JOURNAL OF COLLOID AND INTERFACE SCIENCE 172, 347-357 (1993)

Investigation of Alginate Binding to Germanium and Polystyrene
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Binding of alginate from Macrocystis pyrifera (kelp) to germa-
nium and polystyrene substrata conditioned with mussel adhesive
protein (MAP) from Mytilis edulis, to germanium substrata condi-
tioned with bovine serum albumin (BSA) and polylysine, and to
germanium substrata coated with aminopropyltriethoxysilane
(APS) was investigated using attenuated total reflection Fourier
transform infrared spectrometry. Binding of alginate to MAP ap-
pears to be proportional to surface coverage for levels tested. Dis-
tinct spectral features appear in the region associated with py-
ranose ring vibrations upon binding of alginate to MAP, polylysine,
and APS, indicating that lysine residues play a prominent role in
promoting irreversible adsorption with perturbation of pyranose
ring atoms, BSA does not appear to enhance alginate adsorption
over that observed on clean germanium and no new spectral fea-
tures appear as a result of binding. The level of irreversible binding
of alginate to germanium and polystyrene substrata conditioned
with MAP is similar, @ 1995 Academic Press, Inc.

Key Words: conditioning film; polysaccharide adsorption; algi-
nate; mussel adhesive protein; attenuated total reflection Fourier
transform infrared spectrometry.

1. INTRODUCTION

The manner in which adsorbed protein mediates cellular
adhesion to substrata is relevant both to the events leading
to thrombosis resulting from blood/materials interactions
(1) and to microbial fouling of engineered surfaces placed
in natural waters (2, 3). A *“‘conditioning’” film composed
of adsorbed organic material has been found to form in a
matter of minutes on materials exposed to marine waters
(2-7T). Therefore, fouling microorganisms typically encoun-
ter and attach to this modified substratum, rather than to the
original pristing surface. In some cases the conditioning film
has been shown to consist of a large proteinaceous compo-
nent (2, 3).

Mature biofilms almost invariably consist of a matrix of
extracellular polymeric substance (EPS) composed primar-
ily of polysaccharides in which microorganisms are embed-
ded (8-12). Two fundamental questions arise out of the
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assumption that the adhesive molecular interactions between
the EPS and the underlying substratum are, in general, medi-
ated by a conditioning film: (1) What are the molecular
interactions involved? (2) Can these adhesive molecular in-
teractions be modified by the underlying substratum proper-
ties?

Mussel adhesive proteins (MAP) are a component of the
adhesive plaque with which Mytilus edulis anchors itself to
materials having a wide variety of surface properties (13,
14). This plague consists essentially of a fiber (collagen),
a filler material (water), and a resin (MAP) (15). This
“‘sticky’” resin apparently forms bonds to both the surface
and the fiber before a cross-linking reaction is catalyzed and
this natural ‘‘composite thermoset’” hardens. MAP promotes
adhesion of a variety of cell types (16—~18). For this purpose
it is typically adsorbed from aqueous solution onto the in-
tended substratum. A major component of MAP (mefp-1)
is composed largely of tandem repeats of a decapeptide se-
quence. It is thought to have an open conformation with
little secondary structure (19, 20). It is likely that these
molecular characteristics contribute to its efficacy as a resin
and may also contribute to its ability to promote cell adhe-
sion. With MAP as a model conditioning film the questions
posed above can be rephrased: (1) Which molecular proper-
ties are responsible for the stickiness of adsorbed MAP? (2)
Can this stickiness be moderated or enhanced by properties
of the underlying substratum?

For the present study MAP-conditioned substrata { germa-
nium and polystyrene) were exposed to agueous solutions
of the polysaccharide, alginate, from Macrocystis pyrifera
(kelp). For comparison, alginate binding to surfaces condi-
tioned with polylysine and bovine serum albumin (BSA)
was also investigated. Polylysine has been reported to en-
hance cell adhesion (21}, while BSA is often used to block
potential nonspecific binding sites, e.g., for immunological
assays (22).

Alginate is a linear copolymer composed of the uronic
acids ge-L-guluronic and S-p-mannuronic acid (23). Alginate
is the primary exopolysaccharide produced by Pseudomonas
aeruginosa (24). Uronic acids constitute a significant frac-
tion of the EPS of several marine pseudomonads (25, 26)
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and, generally, are a common component of extracellular
and cell surface polysaccharides of marine bacteria {27, 28).
Strands of acidic polysaccharide have been observed con-
necting cells in biofilms to each other and to the substratum
(9). Kelp alginate serves as a useful mode! compound for
initial investigations of binding of acidic polysaccharides
since it is relatively free of proteins and other organic com-
ponents and is commercially available.

