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Abstract

Proteins are important in bacterial adhesion, but interactions at molecular-scales between proteins and specific functional groups are not we
understood. The adhesion forces between four proteins [bovine serum albumin (BSA), protein A, lysozyme, anlygiobj}-and COOH,
NH, and OH-functionalized (latex) colloids were examined using colloid probe atomic force microscopy (AFM) as the function of colloid resi-
dence time ) and solution ionic strength (IS). For three of the proteins, OH-functionalized colloids produced higher adhesion forces to proteins
(2.6-30.5nN; $=1mM,T=10s) than COOH- and NiHfunctionalized colloids (1.6-6.8 nN). However, protein A produced the largest adhesion
force (8.1 1.0 nN,7=10 s) with the COOH-functionalized colloid, demonstrating the importance of specific and unanticipated protein—functional
group interactions. The NiHfunctionalized colloid typically produced the lowest adhesion forces with all proteins, likely due to repulsive elec-
trostatic forces and weak bonds for BHNH, interactions. The adhesion forcg)(between functionalized colloids and proteins consistently
increased with residence timg)( and data was well fitted bif=AT". The constant value of=0.21+ 0.07 for all combinations of proteins and
functionalized colloids indicated that water exclusion and protein rearrangement were the primary factors affecting adhesion over time. Adhesiol
forces decreased inversely with IS for all functional groups interacting with surface proteins, consistent with previous findings. These results
demonstrate the importance of specific molecular-scale interactions between functional groups and proteins that will help us to better understar
factors colloidal adhesion to surfaces.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction rate contributions of specific biopolymers and functional groups
on the bacterial surface during an adhesion event. Biopolymers
Bacterial cell surfaces are composed of a complex mixture ofn a bacterial cell surface can exhibit repulsive or attractive
proteins, phospholipids, polysaccharides, lipopolysacchariddateractions with the surfacf]. These biopolymers contain
(LPS), and other biopolymers. The presence and physicochens- variety of different functional groups that can individually
cal properties of these biopolymers are known to be an importaribteract with the surface, and mediate the bioadhesion process
factor in bacterial adhesion to a surface in a variety of field48,9].
including bioremediatiofil], membrang2], biomaterial devel- Lipopolysaccharides (LPS) and proteins in the outer mem-
opment[3], and marine biofouling4,5]. Bacterial attachment brane of bacteria, and extracellular polymeric substances (EPS)
to a solid surface is often modeled as a function of electrostati@n the surface of the bacteria, all have been found to influence
van der Waals, acid-base interactions and/or hydrophobic forcdmcterial adhesiof10-12] The surface ofscherichia coli IM
using extended DLVO (XDLVO) theor]. The primary limita- 109 contains 75% LPS and 25% prote[&8]. Measurements
tion of the XDLVO theory is that it does not sufficiently incorpo- using atomic force microscopy (AFM) show that removal of the
LPS from a bacterial surface decreases adhesion (between the
cell and the AFM tip) by up te~80%][14]. The amount of EPS
* Corresponding author. Tel.: +1 814 863 7908; fax: +1 814 863 7304. has been correlated with bacterial adhesion to a surface, with
E-mail address: blogan@psu.edu (B.E. Logan). EPS-rich strains generally demonstrating larger adhesion to a
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surface due to polymer—surface interacti¢hS]. Proteins on uitous on bacterial cell surface and proteins, were used to
the outer surface of the bacteria, and on the adhering surfacptobe adhesion forces with bare and protein-coated surfaces.
are also known to be important to the initial attachment of bacThese forces were measured as a function of IS and residence
teria to a surface. The expression of specific proteins, such dsne since these are two main factors influencing adhesion
those used for iron reduction, can greatly increase the adhesi¢a7,28]

between a microbe and a surfdt6é]. The formation of specific

bonds between proteins on the surface of livihgoli cellsand 2. Material and methods

a solid substrate can also be observed using AFM and confo-

cal laser scanning microscop¥7]. In parallel-plate chamber 2.1. Functionalized colloids and surfaces

experiments, extracellular proteins were shown to be released

from the bacteria into solution, and then adsorbed onto the sup- Three different functionalized polystyrene latex micro-
port surface. These proteins promoted initial bacterial adhesiospheres (NH, COOH, OH) with a diameter of 38 0.15um
events and the continued secretion of proteins during prolonge@Polysciences, PA) were mounted onto AFM tips to make colloid
contact between the cell and surface further strengthened adhgrobes. Since the nature of the underlying colloid can affect the
sion[18]. overall interaction force even when covered with a profe8i,

