02
12.0 504.51 0.50 ± 0.03
14.0 618.45 0.67 ± 0.04
16.5 692.97 1.75 ± 0.10
20.0 754.61 3.50 ± 0.21
25.0 810.65 7.76 ± 0.45

a Density data from NIST chemistry webbook using Span and Wagner model [23].

Fig. 5 indicating that the solubility of cefuroxime axetil in
SC−CO2 varied from 2.2 × 10−7 to 11.24 × 10-6 (mole fraction) in
the experimental conditions studied. The temperature and the
pressure were measured with the following uncertainties: ± 0.1 ◦C
and ± 0.05 MPa.

As shown in Fig. 5, in isothermal conditions, cefuroxime axetil
solubility increases as the pressure increases which is coherent
with the corresponding rise in CO2 density.

In the range of pressure tested, the solubility decreases when
the temperature increases indicating retrograde solubility behav-
ior [24]. The variation of solubility as a function of temperature
at isobaric conditions results in two competing effects. On one
hand, increasing the temperature induces a decrease in CO2 density
thereby limiting interactions between solute and CO2 molecules
which tends to reduce solubility. On the other hand, an increase in
the solute vapor pressure with a temperature rise enhances solu-
bility. In the retrograde zone, the effect on the supercritical phase
density prevails while at higher pressures (as for pressures lower
than the lower limit of the retrograde zone) the effect of vapor pres-
sure becomes predominant resulting in an increase in solubility
when the temperature increases. In our experimental conditions,
the crossover pressure corresponding to the upper limit of the ret-
rograde zone is therefore higher than 25 MPa.

The measured solubility data were then correlated using 4 semi-
empirical density-based equations corresponding to the Kumar and
Johnston (Eqs. (4) and (5)), Chrastil (Eq. (6)), and Mendez-Santiago
and Teja (Eq. (7)) models. In the four correlations, the density of
the fluid phase is required. As the solubility of cefuroxime axetil in
CO2 is very low (between 2.2 × 10−7 and 11.24 × 10-6 in the tested
experimental conditions), its influence on the fluid phase density
was neglected and the density of the saturated fluid phase was
thus considered equal to that of pure CO2. The modeling work was
focused on the operating range corresponding to densities higher
than 500 kg.m-3. This was done because for densities lower than
500 kg.m-3, the lowest solubilities were measured and the largest
uncertainties were found.

Results of the modeling work are illustrated in Table 3 and Fig. 6.
The fitting of the experimental solubility data with the three semi-
empirical models leads to an average relative deviation ranging
between 2.1 and 15.1% indicating a satisfactory regression of the
results and thus a possible prediction of cefuroxime axetil solubil-
ity at temperature and pressure in the investigated regions using
the correlation parameters estimated within this study.

As illustrated in Table 3 and Fig. 6, the results of the Kumar and
Johnston model show a linear variation of cefuroxime axetil sol-
ubility with the fluid phase density in either log-linear (Eq. (4))
and log-log (Eq. (5)) coordinates at each isotherm with respective
average relative deviations (AARD) between 2.1 to 12.7% and 4.1 to
14.5%.

The experimental data were also regressed using the Chrastil
correlation in the different isothermal conditions studied. As illus-
trated in Table 3, a slight decrease in the association number k is
observed when the temperature increases which is coherent with
a higher association at lower temperature. Nevertheless, as the
values of k were close for the different temperatures, the Chrastil
model was correlated with the overall experimental results allow-

Fig. 5. Solubility of cefuroxime axetil in supercritical CO2 at different temperatures; (o) 308 K; (") 318 K; (!) 328 K.



Table 3
Correlation of cefuroxime axetil solubility in SC−CO2 with the semi-empirical density-based correlations.