Attenuated total reflection Fourier transform infrared
{ ATR/FT-IR) spectrometry was used to investigate molecu-
lar bonding between alginate and the conditioned substrata.
Adsorption of alginate onte germanium substrata condi-
tioned with BSA, myoglobin, and S8-lactoglobulin has been
investigated previously using ATR/FT-IR (29).

2. MATERIALS AND METHODS
2.1. Materials

Mussel adhesive protein {(freeze-dried) from M. edulis
was purchased from Bioscience Laboratory (Floda, Sweden)
and stored desiccated at —40°C. The amino acid composition
according to the supplier is (per 1000 residues) 83 Asp, 74
Thr, 97 Ser, 64 Glu, 69 Pro, 132 Gly, 68 Ala, 50 Val, 25
He, 29 Leu, 30 Tyr, 12 Phe, 27 His, 115 Lys, 41 Arg, 41
Hyp, and 70 3,4-dihydroxy-L-phenylalanine ( Dopa}. Bovine
serum albumin (Cat. No. A4503, MW 66 kDa), polylysine,
hydrobremide {Cat, No. P1274, MW 132 kDa), and alginic
acid, sodium salt (Cat. No. A2158, low viscosity ) were from
Sigma Chemical Co. (St. Louis, MO). The alginate contains
less than 0.5% protein according to a Lowry assay with BSA
as a standard (30). Total phosphorous (0.002%) and sulfur
{0.06%) content of the alginate measured by inductively
coupled plasma atomic absorption spectroscopy were pro-
vided by the vendor for the specific lot namber. Aminopro-
pyltriethoxysilane (APS) and polystyrene (MW 239,700)
were from Aldrich Chemical Co. (Milwaukee, W1).

The buffer used for all experiments was Naval PS-1 syn-
thetic seawater with omission of divalent cations and sulfate
compounds and amended with NaHCOj; to provide some
buifering capacity in the neutral pH range (31). It consisted
of (per liter water) 0.2 g KCl, 0.9 g KBr, 23 g NaCl, and
0.2 g NaHCO;, pH 8.0 {adjusted with HC1). The omissions
were intended to simplify the experimental conditions: sul-
fate absorbs quite strongly in the 1R range of interest and
divalent cations will cross-link alginate before it contacts
the substratum. Water was ultrapure ( Barnstead water puri-
fication system, Dubuque, !A}. Ethyl alcohol, methanol,
chloroform, and hexanes were HPLC grade ( Aldrich Chemi-
cal Co.). Isopropyl alcohol was analytical grade (Fisher Sci-
entific, Fairlawn, NJ).

2.2. Methods

2.2.1. Characterization of MAP. Polyacrylamide gel
electrophoresis (5% acetic acid) indicated that the MAP
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FIG. 1. Polyacrylamide gel of MAP stained with Coomassie blue.
Arrows indicate (from top to bottom): gel origin, mefp-I, and mefp-2. The
three lanes are replicates.

preparation consisted of approximately 80% of the two’
Dopa-containing proteins of the resin: mefp-1 and -2, in
equal quantities, and approximately 20% of two non-Dopa-
containing proteins. The Coomassie blue-stained gel is
shown in Fig. 1. Dopa-containing proteins were identified
by two independent staining procedures: a redox-cycling re-
agent (32} and treatment with nitrous acid (33 ). The proto-
col for electrophoresis is described in detail elsewhere (34).
Identification of bands originating from mefp-1 and -2 was
based on previous assignments (35). The Dopa-containing
protein, mefp-1, is reported to have a molecular weight of
130 kDa and to consist of a large fraction of tandem repeats
of the decapeptide sequence: Ala—Lys—Pro—Ser-Tyr—
Hyp-Hyp—Thr—Dopa—Lys (36).

2.2.2. Surface preparation. Single crystal, cylindrical
germanium internal reflection elements (IRE) (Spectra
Tech, Stamford, CT) were cleaned by ultrasonication in a
base bath (saturated KOH in isopropy! alcohol} for 10 min,
followed by a series of rinses which all consisted of ultrason-
ication in various liquids for 10 min. Following the base
bath were two rinses in ultrapure water followed by a gentle
scrubbing with undiluted Micro cleaning solution using cot-
ton swabs, The cleaning solution was flushed off in a hard
stream of ultrapure water. The IRE was then subjected to
the following rinses: ultrapure water (2x), ethyl alcohol,
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and chloroform. This cleaning procedure removed adsorbed
protein as indicated by disappearance of amide I and II
bands, while degrading the throughput of the IRE minimally.
Auger electron spectroscopy (Phi 595 scanning Auger mi-
croprobe) indicated that the elemental percentage composi-
tion of the first few monolayers of germanium substrata,
cleaned by this protocol, was 9.11 = 1.38 carbon, 6.51 *
2.01 oxygen, and 83.92 + 2.24 germanium.

