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Abstract

The stability and passivity of poly(ethylene glycol)–polyethylenimine (PEG–PEI) graft films areimportant for their use as antifoulin
coatings in a variety of biotechnology applications. We have used AFM colloidal-probe force measurements combined with optic
tometry to characterize the surface properties and stability of PEI and dense PEG–PEI graft films on silica. Initial contact between
probes and PEI-modified surfaces yields force curves that exhibit a long-range electrostatic repulsion and short-range attractio
the surfaces, indicating spontaneous desorption of PEI in the aqueous medium. Further transfer of PEI molecules to the probe o
subsequent application of forces between FR= 300 and 500 µN/m. The presence of PEG reduces the adhesive properties of the PEI s
and prevents transfer of PEI molecules to the probe with continuous contact, though an initial desorption of PEI still occurs. Glutaralde-
hyde crosslinking of the graft films prevents both the initial desorption and subsequent transfer of the PEI, resulting in sustained attract
interaction forces of electrostatic origin between the negatively charged probe and the positively charged copolymer graft films.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Poly(ethylene glycol) (PEG) coatings are commonly u
in a variety of biotechnology applications to render biom
terial surfaces resistant to protein adsorption[1–3]. The an-
tifouling properties of PEG are the main reason it is u
in most applications, but PEG is also used as a tethe
flexibly attach active groups to surfaces in biosensing
drug-delivery applications[4,5]. The molecular origin o
the protein resistant properties of PEG modified surface
still under debate[6–9]. Traditionally, it has been believe
that steric forces that arise due to entropic penalties as
ated with restricted motion of polymer segments were th
main forces that prevented contaminant adsorption to PE
surfaces. However, it has recently been acknowledged
hydration forces may play a more significant role in PE
antifouling efficiency[6]. In any case, it is widely accepte
that PEG coatings are inert to protein adsorption and cap
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of preserving the activity of the surface[10–12]and, there-
fore, it is extremely important that the coatings are dura
to allow long-term storage and regeneration of the bio
terial surfaces as necessary[13]. Generally, this stability is
achieved by covalent end-immobilization of PEG at mod
ately dense grafting densities.

There are various methods of covalently end-graf
PEG to a surface at a moderate to high grafting den
These methods include: (i) the use of gold–thiol chemi
to covalently attach PEG to gold surfaces[14,15]; (ii) the
use of PEG-derivatized block copolymers to graft PEG
hydrophobic surfaces[16,17]; and (iii) the use of silane
chemistry[18–20]or the adsorption of amine-rich polyele
trolytes such as polylysine[21,22] and polyethylenimine
(PEI) [23,24] to functionalize surfaces with amine grou
that will react with amine-reactive PEG derivatives. Hi
molecular weight PEI, a weak cationic polyelectrolyte, has
been used to anchor PEG directly to glass and silica
faces for biosensor applications[11,24]. While the PEG is
covalently attached only to the PEI linker molecule, w
the PEI linker physisorbed to the surface, such PEG–
grafts display the strong, irreversible attachment typic

http://www.elsevier.com/locate/jcis
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observed for chemisorbed PEGs. PEI and PEG are also
together in gene delivery vectors where the PEI is use
condense DNA while PEG is used to increase the circula
lifetime of these vectors[25,26]. This method of immobiliz-
ing PEG to a surface is particularly attractive owing to
cost-effectiveness and the rapidand simple electrostaticall
driven adsorption of PEI to negatively charged surfaces.
this surface modification procedure, the PEG can either b
prereacted with the PEI and the graft copolymer physic
adsorbed to the surface, or alternatively the PEG can
grafted onto a preadsorbed PEI layer.

Brink et al. [16,23] have investigated the utility of pre
reacted PEG–PEI adsorbed films on polyethylene. T
found that the prereacted copolymer film exhibited superio
protein-resistant properties,attributed to an increased m
bility of the copolymer-adsorbed layer due to a loop a
train conformation. However, the adsorbed layer struc
resulted in a few PEG chains being buried in the adsor
layer and oriented toward the surface, which could seque
active groups linked to the PEG that need to be locate
the periphery of the polymer layer. Additionally, the mo
extended adsorbed layer structure of the PEI may encou
protein adsorption or other biofouling. Therefore, despite
superior antifouling behavior of these adsorbed copoly
films, they have limitations in biosensor technologies t
use PEG both for antifouling and for the flexible attachm
of biorecognition molecules.

The interfacial properties of PEG films formed by r
action of PEG onto a preadsorbed PEI layer have b
studied in some detail. Results from work by Van Alsti
et al. [9,24], showed that the adsorption of PEG (MW=
5000 g/mol) at a high grafting density onto a preadsorb
PEI film on quartz shifted the electroosmotic mobility
zero (over a large pH range), and they attributed the pro
resistant nature of PEG coatings, in part, to this observa
Meanwhile, Claesson et al.[27] observed significant steri
repulsive interaction forces between PEG–PEI-coated m
surfaces and proposed using the SFA to study interac
between proteins and PEG layers of varying thickness
grafting density. The cited works illustrate the great poten
of PEG–PEI graft films as protein-resistant coatings on
just biosensors, but biomaterials in general. However,
adsorption studies raise concerns about the stability of th
anchoring PEI layer used in these films.

