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Abstract

The effect of compressed G@n the properties of protein (trypsin) in the reverse micelles of sodium bis(2-ethylhexyl)sulfosuccinate
AOT/decane/water has been studied. UV-vis spectrum was used to determine the precipitation of trypsin in the reverse micelles, which reveals
that trypsin can be precipitated from the reverse micelles by compressedt@Qitable pressures, while the surfactant AOT remains in the
solution. FT-IR spectroscopy was used to investigate the microenvironment of trypsin in thex@ahded reverse micelles, which shows
that the micropolarity inside the micelle cores is changed gradually with thep@8sure. Using compressed £43 antisolvent, the protein
in the reverse micelles can be recovered, and trypsin nanoparticles with the size of less than 15 nm were obtained, which was characterized
by transmission electron microscopy (TEM).
© 2003 Elsevier B.V. All rights reserved.

Keywords:Compressed C£ Transmission electron microscopy; Reverse micelles

1. Introduction in a number of organic solvents and expands them largely.
Many solutes are soluble in organic solvents, but are not sol-
Reverse micelles are aggregation systems formed spon-uble in CGQ. Thus the C@ in organic solvents can act as
taneously in nonpolar solvent. The structure can be simply an antisolvent to precipitate the solutes in the solvent. This
described as a shell formed by surfactant molecules with technique has been used in different processes, such as ex-
their polar headgroup inside, which surrounds a ‘water pool’ traction and fractionatioff2,23], recrystallization of chem-
[1,2]. Hydrophilic molecules can be solubilized in the wa- icals[24], micronization[25], and production of polymeric
ter pool. The ability of the reverse micelles to host smaller particleg26,27] These methods have some potential advan-
hydrophilic molecules such as proteins has been an inter-tages. For example, it is possible to remove the solvent and
esting topic, and there have been many papers focused orantisolvent completely from the products. Moreover, fine
the protein-containing reverse micellgs-5]. The solubi- particles can be easily obtained because high supersatura-
lization mechanisnfi6—10], the locatior[11,12], and the su-  tion can be achieved in the solution, and the morphology of
peractivity of protein13—-15] and the property changes of the products can be tuned by pressure ohbCQebenedetti
the reverse micellel 6—18] have been widely studied. et al. have used supercritical fluid (@antisolvent tech-
Carbon dioxide (CQ) is an attractive solvent alternative nique to produce protein particles, and microparticulate pro-
for a variety of chemical and industrial processes, especially tein powders of about 1-sm have been obtaing@8,29]
because it is plentiful and inexpensive, and has properties In previous work, we studied the effect of compressed
that are between those of many liquids and g4$6s20] CO, on the solubilization of BSA and lysozyme in re-
One of the useful techniques in material science is the gasverse micelleg30], and it was revealed that these proteins
antisolvent procesR1]. The principle of this technique is  could be precipitated from the reverse micelles under cer-
that supercritical (SC) or compressed £© quite soluble tain CG pressure. In the present work, we furthered these
studies to the protein of trypsin, and did some fundamen-
mspondmg author. Tel+86-10-6256-2821; tal and appli_cgtion investigqtions on the &€&xpanded
fax: +86-10-6255-9373. protein-containing reverse micelles. The present work con-
E-mail addresshanbx@iccas.ac.cn (B. Han). sists of three parts: (1) the precipitation of trypsin in the
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COp-expanded reverse micelles by UV-vis spectra; (2) the respectively. A suitable amount of protein-filled reverse mi-
microenvironment changes of the protein in reverse mi- cellar solution was loaded into the cell. The temperature of
celles with pressure of GOby FT-IR; (3) the recovery the cell was maintained at 293.2 K. Then £®as charged
of protein particles from the revere micelles using com- until the sample cell was full. The UV spectrum of the solu-
pressed CQ as antisolvent. We believe that such studies tion was obtained by repeated scans until it was unchanged.
can provide necessary understandings on the-&@anded
protein-containing reverse micelles and find potential ad- 2.5. High-pressure FT-IR spectra
vantages in a wide range of applications.
The FT-IR spectroscopic apparatus consisted mainly of
a gas cylinder, a high-pressure pump, an IR spectrome-