2.2.3. Surface modification. Polystyrene was dip coated
onto germanium IREs from a 2.0% solution of polystyrene
in toluene (g/ml) at a speed of 0.5 cm/s. Film thickness
estimated on the basis of a comparison of transmission spec-
tra of films dip-coated onto germanium disks and polysiyrene
films of known thicknesses indicated that the films were
approximately 0.1 pm thick with a reproducibility of =10%.
X-ray photoelectron spectroscopy (Surface Science Instru-
ments, 600-um diameter spot size, monochromatized alumi-
num Ko source) of germanium disks, dip coated with poly-
styrene, indicated that the films were continuous (i.e., no
germaniuom was detected ). There was slight loss of the films
during the course of the adsorption experiments as indicated
by a decrease in the 1492 cm™' IR line of the polystyrene
film measured against air. This decrease was no more than
10% for experiments reported here and averaged 5.2%. In
order to confirm that MAP-conditioning films were adsorbed
primarily to the polystyrene films and not to any exposed
germanium the following procedure was employed. After
each experiment the IRE was sonicated for 10 min in toluene
and then reinserted in the instrument and a spectrum was
acquired in air. Previous tests showed that this sonication
treatment removes all polystyrene from the IRE, as indicated
by the disappearance of the associated IR bands, but does
not diminish the amide II band of MAP bound directly to
clean germanium. In no experiments was any residual amide
II band found following sonication, indicating that adsorp-
tion of MAP was directly to the polystyrene.

For silanizing with APS the IRE was emersed in a 1%
solution of APS in hexanes for 2 h in a nitrogen atmosphere
at room temperature (approx. 25°C). The IRE was then
rinsed in hexanes (1 min) and methanol (1 min) and air-
dried for 1 h.

2.2.4. Adsorption protocol.  For adsorption experiments
the cylindrical IRE was positioned within a stainless steel
flow chamber ( Circle Cell, Spectra Tech). The interior cav-
ity of the flow chamber is cylindrical with a diameter of
0.476 cm and a length of 2.7 cm. The volume contained in
the annular region between the surface of the IRE and cham-
ber wall is 0.289 cm’. Fluid was introduced and displaced
through entrance and exit ports at each end of the cavity.
The IRE was held in place in the chamber by two Teflon
O-rings.

A simple flow-through system was used to introduce pro-
tein, alginate, and synthetic seawater into the flow chamber.
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Teflon valves (Cole—Parmer, Niles, IL) served to shuttle
the appropriate solution into tubing leading to the flow cham-
ber. All tubing leading into the flow chamber as well as the
fittings was Teflon (0.08 cm i.d.). Tubing was cleaned after
each experiment by sonicating in base bath. The section of
tubing connecting the reservoir containing protein to the flow
chamber was made as short as possible (~20 ¢m). Effluent
tubing was silicone. Fluid was pumped by threading this
exit tubing through a peristaltic pump (Sage Instruments,
Cambridge, MA) at 0.5 ml/min. All glassware was either
acid cleaned (Nochromix (Godax Laboratories, New York)
in concentrated H,SO,) or baked at 500°C for 3 h.

For experiments in which surfaces were conditioned with
MAP the following protocol was followed: A 1 mg/ml stock
solution of MAP was made in dilute HCI (pH 2.5) which
had been deaerated by bubbling with N,. The stock solution
was stored at 5°C. A 3x concentrated solution of synthetic
seawater was pH adjusted so that a 2:1 solution (dilute
HCL:3x seawater) had a pH of 8.0. Immediately preceding
each experiment the desired quantity of the stock solution
was pipetted into dilute HCI (pH 2.5) to bring the volume
to 0.67 m! in a small glass vial. Following this, 0.33 ml of
the 3x seawater was added. This protocol approximates that
prescribed for coating surfaces with a commercial prepara-
tion of MAP (Cell-Tak). For adsorption experiments involv-
ing BSA and polylysine stock solutions were made, and
directly diluted with synthetic seawater. For all protein ad-
sorption experiments a vial containing 1 ml of the desired
concentration of protein was inserted into the flow system
and the protein solution immediately pumped through a short
section of leader tubing and through the flow chamber for
60 s. Flow was then stopped for 60 min to allow adsorption.
Adsorption of protein was done under these static conditions
to conserve MAP. Flow was then continued and the surface
was exposed to the following sequence of solutions: seawater
{60 min), 10 mg/ml alginate seawater solution, pH 8.0 (30
min), and again seawater (120 min). For adsorption of
alginate onto the IRE coated with APS, 10 mg/ml alginate
in uitrapure waier was adsorbed for 30 min at 0.5 ml/min

flow rate and then rinsed with flowing ultrupure water for
120 min.

