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Abstract

The effect of pH, ionic strength, polarity and temperature on the adsorption of three peptides to poly(D,L-lactide-
co-glycolide) (PLGA) was evaluated. Maximum adsorption was found near the pl of the peptide for salmon
calcitonin (sCT), triptorelin (DP) and a peptide comprising the §~22 amino acid portion of sCT. For sCT, almost no
adsorption was observed at pH < 6 while there was complete depletion at pH 10. Increase in NaCl concentration
enhanced the adsorption of sCT and DP. The dependency on solvent ionic strength and polarity suggested that
hydrophobic interactions were playing an important role in the adsorption process. The net adsorption of sCT and

DP was greater at 22°C than at 4°C or 37°C.
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1. Introduction

Adsorption studies of proteins on to biomateri-
als have generally been conducted with serum
proteins (such as albumin and fibrinogen) under
physiological conditions (37°C, 0.15 M NaCl, pH
7.4). Such studies have suggested that both elec-
trostatic and hydrophobic interactions are in-
volved in the adsorption of a protein onto a
surface (Elwing et al., 1987; Muramatzu and
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Kondo, 1992). The parameters which influence
these interactions include pH, ionic strength, sol-
vent polarity and temperature.

The effect of pH on protein adsorption has
been studied and generally the maximum adsorp-
tion occurs at or near the pl of the protein
(Norde, 1986; Luey et al., 1991). The degree to
which ionic strength affects protein adsorption is
greatly dependent on the role of electrostatic in-
teractions on the adsorption driving force (Luey
et al., 1991). The degree to which pH affects the
adsorption has been found to be determined by
the conformational stability of the particular ad-
sorbate molecule. Norde and co-workers have
observed that the adsorption of bovine pancreas
ribonuclease (RNase) to negatively charged sur-
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faces was essentially independent on pH, while
that for human plasma albumin (HPA) varied
dramatically (Norde, 1986). They have reasoned
these observations based on the relatively higher
degree of conformational flexibility of HPA as
compared to RNase, which allows it to change
structure as conditions in the solution change.
Studies with other proteins also suggest the contri-
bution of conformational flexibility on adsorption
to solid surfaces. Immunoglobulin G’s exhibit var-
ious degrees of repulsion in the F(ab’), domain by
changing pH, while for triple-helical collagen
molecules that are structurally rigid, pH and ionic
strength had no effect on the adsorptive behaviour
(Horbett and Brash, 1987). In general, it has been
found that, for those conditions leading to a less
stable protein conformation in solution, an in-
creased adsorption will be observed (Dillamn and
Miller, 1973; Norde, 1986; Horbett and Brash,
1987, Young et al., 1988). Peptides which are
flexible can alter their structure more easily to fit
adsorbent sites than those that are rigid. In an
organic solvent, peptide molecules are more likely
to adopt a helical or pleated-sheet structure via
intramolecular hydrogen bonding (Stryer, 1981;
Horbett and Brash, 1987), and are less likely to
fold into a compact structure as generally occurs
in a water rich medium. When the peptide
molecules are interacting with a solid surface in
aqueous medium, as an alternative for intramolec-
ular hydrophobic interaction, apolar parts of the
peptide may be exposed to the sorbent surface and
remain shielded from water.

Wabhlgren and Arnebrant have studied temper-
ature effects on the adsorptive behaviour of a
milk protein, f-lactoglobulin. A substantial in-
crease in the amount adsorbed with faster kinet-
ics when the temperature was increased to the
point where protein denaturation started. The
temperature effect was an indication that hydro-
phobic interactions were contributing to the ad-
sorption process (Dillamn and Miller, 1973;
Soderquist and Walton, 1980). Occasionally, de-
creased adsorption by increasing temperature has
been observed (Mitra and Chattorji, 1978). This
is probably a stability effect (as well as conforma-
tional change) in some protein solutions whereby
at lower temperature the protein tends to ‘salt

out’ and deposit at an interface. Macromolecules
can have multiple contact points with the adsor-
bent, and irreversible adsorption is likely due to
the difficulty of simultaneous dissociation of these
contacts from the sorbent surface (Elwing et al,,
1987; Nygren and Stenberg, 1988; Stuart et al.,
1984a; Stuart et al., 1984b). It has been reported
that some negatively-charged proteins are not re-
pelled from negatively-charged surfaces (Norde,
1986). The reasons were generally thought to be
due to conformational adjustment of the proteins
themselves.

