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ABSTRACT: Polyelectrolyte multilayer films assembled from a
hydrophobic N-alkylated polyethylenimine and a hydrophilic
polyacrylate were discovered to exhibit strong antifouling, as
well as antimicrobial, activities. Surfaces coated with these layer-
by-layer (LbL) films, which range from 6 to 10 bilayers (up to
45 nm in thickness), adsorbed up to 20 times less protein from
blood plasma than the uncoated controls. The dependence of
the antifouling activity on the nature of the polycation, as well as
on assembly conditions and the number of layers in the LbL
films, was investigated. Changing the hydrophobicity of the
polycation altered the surface composition and the resistance to
protein adsorption of the LbL films. Importantly, this resistance
was greater for coated surfaces with the polyanion on top; for
these films, the average zeta potential pointed to a near neutral
surface charge, thus, presumably minimizing their electrostatic interactions with the protein. The film surface exhibited a large
contact angle hysteresis, indicating a heterogeneous topology likely due to the existence of hydrophobic−hydrophilic regions on
the surface. Scanning electron micrographs of the film surface revealed the existence of nanoscale domains. We hypothesize that
the existence of hydrophobic/hydrophilic nanodomains, as well as surface charge neutrality, contributes to the LbL film’s
resistance to protein adsorption.

Biofouling, an undesired attachment of biomacromolecules (e.g.,
proteins) or organisms (e.g., bacteria, algae, and plants) on wetted
surfaces in an aqueous environment, is a major problem in
biomedical implants,1−3 hospital equipment,4 biosensors,5,6 food
packaging,7 water filtration membranes,8 marine equipment,9 and
diagnostics.10 Protein adsorption on surfaces often reduces the
sensitivity and efficacy of the devices and, especially in biological
implants, creates an environment suitable for bacterial coloniza-
tion, and eventual formation of biofilms.1

The primary causes of implant failures are the adverse foreign
body response (FBR) and implant-related infection. FBR
begins with protein adsorption onto the implant surface, which
triggers an inflammation cascade as a wound healing response
to protect the body from foreign objects; this can eventually
lead to fibrous encapsulation of the implanted device.1,11

Implant-associated infections occur on contact lenses, catheters,
prosthetic devices, and orthopedic implants.3 Current treat-
ments for such infections include surgical replacement of the
infected implant, along with broad-spectrum antibiotic therapy,
thereby incurring additional health care costs.12 This becomes a
particularly serious concern when the infection is caused by an
antibiotic-resistant bacterial strain (e.g., methicillin-resistant
Staphylococcus aureus (MRSA)).2,13 Therefore, if surfaces can

simultaneously resist protein attachment and bacterial colo-
nization, implant failure related to FBR and infections should
be drastically reduced.
Protein adsorption onto a surface is complex and not well

understood; broadly, it can be discussed in terms of adsorption
via two limiting mechanisms, electrostatic interactions and
hydrophobic interactions (although hydrogen bonding and
dipolar interactions also may play a role). Currently, the few
materials that effectively resist protein adsorption from
biological fluids include poly(ethylene glycol) (PEG),14,15

oligo(ethylene glycol) (OEG) self-assembled monolayers
(SAMs),16 zwitter-ionic materials,17 and various hydrophilic
biomacromolecules (e.g., dextran).18,19 Long-chained PEGs are
effective because of entropic and steric repulsive forces aris-
ing when the polymer molecules are compressed by protein
molecules approaching the surface;20−22 however, PEG is
susceptible to oxidative damage and gradually loses its function
in biological media.16,23 OEG SAMs have a tightly bound water
layer repelling protein adsorption.24,25 Similarly, zwitter-ionic
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and other mixed-charge surfaces possess a dense hydration
layer due to water binding around closely packed ionic
groups.18,19,26,27

Surfaces with heterogeneities on a length-scale comparable to
the fouling protein interfere with adsorption.28−32 It has been
proposed that a set of residues on the protein molecule forms
the initial contact with the surface, followed by additional
contacts due to cooperative effects from neighboring residues.32

Hence if a surface can be designed with such molecular-scale
heterogeneities, the initial adsorption event would be disrupted.
Mixed SAMs that undergo curvature-driven phase segregation
on metal nanoparticles, resulting in domains as small as 0.5 nm,
display excellent resistance to protein adsorption;28,33 however,
studies of mixed SAMs adsorbed on flat surfaces with larger
domain sizes (tens of nanometers) show that proteins adsorb
preferentially on the hydrophobic regions.34 Although such
mixed SAMs exhibit superior antifouling capability compared to
either of the respective pure SAMs, their drawbacks are the
need for carefully prepared and limited number of substrates
that can be coated and poor stability (especially upon long-term
exposure to alkaline or acidic media).
In this work, we have assembled thin polyelectrolyte multilayer