2.2.5. FT-IR spectrometry. During the course of each
experiment infrared spectra were acquired every 5 min. A
Perkin—Elmer Model 1800 Fourier transform infrared spec-
trophotometer equipped with a liquid Ny-cooled, medium-
range mercury—cadmium telluride detector (5000-580
cm™') was used to collect the FT-IR spectra. Interferograms
were double sided, apodization was a weak Beer—Norion
function, and the range was 4000-700 cm™" with an interval
of 1 cm™ and nominal resolution of 2 cm™'; 50 interfero-
grams were averaged per spectrum; water vapor bands were
removed by subtraction of a pure water vapor spectrum.
Fluctuations in intensity of the strong water band at 1640
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cm™' resulted in appearance of this band in the difference

spectra. This residual water adsorption band was removed
by subtracting out a pure water spectrum using the ratio of
areas of the absorption water band centered at 2120 cm™' as
a normalization factor (37}, Variation in absorbance values
resulting from slight differences in alignment of the flow
chamber on the optical bench and coating with polystyrene
films was normalized by using the area of the water absorp-
tion band at 1640 cm™' (area, 1540 to 1740 em™ ') as an
internal standard (38). Areas of spectral features were com-
puted for the region bounded by the data curve and by a
linear baseline drawn between the two endpoints of the inte-
gration. Theoretical descriptions of the evanescent field
which penetrates from the surface of the IRE in the attenu-
ated total reflection geometry are available (39). Briefly, for
a 45° incident angle, the evanescent field intensity decreases
exponentially with distance from the IRE surface such that
95% of the energy is contained within 0.477 um of a germa-
nium-—water interface at 2000 cm™' and within 1.05 um at
900 cm™'. FT-IR measurcments were made in a lemperature-
controlled room (20 = 0.5°C).

Transmission spectra were measured in a 15-pm path-
length demountable cell with calcium fluoride windows
(Spectra Tech).

2.2.6. Estimation of the surface density of lysine residues
of adsorbed protein films. Protein surface coverage was
estimated based on area of the amide II band using published
correlations, Adsorption conditions of Fink et al. (38) re-
semble those here (saline solution, pH 7.4 on germanium).
Extinction coefficients for solution phase BSA compare fa-
vorably with our estimates (within 80%). Fink et al. ob-
tained correlations for adsorbed human albumin, immuno-
globulin, and fibrinogen, Using their data, a factor for con-
version of amide II areas to surface coverage in gg/cm’ can
be estimated. This conversion factor is 0.26 = 0.12 pg/cm?
per unit area amide II (abs*cm™'). In order to convert pro-
tein surface coverage to lysine residue surface density the
amino acid composition of the MAP provided by the supplier
was used.

3. RESULTS

A small but measurable amount of alginate is retained on
clean germanium following a 30-min exposure to a 10 mg/
ml solution followed by a 120-min rinse with synthelic sea-
water. Spectra acquired immediately before the rinse and
after the 120-min rinse are displayed in Fig. 2. The boxed-
in region contains resonance frequencies associated with the
pyranose ring. Binding to the surface has been quantified
by computing areas of the prominent band at 1034 cm™!
(integration limits, 1070 to 1600 cm™’), which will be re-
ferred to as “*algl.”” The time course of changes in this band,
reflecting the appearance of alginate in the interfacial re-
gion of the germanium IRE, followed by diffusion and
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FIG. 2. ATR/FT-IR spectra obtained during exposure of clean germa-
nium to 10 mg/ml alginate and the rinse period. Top, immediately before
the rinse with seawater; bottom, after a 120-min rinse with seawater. Bands
associated with residual water (H,O) and with the Teflon O-rings (T) are
indicated.

desorption from the interface during the rinse peried, is
shown in Fig. 3a.

If 10 min is allowed for diffusion of solution phase algi-
nate from the interfacial region, the desorption curve can be
analyzed by assuming that the adsorbed portion consists of
two components: a ‘‘reversibly’’ adsorbed component which
desorbs with first-order kinetics and an ‘‘irreversibly’” ad-
sorbed component which is retained indefinitely (29). Let-
ting ¢, represent the irreversibly adsorbed component, one
obtains

D(I) = Clexp(—t/‘r) + Ca. []]

The symbol D(r) stands for data at time ¢ (ordinate value
of the data point), 7 is the time constant for the first-order
desorption, and ¢, is a fitting parameter. At long times D{z)
approaches an ordinate value of ¢,. Figure 3b presents the
linear fit to In(D{#) — ¢,), where ¢, is obtained from the
nonlinear fit (Sigma Plot) of Eq. {1] to the desorption data
10 min after the rinse with seawater is initiated, and “‘In”’
is the natural log. The correlation coefficient for the linear
fit is 0.987. The estimate for r is 19.6 min.