Traditionally, the adsorption of PEI to surfaces has b
studied for purification, papermaking, flocculation, and io
exchange chromatography applications[28–31]. Many of
these studies have shown that PEI adsorbs fairly strong
negatively charged surfaces in a relatively flat conforma
and reverses the native surface charge. However, despi
strength of the electrostatic interactions that control PEI ad
sorption, PEI coatings are somewhat unstable. This has
observed in ion-exchange chromatography where cross
ing modifiers such as glutaraldehyde, alkyl bromides,
nitro alcohols are employed to prevent desorption of
from the column packing[31,32]. Although low molecular
d

r

e

e

n

weight PEI (MW< 2000) is typically used in the chro
matography columns, the unstable nature of adsorbed
has also been observed with high molecular weight PEI c
ings[9,33,34]. Van Alstine et al. have observed desorption
PEI (MW = 1,800,000) from the quartz capillary walls o
their electroosmosis apparatus and suggest glutaralde
crosslinking as a means of stabilizing the PEG–PEI g
films [9]. Claesson et al. have also observed desorption
transfer of PEI molecules from PEI films (MW 70,000)
the presence of an uncoated mica surface[33]. Clearly, this
reported instability of PEI coatings should be of concern
those interested in using the films as permanent ancho
layers for the immobilization of PEG chains.

Here, we present AFM measurements on the sur
properties of PEI, PEG–PEI, and glutaraldehyde-crosslin
PEI/PEG–PEI films adsorbed onto silica. Our choice of
ica as a substrate stems from our desire to use a sub
that is commonly used in biotechnology applications. A k
question we hope to answer through our force measurem
is how the presence of PEG and the crosslinking agent,
taraldehyde, affects the mechanical stability of PEI mo
cules. Optical reflectometry is also used to characterize
adsorption properties of PEI onto silica and PEG onto pre
sorbed PEI films. The results of our work should serve us
in applications where the stability of the surfaces is impe
tive for surface regeneration and in the use of the films
antifouling coatings where inertness of the coatings is
great importance.

2. Materials and methods

2.1. Materials

Ultrapure water (18 M� cm) obtained using a Milli-Q
gradient water filtration system (Millipore, MA) was use
for this work. All aqueous solutions were prepared on
day of the experiment. Reagents (Sigma–Aldrich) u
to prepare the NaCl solutions and the 50 mM phosph
buffer solutions were of purity>99.9%. A 50% branched
polyethylenimine (PEI) aqueous solution,Lupasol P, was
obtained from BASF (MW= 750,000 g/mol and manu-
facturer reported ratio of primary, secondary, and tert
amine groups of 1:1:1 as determined by NMR spectrosco
A 5000 g/mol succinimidyl-ester poly(ethylene glyco
derivative (methoxy-PEG-SPA; Mw/Mn = 1.03) was pur-
chased from Nektar (Huntsville, AL).

2.2. Treatment of silica substrates

Silicon wafers utilized for optical reflectometry were ox
dized for 10–20 min in 1000◦C air yielding a∼30 nm oxide
layer. To minimize optical interference, fused silica slid
were utilized for the AFM experiments. Both substra
used in the AFM and optical reflectometry experiment
underwent a rigorous cleaning treatment that consiste
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exposure to concentrated chromerge (5:1 H2SO4:CrH2O4)
(30 min), dilute 6 M HCl solution (30 min), and 10 mM
NaOH (40 min). The silica substrates were then store
water, dried in a filtered N2 jet and ozone-cleaned for 30 m
prior to use (UVO cleaner, Model 42, JeLight, Irvine, CA

2.3. Preparation of PEG–PEI coatings

Clean silica substrates were incubated in 500 ppm
50 mM sodium phosphate buffer, pH 7.0 for 2 h at ro
temperature. The PEI-coated surfaces were then rinsed
tiple times with water to remove any weakly adsorbed
and dried in a filtered N2 stream. For PEI–PEG treatme
substrates were incubated with 2.0% (w/v) methoxy-P
SPA/50 mM sodium phosphate buffer, pH 7.0 for 2 h
37◦C. Glutaraldehyde crosslinking of PEI and PEG coati
was accomplished by incubating the surfaces in 1%
taraldehyde (Sigma–Aldrich), 0.5 mg sodium cyanoboro
dride (Sigma–Aldrich) per 10 ml of solution, 50 mM sodiu
phosphate buffer, pH 7.0 for 12 h at room temperature[9].

2.4. Optical reflectometry

Optical reflectometry was utilized to characterize the s
face coverage of both PEI on silica and PEG on PEI-co
(500 ppm) silica in 50 mM sodium phosphate buffer o
a 2-h adsorption period. The cell was rinsed with water
about 30 min after 2 h to remove any nonadsorbed polym

This optical reflectometry method has been describe
detail elsewhere[35–38]. The technique is based on illum
nating an interface with p-polarized light at a fixed angle
incidence equal to the Brewster angle and recording th
flectivity of the interface. The surface excess concentratio
is approximated from the difference between the reflec
ity (Rp(θB,Γ )) after adsorption and the initial reflectivi
of the bare interface (Rp(θB,0)):

(1)Γ = α
[
Rp(θB,Γ )1/2 − Rp(θB,0)1/2].