The non-specific adsorption of proteins to in-
terfaces have generally been attributed to the en-
tropic effect, commonly termed as hydrophobic
interactions (Norde, 1986). Even when the ad-
sorption was often found to be greater with more
hydrophobic surfaces (Brynda et al., 1984; Luey
et al., 1991), there is no conclusive correlation
between the hydrophobicity of proteins and ad-
sorption. It has been suggested that hydrophobic
interactions can be classified as long range Lif-
shitz-van der Waals (LW) interactions (of the
London + Keesom + Debye varieties) and
short ranged (SR) interactions caused by hydro-
gen bonds (van Oss et al., 1988). It has also been
demonstrated that the interfacial forces, the hy-
drophobic interactions between proteins and hy-
drophobic surfaces immersed in aqueous media,
are the combination of LW and SR interactions
which could be separated via sophisticated con-
tact angle measurements (van Oss and Good,
1984).

The structure of the peptide, especially the
rigidity of the peptide molecules, can affect the
surface interaction with solids due to conforma-
tional modification of the peptide on the solid
surface. Horbett and Brash, 1987 have stated that
more hydrophobic and less soluble proteins may
be more surface active, which seems to be a
general rule but not necessarily correct if one
considers hydrophobic interactions are actually
the sum of LW and SR forces, with the latter
causing the initial contact between adsorbate and
adsorbent (van Oss and Good, 1984). Some stud-
ies showed that more hydrophobic peptides inter-
acted to a greater extent at the interfaces if the
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molecular weights of peptides were similar (Ruz-
gas et al., 1992).

The objective of this study was to evaluate
those factors which have been shown to influence
the extent of adsorption for peptide adsorption to
PLGA, namely, pH, salt, solvent polarity and
temperature.

2. Materials and methods
2.1. Materials

Polymer: poly(D,L-lactide-co-glycolide; 50:50)
(PLGA) 34 000 MW (Boehringer Ingelheim, Ger-
many).

Peptide: the purity of the peptides were all >
97%, therefore the peptides were used without
further purification. Salmon Calcitonin (sCT)
(Bachem Inc., Torrance, CA), Salmon Calcitonin
8—22 residues (CT15) (MSAF, University of Ken-
tucky, Lexington, KY), LHRH analogue De-
capeptyl (DP) and somatostatin analogue RC160
(Debiopharm, Lausanne, Switzerland).

Buffer solution: phosphate buffer was prepared
with sodium phosphate dibasic heptahydrate and
sodium phosphate monobasic monohydrate and,
if necessary, the pH was adjusted with dilute
phosphoric acid and sodium hydroxide (all from
Aldrich Chemical Co., Milwaukee, WI).

Other materials: polypropylene vials (1.5 ml
capacity), acetonitrile and methanol, HPLC
grade, were from Fisher Scientific Co. (Fair
Lawn, NJ). Sodium chloride was from Sigma
Chemical Co. (St. Louis, MQO). Ultrafiltered water
from a Milli-Q water system was used (Millipore,
Bedford, MA).

2.2. Methods

2.2.1. Preparation and analysis of peptide solution

A peptide solution of the desired concentration
was prepared fresh by proper dilution from a 1
mg/ml stock. The stock solution was prepared by
dissolving 10 mg of the peptide in the adsorption
medium at a final volume of 10 ml. Analysis of
peptides was by reversed phase HPLC as de-
scribed previously (Tsai et al., 1996).