In order to see whether MAP-conditioning films enhance
irreversible adsorption of alginate (as defined above) we
have prepared germanium substrata with increasing surface
coverages of MAP and measured the alginate irreversibly
adsorbed to each of these conditioned surfaces. A spectrum
of adsorbed MAP is shown in Fig. 4. The amide I and II



ALGINATE BINDING TO MAP-CONDITIONED SUBSTRATA

8 2.5 seoe ' T
— '; 20 a) rinse i
B,
ST st .
s B . 4
o] ] 1.0 @
=
s 2 o.5L . l~
\(_\j/ o0 . . °°ooufn¢ooooonolgone Cz
&) 50 100 150
time (min)
-1 -
-2 B
.
o -3 .
!
o~
= -4 _
omar
2
& °T 7=19.6min
s
—-B
-7 1
50 100 150
time {min)
FIG, 3. (a) Change in area of the alginate band centered at 1034 cm™'

(algl) versus time. (b) Semi-log plot of alginate desorption according to
Eq. [1] (see text). Times on abscissa are as in {a).

bands typical of proteins are evident. In addition, some fea-
tures which are less typical of proteins are indicated. The
wide asymmetrical band at 1256 ¢cm™ has been observed
previously in IR spectra of MAP and assigned to the Dopa
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FIG. 4. FT-IR spectrum of MAP adsorbed to clean germanium at the
end of the 120-min rinse period. Amide T (aml) and 1 (amll) bands
are indicated as well as spectral features sormewhat atypical of proteins
(arrows).
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FIG. 5. (a) Time course of MAP adsorption on clean germanium moni-

tored by area of the amide Il (amlIT) band for four MAP bulk concentrations:
A, 1.0 mg/ml; O, 0.02 mg/ml; ¥V, 0.05 mg/ml; O, 0.1 mg/ml. {(b) MAP
binding curve on germanium (for 0.02 mg/ml MAP the experiment was
repeated three times).

residues (40, 41). Figure 5a presents the time course for
adsorption/desorption of MAP onto the IRE (MAP) for four
bulk concentrations (0.01, 0.02, 0.05, and 0.10 mg/ml). The
ordinate values were computed as areas of the amide [I band
from 1591 to 1478 cm™'. Very little change in amide II
absorbance occurs after the adsorbed MAP is exposed to
flowing seawater at 60 min, indicating that the MAP is irre-
versibly bound to the germanium surface. (Also the ab-
sorbance from the bulk MAP component appears to be negli-
gible). Desorption curves for BSA adsorbed onto germa-
nium appear similar. Figure 5b is the binding curve for MAP
on germanium obtained by plotting the amide 1T areas after
the 60-min rinse period versus the bulk MAP concentration.

Following conditioning with MAP or BSA, the IREs were
exposed to alginate and rinsed with synthetic seawater. Dur-
ing this pericd no change in amide bands of the underlying
protein was observed, indicating that desorption of the condi-
tioning film was negligible. Difference spectra calculated
between the last protein spectrum acquired before introduc-
tion of alginate and subsequent spectra reveal an increase in
distinctive bands from the alginate followed by an abrupt
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TABLE 1

Time Constants and Plateau Values® for Alginate Desorption
from MAP- and BSA-Conditioned Surfaces

Protein C (mg/mly* 7 (min) € R
MAP .01 14.9 0.152 0.932
0.02 227 0.264 0.991
0.02 204 0.282 0.955
0.02 24.4 0.347 0.831
0.05 20.4 0.378 0.961
0.1 14,7 0.551 0.971
BSA 0.02 313 0.112 0.929
0.05 21.7 0.079 0.963
0.1 323 0153 0.853
0.1 27.0 0.106 0.945
0. 30.3 0.033 0.963
0.1 10,7 0.009 0.966
None 0 28.6 0.077 0.930
0 19.6 0.132 0.987

¢ Parameter fits to Eq. [1].
¢ Concentration of bulk protein.

decrease as the surface is rinsed with seawater. In terms of
general shape, the time courses based on areas computed
over the interval from 1070 to 1000 c¢m™' appear almost
identical to the time course presented in Fig. 3a. (In the
case of MAP-conditioned surfaces, the band structure in the
pyranose ring region has been altered as described below).
Desorption curves were analyzed as described above using
Eq. [1]. Results of fitting parameters T and ¢, in Eq. [1] for
alginate adsorption onto clean germanium and germanium
conditioned with MAP and BSA are summarized in Table
1 and Fig. 6. According to this analysis, conditioning with
MAP appears to enhance adsorption of alginate, while levels
of alginate retained on BSA-conditioned surfaces are ap-
proximately the same as those retained on clean germanium.