(PEM) films by alternating deposition of a hydrophobic
N-alkylated polyethylenimine and a hydrophilic polyacrylate, which
films we showed previously to be highly microbicidal.35 We now
examine the protein adsorption behavior on these PEM films to
shed light on the mechanism responsible for a very low protein
adsorption on these systems. The films are constructed using the
layer-by-layer (LbL) deposition technique,36 in which multivalent
species with complementary functional groups are adsorbed
sequentially onto a substrate. PEM films are simple to fabricate
and can be built on most geometries with molecular-scale control
over thickness and surface properties.36,37 Due to its versatility,
LbL technology has found applications in drug delivery,38−44 as
well as membranes and electrodes for energy applications,45−47

where the ability to prevent protein adsorption and fouling
of surfaces is highly desirable. Previously, we found that the
aforementioned LbL films exhibited broad-spectrum antimicrobial
activity on contact against both Gram positive and Gram negative
bacteria preventing bacterial colonization for at least two weeks,
while also resisting adsorption of certain proteins.35,44 Here, we
mechanistically investigate their antifouling behavior and potential
as a bifunctional antifouling and microbicidal coatings against
blood plasma.

■ MATERIALS AND METHODS
Materials. Poly(2-ethyl-2-oxazoline) (Mw of 500 kDa), 1-bromodo-

decane, iodomethane, 1-bromooctadecane, 1-bromohexane, 1-bromobu-
tane, tert-amyl alcohol, 3 M sodium acetate buffer (NaOAc; pH 5.2),
pepsin, and lysozyme, as well as organic solvents and common buffers,
were from Sigma-Aldrich (St. Louis, MO). Poly(acrylic acid) (PAA; Mw
of 50 kDa) was from Polysciences (Warrington, PA) and phosphate-
buffered saline (PBS; pH 7.4, 137 mM NaCl, 2.7 mM KCl, and 10 mM
Na2HPO4) from Mediatech (Herndon, VA). Silicon wafers (test grade
n-type) were from Silicon Quest (Santa Clara, CA), and quartz crystals
(5 MHz frequency) with gold electrodes were from Tangidyne Corp.
(Greenville, SC). Glass substrates used to build films and standard par-
ticles for flat surface cell zeta measurements were purchased from
Beckman Coulter (Brea, CA), cation-adjusted Mueller Hinton Broth II
(CMHB) and BactoAgar from Difco BD (Franklin Lakes, NJ), and
bovine plasma (IBV-N) from Innovative Research (Novi, MI). All
reagents were used without further purification.
Synthesis of Polymers. Linear N,N-dodecyl,methyl-polyethylen-

imine (DMLPEI; depicted in Figure 1) was synthesized as previously
described.48,49 In short, LPEI was produced by deacylation of 500 kDa

poly(2-ethyl-2-oxazoline);50 the product was dissolved in water,
precipitated with aqueous KOH, filtered, and washed repeatedly
with water. Complete deacylation was confirmed by NMR. The
resulting deprotonated LPEI was alkylated first with 1-bromododecane
(96 h at 95 °C) and then with iodomethane (24 h at 60 °C) to
produce DMLPEI. Syntheses of linear N,N-octadecyl,methyl-PEI
(ODMLPEI), N,N-hexyl-methyl-PEI (HMLPEI), and N,N-butyl-
methyl-PEI (BMLPEI) were similar, except that LPEI was alkylated
with 1-bromooctadecane (96 h at 95 °C), 1-bromohexane (24 h at 95
°C), and 1-bromobutane (24 h at 95 °C), respectively. As for N,N-
dimethyl-PEI (MMLPEI), LPEI was alkylated by the addition of
iodomethane for 24 h at 60 °C.

Preparation of Polyelectrolyte Solutions for Film Deposi-
tion. Solutions of PAA were prepared at 2 mg/mL in 0.1 M NaOAc
and adjusted to pH 3.0, 5.0, or 7.0 with 1 M HCl or 1 M NaOH.
Dipping solutions of DMLPEI and ODMLPEI (both in butanol),
HMLPEI (in ethanol), BMLPEI (in propanol), and MMLPEI (in
water) were prepared at 1 mg/mL. LPEI dipping solution was
prepared at 2 mg/mL in water and adjusted to pH 4.25. All aqueous
solutions were prepared with water from a Milli-Q Plus (Bedford, MA)
at 18.2 MΩ.