2.2.2. Adsorption study

The adsorption procedure was the same as that
described earlier (Tsai et al., 1996). In brief, the
extent of adsorption was obtained by a solution
depletion technique. The incubation time for ad-
sorption in this study was 4 h unless otherwise
stated. Bound peptide was calculated from the
difference between the initial and free peptide
concentrations. Peptide and polymer controls
were carried out along with the adsorption sam-
ples. The effect of pH was studied over the range
from the acidic region to the pl of the peptide.
The pH of each 0.1 M phosphate buffer solution
was prepared by combining the required amounts
of 0.1 M sodium phosphate monobasic and diba-
sic solutions. The pH values from 4.0 to 10.0 were
prepared and at least 4 values were tested on an
individual peptide. The effect of salt was studied
by using 0, 5 and 10% w/v NaCl in water.
Methanol solutions of 0, 10 and 20% v/v in water
were prepared to test the co-solvent effect. The
experiments were performed at 4, 22 and 37°C.

2.2.3. Desorption

The adsorption conditions for preparing sam-
ples were as follows:sCT: 1 ml peptide solution
(C, = 1000 ug/ml) with 20 mg of PLGA; DP: 1
ml peptide solution (C, = 200 ug/ml) with 20 mg
of PLGA.

After treatment in 0.1 M phosphate buffer, pH
7.4 for 4 h, the peptide-adsorbed particles were
separated from the medium, gently washed with
fresh buffer, centrifuged and freeze dried. The
amount of peptide on the polymer was calculated
by subtraction from the initial value as well as
from an extraction procedure. The extraction pro-
cedure was as follows: a weighed amount of the
particles were transferred to a polypropylene tube
and ! ml of 50% acetonitrile in 0.01 M phosphate
buffer (pH 7.4) was added. The suspension was
sonicated for 15 min, centrifuged and the superna-
tant was collected. This procedure was repeated
twice with 0.5 ml extraction vehicle. The peptide
content in the 2 ml of collected extracts was
determined by HPLC.

Desorption was performed in 1.5 ml polypropy-
lene vials in duplicate in the medium in which the
sample was initially treated for the adsorption. In
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each vial, 5 mg of the sample, prepared by the
procedure mentioned above, were suspended in 1
ml of the desorption medium and placed on a
tube rotator with a constant rotation speed of 18
cycles/min. To compare the parameters studied
for the adsorption of peptides, desorption was
performed at different pH values, salt contents
and temperature. More conditions were evaluated
on the sCT samples than the DP samples due to
the simplicity of analyzing the concentrations des-
orbed. Where readsorption was observed, desorp-
tion was carried out by complete replacement of
the desorption medium upon each analysis.

3. Results and discussion
3.1. Effect of pH

Fig. 1 shows the effect of pH on the adsorption
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Fig. 1. Effect of pH on the adsorption of peptides to 10 mg
PLGA. (a) sCT, C, = 1 mg/ml; (b) DP, C, = 0.2 mg/mi; (c)
CT15, C, = | mg/ml. Data for each point were averaged
from triplicate samples.

of sCT, DP and CT15 to PLGA, respectively. Fig.
la shows that as pH was increased from 4 to 10,
sCT adsorption increased dramatically between
pH 6 and 10. sCT has a pI around 10.2 and at pH
below this value, the peptide is positively charged.
Higher net charge on the peptide molecules could
result in repulsion within and between peptides
that would demand larger interspace to overcome
the repulsive force. At the pl of the peptide,
molecules with a zero net charge could approach
each other more closely and form a more compact
conformation resulting in more effective adsorp-
tion. Evaluation above pH 10 was not possible for
sCT due to the solubility limit of the peptide.

