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The penetration of bovine serum albumin (BSA) into dipalmitoylphosphatidylglycerol (DPPG) monolayers
was observed using atomic force microscopy (AFM) and surface pressure measurements. The effects of surface
pressure, amount of BSA and the addition of ganglioside G,;; (GM1) were investigated. The surface pressure of
the DPPG monolayer was increased by the penetration of BSA, and the increase in surface pressure was greater
in the liquid-expanded film than that in the liquid-condensed film. The AFM images indicated that BSA pene-
trated into the DPPG monolayer. The amount of BSA that penetrated into the DPPG monolayer increased with
time and with the amount of BSA added. On the contrary, the AFM image showed that BSA penetration into the
mixed DPPG/GM1 (9: 1) monolayer scarcely occurred. GM1 inhibited the penetration of BSA into the DPPG

monolayer.
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Liposomal drug delivery systems have been widely re-
searched for the purpose of reduction of drug toxicity and/or
the targeting of drugs to specific cells.” Liposomes are, in
some ways, ideal drug carriers in that they are biodegradable.
There are, however, drawbacks to their use in vivo. Part of
the liposomal bilayer membrane is destroyed through the in-
teraction with blood components. It is important to clarify
the stability of liposome products in the blood. The following
findings have been made clear:>* BSA adsorbs onto dipalmi-
toylphosphatidylglycerol (DPPG) liposomes by hydrophobic
interactions; the adsorption of BSA brought about a phase
separation in the liposomal bilayer membranes, thereby in-
creasing the permeability of the liposomal bilayer mem-
branes through the adsorption of BSA. Surface modified
liposomes have been prepared: Klibanov et al*> and
Maruyama et al.® reported that the conjugation of amphi-
pathic poly(ethylene glycol) (PEG) with liposomes signifi-
cantly increased the blood circulation half-life of the lipo-
somes to a greater extent than those without PEG. We re-
ported the membrane properties of mixed DPPG and gan-
glioside G,;; (GM3) liposomes:™® GM3 incorporated into
DPPG liposomes inhibited the adsorption of BSA on the li-
posomes, and the leakage of calcein as an aqueous-space
marker from liposomes through adsorption of BSA de-
creased.

Atomic force microscopy (AFM) is a surface imaging
technique capable of nanometer-scale lateral resolution,
which operates by measuring the forces acting between the
probe and the sample.” AFM images of membranes of phos-
pholipids and gangliosides have been reported.''® Further-
more, the distribution of drugs in the membrane has been
shown by AFM.?*?) However, AFM images of BSA ad-
sorbed on the surfaces of phospholipid membranes have not
yet been shown. In this study, the penetration of BSA into the
DPPG monolayer was observed using AFM, varying the sur-
face pressure of the membrane and the amount of BSA. Fur-
thermore, the effect of ganglioside Gy, on the adsorption of
BSA onto the DPPG membrane was also observed by AFM.

* To whom correspondence should be addressed.
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Experimental

Materials Sodium L-o-dipalmitoylphosphatidylglycerol (DPPG) and
ganglioside G,;, (GM1), Galfi1—3Gal NAcf1—-4GalfB1(3<-20NANA)—
4GlcBl1—1Cer, and bovine serum albumin (BSA) were purchased from
Sigma Chemical Co. In this experiment, super pure water (Super-Q system)
was used.

Measurement of Surface Pressure of the Monolayer Membrane
DPPG was dissolved in chloroform, giving a 1 mm DPPG solution. After
150 ul of the DPPG solution was spread on water without surface distur-
bances using a microsyringe, the system was allowed to stand for 10 min.
The surface pressure of the DPPG monolayer at the air/water interface was
determined at 37°C by the Wilhelmy plate method using a surface pressure
meter (HBM-A, Kyowa Interface Science Co., Ltd.) with a bar made of
Teflon. The compression rate was 20 mm/min.