In the approximation above, the proportionality constanα

is calculated from a striated interface optical model, us
the oxide layer thickness measured prior to the adsorp
Eq. (1)is valid up to surface excess concentrations of ab
3 mg/m2, which is a suitable upper limit for the adsorpti
of the polymers we use in our studies. The reflectom
instrument consists of a rectangular slit-flow cell with
silicon wafer as the lower face and one face of a fus
silica prism forming the upper wall. A HeNe laser beam
used and for the methoxy-PEG-SPA adsorption studies
flow cell housing is maintained at constant temperature
circulating thermostated water (at 37◦C) through the hous
ing.

2.5. Atomic force microscopy (AFM)

Force measurements were conducted in a Nanoscop
multimode AFM using Si3N4 cantilevers of nominal sprin
-

I

constants between 0.01 and 0.03 N/m (Veeco Metrology
Santa Barbara, CA). For all measurements, the integra
usually available as a probe was modified by attachment
silica microsphere with mean diameter of 5 µm (Bangs L
oratories, Fisher, IN) to the base of the tip using a low visc
ity UV-curing glue (Norland Products, Cranberry, NJ)[39].
Before use, the cantilevers underwent UV-ozone cleanin
35 min. All force measurements were conducted in solut
of either pure water, 0.5 mM NaCl, or 50 mM NaCl. B
tween 100 and 200 force curves were collected at var
positions on the surface and experiments were repeat
confirm the reproducibility of the data obtained.

Details about AFM force measurements are availa
elsewhere[39–42]. We utilize the standard method of ca
ibrating the probe-sample separation by assuming the o
of linear cantilever deflection or “constant compliance
gion” corresponds to zero separation with respect to the
gin of polymer attachment. The constant compliance re
may be reached before the probe makes intimate co
with the surface if the compressed stiffness of polymer
derneath the probe exceeds the compliance of the canti
In this case, the constant-compliance region will occur
distance above the underlying substrate corresponding t
thickness of incompressible polymer (D0), and the calcu
lated separation distance between the probe and the o
of attachment will be in error by a factor ofD0. In recogni-
tion of this, we emphasize that these separation distances,D,
are apparent separations and not absolute separations
respect to the origin of polymer attachment.

Owing to the large number of surfaces studied in this
per, we will adopt the following reference format to defi
the interacting surfaces: (surface 1:surface 2). Here,
face 1 is the planar surface and surface 2 is the sphe
probe. Two types of force measurements were condu
on all the films: (i) force measurements between ident
films that we term “symmetric” and (ii) force measureme
between a polymer-coated planar surface and an unco
silica sphere that we term “asymmetric.” The reported u
of all the force measurements are in terms of a scaled fo
where the force is scaled by the probe radius (F/R).

Height images of the swollen polymer-coated surfa
were also obtained using tapping-mode AFM. For this im
collection, Si3N4 cantilevers with a nominal spring consta
of 0.5 N/m and tip radii of 25–40 nm were utilized. Polym
layer heights were approximated from imaged height dif
ences between the layer and surface defects that were n
or that were promoted by mechanical scratching.

3. Results and discussion

3.1. Adsorption studies

The final adsorbed amounts after a 2-h incubation
riod of three different dilute PEI solutions in the 50 m
phosphate buffer, pH 7.0 is shown inFig. 1a. The amoun
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Fig. 1. (a) Adsorption behavior of PEI in 50 mM phosphate buffer, pH
onto silica. (b) Adsorption behavior of PEG in 50 mM phosphate buf
pH 7.0 onto a preadsorbed PEI (500 ppm) film.

adsorbed increases with the concentration of the PEI bul
solution. At pH 7, we expect about 45% protonation of
amine groups on the PEI[43]. Therefore, we expect in
trasegment and intermolecule electrostatic repulsion to
cur. However, at the high ionic strength of the solution us
this repulsion should be sufficiently screened. The ads
tion isotherm suggests that the surface does not bec
saturated until some critical concentration that occurs c
to 500 ppm. Though scaling theories exist to describe
adsorption of linear strongly charged polyelectrolytes, th
are currently no such theories for the adsorption of weakl
charged, branched polyelectrolytes. Therefore, we ca
accurately estimate the adsorbed layer thickness of the
based on the adsorbed amount data. Instead, we will re
AFM images to obtain an estimate of the layer thicknes
the adsorbed PEI layer obtained from the 500 ppm bulk
solution.

The covalent grafting of PEG to the PEI anchor la
is achieved through ester–amine reaction chemistry—
amine groups are present on the PEI and the PEG is de
tized with a succinimidyl ester functional group. A com
plicating factor is that this reaction depletes the numbe
amine groups on the PEI that caninteract with the silica sur
face. However, because we use PEI of very large molec
weight, we do not believe that this depletion of potential s
I

-

face binding sites is significant enough to greatly affect
interaction of the PEI with the silica or its conformation
the surface.