The adsorption for Decapeptyl and CT15
showed similar pattern as that for sCT as shown
in Fig. 1b and Fig. lc. Decapeptyl has a pl
around 7.6, and maximum adsorption was found
in the 7.4-8.0 pH range. CT15 has a calculated pl
around 9.4 and the pH dependency using C, = 1
mg/ml was similar to that for sCT even though
the extent of adsorption was much lower than
with sCT. The extent of maximal adsorption ob-
served for CT15 was similar to DP with C, = 0.2
mg/ml. RC160 was not soluble in the phosphate
buffer system used for the other three peptides.
Adsorption of RC160 in water (pH around 5.7
due to the acetate salt) showed no adsorption.
Since the pl of RC160 is in the basic region,
RC160 is available as the acetate salt to provide
better solubility.

Less repulsive forces between adsorbate
molecules resuiting in compact packing of the
adsorbates and possible change of adsorbate con-
formation as a result of pH are the reasons for
maximal adsorption around the pl. Scheme 1
presents explanation of the pH effect (Norde, 1986).
As depicted in the scheme, when the pH equals
the pl, the adsorbate molecules are presented
in a compact form; whereas away from this pH,
they are in a loose form to overcome its intramolec-
ular charge repulsion. This has been shown to occur
with fibrinogen by comparing the monolayer
formation using scanning electron microscopy
(SEM) (Nygren and Stenberg, 1988). Since pep-
tides are much smaller molecules compared to
fibrinogen and the polymer was in powder form,
observation by SEM was not successful. The pep-
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Scheme 1. Hypothetical scheme of peptide conformation at
and away from pl.

tides studied showed decreased solubility as the
pH was increased from acidic region towards the
pl of the peptides. Horbett and Brash, 1987 sug-
gested that around the pl, adsorbates are in a less
soluble environment which leads to greater ad-
sorption (Kaelble and Moacanin, 1977).

3.2. Effect of salt

The effect of NaCl on the adsorption of the
peptides to PLGA is shown in Fig. 2. Adsorption
increased as the salt concentration was increased.
The slopes of the (a) and (b) regression lines were
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Fig. 2. Effect of NaCl on the adsorption of (a) sCT, (b) DP
and (c) CTI5 to 10 mg PLGA. C, = 100 ug/ml. Data for
each point were averaged from triplicate samples.

similar indicating that the salt effect on sCT and
DP was similar. Although the results for CTIS5
were not conclusive due to the lower adsorption
and the variation between samples, it appears salt
had a similar effect. RC160 did not show any
detectable adsorption to PLGA under the same
conditions. However, RC160 with C, = | mg/ml
was found to adsorb 20% in 10% NaCl solution
after 8 h. Only intact peaks for all peptide con-
trols were observed on the HPLC chromatograms
and, there was < 5% difference in concentration
after the treatment.

An explanation for the salt effect is that the
existence of ions provides a less desirable environ-
ment for hydrophobic regions of the peptide.
Under this condition, the peptide’s hydrophobic
region has to bury further into the interior of the
molecule to be away from the medium. This
structural arrangement results in a more compact
molecule than that in pure water as illustrated in
Scheme 2. The hydrophobic regions of the peptide
(represented by the shaded area) are squeezed
from the aqueous phase and sometimes reside on
the polymer surface to avoid contact with water.
As the salt concentration increases, the escaping
tendency of hydrophobic regions from the
medium becomes stronger; meanwhile, the hy-
drophilic parts of the peptide become less repul-
sive to each other (if oppositely charged) due to
the shielding effect of the ions in the medium.
Therefore, at higher salt content, a more compact
structure of the peptide molecule is formed.

Another possible reason for the salt effect can
be based on solubility (Kaelble and Moacanin,
1977). If adding sait results in a salting-out effect,
the peptide could reside at the interface for better
stability. However, if the presence of salt helps to
stabilize or increase the solubility of the peptide
(the salting-in effect), a reverse type of salt effect
on the adsorption would be observed. The pep-
tides studied were easier to solubilize in water
than in the NaCl solutions, therefore the results
were more consistent with that of a salting-out
effect. As the salt concentration increased, it ap-
peared the more stable arrangement for the pep-
tide molecules would be to associate with the
polymer surface. This has been an accepted expla-
nation for proteins even though experimental ver-
ification has been limited.
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Scheme 2. Hypothetical scheme of peptide conformation at low and high salt concentrations.