Observation of BSA Penetration into the DPPG Monolayer At 20
and 30 mN/m, 100—200 ul of 5 mg/ml BSA solution was injected into 1.61
of the sublayer water without causing surface disturbances, and the time
course of change in surface pressure of the DPPG monolayer was measured.
Next, AFM images of BSA penetrated into the DPPG monolayer were ob-
served at 15, 30 and 60 min after BSA was added to the sublayer water.

AFM Observation A model JSPM-5200 atomic force microscope
(JEOL Ltd.) was used for AFM observations. The AFM probe used was a
Micro Cantilever CSC38 (JEOL Ltd.) made of silicon and coated with Au,
which had a spring constant of 0.08 N/m, a length of 250 um, and a thick-
ness of 1.0 um. AFM observation was carried out with the contact mode in
the air.

Results and Discussion

Surface Pressure—Area Isotherm The surface pressure
(m) versus area (A) isotherm of the DPPG monolayer at 37°C
is shown in Fig. 1.

The phase transition from the liquid-expanded film to
the liquid-condensed film was observed at approximately
25 mN/m.

Penetration of BSA into the DPPG Monolayer Mem-
brane The time course of change in surface pressure of the
DPPG monolayer after adding BSA was measured, and the
results are shown in Fig. 2.

The surface pressure of the DPPG monolayer increased
with the addition of BSA to the sublayer water. This finding
indicates penetration of BSA into DPPG monolayer mem-
branes occurred. This result supports the previous
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Fig. 2. Effect of BSA on the Surface Pressure of the DPPG Monolayer

suggestion” that BSA adsorbed on DPPG liposomes pene-
trates into the liposomal bilayer membrane. At 20 and
30 mN/m, the DPPG monolayer is in the liquid-expanded and
the liquid-condensed films, respectively. The increase in sur-
face pressure of the DPPG monolayer in the liquid-expanded
film was greater than that in the liquid-condensed film.

AFM Observation of BSA Penetrated into DPPG
Monolayer First, the AFM image of the DPPG monolayer
deposited at a surface pressure of 30 mN/m is shown in Fig.
3.

The DPPG monolayer had a uniform and flat appearance.
Next, AFM images of the DPPG monolayers after the addi-
tion of 100 ul of 5 mg/ml BSA solution are shown in Fig. 4,
where AFM images show the hydrophobic faces of the
DPPG monolayers containing BSA.

BSA is visible as bright areas in the figures. The length of
the lines drawn at the lower left corner in the figures is
5.0 um. The three-dimentional images that BSA penetrated
into the DPPG monolayer are shown in the right-hand fig-
ures. BSA is elliptical (41.6X140.9 A) in shape.?® The size
of BSA observed as bright dots in Fig. 4c is nearly equal to
the size of BSA molecule. It is considered that BSA pene-
trates lengthwise in the DPPG monolayers. The larger bright
dots seem to be the dimmers and/or trimers* of BSA mole-
cules or the molecular aggregates. BSA penetrates from the
bulk aqueous phase to the DPPG monolayer, and then BSA
interacts with DPPG by hydrophobic interaction. The three-
domains model of BSA was presented by Brown and Shock-

Surface Pressure vs. Area per Molecule Isotherm for the DPPG Monolayer at 37°C

Fig. 3. AFM Image of the DPPG Monolayer Deposited at 30 mN/m

ley,?® where the effective electric chages of the domains I, I
and IIT are —10, —8 and 0, respectively. Each helix of BSA
molecule has both hydrophilic and hydrophobic surfaces.>”
Furthermore, BSA has a configurational adaptability:** BSA
has the hydrophilic surface in the bulk water phase and the
hydrophobic surface in the hydrocarbon region of the DPPG
monolayer. The larger bright areas shown in Figs. 4a and 4b
may be related to the change in the conformation of BSA
molecules. The amount of BSA adsorbed on the DPPG
monolayer increased with time.

Figure 5 shows AFM images of BSA penetration into the
DPPG monolayer in the liquid-expanded film state.