The final adsorbed amountsΓ of methoxy-PEG-SPA
onto the preadsorbed PEI film (prepared from 500 ppm
solution) achieved after a 2-h incubation period are sho
in Fig. 1band vary from 0.3 mg/m2 at the lowest bulk con
centration to a saturation adsorbed amount of 1 mg/m2 at
the highest bulk concentrations (above 1.0% PEG (w/
These adsorbed amounts correspond to an end-to-end
tances (s = Γ −2) between grafting points that varies fro
5.3 to 2.9 nm. Comparing these values ofs to the estimated
Flory radiusRf (6.1 nm)[44], representative of the size o
the polymer coil in good solvent, we find we can vary t
adsorbed layer conformation through changes in the bulk
sorbing PEG concentration.

The two main conformations for grafted layers are
“mushroom-like” conformation (s � Rf ), in which the
chains maintain a coil-like conformation analogous to th
solution conformation, and a “brush-like” conformati
(s < Rf ) in which the chains extend out into solution. F
our PEG layers, the highest grafting density (smallest
tance between grafting points) obtainable is estimated t
s = 1 nm, under the assumption that the PEG deriva
reacts with all available primary amine groups on the P
(located at the end of the branch points). The manufact
estimates approximately two ethylenimine units betw
branch points. As observed in the experiments, the sm
est end-to-end distance between grafting points attainab
3 nm. The deviation between this value and the ideal end
end distance calculated can beattributed to steric influence
due to the highly branched nature of the PEI. Despite
deviation, we expect that the grafting densityΓ obtained at
these concentrations yields moderately extended PEG c
on the PEI film. From Alexander’s scaling theory for po
mer brushes in good solvent, at saturation the expected
brush thicknessLB is about 10 nm[45]:

(2)LB = Γ 1/3R
5/3
f .

While Eq. (2) assumes anchorage in a plane, these P
chains may be anchored at different depths within the diffus
PEI layer. However, due to the expected flat conformatio
the PEI layer and steric hindrances, we believe that app
mating the PEG anchorage to be planar is not unreason
SinceLB > Rf , this indicates a moderate extension of P
chains from the surface (Fig. 2). Layers of this grafting den
sity are used in the force measurements described lat
they suitably mimic the types of layers used in biosensor
plications.

3.2. Tapping-mode AFM images of surfaces

Tapping-mode AFM images of the 500 ppm PEI fi
show a flat and smooth layer of fairly homogeneous c
erage (Fig. 3a). This smooth and flat coverage was also
served for the 2 and 20 ppm PEI films. There are some s
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Fig. 2. Schematic of proposed conformation of PEI–PEG copolymer
on the silica surface.

empty patches where no PEI adsorbed and from the ste
ference between these areas and the rest of the laye
estimate a film thickness of about 6–7 nm. This agrees
with the film thickness (7–8 nm) obtained by mechanica
scratching the surface with a tip in contact-mode AFM
high loads. Therefore we use this thickness as an estimate
the compressed PEI thickness. We estimate the solution
of the PEI molecules to be around 30 nm based on light s
tering data of PEI polymers[46,47]. The observation that th
layer thickness is much smaller than the characteristic siz
the molecule in solution reinforces the hypothesis that
is adsorbed in an overall flat conformation. The PEG–
films in contrast, are less smooth and consist of globular
mains (Fig. 3b). These domains are typically observed
PEG coatings[18].

3.3. Force measurements on PEI films

Symmetric force measurements at low ionic strength c
ditions were used to quantify the magnitude of charge on
surfaces. These force measurements were first conducte
tween a silica flat and silica probe as a reference and
scaled force as a function of apparent separationD is shown
in Fig. 4. The long-range interaction is attributed to ele
trostatic double layer forces. Theoretical fits based on
algorithm of Chan et al.[48] (constant-charge condition
yield a Debye lengthκ−1 of 54 nm or an ionic strength o
the order of 10−5 M (assuming a 1:1 electrolyte) which
reasonable for the purity of the water used. A fitted surf
potentialφs of −39 mV is obtained (seeTable 1). We assign
a negative sign forφs for the two interacting silica surface
as the surrounding pH (∼5.3) is above silica’s isoelectri
point (pH∼3) [29] and therefore we expect dissociation
the silanol groups on the silica. We assume that the s
microsphere and fused silica surface are chemically ide
cal and neglect a complete DLVO fit to the force curves
to the uncertainty in the value of the Hamaker constan
measurements on the polymer-covered surfaces.

3.3.1. (PEI:PEI)
Symmetric force measurements displayed a larger lo

range interaction than that observed with silica even at
low concentrations of PEI used for adsorption (Fig. 4). Fitted
φs at the interface between the adsorbed polyelectrolyte
-
e

e

-

(a)

(b)

Fig. 3. (a) TM-AFM height image of a PEI film (adsorbed from 500 pp
(b) TM-AFM height image of a PEG film (from 500 ppm PEI, 2.0% (w/
PEG). Both images were taken over a over a 25 µm2 area with a vertica
scale of 20 nm.

the solution for the PEI-coated surfaces adsorbed from 2
and 500 ppm PEI range narrowly from 57 to 61 mV resp
tively with fitted values forκ−1 that yield ionic strength
of the order of 10−5 M (Table 1). This indicates that th
native charge of the silica is reversed at very dilute conc
trations of PEI and supports previous work that showed
very low concentrations of PEI result in a shift in the isoel
tric point (IEP) of the silica to very basic pH due to surfa
complexation reactions[30]. The significant overcompens
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Fig. 4. Force (scaled by probe radius) versus separation for interactin
ica surfaces and interacting PEI layers (PEI:PEI), adsorbed from va
bulk concentrations: bare silica (1), 2 ppm PEI (P), 20 ppm PEI (!),
500 ppm PEI (E) in water. The force curves were fit (solid lines) to calc
lated electrostatic force curves based on the Poisson–Boltzmann eq
using constant-charge boundary conditions[48]. The values of the fit pa
rameters are shown inTable 1. Inset: Scaled force versus separation
interacting PEI layers in 50 mM NaCl.