The effect of buffer concentration on the ad-
sorption of sCT is shown in Fig. 3. There was a
linear dependency similar to that with NaCL
However, the slope from the regression line was
much different from that with NaCl. The pH
difference in aqueous NaCl and the buffered con-
dition may also play a role. The pH of sCT in
aqueous NaCl solution was around 5.6 since ac-
etate buffer was added when formulating the dried
powder to increase the solubility. In the presence
of a buffer, the effect of acetate is diminished and
the pH of the solution is controlled by the buffer.
The peptide concentration used to evaluate the
phosphate effect was 10 times higher than that
used for NaCl. Since adsorption of sCT was
enhanced at higher peptide concentration and
higher pH, the higher adsorption with phosphate
could be attributed to these conditions.

y = 41.319 + 8247.0x R"2 = 1.000

‘Peptide adsorbed (ug)

0 - ——— r— T

0.00 0.02 0.04 0.06 0.08 0.10 ‘
Phosphate concentration (M)

Fig. 3. Effect of phosphate salt on the adsorption of sCT to 10

mg PLGA. C, = 1 mg/ml. Data for each point were averaged

from triplicate samples.

3.3. Effect of solvent polarity on the adsorption

Fig. 4 shows the effect of polarity on the ad-
sorption of sCT and DP. As methanol concentra-
tion was increased, the adsorption of sCT to
PLGA reduced almost linearly. With DP, there
seemed to be a similar trend but there was no
statistical difference between the three methanol
concentrations. The relationship between dielec-
tric constant and sCT adsorption is shown in
Table 1. In less polar medium, hydrophobic re-
gions of the peptide molecule are less likely to
escape from the medium, and they could be more
freely distributed in the molecule. The adsorption
in methanol can also be attributed to the more
ordered conformation of the peptide molecules.
The secondary structure of sCT in aqueous solu-

Ytion has been found to be enhanced by the addi-

Peptide adsorbed (ug)
]

® (a)sCT |y =27.517 - 0.65600x R~2 = 0.998
o mOP |y=17.352- 0.12450x RA2 = 0.999

0 — —
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Fig. 4. Effect of methanol concentration on the adsorption of
(a) sCT, (b) DP and (c) CT15 to 10 mg PLGA. C, = 100
ug/ml. Data for each point were averaged from triplicate
samples.
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Table 1
Relationship between dielectric constant and sCT adsorbed >

% Methanol in Dielectric constant Adsorbed

water (#g/10 mg)
0 80.0 278 + 2.3
10 75.3 206 + 1.6
20 70.6 146 + 1.7

Experiments were carried out in triplicate for 4 h at 22°C.

tion of methanol (Motta et al., 1989). In the
presence of a structure enhancing agent, the pep-
tide’s ability or propensity to associate at the
polymer surface is reduced.

3.4. Effect of temperature on the adsorption
The temperature effect on the adsorption of

sCT and DP is shown in Fig. 5. In both cases, the
net adsorption to the polymer, PLGA, increased
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Fig. 5. Effect of temperature on the adsorption of peptides to
10 mg PLGA. (a) sCT, C, = | mg/ml (b) DP, C, =200
ung/ml. Data for each point were averaged from triplicate
samples.

