Interaction between poly(ethylene glycol) and human serum albumin
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The thermodynamic nature of the interaction between
polyethylene glycol and human serum albumin has been
determined by affinity capillary electrophoresis.

Poly(ethylene glycol) (PEG) is of extreme interest in bio-
materials chemistry because of itsvery unusual and unique lack
of interaction with biological matter.r Surface bound PEG is
known to reduce protein adsorption and has become avery high
interest research area2 Magjor efforts are in progress to
immobilize PEG and PEG-like molecules at surfaces by
chemical grafting®>” and numerous coating and physica
bonding schemes.8-16 |n addition, it has found extreme interest
for use in one of the most challenging problems in biomaterials
chemistry involving blood contact interactions with bio-
materials. In this case, the clotting factor fibrinogen is not
absorbed, the complement system is not activated, platelets are
not bound and viral particles are not bound to PEG coated
surfaces.r” PEG'’s resistance to protein adsorption has been
attributed to a steric stabilization effect, unique solution
properties and its molecular conformation in aqueous solution.!
However, the interaction that does occur between the protein
and PEG is being used to stabilize proteins in solution and
causes a decrease in thermal stability,’® which have been
attributed to steric exclusion!® and binding to the nonpolar
regions of the protein molecule, 2 respectively. It has been
proposed that competition between steric expulsion forces and
van der Waals attraction between the protein and PEG control
the protein adsorption process. Although numerous theories and
models have been proposed, there remains no consensus.
Bergstrom et al.2 found that very little fibrinogen adsorption
occurs on surfaces treated with PEG in the molecular weight
range from 1500 to 19 000 but that significant adsorption occurs
if the molecular weights of the polymers fall below 1500 with
100% adsorption for 250 molecular weight PEG polymers. One
explanation given is that the PEGs reject the protein because of
an unfavourable entropy (negative entropy) change associated
with compression of the configurationally random heavily
hydrated PEG chains by the protein adsorption. There is,
however, considerable ordering of water around the PEG chain
since two or three waters are closely associated with each
ethylene oxide unit.21.22 Protein interaction would release some
of thiswater of solvation and produce a positive entropy change.
Their model discusses the need for the negative entropy of
compression to be compensated by the latter and speculate that
the enthal py for water losswould be enthal pically unfavourable.
In addition, the positive free energy change for this process
would have to be overcome by other interactions for sorption to
take place. It is clear that more information on the interaction
between PEG and proteins is badly needed.

In recent experiments, we have used affinity capillary
electrophoresis (ACE) to examine the interaction between PEG
and human serum albumin (HSA) and have determined datathat
is extremely relevant to thermodynamic models that discuss
entropic and enthaplic favorable and unfavorable scenarios. The
ACE binding experiments were performed at 30 kV at 25, 40
and 60 °C using an open-tubular arrangement on a Hewlett-
Packard Model G1600A system with HP3D chemstation
software. The PEG concentrations were 0, 0.500, 1.00, 2.50,
3.00, 4.00 and 7.00 mg ml—1, The pH was maintained at 7.00 by

asodium phosphate buffer and the samples consisted of 30.0 um
human serum albumin. The neutral marker N,N-dimethylforma-
mide served as a metric for the electroosmotic flow. The ACE
method for measuring interaction energies and entropies of
proteins and substrates involves measuring the change in
electrophoretic mobility Aug, of the protein complex in the
presence of various concentrations of ligand ([L]) such as PEG
(23). Here Aur, isgiven by egn. (1), where ug is the mobility

AURL = URL — MR )

of the protein receptor and ur, is the mobility of the protein—
ligand complex. Form these values, Scatchard analyses can be
performed using egn. (2), where Alir | max IS the mobility of

Aur[L] = KoAugrLmax — KoAlgrL 2

the protein receptor when it is saturated with ligand. Plotting
Aur[L] vs. Aur, gives a straight line with slope —K, and
intercept of KpAur max @d thus produces equilibrium con-
stants. The typical Scatchard plot is shown in Fig. 1 for 25 °C.
Measurements and similar treatments at 40 and 60 °C produce
equilibrium constantsthat can be used in asecond law treatment
derived from the van't Hoff equation (InK = —AH/8.3145T +
AS/8.3145) and plot aln[K] vs. T—1 produces the enthalpy and
entropy changes associated with the interactions. The second
law plot is shown in Fig. 2. Here the enthalpy change was
determined from the slopeto be AH = 18.1 kJmol—1 and from
the intercept, the entropy change was determined to be
AS = 166 Jmol—1 K—1, At room temperature, the free energy
is calculated to be —31.4 kJ mol—1.

These results show that the enthalpy of interaction is
endothermic and that the interaction is entropically driven. This
supports the conjecture that protein interaction would release
some of the water of ‘hydration’ and produce a positive entropy
change. The negative but small value of the free energy shows
that the overall interaction isfavorable but is not chemisorption
or chemical binding but rather a process driven by other events.
This information should help in formualting models of
interaction between PEG and proteins and pointsto the fact that
thermodynamic models must consider the entire system,
protein, solvent and PEG.