Models Correlations T(K) Number of points model parameters

Kumar and Johnston

Eq. (4)

a1 b1 AARD (%)
308 6 1.40×10−2 −24.14 12.7
318 5 1.27×10−2 −22.45 9.3
328 4 1.26×10−2 −22.03 2.1

Eq. (5)

a2 b2 AARD (%)
308 6 −88.07 11.25 14.5
318 5 −75.83 9.50 11.1
328 4 −72.49 9.06 4.1

Chrastil
Eq. (6)

a3 k c3 AARD (%)
308 6 −88.07 11.25 – 14.5
318 5 −75.83 9.50 – 11.1
328 4 −72.49 9.06 – 4.1
overall 15 −61.92 9.77 −5002.03 12.7

Mendez-Santiago and Teja Eq. (7)

a4 b4 c4 AARD (%)
308 6 5.83 −7819.73 – 15.1
318 5 5.20 −7135.73 – 11.2
328 4 5.20 −7037.66 – 3.6
overall 15 5.38 −11825.79 14.23 12.0

Fig. 6. Correlation cefuroxime axetil solubility in SC−CO2 with the semi-empirical density-based correlations at different temperatures; o, 308 K;", 318 K; !, 328 K (a) Kumar
correlation in semi-log coordinates (Eq. (4)),(b) Kumar correlation semi-log coordinates (Eq. (5)),(c) Chrastil correlation (Eq. (6)),(d) Mendez-Santiago and Teja correlation
(Eq. (7)).

ing the average values of the model parameters a3, k, and b3 to be
adjusted for the three temperatures. As illustrated by the Chrastil
correlation in Fig. 6c, the variation of ln(y) − c3

T is linear as a func-
tion of ln(") with an average relative deviation (AARD) of 12.7%
indicating a good correlation of the experimental solubility mea-
surements with only one model regardless of the pressure and the
temperature.

Solubility data were also regressed with the Mendez-Santiago
and Teja model. As for the Chrastil model, close values of the model
constants a4 and b4 were obtained for the different temperatures
studied. The model was therefore used to correlate the overall
experimental results. As illustrated in Fig. 6d, the variation of T ln(y
P)-c4T with the density of the fluid phase is linear with an average
relative deviation (AARD) of 12.0% indicating a satisfactory correla-

tion of the experimental results independently of the pressure and
the temperature conditions.

Finally, all the modeled data are grouped on the graph shown
on Fig. 7.

4. Conclusion

Solubility of cefuroxime axetil in pure supercritical CO2 was
measured through an analytical dynamic method at temperatures
varying from 308 to 328 K and pressures ranging between 8 and
25 MPa. The experimental procedure was improved in comparison
to a previously validated protocol by introducing glass beads into
the equilibrium cell so as to limit the quantity of API used during
the experiment. The method was first validated by measuring the



Fig. 7. Cefuroxime axetil solubility in SC−CO2 with the semi-empirical density-
based correlations at different temperatures; o, 308 K;", 318 K; !, 328 K (—) Kumar
correlation, (—) Chrastil correlation, (. . .) Mendez-Santiago and Teja correlation.

solubility of nimesulide, an API already studied in the literature.
The solubility of cefuroxime axetil in supercritical CO2 was then
measured and varied between 2.2 × 10−7 and 11.24 × 10-6 (in mole
fraction) in the operating conditions studied. A retrograde solubility
behavior was observed in the conditions studied.

Four semi-empirical density-based models were used to cor-
relate the experimental solubilities for densities higher than
500 kg.m−3. The average deviation was lower than 15% for all the
models, indicating a possible prediction of cefuroxime axetil solu-
bility at temperature and pressure in the investigated regions using
the correlation parameters evaluated within this study. Compared
to the Kumar and Johnston model that allows the adjustment of
the experimental data in each isothermal condition, by using the
Chrastil and Mendez-Santiago and Teja models, it was possible
to correlate the experimental results using only one model with
average parameters in the experimental range of pressures and
temperatures studied. Modeling of cefuroxime axetil solubility in
SC−CO2 at low pressure needs to be further improved.

The measured drug solubility values can be useful for further
drug impregnation experiments. The targeted application is the
supercritical impregnation of cefuroxime axetil into intraocular
lenses. The drug solubility values estimated in this present work
will allow the estimation of drug partition coefficient between the
fluid phase and the impregnation support, provided that drug load-
ings are known. Even if the solubility values are low, the drug
impregnation rate can be significant [25] since the main parameter
controlling supercritical impregnation is the partition coefficient
of the drug between the fluid phase and the impregnated matrix.
Moreover, the targeted drug impregnation rate can be low depend-
ing on the application such as for ophthalmic devices. For the
impregnation of an antibiotic drug into intraocular lenses, a loading
of about a few micrograms of drug per milligram of polymeric lens
can be sufficient depending on the desired effect.
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