The interaction between proteins and surfaces can be exara-bare latex microsphere (latex) was used for comparison with
ined in terms of adhesion forces using colloid probe AFM.functionalized colloids. Latex colloids were cleaned by rinsing
Adhesion between protein-coated or bare colloids (latex anthree times with Milli-Q water (with centrifugation) prior to use.
glass) and protein-coated glass surfaces varies as a functidficro cover glasses (12 Cir-1, VWR Scientific, West Chester,
of ionic strength (I1S), pH, loading force, and residence timePA) were rigorously cleand@9], rinsed with copious amount of
[19,20] The adhesion force between a colloid and a proteinultrapure water (Milli-Q), and stored in ultrapure water at4
coated surface increases with residence tiMe(d decreases before being coated with proteins.
with IS and pH. The increase in adhesion with time is a result
of water exclusion, polymer rearrangement, and conformatiod.2. Covalent bonding of proteins to glass surfaces
changes in the proteins as well as the formation of hydrogen
bonds[19,20] Adhesion forces between proteins and surfaces Four different proteins were covalently bonded to glass sur-
are larger than those produced by a polysaccharide (dextrarfaces: bovine serum albumin (BSA), lysozyme from chicken
While adhesion between proteins and surfaces can be measuredg white, protein A and polp-lysine (Sigma, St. Louis,
the specific molecules that promote increased or decreased adiM©). The isoelectric points of proteins, calculated using
sion forces have not been identified. the Protein Calculator Program and the protein sequences

LPS, EPS, and proteins on bacterial cell surfaces can b§cripps Research Institute), increased in the order: protein
viewed as polymers containing carboxylic, phosphoric, phosA < BSA <lysozyme < polye-lysine (Table 1; from Ref[19]).
phodiester, amino, and hydroxyl groufsl]. Each of these BSA and protein A are negatively charged and lysozyme and
functional groups can interact in different ways with a min- poly-p-lysine are positively charged at pH 7.
eral surface or organic coatings on a surface. For example, the Cover glasses were modified by bonding an amino-functional
hydroxyl groups of LPS of gram-negative bacteria are thoughgroup to the glass, and then covalently bonding a protein to this
to form hydrogen bonds with surface hydroxyl groups of 5i0 amino group as previously describg®]. Briefly, the cleaned
and surface-bound water, thereby dominating bacteria—surfaggass was soaked in 10 ml of a 10% solution of 3-aminopropyl
interactions during adhesidi]. The magnitude of the adhe- trimethoxysilane (Fluka) in methanol for 15 min, and then rinsed
sion force of a functional group to a surface is related to thewith methanol followed by ultrapure water to remove excess
chemical nature of the binding site and the binding capacitysilane. Proteins were covalently bonded to the silanized glass
Titration of bacterial surfaces over a pH range of 4-10 sugby first modifying them with 1-[3-(dimethylamino)propyl]-
gests the presence (on the basis &f palues) of carboxylic 3-ethyl carbodiimide hydrochloride (EDC, Pierce) and
(low pK5 values) and amine (highkfa values) functional groups hydroxysulfosuccinimide (sulfo-NHS, Pierce). EDC (100 mM)
on the bacterial surfad®1,22] The binding capacity of these was added into protein solution and reacted for 5min to form
functional groups varies for different bacterial strains. It hasan unstable intermediat®-acylisourea, and then a sulfo-NHS
been shown that the total capacity of binding sites of EPS on aolution in a phosphate buffer (40 mM) was added into the solu-
bacterial surface can vary 20-30-fdR3], demonstrating the tion for another 5 min to form the stable intermediate with NHS
importance of specific components in the EPS for bacteriajroups. This protein—-NHS solution was poured onto the amino-
adhesion. modified glass cover slip, and allowed to react overnight (with

In order to better understand interactions between specifishaking at 50 rpm) to covalently bind the protein onto glass
functional groups and organic-coated surfaces, we measurédrough formation of a CO/NH bond. The glass was rinsed with
interaction forces between a functionalized colloid and differ-Milli-Q water to remove the unreacted protein-NHS before AFM
ent surfaces. The use of functionalized tips or colloids allowexperiments. Two glass surfaces lacking a protein coating were
identification of specific interactions of chemical groups with used as the controls. One was a cleaned and bare glass surface,
other material§24—26] Colloid probes functionalized with dif- and the other one was the amino-functionalized glass prepared
ferent functional groups (N§ COOH, OH), which are ubig- using silane.
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2.3. Zeta-potentials measurements curves used for each calculated average adhesion forces (error
barst S.D.).
The zeta-potentials of latex colloids and protein-coated glass
beads in phosphate buffer solution (PBS; IS=1 or 100 mM, pR2.6. Calculation of contact area
7.3) were measured three times with 30 runs per analysis using
a zeta-potential analyzer (Zetasizer Model Nano-ZS, Malvern The contact radius and area of the interface region between