The amount of adsorption of BSA on the liquid-expanded
film was slightly less compared with that on the liquid-con-
densed film. This is considered to be due to the fact that BSA
is adsorbed onto the DPPG membrane by hydrophobic inter-
actions>® and that hydrophobic interactions between BSA
and DPPG are greater in the liquid-condensed film. The
amount of BSA that penetrated into the DPPG monolayer in-
creased with time, and the height of the membrane also in-
creased with time. BSA seems to easily penetrate into the
liquid-expanded film compared with the liquid-condensed
film because of the tightness of the latter film.

Next, the effect of the amount of BSA on the extent of
penetration of BSA into DPPG monolayer was examined,
and the results are shown in Fig. 6.

The penetration of BSA into the DPPG monolayer in-
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Fig. 4. AFM Images of BSA Penetration into DPPG Monolayers
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15.0 x 15.0 v x 13.6 o

15.0 x 15.0 v x 11.2

Time after BSA was added: (a), 15 min; (b), 30 min; (c), 60 min. Surface pressure: 30 mN/m (liquid-condensed film). Amount of BSA added: 100 ul of 5 mg/ml BSA solution.
Left-hand figures: two-dimensional figures (15 umX15 um). Right-hand figures: three-dimensional figures.

creased with the amount of BSA added. Especially, 30—
60 min after BSA was added, a large amount of BSA was ob-
served.

AFM Observation of Mixed DPPG/GM1 Monolayers
and BSA In the previous paper,” it was found that the ex-
tent of adsorption of BSA on DPPG liposomes was de-
creased by the mixing of ganglioside into the DPPG lipo-
somes. Last, the adsorption of BSA on the mixed
DPPG/GM1 (9:1) monolayer was observed, and the result
60 min after BSA was added is shown in Fig. 7.

The adsorption of BSA on the mixed DPPG/GM1 (9:1)
monolayer at 60 min was remarkably less than that on the
DPPG monolayer at 60 min. Furthermore, the height of BSA
molecules from the monolayer was extremely low, which
seems to not be penetration and/or adsorption but rather a
light touching of BSA to the DPPG/GM1 monolayer. GM1

inhibited the penetration of BSA into the DPPG monolayer.
This is considered to be due to the increase in the hydrophilic
property at the surface of the monolayer by adding GM1,
thereby the hydrophobic interaction between BSA and DPPG
was suppressed. The micrograph of the DPPG liposomes
containing 0.15 mole fraction of ganglioside indicated the
covered surfaces with the sugar chains.”

Measurement for mixed DPPG/GMI1 monolayers with
higher mole fractions of GM1 was not carried out, since
mixed phospholipid/GM1 monolayers (Xg,>0.2) bring
about a change in the structure of the lipid membrane.'”
Nevertheless, a small amount of GM1 (X,,;=0.1) effectively
inhibited the adsorption and penetration of BSA. The fact”
that a mixed DPPG/ganglioside liposome inhibited the ad-
sorption of BSA was visually confirmed in this study by di-
rect observation using AFM and DPPG/GM1 monolayers.
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Fig. 5. AFM Images of BSA Penetration into DPPG Monolayers
Time after BSA was added: (a), 15 min; (b), 30 min; (c), 60 min. Surface pressure: 20 mN/m (liquid-expanded film). Amount of BSA added: 100 ul of 5 mg/ml BSA solution.
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Fig. 6. AFM Images of BSA Penetration into DPPG Monolayers: Effect of the Amount of BSA
Time after BSA was added: (a), 15 min; (b), 30 min; (c), 60 min. Amount of BSA added: 200 ml of 5 mg/ml BSA solution. Surface pressure: 20 mN/m.
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Fig. 7. AFM Images of BSA Penetration into the Mixed DPPG/GM1 (9 : 1) Monolayers
Time after BSA was added: 60 min. Surface pressure: 20 mN/m. Amount of BSA added: 100 ul of 5 mg/ml BSA solution.
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Conclusion

BSA penetrated into DPPG monolayer. The amount of
BSA that penetrated into the DPPG monolayer increased
with the addition of BSA. A large amount of BSA penetrated
into DPPG monolayer was observed 30—60 min after BSA
was added. On the contrary, the penetration of BSA into the
mixed DPPG/GM1 (9 : 1) monolayer scarcely occurred.

