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Abstract

The aim of the study was to evaluate the microdialysis (MD) as a tool to determine entrapment efficiency and drug release
of a lipophilic drug model, diclofenac (DIC), from nanocapsules, nanospheres, and nanoemulsions. Factors that could interfere
with the MD probe recovery were investigated: perfusion fluid composition, concentration and form of the drug in the perfusate,
and recovery method. DIC entrapment efficiency to nanoparticles and the drug release in phosphate buffer pH 7.4 after different
dilutions were evaluated by MD and ultrafiltration/centrifugation (UC). DIC recovery for fak/Bin flux was concentration
and pH dependent. DIC sodium was used for the recoveries determination since it did not differ from the DIC acid recovery
for the same media. DIC entrapment efficiency determined applying both techniques were equivalent and close to 100% for
all nanoparticles. In pH 7.4 DIC release from the nanoparticles was partial for the dilution rate 1:1 (v/v), around 50-60%. A
complete release was observed from 1:10 (v/v) dilution. Only nanocapsules presented a incomplete release for 1:5 (v/v) dilution,
around 86%. MD and UC techniques were equivalent for the evaluation of DIC entrapment efficiency and drug release from the
nanoparticles.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tained, according to the formulation composition
[4,5].
Nanoparticles are colloidal structures beloywrh, The physicochemical characterization of colloidal

which have been widely studied as drug delivery dispersions is important for their development. Due to
systems[1,2]. Applying nanoprecipitation technique their small size, this evaluation is difficult to achieve
[3], colloidal systems such as nanoemulsion (NE), [6,7]. For these carriers, the knowledge of the amount
nanocapsules (NC) or nanospheres (NS) can be ob-of drug associated to the system as well as the charac-
terization of the drug release is of major importance.
_— ) Many methods have been used to evaluate the drug
" Coresponding author. Tel56-51-33-16-54-18; release profiles from nanostructures. Among these
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diffusion [8,9], bulk-equilibrium reverse dialysis sac The aim of this study was to evaluate microdialysis
[10], centrifugal ultrafiltration[5-11], ultrafiltration as a technique for the determination of diclofenac

at low pressuré¢l?] and centrifugatiori13,14] Drug (DIC) entrapment efficiency and its release from
entrapment can be either determined by ultracentrifu- colloidal systems (NC, NE and NS) prepared by
gation or by ultrafiltration/centrifugatiof6]. nanoprecipitation. Diclofenac was used as a model

Microdialysis (MD) is a sampling technique based compound and ultrafiltration/centrifugation, as ref-
on the passive diffusion of compounds down a concen- erence technique to determine the amount of drug
tration gradient across a semi-permeable membraneassociated to the nanoparticles (NP) as well as to
[15]. The microdialysis probe is continuously per- characterize the drug release.
fused with a solution devoid of the analyte of interest.

In this way, an equilibrium between the concentration

outside and inside the probe is never achieved. How- 2. Materials and methods

ever, a constant rate of extraction is reached, termed

relative recovery (RR). This parameter depends on 2.1. Preparation of diclofenac free acid

different factors such as: perfusion flow rate, sampling

interval, temperature, characteristics of the analyte A diclofenac sodium salt (1.045g, 3.28 mmol)
and the membrane, analyte diffusion coefficigi] aqueous solution (100mL) was treated with HCI
and, for high flow rates, analyte concentratid]. aqueous solution (5M) (pH 2.0). The aqueous phase
The knowledge of the RR allows the calculation of was extracted with chloroform (% 100mL). The
the true concentration of the analyte in the outside organic phase was dried with pB0O, anhydrous,
medium, and can be determined by the ratio betweenthen filtered and evaporated under vacuum. The
the concentration of the analyte in the dialysate and residue (diclofenac free acid) was recrystallized from

in the outside mediurfiL7]. ethanol-water (1:1, v/v) yielding white crystals (78%)
In vivo microdialysis sampling was initially  with m.p. 158—-160C. DIC free acid physicochemical
developed to monitor chemical events in brgl3]. properties are: Ig; 3.8 ate 25C, MW of 296.1 and