Instruments, Worcestershire, UK). a colloid and glass surface coated with protein was calcu-
lated using the JKR model which has been described elsewhere
2.4. Colloid probes [19,31]

Colloid probes were prepared by gluing (DEVCON epoxy 3. Results
S-31/31345) a latex microsphere to a tipless silicon nitride can-
tilever (Veeco NanoProbe NP-OW) as previously descriB@ll ~ 3.1. Characteristics of proteins and colloids
The spring constant of cantilevers (all taken from the same
wafer) of each probe was determined using the thermal tuning Protein coatings on the glass surface varied in size, as indi-
method (Nanoscope V6.12r2), with values ranging from 0.05&ated by the roughness of the coatingigy( 1). The roughness
to 0.072 N/m. After preparation, the colloid probe was stored irof the bare glass wag, = 0.06+ 0.01 nm, with the roughness of
the refrigerator (4C) prior to use. Multiple probes were pre- the protein-coated surfaces 6-25 times lardable J. On the
pared for each type of colloid at the same time in order to obtaibasis of the surface roughness, the maximum thickness of the
consistent responses of the probes between experiments. Egmiotein coatings was calculated to decrease in the ordenpoly-
probe was inspected before an experiment using a microscopgsine > protein A>BSA >lysozyme. Except for protein A, the
(Olympus 1X70) to ensure probe integrity. Any broken or dam-order of coating thickness follows that of the molecular weight
aged probes were discarded and immediately replaced with @ the proteinsTable 7). AFM images show the domain sizes of
new probe prepared from the same batch. Each probe was testaitein ranging from about 5 to 10 nm for BSA to 50 to 100 nm
for a consistent response to a clean glass surface prior to dar poly-p-lysine. The amount of each protein bonded to a glass
experiment, and any probe that did not display behavior consissover slip surface was: BSA, 51.7 mgfrtysozyme, 5.6 mg//f

tent with other probes from that batch was discarded. protein A, 47.1 mg/rf; and polyp-lysine, 9.7 mg/rA.
The contact area of the interface region between a colloid and
2.5. AFM experiments surface was estimated using JKR model as showFalbile 2

The contact area varied with the protein-coated surfaces and

Adhesion force measurements were made using a Multimodfinctionalized colloids. Colloids and bare glass produced the
AFM with a PicoForce and Nanoscope llla control systemssmallest contact area (500-6009)mvhile the polyp-lysine
(Veeco, Santa Barbara, CA) (Version 6.12r2). The piezoelectricoated surface produced largest contact area (2556 resi-
scanner was calibrated using a standard topography referendence time of 0.001 s). The number of protein molecules inter-
grid (3pm pitch, Digital Instrument, Santa Barbara, CA) to acting with the colloid varied for the different proteins. For
ensure scanner accuracy. All force measurements were madgample, based on the size and packing of the proteins on the
in phosphate buffer solutions (IS=1 or 100 mM; pH=7.3) atsurface, it was estimated that about 5-10 BSA molecules inter-
scan rate 1Hz and z scan size ofirh. The loading force acted with the colloid, while for polyp-lysine it was only one
applied to each protein surface was fixed at ca. 5.4 nN by sete two molecules. Thus, the magnitude of the adhesion force
ting the trigger threshold of the cantilever-a®0 nm depending varies among proteins just due to the number of contacts between
on spring constant. The ramp delay with trigger mode in therotein molecules and the colloid. The contact radius for any
software was set at different times producing different colloidone protein, however, varied over a small range as shown in
residence times. Force measurements were performed at re$able 2
dence times of 0.001-100s at four to five randomly selected Zeta-potentials of silanized glass beads were smaller than
locations over every sample studied. Force measurements tak#rose of the bare glass beads (1 and 100 mM IS solutions) due to
at longer times (100-200s) were unstable. Interaction forcéhe positively charged amino-functional groups on the bead sur-
curves were shown to be reproducible for the same operatinigce Fig. 2). The zeta-potentials of uncoated (bare) glass beads
conditions by examining differentlocations on the surface. Largavere larger than those of the glass beads coated with proteins in
changes in the force curves in the case of protein-coated surfacéor 100 mM IS solutionsKig. 2), indicating proteins partially
were assumed to indicate a location that did not contain any proteutralize the negative charge on glass surface due to local-
tein, and therefore other locations were selected. A consisteiited positive charges in the protein. Zeta-potentials decreased in
pattern of non-reproducible force curves was assumed to resutie order: BSA= protein A> lysozyme> poly-p-lysine. This
from tip contamination, and therefore the probe was discardeardering was consistent with the calculated relative charges of
The adhesion force is the value measured at the point of maxhe proteins at neutral pHréble J. In the 100 mM solution,
imum deflection during the colloid probe retraction from thethe zeta-potentials for colloids coated with BSA, protein A and
surface. Ten force curves were obtained for each residence tinigsozyme were similar and therefore the nature of the proteins
at each location (jum x 1 wm area), with a total of ca. 50 force could not be distinguished based on overall charge at this ionic
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10.0 nm