tion of the substrate charge has been also attributed to
branched state of the PEI molecules that results in a den
amount of charge in the small surface area that the mole
adsorbs to[49]. Although the plane of charge is not well d
fined for these polyelectrolyte adsorbed layers, Claesso
al. have shown that hardly any polyelectrolyte is presen
the diffuse double layer due to a “depletion zone” that
velops outside the surface because of the like charge o
two polyelectrolyte-coated surfaces[33]. Therefore, we will
assume that the PEI chains minimally affect the electrostati
decay length. We further define the plane of charge to
incide with the highly compressed polymer layer thickn
and not the silica substrate. Therefore, the narrow chang
t

surface potential at the various concentrations suggests
the segment density profiles of each compressed adso
layer are not concentration dependent and that all layer
therefore most likely in a relatively flat conformation. How
ever, the deviation in the decay length of the 500 ppm fi
suggests a greater density of tails in this layer.

Not surprisingly, only the force measurements on
2 ppm PEI layer exhibit hysteresis between the approach
retract interaction profiles. For this layer, the retract cur
exhibit a scaled adhesive force of magnitude∼40 µN/m and
consistent jump-out distances of about 15 nm relative to
“constant-compliance region.” This adhesion upon retrac
persists over most of the force curve collection and is m
likely due to bridging of polymer segments during compr
sion to empty patches on the opposing surface[50]. This
adhesion, as expected, is absent at higher PEI bulk con
trations in which both surfaces are more densely covere

Measurements were also conducted in 50 mM NaC
verify the electrostatic origins of the long-range interactio
observed in water and to elucidate the differences in la
structure of the various PEI films. Scaled force versus s
aration curves for the various PEI adsorbed layers in e
trolyte are shown in the inset ofFig. 4. The interactions
remain repulsive but are now significantly shorter-ran
with decay lengths atD < 2 nm ofκ−1 = 2.45 nm (2 ppm
PEI), 1.33 nm (20 ppm PEI), and 1.7 nm (500 ppm PEI)
κ−1 = 2.49 nm (2 ppm PEI), 2.46 nm (20 ppm PEI), a
4.45 nm (500 ppm PEI) atD > 2 nm. The Debye length o
the surrounding mediumκ−1

s is 1.36 nm, therefore repu
sions of larger decay lengths can be attributed to the ad
contribution of polymer steric forces. From these results
is clear that all the adsorbed layers exhibit a steric ba
against compression. This steric barrier remains consta
all separations for 2 ppm PEI indicating a loop-train conf
mation with a high-density of loops and few tails. From t
Table 1
Fitted surface potentials of the various interacting surfaces

Surface 1 Surface 2 Electrolyte
(NaCl)

φ1 (mV) φ2 (mV) κ−1 (nm)

Symmetric measurements
Si Si None −39 −39 54
PEI (2 ppm) PEI (2 ppm) None +57 +57 61
PEI (20 ppm) PEI (20 ppm) None +56 +56 65
PEI (500 ppm) PEI (500 ppm) None +61 +61 81
PEG–PEIa PEG–PEIa None +49 +49 63
Crosslinked PEIa Crosslinked PEIa None +41 +41 45

Asymmetric measurements
Si PEI (500 ppm) None – – 32
Si PEG–PEIa None +15 +55 36
Si Crosslinked PEIa None −40 +62 34
Si Crosslinked PEIa 0.5 mM −40 +7 13
Si Crosslinked PEIa Water reflush after 50 mM −40 +62 19
Si Crosslinked PEGa None −40 +38 34
Si Crosslinked PEGa 0.5 mM −40 +5 12
Si Crosslinked PEGa Water reflush after 50 mM −40 +20 19

a Surfaces were prepared with a preadsorbed PEI (500 ppm) film.
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difference in the fitted decay lengths below and above 2
it appears that increasing theadsorbing PEI concentratio
past 2 ppm results in conformations with a lower density
loops resulting in a negligible steric barrier (κ−1 ≈ κ−1

s ) at
small separations (20 ppm PEI) but with an increasing d
sity of tails which further increases with increased PEI b
concentration (500 ppm PEI). These conformational cha
teristics are well described by the theoretical model ba
on mean-field lattice theory developed by Linse[51]. This
model predicts that a 10-fold increase in bulk polymer v
ume fraction results in adsorbed conformations where
tail lengths almost double and the loop length remains c
stant but with a 20% decrease in the number of loops pre
Additionally, the fraction and length of trains remain u
changed.

Similar to the force measurements in salt-free solut
there was little hysteresis in approach and retract curve
the 20 ppm and 500 ppm PEI surfaces. The magnitud
the scaled adhesive force (∼40 µN/m) and jump-out dis
tances (12–16 nm) observed upon retraction for the 2
PEI surface were comparableto those seen in water. Th
suggests a similarly structured and already compact lay
both conditions. Again, we attribute the origin of this ad
sion to bridging of the segments across the surfaces th
promoted during compression.