9 -
8 -

7 \
6 -

5
4
34

L/ /103 cm? vt

]
=)

I,

R

0 | | | | |
0 100 200 300 400 500
—Dug, 11075 cm2 vl st

Fig. 1 ACE-derived Scatchard plot for theinteraction of the HSA with PEG
at 25°C
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Fig. 2 Second law plot of In K vs. T with the equation for the line and the
variance

The authors are grateful for the financia support of the
Robert A. Welch Foundation (Houston, TX), the Texas
Hazardous Waste Research Center (Gulf Coast Hazardous
Substance Research Center) and the Texas Advanced Technol-
ogy Program. We are particularly grateful to Dr Allan M. Ford
for his insight concerning the importance of capillary electro-
phoresis and his support in obtaining the instrumentation.
Specid thanks go to Dr Jack M. Gill for his continuing support
of the Gill Chair in Applied Chemistry and Chemical Engi-
neering.

Footnote and References
* E-mail: cockedl@hal.lamar.edu

1 Poly(ethylene Glycol) Chemistry, ed. J. M. Harris, Plenum Press, New
York, 1992.

2 K. Bergstrom, E. Osterberg, K. Holmberg, A. S. Hoffman, T. P.
Shuman, A. Kozlowski and J. M. Harris, in Biomaterialsin Solutions, as

2332 Chem. Commun., 1997

Interfaces and as Solids, ed. S. L. Cooper, C. H. Bamford and T.
Tsuruta, VSP Utrecht, The Netherlands, 1955, pp. 195-204.

3 E. Brinkman, A. Poot, L. van der Dose and A. Bantjes, Biomaterials,
1990, 11, 200.

4 N. P. Desai and J. A. Hubbell, J. Biomed. Mater. Res., 1991, 25, 829.

5Y. Mori, S. Nagaoka, H. Takiuchi, T. Takiuchi, N. Hoguchi,
H. Tanzawa and Y. Noishiki, Trans. Am. Soc. Artif. Intern. Organs,
1982, 28, 459.

6 S. Nagaoka and A. Nakao, Biomaterials, 1990, 11, 119.

7 W.R. Gombotz, W. Guanghui and A. S. Hoffman, J. Appl. Polym. ci.,
1989, 37, 91.

8 J. H. Lee, J. Kopecek and J. D. Andrade, J. Biomed. Mater. Res., 1989,
23, 351.

9 C. Maechling-Strasser, P. Dgardin, J. C. Galin and A. Schmitt,
J. Biomed. Mater. Res., 1989, 23, 1385.

10 E. W. Merrill, E. W. Sdzman, S. Wan, N. Mahmud, L. Kushner,
J.N. Lindon and F. Curme, Trans. Am. Soc. Artif. Intern. Organs, 1982,
28, 482.

11 S. K. Hunter, D. E. Gregonis, D. L. Coleman, B. Hanover, R. L. Stechen
and S. C. Jacobsen, Trans. Am. Soc. Artif. Intern. Organs, 1983, 29,
250.

12 D. W. Granger, C. Ngjiri, T. Okano and S. W. Kim, J. Biomed. Mater.
Res., 1989, 23, 979.

13 N. P. Desai and J. A. Hubble, Biomaterials, 1991, 12, 144.

14 N. P. Desai and J. A. Hubble, Macromolecules, 1992, 25, 226.

15 K. Mukae, Y. H. Bae, T. Okano and S. W. Kim, Polymer J., 1990, 22,
250.

16 C. Sung, M. R. Sobarzo and E. W. Merrill, Polymer, 1990, 31, 556.

17 E. W. Merrill, in Biomaterialsin Solutions, as Interfaces and as Solids,
ed. S. L. Cooper, C. H. Bamford and T. Tsuruta, VSP Utrecht, The
Netherlands, 1995, pp. 919-929.

18 K. P. Antonsen, W. R. Gombotz and A. S. Hoffman, in Biomaterialsin
Solutions, as Interfaces and as Solids, ed. S. L. Cooper, C. H. Bamford
and T. Tsuruta, VSP Utrecht, The Netherlands, 1995, pp. 943-953.

19 T. Arakawa, R. Bhat and S. N. Timasheff, Biochemistry, 1990, 25,
1924.

20 R. Bhat and S. N. Timasheff, Protein i., 1992, 1, 1133.

21 K. P. Antonsenand A. S. Hoffman, in Poly(ethylene Glycol) Chemistry,
ed. J. M. Harris, Plenum Press, New Y ork, 1992, pp. 15-27.

22 N. B. Grahm, in Poly(ethylene Glycol) Chemistry, ed. J. M. Harris,
Plenum Press, New York 1992, pp. 263-281.

23 J. P. Landers, Handbook of Capillary Electrophoresis, 2nd edn., CRC
Press, Boca Raton, 1996.

Received in Cambridge, UK, 18th August 1997; 7/06040H

Typeset and printed by Black Bear Press Limited, Cambridge, England