Fig. 1. AFM topographic images of proteins coated on the glass surface in 1mM IS: (a) BSA, (b) protein A, (c) lysozyme, and ey ging/size:
500 nmx 500 nm).

strength. Zeta-potentials for pohyHysine coated glass surfaces 3.2. Colloid adhesion to bare glass surfaces

remained negative (ca-10 mV), indicating the heterogeneous

distribution of polys-lysine on glass surface, as was directly The adhesion forces of functionalized latex microspheres to

observed irig. 1d. glass surfaces, measured using retraction force curves, increased
The latex microspheres had the highest zeta-potentials witlvith the residence time and 1&ig. 3). The adhesion forces of

—139+8mV in 1mM IS and—774+10mV in 100mM IS functionalized microspheres to a bare glass surface decreased in

(Fig. 2b). Functionalizing the microspheres decreased théhe order: OH>COOH > Nbi> latex in either the low or high

overall zeta-potential of the latex microspheres in the ordetS solutions. For example, the adhesion forces for OH, COOH,

OH>COOH>NH. This ordering showed that adding a neu- NH», and latex-functionalized microspheres at residence time

trally charged functional group such as OH had little effect on theof 10s were 2.9-0.7, 1.2+0.5, 0.4+-0.2, 0.03+0.007 nN

overall surface charge, while adding a charged functional groum IS =1 mM, but increased to 3:80.9, 1.9+ 0.7, 0.7+ 0.6,

(e.g., COOH or NH) decreased the overall surface charge. In0.6+ 0.3 nN in 100 mM solution, respectively. The higher adhe-

all cases, colloid zeta-potentials were inversely related to IS, asion forces observed between the OH-functionalized micro-

expected32]. sphere and glass surface likely resulted from the formation of
Table 1
Properties of proteins and coatings
Protein or coating Theoretically calculated AFM measured

Molecular weight Isoelectric point Charge at pH 7.0 RoughnBgsr(m) Thickness (nm)
BSA 66k 6.17 -9.9 0.53+ 0.10 5.1+ 0.5
Protein A 55k 5.71 —6.8 0.81+ 0.17 7.7+ 15
Lysozyme 14k 9.04 +7.9 0.36 0.09 3.5+ 1.0

Poly-p-lysine 134k 12.9 ~+900 1.7+ 0.8 143+ 4.9
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Table 2 low and high IS solutions. The adhesion forces between the
Contact radius and area between a colloid and bare glass or protein-coated glqéafex colloid and the silane glass were Iarger than those between
surfaces calculated using the JKR model NH, colloid and silane glass, but smaller than the forces of OH

Surface Colloid Contact radius (nm) Contactarea®nm and COOH colloids. This result suggested that the electrostatic
Bare glass Latex 12.9 523 charge was not the predominated factor affecting the adhesion
OH 14.5 656 forces between amino-functionalized glass and OH or COOH
COOH 13.1 539 colloids. The interaction forces between amino-functionalized
NHz 13.6 584 glass surface and various functional groups can be expected to
BSA Latex 14.1 622 decrease in the order OH > COOH > hH
OH 13.0 534
COOH 14.2 633
NH, 13.7 591 3.3. Colloids adhesion to BSA-coated glass surfaces
Protein A Latex 147 681 . . L
OH 15.8 779 At short residence timesT0.1s) there was no signif-
COCH 21.2 1415 icant difference j£>0.05, ANOVA) of the adhesion forces
NH, 15.2 726 measured for the different functionalized colloids to the BSA-
Lysozyme Latex 24.2 1846 coated surface. The adhesion force of all functionalized colloids
OH 27.1 2304 with the BSA-coated surface increased over time, although
COOH 15.1 718

the NH-functionalized colloid increased only slightly after

NHz 14.7 678 T=1s (from 1.3 0.3nN atT'=1s t0 2.2£ 0.2 nN at7 = 100's)
Polyn-lysine  Latex 28.5 2556 (Fig. 5a). In contrast, the adhesion forces measured for the