when the temperature was increased from 4°C to
22°C. The net adsorption decreased when the
temperature was further increased. The concentra-
tion of a sCT control at 32°C for 4 h was signifi-
cantly reduced, probably due to preferential
adsorption to the polypropylene vial at the higher
temperature. It was found that the sCT controls
for the other two temperature conditions were
stable with a reduction of < 3% .The interaction
between sCT and the polypropylene surface could
probably be driven by hydrophobic interactions
which became more pronounced at higher temper-
ature. Unlike that for sCT, DP did not adsorb to

the container at higher temperature although

there was some reduction of DP at 4°C in the
control. It was found that when the DP solution
was subjected to lower temperatures (22°C or
4°C) without stirring, insoluble precipitates
formed within 4 h (more at 4°C than at 22°C).
However, no precipitates were found when the
solution was kept at 37°C and for the DP controls
which were agitated. It is a rather interesting
phenomenon that the peptide appears to be more
stable under agitation and at higher temperature.
The stability phenomenon observed with DP was
contrary to general peptide stability where higher
temperature and agitation tend to destabilize pep-
tides. The aggregated DP precipitates could not
be redissolved even by increasing the temperature
to 37°C. This could be the same phenomenon that
Sanders et al., 1986, 1990 observed with another
LHRH analogue stating a decapeptide (nafarelin)
has been (indirectly) observed to display sec-
ondary conformational structure, in that it forms
an ordered structure of liquid crystals, analogous
to f-sheet formation, in a suitable aqueous envi-
ronment, in aqueous solution, particularly in the
presence of electrolytes, birefrigence is observed,
and this ordering in solution exhibits itself in the
extreme case as gelation’. The effect of tempera-
ture is probably due to the combination of hydro-
phobic interactions and solubility (or stability).
Fig. 6 shows the effect of temperature on DP
adsorption in 0.1 M phosphate buffer, pH 5.7 and
0.1 M Tris buffer, pH 7.4 . The adsorption was
the highest at 22°C and the lowest at 37°C at pH
5.7. The same temperature effect on the adsorp-
tion was found at pH 7.4 Tris buffer. The reduc-
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Fig. 6. Effect of temperature on the adsorption of DP to 10 mg
PLGA in (a) 0.1 M phosphate buffer, pH 5.7 and (b) 0.1 M
Tris buffer, pH 7.4. C, = 200 pug/ml. Data for each point
were averaged from triplicate samples.

tion of peptide in the control at pH 5.7 was low
despite the differences in temperature. Comparing
the two phosphate buffer systems, DP was easier
to dissolve in the pH 5.7 solution while it was very
difficult to dissolve in the pH 7.4 phosphate and
Tris buffers. The adsorption at pH 5.7 was less
than that at pH 7.4 suggesting that the stability
and solubility of DP in a medium would affect the
amount of adsorption.

As mentioned in the introduction, hydrophobic
interactions have been shown to be a combination
of SR and LW forces and the SR forces are
attributed to the hydrogen bonds (van Oss and
Good, 1984). It is possible that the interactions
between different peptides and the polymer in-
volved various contribution of SR and LW forces.
From the trend of the temperature effect, the
interaction between sCT and the polypropylene
vial could be due to LW forces which occurred at
the higher temperature. However, it is more likely
that the interaction between sCT and PLGA in-
volved a greater contribution of SR forces. At pH
7.4 there was strong indication of competitive

binding at 32°C between PLGA and polypropy-
lene surfaces. For DP, the adsorption was less
affected by the presence of the polypropylene
surface and the trend of temperature effect was
more related to the solubility and stability of the
peptide at different temperature conditions.

3.5. Desorption study

Released peptide was found to readsorb to the
polymer. Therefore, frequent medium replacement
was necessary to minimize the readsorption effect
and allow for better evaluation of the desorption
pattern.

Fig. 7 shows the dependency of the influencing
factors on the desorption of sCT from a pread-
sorbed state. Water resulted in the greatest des-
orption with regards to the amount and the rate.
Over 60% of the adsorbed peptide was desorbed
in water in the first hour and over 90% desorbed
after 2 h. Comparing the desorption in 0.1 M and
0.01 M phosphate buffer at pH 7.4, the desorp-
tion was faster and greater in the 0.01 M medium.
Between the 0.1 M solutions, desorption was the
greatest and fastest at pH 2 followed by pH 7.4
and pH 8.0, respectively. The desorption pattern
therefore followed the adsorption trend. In the
less adsorbed medium, the desorption was greater.
Fig. 8 shows the desorption of DP preadsorbed in
0.1 M phosphate buffer, pH 7.4. Between the 0.1