Nowadays, its application has been extended to mon- practically insoluble in water at room temperature.
itor local concentrations of drugs and metabolites in

different organs and biological fluids, such as mus- 2.2. Preparation of NC, NS and NE dispersions

cle, liver, bile, kidney, blood, skin, tumor and lung in

animals and humand7]. The in vitro microdialysis NC were prepared by interfacial deposition of
sampling has been used to determine protein bind- poly(e-caprolactone)[3]. Briefly, the lipophilic so-

ing of drugs[19,20] partition coefficient[21] and lution consisted of Miglyol 818 (3.3mL), di-

to sample dissolution testing of pharmaceutical for- clofenac (free acid) (0.150 g), sorbitan monostearate
mulations[22,23] Up to now, this technique has not (0.766 g), the poly-caprolactone (1.000g) and ace-
been proposed for studying colloidal systems physic- tone (267.0 mL). This organic phase was added under
ochemical characteristics. Since it is a continuos moderate magnetic stirring into an aqueous solution
process, which allows sink condition, it could be suit- containing polysorbate 80 (0.766g in 533.0mL of
able for evaluating the release profile of drugs from water) at room temperature. Acetone was removed by
nanostructures over time as well as the drug entrap- evaporation under reduced pressure and the final con-
ment. If this technique proof to be suitable for these centration of the dispersion was adjusted to 1.5 mg/mL
determinations, it could allow the differentiation be- of diclofenac. NS and NE (DIC 1.5 mg/mL) were also
tween polymeric nanoparticles from nanocrystals of prepared as described for NC, omitting the oil and
the drug. The presence of nanocrystals is not desiredthe polymer, respectively.

when preparing aqueous colloidal dispersions and the

current techniques for determining drug encapsulation 2.3. Characterization of the dispersions

are not capable of differentiating between these two

structures. In theory, microdialysis could overcome  The particle size was measured by laser light scat-
this limitation because it works at sink condition. tering (Nanosizé?, Andilly, France). The; potential
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Fig. 1. Schematic representation of the microdialysis equipment
and probe.

was measured using a Zetas4mand correlated with
the Malver® standard solution (Malvern, UK), pre-
senting value of = —46.54+5.9 mV. Samples of NC,
NS and NE were added to 8 mL of NaCl aqueous solu-
tion (1 mM). After stirring, the mixtures were injected
and measurements were made in triplicate°@p

2.4. Microdialysis equipment

The MD system consisted of a BAS MD-1020
Pump, BAS Bee Hive Controller, a BAS MD-1001
Baby Syringe Drive and a CMA/20 microdialysis
probe of polycarbonate, MW cut-off of 20 kDa, 4 mm
membrane length (CMA Microdialysis AB, Sweden)

(Fig. 1).

2.5. Determination of microdialysis recovery
conditions

The influence of different parameters on the MD
probe recovery was evaluated: DIC form (sodium salt
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or free acid) in presence or absence of hydrophilic
surfactant (polysorbate 80), dissolution media (water,
phosphate buffer pH 4.6 and pH 7.4), and drug con-
centration in phosphate buffer pH 7.4 (15, 30, 75,
150, 300 and 75Qg/mL). For all the experiments,
the microdialysis probe was inserted into glass vials
containing the media and DIC. The flow rate was set
at 5pL/min and the temperature was kept at B7
0.5°C. The 5uL/min flow rate was chosen due to the
sensitivity of the analytical method. The experiments
were conducted under moderate stirring. The influ-
ence of DIC form, surfactant and dissolution medium
on the probes recovery was determined according to
the conditions described ifable 1 DIC and polysor-
bate 80 concentrations were equivalent to those used
for the preparation of the colloidal dispersions. The
probes, flushed with the respective media without the
drug, were allowed 30 min equilibration into the sys-
tem before three samples were collected at 20 min in-
tervals (10QuL) and analyzed by HPLC. The relative
recoveries were determined by gair¥]. The micro-
dialysis recoveries were used to determine the free lev-
els of DIC in the respective media and concentrations.
For the determination of the relative recovery by
gain, when the drug was added to the external media
and the perfusate was drug free, the following equation

was used18]:
) x 100

RR — (CDIAL
Cexr

where RR is the relative recover@cxt is the drug
concentration in the external medium, a@gaL is

the drug concentration in the dialysate.

The relative recovery by lost was determined in
an experiment where unloaded nanoparticles disper-
sion were used to evaluate the influence of the nanos-
tructure on the microdialysis probe recovery. In these
cases, the drug was added to the perfusate solution

@)

Table 1

Composition of the mediaM) for the evaluation of microdialysis probe recoveries

Composition M1 M2 M3 M4 M5 M6 M7 M8
Polysorbate 89 No Yes No Yes No No Yes No

Buffer (pH) 4.6 4.6 4.6 - - 7.4 7.4 7.4

Water (pH) - - - 5.5 55 - - -

DICP Free acid Free acid Na salt Free acid Na salt Free acid Free acid Na salt

a Polysorbate 80 concentratien 7.66 mg/mL.
b DIC concentration= 1.5 mg/mL.
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(20g/mL) and it was absent in the external medium

(unloaded NC, NS or NE dispersion) around the probe.