85'0H 22‘1‘2 Zlﬂ% COOH and OH-functionalized colloids increased by factors of

NH, 188 1102 four and seven times &=100s, compared to the forces at

T=1s. At the longest residence time 6E100s, the adhe-
sion forces significantly decreasead<(0.05, ANOVA) in the
order OH>COOH > latex > NHlin both 1 and 100 mM solu-
relatively strong bonds between OH and Si@roups, com- tions (ig. 5. In all cases, the adhesion forces measured for
pared to those of COOH-SjOor NH,—SiO,. Although the  colloids and BSA coated glass surfaces were inversely related
NHa-functional group is positively charged at neutral pH,NH to solution IS, consistent with previous resyizt6]. This change
functionalized colloids exhibited low adhesion forces to thein adhesion is thought to be primarily due to conformational
negatively charged glass surface. This resultindicated that adhehanges in the proteins caused by changes in IS. A high IS
sion force could not be predicted solely on the basis of theeduces the protein size (i.e. a salting out effect), decreasing
electrostatic charge, and that molecular-scale factors dominatéde bonds available for adhesion to a surface, resulting in lower
in the adhesion event. adhesion forcesHig. 5) [20].

The adhesion forces between the colloids and the silanized One concernwith using the EDC/sulfo-NHS reactionto cova-
glass surfaces (amino-functionalized) were much larger thatently bond COOH groups in the protein to the Mbsurface
those for the bare glass surfadeéid. 4), indicating that the is that there is also a possibility of bonding COOH to NH
electrostatic forces and bonds formed between amino fungroups within the protein. Such intra-protein bonds, if exten-
tional groups on the glass surface and functionalized colloidsively occurring, could lead to a different behavior of the mod-
largely contributed to the adhesion forces. The adhesion forcaied protein than that of the unreacted protein. To determine if
decreased in the order of OH>COOH >latex >N both  this bonding procedure affected the force curve results, protein

Data based on the AFM measurements at residence time 0.001s.

-160

-160

(@) [ 1Bare glass (b) Functionalized colloids
EZz72 Amino functionalized glass % [ TLatex colloid
[ BSA coated glass "1 OH colloid
-1204 Protein A coated glass 120 4 I COCH colloid
LSS Lysozyme coated glass [SSSN NH,colloid
RXXH Poly-D-lysine coated glass
-80+ -80

Zeta potential (mV)

-40 -40 -

100 1 100
lonic strength (mM) lonic strength (mM)

Fig. 2. Zeta-potentials of colloids in 1 and 100 mM IS solutions at pH 7.3: (a) glass beads coated with various proteins and (b) functionalizewsptesrasc
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Fig. 3. Adhesion forces of colloid to bare glass surfaces as the function of residence time: (a) 1 mM IS and (b) 100 mM IS.
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Fig. 4. Adhesion forces of colloid to amino functionalized glass surfaces as the function of residence time: (a) 1 mM IS and (b) 100 mM IS.

was allowed to react overnight with the silanized glass surface iproteins (data not shown). This suggested that the protocol used
the absence of the EDC/sulfo-NHS chemicals. The magnitud® bind the protein to the surface did not adversely affect the
of the adhesion forces, and the change in the adhesion force ovarmotein relative to measurements of interest here. By using this
time, was the same as that obtained using the covalently bondéihding procedure, it was possible to minimize the potential for
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Fig. 5. Adhesion forces of colloid to BSA-coated glass surfaces as the function of residence time: (a) 1 mM IS and (b) 100 mM IS.
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|(a) Protein A-coated glass (IS=1 mM) | (b) Protein A-coated glass (1S=100 mM)
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Fig. 6. Adhesion forces of colloid to protein A-coated glass surfaces as the function of residence time: (a) 1 mM IS and (b) 100mM IS.

protein desorption from the surface during force imaging, a®lectrostatic interactions between the negatively charged COOH

well as contamination of the colloid tip. group and localized positive charges on the protein A surface.
In 100 mM IS solution, the initial adhesion forces were all low,
3.4. Adhesion of colloids to protein A-coated glass surfaces and there were no large “jump-in” attractive forces observed.