References

1) Gregoriadis G., “Liposomes as Drug Carriers,” Wiley, Chichester,
1988.

2) Yokouchi Y., Tsunoda T., Imura T., Yamauchi H., Yokoyama S., Sakai
H., Abe M., Colloids Surf. B: Biointerf., 20, 95—103 (2001).

3) Tsunoda T., Imura T., Kadota M., Yamazaki T., Yamauchi H., Kwon K.
0., Yokoyama 8S., Sakai H., Abe M., Colloids Surf. B: Biointerf., 20,
155—163 (2001).

4) Klibanov A. L., Maruyama K., Torchilin V. P, Huang L., FEBS Lett.,
268, 235—237 (1990).

5) Mori A., Klibanov A. L., Torchilin V. P, Huang L., FEBS Lett., 284,
263—266 (1991).

6) Maruyama K., Yuda T., Okamoto A., Ishikawa C., Kojima S., Iwatsuru
M., Chem. Pharm. Bull., 39, 1620—1622 (1991).

7) Yokoyama S., Takeda T., Tsunoda T., Ohta Y., Imura T., Abe M., Col-
loids Surf. B: Biointerf., 27, 141—146 (2002).

8) Yokoyama S., Takeda T., Abe M., Colloids Surf. B: Biointerf., 27,
181—187 (2002).

9) Morita S., “Scanning Probe Microscope,” Maruzen, Japan, 2000, p.

10)

21.
Hui S W., Viswanathan R., Zasadzinski J. A., Israelachvili J. N., Bio-

11)
12)
13)
14)
15)
16)
17)
18)
19)
20)
21)
22)
23)
24)

25)

47

phys. J., 68, 171—178 (1995).

Dufrene Y. E, Barger W. R., Green J. B. D., Lee G. U., Langmuir, 13,
4779—4784 (1997).

Imura T., Sakai H., Yamauchi H., Kozawa K., Yokoyama S., Matsu-
moto M., Abe M., Colloids Surf.B: Biointerf-, 19, 81—87 (2000).
Yokoyama S., Takeda T., Ohta Y., Imura T., Yamaguchi A., Sakai H.,
Abe M., J. Oleo Sci., 50,917—920 (2001).

Yokoyama S., Ohta Y., Imura T., Takeda T., Sakai H., Abe M., Mater.
Technol., 21, 229—232 (2003).

Yokoyama S., Takeda T., Ohta Y., Sakai H., Abe M., Mater. Technol.,
21, 286—288 (2003).

Yokoyama S., Ohta Y., Takeda T., Imura T., Sakai H., Abe M., J. Oleo
Sci., 53,97—100 (2004).

Yokoyama S., Ohta Y., Sakai H., Abe M., Colloids Surf. B: Biointerf.,
34, 65—68 (2004).

Ohta Y., Yokoyama S., Sakai H., Abe M., Colloids Surf. B: Biointerf.,
34, 147—153 (2004).

Ohta Y., Yokoyama S., Sakai H., Abe M., Colloids Surf. B: Biointerf.,
33, 191—197 (2004).

Yokoyama S., Takeda T., Takahashi H., Ohta Y., Park S. H., Nishikawa
T., Abe M., J. Oleo Sci., 51, 63—67 (2002).

Yokoyama S., Hada N., Takeda T., Ohta Y., Imura T., Abe M., Mater.
Technol., 21, 3—6 (2003).

Wright A. K., Thompson M. R., Biophys. J., 15, 137—141 (1975).
Peters T. Jr., Adv. Protein Chem., 37, 161—245 (1985).

Brown J. R., Shockley P, “Lipid—Protein Interactions,” ed. by Jost P.
C., Griffith O. H., Wiley, New York, 1982, p. 41.

Brown J. R., “Albumin Structure, Function and Uses,” ed. by Rosenoer
V. M., Oratz M., Rothschid M. A., Pergamon Press, New York, 1977,
p. 27.