In this scenario, the recovery was calculatedtoy (2)

[17]:
) x 100

C - C

RR — ( PERF— CDIAL
CPERF

whereCpgrgis the drug concentration in the perfusate

solution.

()

2.6. Entrapment efficiency

Free diclofenac (non-associated to the nanos-

tructures) was determined in the ultrafiltrate after
separation of the nanoparticles by ultrafiltration/
centrifugation technique (Ultrafree-MC 10,000 MW,
Millipore) or by MD. For UC determination, 400L

of DIC dispersions was added to the Ultrafree-MC
and centrifuged for 10 min at 5000 rpm. Total DIC

concentration was measured using HPLC after disso-

lution of the colloidal dispersions by acetonitrile. The

concentration of diclofenac associated to nanostruc-
tures was calculated from the difference between the

C.B. Michalowski et al. / Journal of Pharmaceutical and Biomedical Analysis 35 (2004) 1093-1100

1:5 and 1:10 (v/v) dilutions and, after 5min at 37
under moderate stirring, samples were collected and
submitted to ultrafiltration/centrifugation in triplicate
(Ultrafree-MC 10,000 MW, Millipore).

2.8. HPLC assay

A Waters HPLC system was used: TM 600
pump, 717 plus autosampler, TM 486 Tunable Ab-
sorbance detector and a Nova-Pag18-39 mm x
300mm column. The mobile phase consisted of
acetonitrile-phosphate buffer pH 5 (50:50, v/v). The
flow rate was kept at 1 mL/min. DIC was detected at
280nm. The analytical method, validated according
to USP 24, showed a linear response at the concentra-
tion range evaluated (6—@)/mL), with a correlation
coefficient higher than 0.991 and LOQ of.§/mL.
The MD and UC samples were injected directly into
the system, without previous treatment.

2.9. Statistical analysis

The data obtained from the different experiments

total and the free drug concentrations, measured in thewere compared by Student “t” test when comparing

dispersions and in the ultrafiltrate or microdialysate,
respectively [24]. An aqueous solution containing
15pg/mL of DIC sodium was used for microdialysis
probe calibration.

2.7. Drug release

The release of DIC associated to NC, NS and NE

MD and UC results and by ANOVA when comparing
the formulations. A significant difference was assumed
for P < 0.05. All the experiments were conducted in
triplicate.

3. Results and discussion

were evaluated in phosphate buffer pH 7.4 using two 3.1. Physicochemical characterization

different conditions: over time for the same dilution
and at a fixed time for different dilutions. For the first

Table 2 shows the results concerning the

set of experiments, the nanoparticles were diluted 1:1 physicochemical characteristics of the dispersions.

(viv) with buffer and the microdialysis probe was in-
serted into the system which was kept af@7under

All formulations presented acid pH due to the charac-
teristics of their components, mainly the polymer and

moderate stirring. Microdialysate samples were col- the free DIC. The patrticles size were bellow 300 nm

lected every 5 up to 30min. For the second set of

experiments, the formulations were diluted in differ-
ent proportions (v/v): 1:1; 1:5; 1:10; 1:20 and 1:50.

Table 2

These dilutions correspond to 750, 300, 150, 75 and cojigidal systems properties

30pg/mL of DIC. Right after dilution, the probes

were inserted into the systems which were kept at the
same conditions described above and three samples\C
were harvested at 20 min intervals and analyzed by NS
HPLC. These experiments were repeated for the 1:1,

Sample pH Size (nm) ¢ potentials (mV)
4.7+ 0.2 240+ 35 —-32.14+ 0.2
4.4+ 0.0 221+ 16 -30.8+ 0.1
4.4+ 0.0 206+ 29 —29.54+ 0.2
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in all cases in agreement with the characteristics of the 2.06% in phosphate buffer pH 7.4. For these two me-
colloidal dispersions obtained by the nanoprecipita- dia, the recoveries of DIC free acid and sodium salt
tion technique using poly{caprolactone) as polymer were not significantly differentf < 0.5). Taking into

and/or Miglyol 81® as oily phasé5]. The¢ potential consideration the set of results and assuming that the
presented negative values around0 mV, enough to low recovery observed for the drug in pH 4.6 would
assure the physical stability of the systefs not be influenced by the presence of surfactant be-

cause it is only pH dependent, this experiment was not
3.2. Microdialysis recoveries carried out.