3.3.2. (PEI:silica)
Asymmetric force measurements were also collecte

for the 500 ppm PEI film. It is this bulk PEI concentr
tion that is used to form the PEG–PEI graft films and
crosslinked PEI film discussed in the last section. Sin
force curves were collected for the first contact between
probe and sample and a few subsequent contacts, the
approach/retraction cycle of the probe was made contin
(at a rate of 1 Hz) for subsequent force curve collection.
scaled force versus separation for measurements between
silica microsphere and the PEI film with increasing con
is shown inFig. 5.

A long-range repulsion is observed followed by a sh
ranged attraction at small separations that decreases
subsequent contact. The existence of a long-range repu
is surprising and the only reasonable explanation for this
servation (assuming electrostatic origins) is that some
desorbed from the coated surface and fouled the probe
ing charge reversal of the native silica charge. Sidorov
al. [30] have shown that a very low concentration of PEI
sorbed to fused quartz can dramatically shift its isoelec
point to 8, resulting in the reversal of the sign of the surf
charge from negative to positive. Therefore, the interac
between the fouled probe and PEI surface is akin to the
teraction between two surfaces of like charge. Further, w
the scaled force versus separation curves approach con
repulsion (indicating no further transfer), a theoretical
using constant-charge boundary conditions and equivalen
potentials on both surfaces, yields a surface potentia
+27 mV, corroborating some loss of PEI from the sam
.

e

n

-

nt

Fig. 5. (PEI:silica) Scaled force versus separation for an uncoated
crosphere (1) interacting with a PEI-coated slide adsorbed from 500 pp
PEI (2) in water: 1st contact (E), 2nd contact (!), 4th contact (P), 18th
contact (1), 116th contact (+), and 212th contact (−). Inset: Theoretica
fit to the 1st contact curve (solid line) using constant potential boun
conditions (κ−1 = 32 nm;φ1 = 27 mV andφ2 = 60 mV).

surface. Desorption can be traced to two possible sou
(i) the lowering of pH between the adsorbing conditions
the measurement conditions that would result in a decr
in the electrostatic attraction between the silica and P
causing PEI expansion and desorption[9]; and (ii) the des-
orption of PEI molecules due to the drying step. Extens
experiments with PEI films adsorbed and measured a
same pH (5.3) and with nondried PEI films show initial d
orption and subsequent contact-initiated transfer occur
in all cases (not shown). Therefore, it seems that this des
tion of PEI molecules is spontaneous with both desorbed
adsorbed PEI molecules favoring adsorption onto the n
tively charged microsphere. The short-range attraction in
force curves could not be fit to double-layer theory us
constant-potential boundaryconditions (see inset ofFig. 5).
Constant-charge conditions were not used because they
to purely repulsive double-layer forces[52]. We attribute this
short-range attraction to be due to bridging promoted b
patch charge attraction between the surfaces[33,50,53].

The strong attraction between the segments and the
surface is seen in the retract curves, in which very str
scaled adhesive forces are observed (Fig. 6). With subse-
quent contact (at scaled forces between 300 and 500 µ/m
or contact energies reaching 103 kBT and a contact area o
20 nm), more PEI molecules transfer to the probe and
up the empty patches resulting in the disappearance of
the short-ranged attraction on approach and a reductio
the magnitude of the scaled adhesive force upon retra
(Fig. 6). There is also a small but noticeable increase in
magnitude of repulsion observed that likely has both e
trostatic and steric origins. Similar interaction force profi
were observed in surface force apparatus experiments
bare mica surface interacting with a PEI-coated mica
face[33].
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Fig. 6. (PEI, PEG–PEI, xPEI, xPEG–PEI:silica) Scaled adhesive force upo
retraction with increasing number of contacts between the bare probe
500 ppm PEI (1), PEG–PEI graft film (!), crosslinked 500 ppm PEI (E),
and crosslinked PEG–PEI graft film (P) in water.

Fig. 7. (PEG–PEI:PEG–PEI) Scaled force versus separation for two i
acting PEG–PEI graft films prepared from 500 ppm PEI and 2.0% (w
PEG (!) in water. Inset:F/2πR (Derjaguin’s approximation[54]), equiv-
alent to the energy of interaction between the two planar PEG-cov
surfaces in 50 mM NaCl as a function of separation. The solid line
theoretical fit based on (4).

3.4. Force measurements on PEG–PEI graft films

3.4.1. (PEG–PEI:PEG–PEI)
Symmetric force measurements were also conducted

tween PEG–PEI grafted films in water and 50 mM Na
solution to characterize the surface charge and the struc
properties of these surfaces. The interactions in water
played a long-range behavior characteristic of electrostati
double-layer forces (Fig. 7), and the magnitude of the su
face potential obtained from theoretical fits was only sligh
lower than that obtained on the native PEI film (Table 1). The
decrease in the fitted surface potential may be attribute
an increase in the thickness of incompressible polymer
to the additional PEG layer) that shifts the reference p
for zero separation furtheraway from the origin of the PE
surface charge.