2. Experimental ter (TENSOR 27) and a high-pressure IR sample cell. The
high-pressure IR cell was similar to that used in UV, only
2.1. Materials ZnS windows (2.25 cm in diameter and 0.60 cm thick) was

used. The internal volume and the path length of the cell

Trypsin My =24 000) was produced by Xinjiang Insti- were 1.78 ml and 1.566 cm, respectively. The temperature of
tute of Chemistry. The surfactant AOT was purchased from the cell was stabilized at 293.2 K and g@®as compressed
sigma with purity of 99%. The decane supplied by Tianjin into the cell to the desired pressure. The IR spectrum was
Wendaxigui Chemical Plant was GR grade. Double distilled recorded after equilibrium had been reached. Each sample
water was used, andJD was used in IR investigation. GO  was recorded with 32 scans at resolution of 2°¢m
(99.95%) was provided by Beijing Analysis Instrument
Factory 2.6. Recovery of the protein and characterization

2.2. Preparation of protein-filled reverse micellar solution The desired amount of reverse micellar solution filled

with protein was added into the cylinder-shaped autoclave of
The reverse micellar solution was prepared by dissolv- 120.0 ml. The temperature was controlled at 293.2 K,CO

ing AOT into decane in a flask and the required amount of was injected into the autoclave by a high-pressure pump un-

water was added. Then the flask was shaken until the solu-til the desired pressure was reached, and the solution was

tion became transparent. The desired amount of protein wasstirred (120 r.p.m.) for 1 h. The stirring was stopped and

added into the reverse micellar solution, then shook it till the protein particles were precipitated from the solution and

transparent. deposited at the bottom of the autoclave. The solution and
CO, were released slowly. The deposits at the bottom of

2.3. Phase behavior of reverse micellar solution in.CO the autoclave were collected and washed several times using
ethanol after the removal of the liquid solution. The size and

The apparatus used to study the expansion curves and theshape of the obtained protein particles were determined by

cloud point pressure of the solution was the same as thatTEM with a HITACHI H-600A electron microscope. The

used previously31]. In the expansion experiment, suitable maximum resolution was 0.5 nm.

amount of reverse micellar solution was added into the view

cell. The temperature of the water bath was controlled by

a HAAKE D3 digital controller, and the accuracy of the 3. Resultsand discussion

temperature measurement wa8.1 °C. After the thermal

equilibrium had been reached, g@Was charged into the 3.1. Phase behavior investigation of the reverse micelles

cell to a suitable pressure. A magnetic stirrer was used toin CO,

enhance the mixing of Cfand reverse micellar solution.

The pressure and the volume at equilibrium condition were  The solution is expanded after dissolution of £Ohe

recorded. More C@was added and the volume of the lig- volume expansion coefficie®tV (AV = (V—Vp)/Vo, where

uid phase at another pressure was determined. The volume/andVy are the volumes of the C&saturated and Cffree

expansion coefficients were calculated on the basis of thereverse micellar solution) of the solution at different

liquid volumes before and after dissolution of &0 pressures is a very important parameter in the experiments.
Fig. 1 shows the volume expansion curve of the solution
2.4. Precipitation of trypsin by UV-vis spectra (IAOT] =100 mmol 1, wo=20) versus the pressure at

293.2 K obtained in this work. The volume expansion coef-
The UV spectrophotometer (TU-12010) was used to ex- ficient increases with pressure. We also studied the effects
amine the precipitation of trypsin from the reverse micelles of wgp values (from 5 to 30) and protein concentrations (from
at different pressures. The UV sample cell was the sameO to 1.0 mg mf?1) on the volume expansion. The results
as that used previousljg2]. The optical path length and indicated that the effects ofy and protein concentration
the volume of the sample cell were 1.12 cm and 1.76 ml, on the AV were not considerable. The determined volume
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Fig. 1. Dependence of the volume expansion of AOT/decane solution Fig. 3. Variation of the precipitation ratio of trypsif{ %) with pressure
(JAOT] = 100 mmol 1) on the pressure of GOat 293.2 K. at 293.2 K.