Spectral features in the pyranose ring region of the aigi-
nate retained on clean germanium and on BSA-conditioned
germanium appear similar to features of the transmission
spectrum of bulk solution phase alginaie (Figs. 7a—7c).
However, for MAP-conditioned germanium the spectral fea-
tures of this bound alginate are altered (Fig. 7d). Specifi-
cally, the prominent band at 1034 cm™' which is associated
with C—QO stretches of the pyranose ring of alginate appears
to split into bands centered at 1030 and 1054 cm™'. The
limits of integration used for computation of the 1034 cm™
band above have included this entire larger spectral feature,
referred to as “‘algl’’ (see Fig. 7d}. In addition, a band
centered at 965 cm™' and a wide band between 1200 and
1300 cm™' (Fig. 8a) appear. These features resemble closely
those for the adsorbed component retained on germanium
conditioned with polylysine (Fig. 8b) and APS-coated ger-
manium (Fig. 8¢). If the area of algl is plotted against the
estimated density of lysine residues for MAP and polylysine-
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conditioned surfaces the resulting curve increases monotoni-
cally (Fig. 9). The density of lysine residues was estimated
as described under Materials and Methods.

The spectral feature indicated as **agll’” in Fig. 7d exhibits
very little decrease after flowing seawater is reintroduced
into the chamber (Fig. 10), implying that this spectral fea-
ture originates specifically from a molecular interaction with
the MAP-conditioned substratum which is associated with
irreversible binding. The algll band is relatively isolated
from other alginate spectral features and from bands of poly-
styrene. Thus, this spectral feature can be used effectively
to compare the influence of the underlying substratum ( poly-
styrene vs germanium) on the strength of the interaction of
alginate with MAP-conditioned surfaces. Figure 11 displays
areas of the algll band vs MAP surface coverage (area of
the amide Il band) for polystyrene and germanium, Although
the slope of the regression line for the polystyrene surface
is slightly greater, it is obvious that the slopes for polystyrene
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FIG. 6. Area of the alginate spectral feature algl versus protein surface
coverage, L.e., area of amll, Top, germanium conditioned with MAP; bot-
tom, germanium conditioned with BSA. The largest surface coverage of
MAP presented in the top was obtained by adsorption from a 0.01 mg/ml
MAP bulk solution followed by adsorption from a 0.05 mg/m] MAP bulk
solution.



ALGINATE BINDING TO MAP-CONDITIONED SUBSTRATA

1 T T T
a
0.05 | ) bulk alg -
0.00 -t { t
0.001 | —
b) alg/Ge
Q
Q
o
8 0000 — - =
—
g 0001F ¢) alg/bsa/Ge
74}
L
<,
0.000 } ; —+ T
d) alg/map/Ge
0.001 |- -
0.000 | B
1 I ‘el’ algl — 1[ [algIII
1100 1050 1000 950
-1
Wavenumbers {cm )
FIG. 7. FT-IR specira of pyranose ring C—O stretch region. {a) Trans-

mission spectrum of bulk solution alginate; (b, ¢, d) ATR spectra of alginate
retained after the 120-min rins¢ period on (b) clean germanium, (c¢) germa-
nium conditioned with BSA, and {d) germanium conditioned with MAP.

and germanium will overlap within the 95% confidence in-
tervals.

In bulk solution, alginate reacts with equimolar concentra-
tions of polylysine (10 mg/ml in synthetic seawater, pH
8.0), forming a white fibrous precipitate. When the pH is
raised above 12.5 this precipitate disappears. If the pH is
lowered below 9.0 within 5 min, the mixture again becomes
cloudy. Transmission spectra of this white precipitate con-
tain a prominent band centered at 950 cm™' which is not
present in the transmission spectrum of bulk alginate (Fig.
8d). However, other spectral features which are prominent
in adsorbed components of alginate on MAP, polylysine,
and APS (Figs. 7Ta—7¢), namely the shoulder at 1054 cm™
and the wide band between 1200 and 1300 cm™', are not
evident.
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4, DISCUSSION

4.1. Adsorption of Alginate onto MAP-Conditioned
Germanium: Nature of the Bonding Interaction

MAP appears to enhance irreversible adsorption of algi-
nate onto germanium. This is indicated by the increase in
spectral features associated with pyranose ring vibrations of
alginate as MAP surface coverage is increased (Fig. 6).
Moreover, this enhancement of alginate adsorption appears
to be nearly proportional to MAP surface coverage. In con-
trast, conditioning the surface with BSA does not increase
alginate adsorption above the leve! adsorbed onto clean ger-
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FIG. 8. FI-IR spectra of aiginate binding to molecules incorporating
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germanium coated with APS; (d) transmission spectrum of the precipitate
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manium. This suggests that the molecular interactions be-
tween MAP and alginate at the interface belong in a special
class which one could identify as adhesive interactions be-
tween protein-conditioning films and polysaccharides.