Based on the results that showed similar recov-

Microdialysis relative recovery is dependent of eries for both forms of DIC (free acid and sodium
several factors: temperature, flow rate, physicochem- salt), the salt form was selected for the calibration of
ical characteristics of the drug and the probe mem- microdialysis probes in the following experiments: en-
brane, among otherfl5]. In order to investigate trapment efficiency and drug release.
whether this technique is adequate to evaluate the The relative recovery of MD probe is, in general,
drug association to nanoparticulate systems it was not dependent on the drug concentration. However, it
necessary to determine its relative recovery at differ- has been reported in the literature that, for high flow
ent conditions. rates, a recovery dependency could be obsejied

The microdialysis probe recoveries were deter- Because the flow rate used in this study is in the upper
mined for DIC free acid as well as DIC sodium salt. limit of the range used for MD techniqu#6], it was
The free acid form was evaluated because it is the necessary to determine the influence of drug concen-
form used to prepare the colloidal systems. On the tration on the relative recovery. The results showed
other hand, the sodium salt is the form of DIC re- that the relative recovery is inversely proportional to
leased from the nanostructures. The different media drug concentrationTable 3. The relative recovery
investigated intended to simulate the in vivo condi- for the lower DIC concentrations investigated (15
tions observed after the oral administration of the and 30uwg/mL) were statistically different from the
drug: phosphate buffer at pH 4.6 simulated gastric recovery determined for the higher concentrations
medium and at pH 7.4 simulated enteric medium. (150, 300 and 75fg/mL). Due to these results, for
The recoveries were also determined in water, which each drug release experiment after dilution or drug
is the external phase of the colloidal dispersions. entrapment measurements, the prove recovery deter-

For DIC free acid, it was not possible to determine mined for the same media and concentration was used
MD probe recovery in water and phosphate buffer to calculate the free DIC levels.
pH 4.6 in the absence of polysorbate 80. Due to the  The relative recovery of DIC sodium was also mea-
insolubility of the drug in these media, the surfactant sured at a concentration of iWg/mL in water (2122+
was necessary to disperse it. The microdialysis recov- 1.66%). This experiment was necessary in order to
eries for DIC free acid were:.D7 + 0.17% in phos-
phate buffer pH 4.6 with surfactant,1®2 + 0.97% in
water (pH 5.5) with surfactant, 123+0.43% in phos- ;\rlleilgl’id?al sis recoveries of DIC sodium in phosphate buffer pH
phate buffer pH 7.4 and 181 + 0.45% in phosphate ., y phosp P
buffer pH 7.4 with surfactant. The results showed a

0,
significant increase in probe recoveries as a function DIC (ng/m) Recovery (%)
of pH increase due to the higher solubility of the drug, 15 24.98+ 1.25
which presents aiy of 4.0[25]. In pH 7.4, at which 30 2265+ 2.09

he drug is totally solubilized in the media, the pres- .2 22.38% 1.84
t g Yy SO _ _ , p 150%b 15.89+ 2.61
ence of surfactant did not interfere with the probe re- 3zggbc 14.684+ 0.92
covery. 750%bc 14.31+ 1.73

Concerning D!C sodium, a similar behawor_ WaS  a gignificantly different from 15ig/mL.
observed regarding the pH increase. The relative re- b gignificantly different from 3Qug/mL.
coveries were 84 + 1.98% in water and 186 + ¢ Significantly different from 75ug/mL.
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allow the determination of DIC entrapment using Table 4
MD. The 15ug/mL concentration was selected based Entrgpmeljt ef_ficiency and_ free_ DIC in_nano_particles determined
on the entrapment efficiency results obtained by UC. by microdialysis and ultrafiltration/centrifugation (me&rS.D.)
Besides the experiments described in this paper, Formulations NC NS NE
additional studies were conducted to assure the ad-gree pic (%)microdialysis 1.5 (0.6) 1.7 (0.7) 2.9 (0.7)
equacy of MD as a sampling technique for nanopar- Free DIC (%)/ultrafiltratioA 0.1 (0.0) 0.1 (0.0) 1.4 (0.1)
ticles characterization. Dynamic light scattering of Entrapped (%)/microdialysis 98.5 (0.6) 98.3 (0.7) 97.1 (0.7)
microdialysate samples from different experiments Entrapped (%)/ultrafiltratich 99.9 (0.0) 99.9 (0.0) 98.6 (0.1)
was performed and the results showed the absence of 2 Significantly different from microdialysis determination.
nanostructures confirming that they do not cross the
probes membrane and proving that the concentrations . o )
measured in the dialysates refers to free levels of the €ntrapped DIC concentration are statistically different
drug in the respective system. The relative recovery dependlng on the method used. Microdialysis results
was also determined using a solution of the drug showed higher levels of free DIC for all nanostruc-