surfactant remains in the organic continuous phase. Some
AQOT is precipitated as the pressure exceeds the cloud point
pressure (5.18 MPa), which is easy to understand because

expansion allowed us to determine how much,@f@e re-
verse micellar solutions should be loaded into sample cell for
the UV and IR investigations. The solution became cloudy at ) )1 -
the cloud point pressure, where the surfactant began to preAOT Pegins to precipitate at cloud point pressure.
cipitate. The cloud point pressure of the AOT/water/decane OUr €xperiments show that at a fixed the absorbance

micellar solutions determined is 5.18 MPa at 293.2 K, with ©Of Protein nanoparticles is a linear function of protein con-
a precision 0f-0.03 MPa. centration as the concentration is lower than 1.0 mg'ml

Thus the precipitation percentage of protein can be calcu-
lated from the absorbance and the working curvig. 3
shows the dependence of precipitation percentage of protein
(the mass of the precipitated protein divided by the total mass
of protein) on CQ pressure atvg =20 and 25. It is shown
that more protein particles are precipitated at the higher pres-
sures, and it is more difficult to precipitate the protein parti-
cles at the lowewyg. This can be interpreted by the stronger
interaction of particles with the matrices at a lower value of
wp (smaller micellar core radius). At 4.71 MPa, which is still
lower than the cloud point pressure of the micellar solution,
the precipitation percentage of protein particleg £ 25)

can reach to 100%, while the absorbance of AOT remains
unchanged. This indicates that at suitable pressure, protein
particles in the reverse micelles can be precipitated com-
pletely, leaving the surfactants in organic continuous phase.

3.2. Precipitation of protein from reverse micelles
by UV spectra

The protein solubilized in the reverse micelles do not pre-
cipitate in the absence of GOHowever, the protein particles
can be precipitated by dissolution of antisolvent0@the
micellar solution, which is known by our UV study. As ex-
amplesFig. 2illustrates the UV spectra of the protein-filled
reverse micelleswg =25, T=293.2 K) at different pres-
sures. For all the experiments, the UV cell was full of solu-
tion after CQ was added and the concentrations of protein
and AOT in the solution were 0.5 mg il and 100 mmol
I-1 if precipitation does not occur. The two absorbencies
around 225 and 272 nm belong to AOT and trypsin, respec-
tively. Extinction coefficient of protein changes with the en-
vironment more or less. To a first approximation, we neglect
the effect of the dissolved C(bn the extinction coefficient.

As can be seen, the intensity of the band at 272 nm decrease
with pressure, while that for AOT remains unchanged in a

certain pressure range. This indicates that the protein parti-
cles can be precipitated from the reverse micelles, and the

3.3. FT-IR spectra of the protein-filled reverse micellar
§0Iution in the presence of GO

The concentration of AOT and the protein in all €O
expanded solutions are 100 mmotf land 0.5 mg mit?, re-
spectively, if precipitation does not occiig. 4 gives the
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Fig. 2. UV spectra of the protein-filled reverse micelles ([AGT]100

mmol I~1, wp =25, [trypsin]=0.5 mg mi?!) at 293.2 K and different Fig. 4. IR spectra of carbonyl stretching vibration of AOT in reverse
pressures. micelles (vp =20) at 293.2 K and different pressures.
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Fig. 5. Fitted carbonyl stretch peak of AOT in the &@ee reverse
micelles (AOT=100 mmol 1, wp=20) at 293.2 K.