The molecular bonding between MAP and alginate at the
interface appears to be qualitatively different from bonding
which promotes irreversible binding of alginate to clean ger-
manium and BSA-conditioned germanium. Distinct spectral
features appear in the C-O stretch region of the pyranose
ring when germanium substrata conditioned with MAP are
exposed to alginate (Fig. 8a). These features are not evident
in transmission spectra of bulk solution alginate or the small
amount of alginate retained on clean germanium or BSA-
conditioned germanium after the 120-min rinse period (Fig.
7). A wide band between 1200 and 1300 cm™' also appears
when germanium conditioned with MAP is exposed to algi-
nate (Fig. 8a). Although this wide band overlaps with a
prominent spectral feature of MAP (Fig. 4), it apparently
is mot an enhancement of JR resonances originating di-
rectly from a unique molecular component of the MAP
(see below).

Spectral features which appear when germanium substrata
conditioned with polylysine are exposed to alginate ciosely
resemble those produced by interaction of alginate with ad-
sorbed MAP (Fig. 8). Therefore, it seems likely that the
molecular interactions responsible for this irreversible bind-
ing to MAP involve predominantly lysine residues. This
hypothesis is supported by data presented in Fig. 9 showing
that the interaction between alginate and conditioned sub-
strata appears to increase monotonically with increased den-
sity of lysine residues. Furthermore, contribution of the pep-
tide linkage to this interaction may be minimal, since similar
spectral features are produced by binding of alginate to pro-
pylamine groups grafted to the germanium substrate via si-
loxane bonds (APS) (Fig. 8c).

Nearly all carbohydrates and polysaccharides exhibit
strong IR absorbance bands in the region from ~1120 to
900 cm™' (42). Vibrations in this region have been variously
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assigned to C—-O-H deformations {42), C-0Q stretch (29),
and a combination of C-0 and C-0O-H stretching (43).
Theoretical calculations lead to the interpretation that vibra-
tions in this region originate from many coupled vibrations
of the pyranose ring (42). Thus, it seems plausible that the
apparent “‘splitting”” of the alginate band at 1034 cm ™' into
bands centered at 1054 and 1030 cm™' and the appearance
of the band at 965 cm ™" all derive from perturbation of the
pyranose ring vibrations. It seems unlikely that this is caused
purely by a simple ionic bond between the carboxylate func-
tionalities and the protonated lysine residues. It may be that
the negatively charged alginate is being driven to the surface
by the positive charge conferred by the lysine residues, facil-
itating formation of other bonds (inter- or intramolecular H
bonds, or van der Waals interactions). The isoelectric pH
of MAP is greater than 10 (44), while that of BSA is 4.8
{45). Therefore, even though BSA is relatively densely
packed with lysine residues (76/1000), its overall charge
is negative at pH 8.0. This may explain its relatively nonad-
hesive character in the present context.

The interpretation of the spectral feature which appears
between 1200 and 1300 ¢m™' upon interaction of alginate
with MAP-conditioned germanium is not straightforward.
Since this wide band appears for binding of alginate to the
APS-coated surface which contains no peptide linkages one
can eliminate an enhancement of amide IIl resonances from
consideration. Rescnant frequencies in the range 1200 to
1300 cm™ ' appear in polysaccharides which incorporate
monosaccharides containing pyranose rings, e.g., crystalline
amylose (42). Thus, it may be that resonant frequencies in
this region are being enhanced by intramolecular H bonding
between alginate sugar units which is promoted or facilitated
by the initial electrostatically driven adsorption to the condi-
tioned substrata. It is also possible that the observed spectral
changes resulting from alginate adsorption onto the MAP,
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FIG. 10, Area of the alginate band algll versus time during exposure
of MAP-conditioned germanium to 10 mg/ml alginate and the 120-min
rinse period. Increasing MAP surface coverages were produced by condi-
tioning with increasing bulk MAP concentrations as in Fig. 5: A, 0.01 mg/
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polylysine, and APS films originate from a more complex
molecular interaction between alginate and protonated
amines. Quite complex bonding is possible with divalent
cations, e.g., cross-linking of alginate by Ca™? involves
coordination to hydroxyl, ring, and glycosidic linkage ox-
ygens (46).

It is possible that a component of the alginate is being
selectively, and irreversibly, adsorbed to the surfaces pre-
senting lysine groups. This could account for the differences
in spectral features of the adsorbed and bulk alginate compo-
nents. This component could be an alginate fraction which
differs from the bulk of the alginate in mannuronic and
guluronic composition and thus incorporates different intra-
molecular H-bonding interactions, or it could be a polysac-
charide contaminant incorporating different monosaccharide
units. Spectra of sulfated polysaccharides contain features
similar to those presented in Figs. 8a—8c (43). However,
the alginate used for our experiments contains only a trace
amount of sulfur (0.06%). In addition, the algIl band at 965
em™' which is associated with the component of alginate
retained on MAP-conditioned surfaces is conspicuousty ab-
sent in the transmission spectrum of bulk alginate (Fig. 7a).
Since this band is relatively isolated from other alginate
bands, a contaminant level of less than 1% should be detect-
able. Moreover, phosphate or sulfate ions are retained for
less than 5 min on polylysine-conditioned germanium after
a 30-min exposure, while some gluconic acid (a pyranose
ring incorporating a carboxylate moiety) remains after a
120-min rinse period with the synthetic seawater (data not
shown).