In 50 mM NaCl, the interaction forces were dominat
again by steric repulsion as shown in the inset ofFig. 7. The
-

l

curve was fit to an exponential approximation of the mo
developed by Alexander–de Gennes that quantifies the
face pressure felt between two interacting neutral poly
brushes[54]:

(3)
F(D)

R
= 100kT LB

πs3 e−π(D−D0)/LB .

The distance between graft sites (s) was set to 3 nm based o
the optical reflectometry results. Therefore, only the thi
ness of incompressible polymer (D0) and the brush heigh
(LB ) were the adjustable parameters. From the fit,LB =
8 nm andD0 = 18 nm. If we ascribe 6–7 nm ofD0/2 (ob-
tained from AFM imaging) to an incompressible PEI lay
we obtain an uncompressed PEG brush height of about
11 nm, which agrees reasonably well with that predic
from scaling theory[45] based on the adsorbed amount o
tained from optical reflectometry.

For these symmetric measurements between PEG-coat
surfaces, multiple adhesive events were sometimes obs
in retract curves in both the water and salt solutions in
cating bridging of polymer segments between the surfa
Jump-out distances extending beyond the contour leng
the PEG chains (42 nm) were occasionally observed i
cating the additional stretching of PEI anchoring segme
The frequency of adhesion hysteresis in salt was about
and that in water was about 4% of total force curves tak
Since we do not observe adhesion hysteresis in the i
action between PEI-coated surfaces in 50 mM NaCl,
suggests that the driving force for bridging is due to fav
able interactions between PEG and itself and PEG and
segments that only occur once the long-range electros
repulsive barrier is screened. 50 mM NaCl is a good solv
for PEG molecules[55], but it is possible that the solven
quality for the copolymer graft is worsened in 50 mM Na
thereby driving the bridging phenomena.

3.4.2. (PEG–PEI:silica)
When asymmetric force measurements are conducte

tween an uncoated silica sphere and a PEG–PEI-coated
face in water, a long-range repulsion and a short-rang
traction are also observed (Fig. 8). With subsequent contac
the attraction persists contrary to that observed in the as
metric force measurements on the PEI films. The obse
tion of long-ranged repulsion is again indicative of cha
reversal of the silica probe due to desorption of PEI s
ments from the sample with readsorption onto the pro
The scaled force versus separation profile obtained on t
PEG–PEI surfaces can be fit using constant-potential bo
ary conditions with dissimilar but like-charged surface p
tentials (see inset ofFig. 8). This attractive double laye
force for like but unequally charged surfaces is specific to
assumption of constant potential boundary conditions[52,
56,57]. For these boundary conditions, the surface poten
is maintained constant through the adsorption or desorp
of counterions from the surfaces. The attraction at small
tances occurs when there is a reversal in charge of the surfac
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Fig. 8. (PEG–PEI:silica) Scaled force versus separation for an uncoate
crosphere (1) interacting with a PEG-coated slide grafted from 500 ppm P
and 2.0% (w/v) PEG (2) in water: 1st contact (E), 4th contact (!), 27th
contact (P), 67th contact (1), 105th contact (+), and 168th contact (−). In-
set: Theoretical fit (solid line) using constant potential boundary condit
(κ−1 = 36 nm;φ1 = 15 mV andφ2 = 55 mV).

of smaller potential due to induced charge from the sur
of larger potential[57]. Therefore, for the interactions b
tween the bare probe and the PEG–PEI-coated surfa
appears that some initial desorption of PEI or PEI-PEG
occurs (fouling the probe), but the presence of the PEG
the surface reduces further transfer of PEI molecules re
ing in an interaction between two constant potential surfa
Correspondingly, the presence of PEG chains is foun
significantly decrease the adhesive interaction of the
with the uncoated probe as observed through a decrea
the magnitude of the scaled adhesive forceFadh/R on re-
traction on PEG–PEI graft films.Fadh/R is approximately
2400 µN/m for the native PEI film and decreases to ab
80 µN/m for the PEG–PEI graft film (Fig. 6).

3.5. Force measurements on crosslinked surfaces (xPE
and xPEG–PEI)

In an effort to prevent desorption of PEI that causes in
fouling of the probe, the PEI- and PEG-coated surfaces w
crosslinked using glutaraldehyde[9].

3.5.1. (xPEI:silica)
Asymmetric scaled force versus separation curves

the interaction between an uncoated silica sphere a
crosslinked PEI-coated surface are shown inFig. 9. In wa-
ter, the interaction is a long-range attraction that is susta
with subsequent contact. When the solution is change
0.5 mM NaCl, the attraction becomes more short-ran
with the decay of the attraction equivalent (within 10%)
the Debye length expected for this ionic strength (κ−1

s =
13.6 nm). Upon further increase of the electrolyte conc
tration to 50 mM NaCl (κ−1

s = 1.36 nm), the attraction dis
appears and only a short-range steric repulsion remains
becomes significant at separations smaller than 8 nm
inset of Fig. 9). Reflushing the cell with water results
t

n

t

Fig. 9. (xPEI:silica) Scaled force versus separation for an uncoated
crosphere (1) interacting with a glutaraldehyde-crosslinked PEI-coate
slide adsorbed from 500 ppm PEI (2) in water: 36th contact (E), 85th con-
tact (!), 125th contact (P) in water. Solid line is the attempted theoretic
fit using constant potential boundary conditions. Measurements in 0.5
NaCl (−), 50 mM NaCl (inset), and reflush with water (+) are also shown

the immediate renewal of the long-range attraction wit
decay length of 19 nm proving that the origin of the attr
tion is electrostatic and that crosslinking the PEI with g
taraldehyde does indeed prevent any desorption or tra
of the PEI. To further confirm the electrostatic origins of
attraction, symmetric force measurements were condu
between a crosslinked PEI-coated sphere and a crossl
PEI-coated surface (xPEI:xPEI). The result was a long-ra
electrostatic repulsion between the two surfaces as exp
(not shown).