IR spectra of carbonyl stretching vibratiofC = O) of AOT
situated around 1730 cm, and it gives some microstruc-
ture information on the C@expanded reverse micell33].
The broad peak with an asymmetric shape showkign 4
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Fig. 6. Variation of intensity ratio I{=11740/11721) as a function of
CO, pressure for reverse micelles (JACE]J100 mmol 1, wp=20,
[Trypsin]=0.5 mg mi1) at 293.2 K.

then the intensity ratiol{) increases gradually with the in-
creasing pressure. GQlissolves in the ‘water pool’ of re-

suggests that the band is a fusion of peaks corresponding toverse micelles can be ionized {8+CO, = HY+HCO3 1)

carbonyl groups in different microenvironmelfi33]. Gaus-
sion curve fitting program is used to treat the peaks. As
an exampleFig. 5 shows the experimental and fitted car-
bonyl stretch peak of AOT in the CCfree reverse micelles
(AOT =100 mmol 1, wg=20) at 293.2 K. And the two
peaks centered at 17402 and 1721 2 cmi~! are obtained,
which corresponds térans and gaucheconfigurations of
the rotational isomerism of AO[33,34] The intensity ratio

(Ir =11740/11721) shows the relative quantities tns and
gauchelike isomers of AOT[34]. Their intensity ratio {;
I1740/11721) is closely related to the polarity of the water

and makes the polarity of the micelle core increased. How-
ever, in this work, the existence of the protein in the micelle
cores results in the obvious increase of the polarity in the
reverse micelles, which is confirmed by our experimental
results, i.e. theé, value of the protein-containing revere mi-
celles (1.12) is smaller than that of the protein-free reverse
micelles (1.48) without the addition of GOAs we know
from UV-vis studies, when C®is added to the micellar
solutions, the protein can be precipitated from the reverse
micelles, which decreases the polarity inside micellar cores.
However, the precipitation percentage of protein from the

core, i.e. the ratio decreases in a more polar environmentreverse micelles is relatively small at low pressures (shown

because more conformations change frgaucheto trans
[35,36] The intensity ratios, of the protein-containing re-
verse micelles ([AOTE 100 mmol 11, wo = 20) are given
in Fig. 6 as a function of pressure. FroFRig. 6, it can be

in Fig. 3). Thus it is expected that the effect of g@hay
play a dominant role on the polarity of the reverse micelles
at low pressures, which results in the increased polarity and
corresponding decreasgd At higher pressures, the precip-

seen that the intensity ratio decreases with the increasingitation percentage of the protein is increased largely, and its
pressure until it reaches to a minimum at 2.53 MPa, and effect plays the dominant role on the polarity of the reverse

(a)

.

S0nm

Eb)

Fig. 7. TEM photographs of protein recovered from the reverse micelles with [tryp€i§ mg mi! (a) and [trypsink 0.8 mg mi® (b).
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micelles. Thud; value increases largely corresponding to
the decreased polarity of the reverse micelles.

3.4. Morphologies of the recovered
protein nanoparticles

Fig. 7(a) and (b) illustrate the TEM photographs of pro-
tein recovered from the reverse micellesy & 20) with
[trypsin]= 0.5 and 0.8 mg mi' at 293.2 K, respectively. The
operation pressure is 5.02 MPa. It is estimated from TEM
photographs that the particle size at [trypsin).5 mg mi?!
is in the range of 3—10 nm, and is 5-14 nm at [trypsit(].8
mg mi~L. It means that the particle size is larger at the larger
concentration of trypsin. This maybe dues to the reduced
aggregation behavior of the nanoparticles at lower concen-
tration. The protein particles produced in this work are much
smaller than those obtained by other meth8529].

4. Conclusion

In summary, this work investigates the effect of com-
pressed CQon the precipitation and microenvironment of
the protein in the reverse micelles by phase behavior, UV-vis
spectra, and FT-IR spectra. It is revealed that the proteins
can be precipitated from the reverse micelles by the com-
pressed CgQ accompanied with the changed micropolarity
inside the micelle cores. Using this concept, the protein con-
fined in the reverse micelles could be recovered by com-
pressed C@ and well dispersed protein nanoparticles with
the diameter of about 10 nm were obtained. This method has
many potential advantages for applications such as simple,
timesaving, and the solutions can be recycled.
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