Alginate and polylysine form a white precipitate in bulk
solution, indicating that they cross-link readily in solution
through intermolecular bonding. The solution clears at high
pH, indicating that these bonds are apparently broken when
the lysine groups are deprotonated. This suggests that the
bond is icnic in nature. Spectral features which appear in

Area of the alginate band algll versus MAP surface coverage for polystyrene and germanium conditioned with MAP. The curved lines are

the transmission spectrum of the precipitate formed in the
mixture of alginate and polylysine are not identical to those
which are present in alginate retained on germanium condi-
tioned with polylysine. Notably the wide band between 1200
and 1300 cm™" is not prominent, The band centered at 1037
cm™! is widened in the mixture, but no distinct shoulder
appears at 1054 cm™'. A band is evident at 950 cm ™! in the
mixture which is not present in pure alginate. { The transmis-
sion spectrum of pure polylysine is essentially featureless in
the region from 1100 to 900 cm™! (data not shown).) This
suggests that bonding in solution between polylysine and
alginate differs significantly from bonding at the interface.

4.2, Influence of the Underiying Substratum on
Polysaccharide Binding to MAP-Conditioning Films

Our research effort is directed at devising means to charac-
terize proteinaceous conditioning film *‘stickiness™ and to
determine if this polysaccharide bonding potential can be
modified by the underlying substratum. Technically, this tat-
ter task involves identifying some IR spectral feature that
originates specifically from a bonding interaction and that
can be distinguished in difference spectra containing multi-
ple interfering background signals. The band algll in Fig.
7d is isolated from other alginate bands and from polystyrene
bands and is thus suitable for this purpose. Using the empiri-
cal relation between the area of this band and surface cover-
age of MAP as an index for comparison, it appears that
the intensity of the interaction between alginate and MAP-
conditioned surfaces is similar for germanium and polysty-
rene substrata (Fig. 11). These substrata differ significantly
in surface free energy as well as in chemical nature.

4.3. Significance of the Results for Investigation
of Microbial Fouling

We are presently experimenting with different techniques
to modify germanium ATR prisms with stable coatings



356

which confer a variety of surface properties. In this respect,
the ability to detect and recognize a bonding interaction
between specific moieties on a polysaccharide and an ad-
sorbed protein layer using ATR/FT-IR should serve as a
useful tool for further studies. It provides an experimental
handle for investigating the influence of various surface
propertics on the availability of lysine residues of the ad-
sorbed protein layer with respect to polysaccharide binding.
In general, these types of studies may lead to insight into
the effect of surface properties on protein conformation as
it relates to presentation of hydrophilic residues to other
biomolecules in the aqueous subphase. In addition, the mo-
lecular bonding between acidic bacterial exopolysaccha-
rides, or more generally those incorporating anionic groups,
and proteinaceous conditioning films presenting lysine
groups may be a significant bonding interaction in particular
cases of marine fouling. This is indicated by the effective
use of both MAP and polylysine in promoting cell adhesion,

5. SUMMARY

This study was directed at understanding how protein-
aceous conditioning films mediate cellular adhesion in ma-
rine environments. MAP was chosen as a model conditioning
film because of its quality of being “‘sticky.”” Binding of
alginate to MAP-conditioned substrata was investigated with
the rationale that polysaccharides (including acidic polysac-
charides) typically connect biofilm cells to each other and
to the (conditioned) substratum. In this context, two ques-
tions were posed; What are the molecular interactions con-
ferring stickiness to MAP? Can this property be modified
by the underlying substratum? Evidence has been presented
indicating that lysine residues play a prominent role in bind-
ing of alginate to MAP. One reasonable interpretation of the
results is that the initial adsorption reaction is electrostati-
cally driven, but that the binding of alginate to MAP is more
complex than electrostatic bonding between the protonated
amines of MAP and the carboxylate ion of alginate, involv-
ing formation of multiple new intra- or intermolecular bonds,
An alternative hypothesis is that MAP promotes binding of
a trace polysaccharide component of alginate which differs
in monosaccharide unit molecular structure. The empirical
relation between the degree of irreversible binding and MAP
surface coverage indicates that the strength of the interaction
is similar for germanium and polystyrene conditioned with
MAP, even though these underlying substrata differ greatly
in surface free energy and chemical nature.
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