—®— water

801 —— 0.0IM,pH74

—0— 0.1M,pH6.2
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1
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—
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Fig. 7. Desorption of sCT from 5 mg sCT-adsorbed PLGA. C,
= 237 ug. One millilitre of the medium replaced at every
sampling time. Data for each point from duplicate samples.
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Fig. 8. Desorption of DP from 5 mg sCT-adsorbed PLGA. C,
= 28 ug. One millilitre of the medium replaced at every
sampling time. Data for each point from duplicate samples.

M phosphate buffer solutions, the effect of pH on
the desorption was the same as that with the
desorption of sCT. Comparing the desorption in
water and pH 4.0 phosphate buffer, the latter
medium desorbed more. Even though water is
with less salt when compared to the buffer, the pH
effect appeared to over-ride the salt effect between
these two conditions.

4. Summary and conclusion

The maximal adsorption for sCT, DP and
CT15 was found to be around the pl of the
peptide. For sCT, almost no adsorption was ob-
served at pH < 6 and complete depletion oc-
curred at pH 10. Greater adsorption may be
attributed to less soluble environment around the
pl. Increase of NaCl content in the solution was
found to enhance the adsorption of sCT and DP
probably due to a salting-out effect, decreasing
solubility and enhancing association with the
polymer. The same concentration dependency was
found when the adsorption of sCT was performed
in phosphate buffer but the adsorption was higher
than that in NaCl, probably due to the higher pH
of the phosphate buffer. The adsorption of sCT
was reduced by the addition of methanol to re-
duce solvent polarity probably due to a more

ordered peptide conformation and less desire to
associate with the polymer. The dependency on
salt and solvent polarity suggested that hydropho-
bic interactions were playing an important role in
the adsorption.

The net adsorption of sCT and DP to PLGA
was the greatest at 22°C among the three temper-
ature conditions studied. The concentration of
sCT control at 32°C for 4 h was significantly
reduced, possibly due to preferential adsorption
to the polypropylene vial at the higher tempera-
ture. Unlike that for sCT, DP did not adsorb to
the container at higher temperature.

The desorption of sCT and DP from a pread-
sorbed state followed the adsorption trend. The
rate and amount of desorption were greater in the
medium which was less favored for adsorption.
Adsorption of peptide in solution to the polymer
surface can be applied to the delivery of peptides.
A more interesting area currently under investiga-
tion is the encapsulation into a biodegradable
polymeric system. Peptides and polymers in most
controlled delivery formulations often involve an
initial contact in an organic solvent for dissolving
the polymer with the peptide in another aqueous
phase or organic phase. Understanding the inter-
actions between the two in these solvent systems
can help in the design of the formulation.

References

Brynda, E., Cepalova, N.A. and Stol. M., Equilibrium adsorp-
tion of human serum albumin and fibrinogen on hydro-
phobic and hydrophilic surfaces. J. Bioned. Mater. Res.,
18 (1984) 685-694.

Dillamn, Jr, W.J. and Miller, L.F., On the adsorption of serum
proteins on polymer membrane surfaces, J. Colloid Inter-
Sace Sci., 44 (1973) 221-241.

Elwing, H. and Askendal, A., Lundstrom, Competition be-
tween adsorbed fibrinogen and high-molecular-weight kini-
nogen on solid surfaces incubated in human plasma (the
Vroman effect): influence of solid surface wetability, J.
Biomed. Mater. Res., 21 (1987) 1023-1028.

Horbett, T.A. and Brash, J.L., In Brash, J.L. and Horbett.
T.A. (eds.), Proteins at Interfaces: Physical and Biochemi-
cal Studies American Chemical Society, Washington, DC.
1987.

Kaelble, D.H. and Moacanin, A surface energy analysis of
broadhesion. J., Polymer, 18 (1977) 475.