However, a larger adhesion force was still measured for COOH

The adhesion forces between the functionalized colloids angolloid (Fig. 7). These results show the presence of specific
protein A-coated glass surface did not exhibit the same trenBrotein—functional group interactions that were not expected
with the different functional groups on the colloid, even thoughbased on overall surface electrostatic charge.
protein A and BSA are similarly negatively charged at neutral
pH. For the protein A-coated surface, the adhesion decreased . .
in the order COOHs OH > latex> NH; (IS =1mM, ANOVA eJ’.5. Colloid adhesion to lysozyme-coated glass surfaces

p-value <0.05 at 0.001 s}-{g. 6a). The adhesion forces for the . . . . .
; . ; _ : Adhesion forces measured during functionalized colloid
COOH-functionalized colloid at9=1 mM were consistently . : . )
retraction for the lysozyme surface increased with resi-

larger than those measured for the other colloids. Even at th . .
shortest residence time Gf=0.001s. the force between the 9¢NC€ time as observed for the other protein-coated surfaces
' ' (Fig. 8). At T=50s, adhesion forces decreased in the order:

COOH colloid and protein A (4.5 0.8 nN) was six times larger OH > latexs> COOH> NH, either in 1 or 100 mM IS solutions

tahdine\slialzef?):gé t(hgeio ghgrnt%;) ?;’azfgt(;:l?étj;éf‘:f:nlghoaf’;? It?]e (Fig. 8. The most notable difference_z for the lysozyme-coated

other colloids, although only by a factor of 2. At1S =100 mM, all sgrfa.cg,. compargd to the other protem-coatgd surfaces, were the

adhesion forces were smaller than those measure8 folImM high mmal_adhegop forces for the OH-functionalized and bare

(Fig. &0). latex co!I0|d. ThIS high adhesion forcg was not expecteq based
The much larger adhesion force at short times observed" consideration of overall electrostatic charges of the different

for the COOH-functionalized colloid and the protein A sur- surfaces. .

face can be better understood by examining approach curves. The approach curves can be used to explain the strong adhe-

g : . 'Slon force at short times observed for the OH-functionalized
The approach force curve for COOH-functionalized colloid .
! . ,and bare latex microspheres. Approach force curves for the
at IS=1mMdemonstrated the presence of a large “jump-in

; : e lysozyme surfaces demonstrated the presence of a “jump-in”
attractive force of 0.20.3nN (ig. 7). No “jump-in” attrac- . ; _
tive forces were observed with latex, OH, or Hlidolloids. during OH colloid approach at 1S=1 and 100mM, but not for

This attractive force upon the colloid approach could arise fronfﬁg'g;g?ifgzgsovrvgg (i(:g?)l%sa(rf:jg.lgs)itEhSGnrlza:‘g?Itt#gisag

latex and the OH-functionalized colloids, respectively. These
large attractive forces likely arise from electrostatic interactions

\ 1 mM \ 100 mM Colloids between the negatively charged colloids and positively charged

\ \ Latex lysozyme surface. The bare latex and OH-functionalized col-

\f_ \ NH, loids had more negative zeta-potentials than the carboxyl- and
\ OH amino-functionalized colloidsg. 2).

| = COOH In high IS solution (100 mM), the “jump-in” attractive forces

in approaching curves decreased due to the compressed double
Fig. 7. Representative interaction force curves of protein A and various funcel_ec'[rIC layers when the latex and hydrqul-functlonallzed col-
tionalized colloids at residence time 0.001's (bar =5.4 nN). loids approached to the lysozyme surfdeig(9). The measured
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Fig. 8. Adhesion forces of colloid to lysozyme-coated glass surfaces as the function of residence time: (a) 1 mM IS and (b) 100mM IS.

1 mM Colloids force with the OH-functionalized colloid with the polyldysine
&W \ 100 mM _ surface was 27.Z 1.4nN (f'=5s), while the forces measured
ggéH for the other proteins ranged from 2.0 to 19.4 nN. The adhesion
Latex forces for the colloids to polp-lysine decreased in the order:
latex>OH >COOH > NH in either 1 or 100mM IS solutions
\I on (Fig. 10. This ordering of adhesion forces is consistent with
the order of zeta-potentials of the colloidsd. 2b) indicating
| that the electrostatic forces were predominant in the interac-
tions of these functionalized colloids with the palylysine
surface.
Fig. 9. Representative interaction force curves of lysozyme and various func- Large ‘jump-in” forces were also observed for the poly-
tionalized colloids at residence time 0.001 s (bar=5.4nN). lysine-coated surface, similar to that observed for the lysozyme-

coated surface, but only for the bare latex and OH-functionalized
adhesion forces decreased in all cases, similar to previous resutslloids Fig. 11). The average “jump-in” attractive forces

(Fig. 8b). were 0.9+ 0.6 nN for a latex colloid and 145 0.3nN for the
hydroxyl-functionalized colloid. In 100mM IS solution, the

3.6. Colloid adhesion to poly-p-lysine-coated glass “jump-in” attractive forces decreased to @&3.2 nN for the bare

surfaces latex colloid, and 0.4 0.2 nN for the OH-functionalized colloid

(Fig. 11). The “jump-in” attractive forces likely resulted from
Very large adhesion forces were measured in retraction forc&vo approaching surfaces having opposite electrical charge since
curves for polyp-lysine surfaces compared to those for BSA, poly-d-lysine is positively charged and colloids (latex, OH) were
protein A and lysozymeRig. 10. For example, the adhesion highly negatively charged.