The long-range attractions observed between the
sphere and crosslinked PEI surface can be theoretical
with the assumption of a fixed surface potential for the b
microsphere (φ1 = −40 mV), that is averaged from sever
surface potential fits to interaction forces obtained betw
clean silica surfaces in previous experiments. The resu
fitted surface potential (φ2) is shown inTable 1. We must
emphasize that this fitted potential is for comparative pur
poses only. We recognize that changes in the ionic stre
will result in a decrease in the surface potentials of both
faces.

3.5.2. (xPEI–PEG:silica)
A similar long-range attraction is seen for asymm

ric force measurements between the silica sphere an
crosslinked PEG–PEI-coated surface (Fig. 10). The interac-
tion also follows the same behavior when 0.5 mM NaC
added with an expected decrease in the range of the a
tion. However, with addition of 50 mM NaCl, the intera
tion remains attractive with anonset that is comparable
length to the brush height of the PEG chains (see inse
Fig. 10). This attraction likely stems from the favorable i
teraction energy between the PEG segments and the
probe[58]. Upon reflushing the cell with water, the lon
range attraction reappears. From the fitted surface poten
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Fig. 10. (xPEG–PEI:silica) Scaled force versus separation for an unco
microsphere (1) interacting with a glutaraldehyde-crosslinked PEG-coated
slide grafted from 500 ppm PEI and 2.0% (w/v) PEG (2) in water: 1
contact (E), 35th contact (!), 92nd contact (P) in water. Solid line is the
attempted theoretical fit using constant potential boundary conditions. Me
surements in 0.5 mM NaCl (−), 50 mM NaCl (inset), and reflush with wate
(+) are also shown.

(Table 1), it is interesting to note that the surface potentia
the crosslinked PEG–PEI-coated surface is not comple
regenerated after the water reflush, though the experim
tal Debye length of the interaction is identical to that of
crosslinked PEI-coated surface. This suggests that ther
some counterions introduced with the 50 mM NaCl that
strongly bound to the polymer matrix.

3.5.3. (xPEI:silica, xPEG–PEI:silica)
When probing both the PEI and PEI–PEG crosslin

surfaces with the uncoated silica sphere, the scaled
hesive force on retraction is fairly large and we attrib
this to the strong electrostatic attraction between the op
sitely charged surfaces (Fig. 6). With an increase in ionic
strength, this force (scaled) decreases significantly from
average value of 1600 and 1000 µN/m in water, to 400
and 292 µN/m in 0.1 mM NaCl, and 0 and 40 µN/m in
50 mM NaCl for the crosslinked PEI and PEG surfaces,
spectively. The observed decrease with ionic strength is
to the screening of the electrostatic attraction between th
two surfaces as the ionic strength is increased. Particul
in 50 mM NaCl where the interaction range for electrosta
has been sufficiently screened to<1.5 nm, the scaled forc
appropriately coincides with that observed on the respec
noncrosslinked surfaces.

4. Summary

From our AFM force measurements, we have been
to elucidate some important interfacial properties of P
PEG–PEI, and glutaraldehyde-crosslinked PEI and PE
PEI films. From asymmetric measurements, we have
served both spontaneous and load-induced desorptio
-

e

-

f

adsorbed, uncrosslinked PEI molecules when probed
a bare microsphere. The typical scaled contact forces fo
which transfer was observed were on the order of 400 µN/m.
The presence of PEG chains increases the stability o
coating by preventing load-induced desorption, and redu
the adhesive nature of the native PEI film. However,
complete elimination of initial desorption and progress
transfer can only be achieved using crosslinking modifi
such as glutaraldehyde. This implies that the stability of P
derived coatings is dependenton the number of free amine
present in the molecule and the flexibility of the adsorb
molecule.

From symmetric measurements, we have also chara
ized the surface charge of PEG–PEI films and observed
these films have an excess positive charge arising from
cationic PEI sublayer. This surface charge should be c
sidered in the use of PEG–PEI films at low ionic streng
where the charge may affect the specific binding of prote
and the nonspecific adsorption of contaminants in ap
cations such as biosensors. Under moderate ionic stre
conditions, the electrostatic interactions are screened a
the films exhibit a fairly large steric force that may ass
in the inhibition of protein adsorption in biofouling app
cations. We have additionally observed that the crosslin
PEG–PEI films exhibit a significant steric force against co
pression at these conditions, but often favorable attrac
between the negatively charged probe and PEG segm
dominate the interaction.

In conclusion, this study demonstrates a need to sc
nize PEG–PEI surface preparation methods before im
menting them in various applications. Such scrutiny m
include AFM force measurements of this type.
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