(DIC sodium salt in water) as the perfusion medium fUres and, consequently, lower entrapped drug con-
and, as external medium, water or a dispersion of un- céntration. These results could be attributed to the

loaded nanoparticles to confirm that the presence of difference between the methods used. The main dis-
these structures in the medium did not interfere with advantage of ultrafiltration/centrifugation is that this
the diffusion of the drug and, consequently, with the method does not allow for the differentiation between
recovery. This experiment was performed using the Nanostructures (NC, NS and NE) and drug nanocrys-
drug in the perfusate (recovery by lost) instead of in tals of the same size range eventually present in the
the medium (recovery by gain). If the drug was added €xtérnal phase of the dispersid@s]. Because micro-

to the unloaded colloidal dispersions it could adsorb di@lysis works under sink condition, it could promote
to the nanoparticles, decreasing the free drug con- nanocrystal dissolution resulting in a lower and more
centration in the system not allowing the calculation accurate entrapment efficiency. However, at the con-
of the relative recovery. According to the literature, ditions used in this experiment, microdialysis showed
drug adsorption onto unloaded polymeric nanoparti- a.dlsadvantage in relation to the purrent technique.
cles is possible and this phenomena was confirmed Since the recovery was concentration dependent, due
by Lopes et al[5] using ethionamide. In the present © the high flow rate _used, a previous estimation of Fhe
study, the relative recovery determined by lost using free DIC concentration expected in the colloidal dis-
DIC as drug model was 227 + 5.32% in water and persions was necessary in order to pre-determine the
for nanostructures it was 28 + 8.25, 2508 + 9.82 recovery of the probe at a similar condition.

and 2253+ 9.50% for NC, NS and NE, respectively,

showing no significant difference among the results. 3.4. Drug release

Taking together all these results is possible to con-

clude that the nanostructures did not interfere with  In general, the release of drugs from matrixes is

the relative recoveries of DIC determined by MD. described as a function of time. However, it was pre-
viously shown that the release profile of nanocapsules
3.3. Entrapment efficiency prepared using preformed polymers and loaded with

DIC is a function of dilution of the colloidal system
In order to evaluate microdialysis, generally used in the media rather than a function of tinfi24]. In

to measure free levels of compounds in different me- this study, both parameters were evaluated. The results
dia [27], as a technique to determine drug associa- showed that, for all three formulations, the drug re-
tion to colloidal systems, ultrafiltration/centrifugation, lease was independent of time because the amount of
widely used with this purpose, was used as reference.drug release after 5 min was not statistically different
Table 4shows the free DIC concentration and entrap- from the amount released after 30 mirable 5.
ment efficiency of NC, NS and NE determined using Fig. 2 shows the release of DIC from NC, NS
both techniques. The results showed that the free andand NE in phosphate buffer pH 7.4 as a function
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Table 5

Percentage released as a function of time determined by micro-
dialysis

Interval (min) NC (%) NS (%) NE (%)

0-5 57.1+ 6.5 62.5+ 3.5 51.04+ 9.0
5-10 60.2+ 4.3 66.5+ 0.6 57.0+ 7.3
10-15 56.4+ 3.5 67.5+ 8.5 62.1+ 3.2
15-20 59.5+ 2.0 66.5+ 1.0 60.6+ 4.3
20-25 60.9+ 5.3 64.9+ 6.0 58.4+ 4.7
25-30 60.7+ 2.7 66.7+ 5.1 579+ 5.4

of dilution, obtained by microdialysis and ultrafiltra-
tion/centrifugation. Regarding the comparison of MD
and UC, both techniques resulted in similar release
profiles for all three formulations investigated. The ex-
periments using higher dilution (1:20 and 1:50 v/v)
were not performed for ultrafiltration because B0
10% of drug release was already achieved for lower
dilutions.
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50-60%. For the 1:5 v/v dilution, NS and NE released
the total amount of drug entrapped while NC showed
only a partial release of the drug (86t 6.4%). This
result suggests that, in this dilution, around 14% of
the total amount of drug present in the formulation
was not available for dissolution by the medium. For
higher dilutions, the total amount of DIC was released
from the nanoparticles.

In conclusion, the results presented in this study
showed that microdialysis is an equivalent technique
to ultrafiltration/centrifugation to evaluate lipophilic
drugs such as DIC entrapment efficiency and the drug
release from polymeric nanoparticulated dispersions.
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