35

1) Poly-D-lysine coated glass IS—1 mM) | (b) Poly-D-lysine - coated glass (1S=100 mM)
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Fig. 10. Adhesion forces of colloid to polyysine-coated glass surfaces as the function of residence time: (a) 1 mM IS and (b) 100 mM IS.
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| mM 0 Colloids loids were consistently larger for the OH functional group than
\\J 100 mM _ the COOH or NH groups, while the NpHunctional group
\\ NH; tended to exhibit the smallest adhesion force. These results are

/

\F COOH surprising given the relative charges of these different groups and
Latex proteins. At neutral pH, the COOH, Ntdnd OH groups are neg-
atively, positively, and neutrally charged. Thus, we expected a

stronger attraction between the hEind negatively charge pro-

teins (BSA and protein A), and the smallest adhesion between
OH the COOH groups and the negatively charge proteins. The
| unexpected outcome of the adhesion measurements between

the functionalized colloid and the surface must be a result of
molecular-scale interactions between these functional groups
Fig. _11. R_epresentgtive inte.raction force curves of pelysine and various  gnd |ocalized groups in the protein. The four different proteins
functionalized colloids at residence time 0.001 s (bar=5.4 nN). were attached to the glass by covalent bonds between the COOH
group in the protein and NHon the functionalized glass sur-
face. This method of bonding could have exposed relatively
ore NH groups in the protein than COOH groups to the water
ep%ase, making the surface of the proteins exposed to the colloids

The partial coverage of poly-lysine on the glass surface
(Fig. 2 was apparent when obtaining forces curves as sever
locations selected on the surface indicated low adhesion forc

that were more indicative of the silane group than the psoly- redominantly NH. van der Vegte and Hadziioanni@8] calcu-

lysine. A comparison of these low adhesion sites with those fo .
silane showed good agreement as the silanized glass produc%gled that bonding forces between plgroups would decrease

) ) i the order of OH/NH>COOH/NH, > NH>/NH», based on
Iqwer adhesion f_orces than pqiylysmg. Forexample, the adhe- JKR theory. Their calculated results are general agreement with
sion forces for silane glass with colloids were 14.2.6 nN for

the trend in adhesion forces measured here for these functional
OH, 13.0+2.8nNfor COOH, and 1.5 0.6 nNfor NH atares- : . .
idence time 10s in 1 mM ISKig. 4), while the corresponding groups, suggesting the importance of the\doups in bound

. . . proteins in adhesion measurements.
?ghsefng(;rggse(gttgeocfll:ogéog;y'gs'r_ll_eh\greerfif’eo'%els'(if’lo Adhesion measurements with the functionalized colloids
ad.hesioh ’sites V\;ere ﬁot in’cludgd ir:Vth)é. ooHysine :;malysis W demonstrated the importance of electrostatic interactions for the

. e ith th itively ch ins (I ly-
The large adhesion forces observed between OH/pdjsine tests with the positively charged proteins (lysozyme and poly

L . . p-lysine). The approach curves for these two proteins demon-
or COOH/polyp-lysine indicated the importance of bonding i . . i .
between NH in the protein and OH or COOH groups. strated “jump-in” attractive forces with the highly negatively

charged bare latex microsphere and the neutrally charged OH-
functionalized microsphere. The latex microsphere is a “soft”
microparticle with the heterogeneous surface chemistry distri-
bution[34]. The OH group likely had little effect on the charge
distribution of the colloid as shown by the high zeta-potential

In all cases, the adhesion forces of colloids to protein—coategompared to the COOH- and NHunctionalized microspheres
surfaces consistently increased with residence time. The adh ig. 2). This high negative charge explains the high attraction

sion_f(_)rces can be correlated to residence time using a simpjg " |atex and OH-functionalized colloids to the lysozyme
empirical mode[20] as (Fig. 9) and polys-lysine (Fig. 11) containing highly positively
F— AT" (1) charged functional groups. The adhesion of the pslysine

to the different functionalized colloids is also reflected in the
whereF is the adhesion force amtlandn are empirical coef-  values of the coefficiemt in the model, with these values of
ficients determined from log—log plots. The results using this4 changing in the same order as the zeta-potential of the dif-
model, shownifable 3indicate thatthe parametewas nearly  ferent functional groupsTable 3. The large adhesion forces
constant for various systems and conditions, with an averageetween polys-lysine and the different functional groups were
value ofn=0.21+0.07. The magnitude of varied for the dif-  a direct result of the substantially substantial higher content
ferent sample systems and experimental conditions. In generaf NH, groups in polyp-lysine than in the other proteins.
the higher adhesion forces produced larger values. dheA A high concentration of NK groups in a protein produces a
values were the largest for the pabylysine and smallest for high positive surface charge, and increase the bonding forces
BSA. The increase in adhesion force reflects the rearrangemegt the OH/NH and COOH/NH groups. This effect of the
of proteins and water exclusion which contribute to increasetNH, groups is easily seen in the force curve results shown in