52 T. Tsai et al. | International Journal of Pharmaceutics 127 (1996) 43-52

Luey, J-K., McGuire, J. and Sproull, R.D., The effect of pH
and NaCl concentration on adsorption of f-lactoglobulin
at hydrophilic and hydrophobic silicone surfaces. J. Colloid
Interface Sci., 143 (1991) 489-499.

Mitra, S.P. and Chattorji, D.K., Some thermodynamic aspects
of expanded and condensed films of BSA adsorbed at the
alumina-water interface. Ind. J. Biochem. Biophys., 15
(1978) 147.

Motta, A., Morelli, M.A.C., Goud, N. and Temussi, P.A,,
Sequential '"H NMR assignment and secondary structure
determination of salmon calcitonin in solution. Biochem-
istry, 28 (1989) 7996-8002. )

Muramatzu, N. and Kondo, T., Adsorption of bovine serum
albumin on positively and negatively charged microcap-
sules. J. Colloid Interface Sci., 153 (1992) 23-29.

Norde, W., Adsorption of proteins from solution at the solid-
liquid interface. Adv. Colloid Interface Sci., 25 (1986) 267
340.

Nygren, H. and Stenberg, M., Molecular and supermolecular
structure of adsorbed fibrinogen and adsorption isotherms
of fibrinogen at quartz surfaces. J. Biomed. Mater. Res., 22
(1988) 1-12.

Ruzgas, T.A., Kazlauskas, A.V., Razumas, V.J. and Kulys,
JJ., Adsorption of heme-containing peptides on silicon
surfaces. J. Colloid Interface Sci., 154 (1992) 97-103.

Sanders, L.M., Kell, B.A., McRae, G.I., Whitehead, G.W.,
Prolonged controlled-release of nafarelin, a luteinizing hor-
mone-releasing hormone analogue from biodegradable
polymeric implants: Influence of compositions and molecu-
lar weight, J. Pharm. Sci., 75 (1986) 356-360. .

Sanders, L.M., Controlled delivery systems for peptides. In:

Peptide and Protein Drug Delivery (Lee, V., ed.). Marcel
Dekker, New York (1990) 785-806.

Soderquist, M.E. and Walton, A.G., Structural changes in
proteins adsorbed on polymer surfaces. J. Colloid Interface
Sci., 75 (1980) 386.

Stryer, L., In: Biochemistry (2nd ed.,), W.H. Freeman Co., San
Francisco, 1981.

Stuart, M.A.C., Fleer, G.J. and Scheutjens, J. M.H.M., Dis-
placement of polymers: I. Theory. Segmental adsorption
energy from polymer desorption in binary solvents. J.
Colloid Interface Sci., 97 (1984a) 515-525.

Stuart, M.A.C., Fleer, GJ., Scheutjens, JM.H.M., Dis-
placement of polymers: II. Experiment. Determination
of segmental adsorption energy of poly(vinylpyrroli-
done) on silica. J. Colloid Interface Sci., 97 (1984b) 526
538.

Tsai, T. Mehta, R.C. and DeLuca, P.P., Adsorption of pep-
tides to poly(D,L-lactide-co-glycolide): 1. Effect of physical
factors on the adsorption. Int. J. Pharm., 127 (1996) 31~
42.

van Oss, C.J., Chaudhury, M.K., Good, R.J., Interfacial Lip-
shitz-van der Waals and polar interactions in macroscopic
systems. Chem. Rev., 88 (1988) 927-941.

van Oss, C.J., Good, R.J., The equilibrium distance between
two bodies immersed in a liquid. Colloids Surf, 8 (1984)
373.

Wahlgren, M. and Arnebrant, T., Protein adsorption to solid
surfaces. TIBTECH, 9 (1991) 201-208.

Young, B.R., Pitt, W.G. and Cooper, S.L., Protein adsorption
on polymeric biomaterials: 1. Adsorption isotherms. J.
Colloid Interface Sci., 124 (1988) 28-43.