3.7. Relationship between adhesion force and residence
time

adhesion over time. Fig. 4 between the different functional groups and silane glass
surface.
4. Discussion The protein-coated surfaces consistently produced an

increase in the adhesion force between the colloid and the sur-
The measured adhesion forces between three of the fodiace over time (0-100s). Using an empirical model to correlate
proteins (BSA, lysozyme, polp-lysine) and functionalized col- residence time and adhesion data, the model constgiotind
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Table 3
Fitting parameters for the model used to relate adhesion foFjes the residence time}
Protein Colloid IS (mM) A n R?
BSA Latex 1 0.66+ 0.05 0.32£0.02 0.99
100 0.89+ 0.09 0.21+0.03 0.93
OH 1 0.99+ 0.07 0.39£0.02 0.99
100 1.06+ 0.08 0.28+0.02 0.98
COOH 1 0.92+ 0.06 0.30£0.02 0.99
100 0.75+ 0.08 0.32£0.03 0.97
NH 1 1.05+ 0.11 0.214+-0.04 0.92
100 0.67+ 0.09 0.27:0.04 0.93
Protein A Latex 1 1.4% 0.10 0.28+0.02 0.98
100 1.40+ 0.09 0.20+0.02 0.97
OH 1 245+ 0.14 0.170.02 0.96
100 1.22+ 0.06 0.16+0.02 0.96
COOH 1 6.62+ 0.14 0.0 0.001 0.95
100 2.02+ 0.05 0.09+ 0.006 0.97
NH2 1 1.31+ 0.09 0.25+0.02 0.98
100 0.94+ 0.10 0.270.03 0.96
Lysozyme Latex 1 12.2% 0.65 0.13+0.02 0.91
100 6.40+ 0.36 0.20+0.02 0.97
OH 1 17.52+ 0.47 0.08£ 0.008 0.95
100 6.15+ 0.08 0.16+0.02 0.93
COOH 1 1.28+ 0.06 0.19+0.01 0.98
100 1.13+ 0.08 0.20+0.02 0.96
NH2 1 1.02+ 0.06 0.22+0.02 0.98
100 0.63+ 0.05 0.19+0.02 0.94
Poly-p-lysine Latex 1 23.26+ 0.78 N/A 0.93
100 17.36+ 0.57 N/A 0.92
OH 1 20.64+ 1.11 0.16+0.03 0.92
100 8.18+ 0.49 0.22+0.02 0.98
COOH 1 10.02+ 0.61 0.23+0.02 0.98
100 7.15+ 0.48 0.170.03 0.91
NH2 1 4.33+ 0.29 0.21+0.02 0.97
100 3.50+ 0.17 0.1740.01 0.97
Total average (meah S.D.) 0.21+0.07

N/A: not applicable.

here was constant £ 0.214+ 0.07) for most cases. This value tion. Withdrawing the colloid from the surface after this polymer
of n compares favorably te=0.29+4 0.06 previously obtained rearrangement therefore requires a greater force relative to that
for bare latex microspheres and protein-coated glass and latéxitially needed.

microspheres interaction with protein-coated surfg2e The The parameted in the model reflects the magnitude of the
consistent value of supports previous findings that water exclu- interaction force during the initial contact time. These forces are
sion and protein rearrangement were the two main factors pratetermined by the protein molecular structure, surface electro-
ducing an increase of adhesion forces over time. As a colloidtatic charges, and solution chemistry. Th&alues observed

is forced into contact with a surface, water is pushed out fronwere the largest for the poly-lysine and smallest for BSA
between these surfaces. The change in water content chang@&sble 3. This is consistent with the fact that pabytysine has

the orientation of charged portions of the molecule with itselfthe highest concentration of positively charged groups among
and the two surfaces. Over the relatively longer periods of resthese proteins. Thus, the interaction of negatively charged func-
idence time {5 to 100s versus <1s), the protein moleculestional colloids and positively groups within the pabylysine
rearrange, bridge, and then bind to the opposing surface unfiroduced the largest adhesion forces. ValuesA ddre also

all bonds reach the lowest energy state for the imposed condéffected by the protein structure. The different tertiary structures
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