LbL Film Assembly. As previously described,35 LbL films were
assembled on silicon substrates using a programmable Carl Zeiss HMS
slide stainer. Substrates were cleaned with methanol and ultrapure water,
dried under N2, plasma-etched in O2 using a Harrick PDC-32 G plasma
cleaner on high radiofrequency for 1 min, and then immediately
immersed into the first polycation solution for at least 10 min. LbL films
with the bilayer architecture of (polycation/polyanion)n were built, where
n is the number of bilayers, the polycation could be any of those
mentioned above, and the polyanion was PAA in most cases. A bilayer
was constructed by depositing a polycation layer, followed by a polyanion
layer; a cascade rinse cycle of three organic solvent rinse baths (1 min,
30 s, and 30 s), followed by three water baths (1 min, 30 s, and 30 s), was
used after deposition of the polycation, and the reverse cycle of rinsewater
then organic solvent after PAA dipping. Films for surface zeta potential
measurements were built using the same protocol, except that glass
substrates were used instead of silicon substrates.

Film characterization. Thickness of the dry LbL films was
measured using a spectroscopic ellipsometer (Woollam M-2000D) at five
different points on each film and averaged over three separate films and
was also verified using the surface profilometer (KLA Tencor P-16).
Roughness measurements of films were generated using a surface
profilometer. The surface roughness and composition heterogeneity of
the films were measured via tapping-mode atomic force microscopy
(AFM) in ambient conditions using a Multimode AFM with an E scanner
(Veeco, Santa Barbara, CA) and a SuperSharpSilicon AFM probe tip
(SSS-NCHR, nominal spring constant = 42 N/m, nominal tip radius < 5
nm, NanoSensors, Neuchatel, Switzerland). Surface roughness of the film
was measured over 1 × 1 μm film area. Scanning electron micrographs
(SEMs) were obtained using a JEOL KSM-6700F at a 250000-fold
magnification.

The advancing and receding contact angles of films were measured
using the “add and remove volume” method with a rame-́hart model
590 goniometer. This method required the addition of the drop
volume (∼5 μL) slowly to the maximum volume permitted without

Figure 1. (A) Structure of N-alkylated PEIs with various alkyl chain
lengths. Throughout this paper, linear N,N-dodecyl,methyl-polyethyl-
enimine is abbreviated as DMLPEI, linear N,N-octadecyl,methyl-
PEI as ODMLPEI, linear N,N-hexyl,methyl-PEI as HMLPEI, linear
N,N-butyl,methyl-PEI as BMLPEI, and linear N,N-dimethyl-PEI as
MMLPEI. (B) Structure of poly(acrylic acid) (PAA).
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increasing the three-phase line; the resulting contact angle is the
advancing angle. Volume was then removed from the maximized drop
volume without reducing the three-phase line; the resultant angle is
the receding angle. The contact angle hysteresis is calculated by
subtracting the receding angle from the advancing angle. Hysteresis
characterizes the surface topology of the film, which can help in
understanding surface heterogeneity. Contact angle was measured on
three different samples.
Surface zeta potential of glass substrate coated with an LbL film was

determined using the Beckman Coulter DelsaNano C instrument with
a flat surface cell. The cell constant of an uncoated glass was
determined in 10 mM NaCl. The stock standard monitor particles
were also diluted 100 times in 10 mM NaCl. The sample coated glass
substrate was then placed in the flat surface cell, standard monitor
particles were injected into the cell, and surface zeta measurement was
performed in triplicate on three different samples.
Adhesive interactions were measured between either the

(DMLPEI/PAA)9.5 or (DMLPEI/PAA)10 film, and the AFM cantilever
end-attached with spherical SiO2 colloids coated with 2 nm Cr and 50 nm
Au (end radius R ∼ 300 nm, nominal spring constant k ∼ 0.06 N/m;
Novascan, Ames, IA). To test the effects of charge on the tip-film
interaction, these colloidal tips were functionalized with either
COOH- or NH2-ended SAMs by a 24-h incubation in 3 mM ethanol
solutions of 11-mercaptoundecanic acid (HS(CH2)10COOH) and
2-aminoethanethiol hydrochloride (HSCH2CH2NH2·HCl; both from
Sigma-Aldrich), respectively. Colloidal force spectroscopy was then
performed by enabling the approach of the functionalized AFM tips
onto the films up to approximately 40 nN maximum compression
force at a constant AFM piezo displacement rate of 1 μm/s in PBS
using a 3D Molecular Force Probe (MFP-3D, Asylum Research, Santa
Barbara, CA). The tips were held at the constant position for a
predefined surface dwell time t before retracting from the film surface
at the same AFM piezo displacement rate of 1 μm/s. The maximum
adhesion force was then measured from each of the retraction force−
distance curves. For each pair of interactions between the film and the
functionalized AFM tip, the measurement was repeated for at least 25
different locations, and adhesion forces corresponding to different
surface dwell times t were investigated at the same locations for 0−30 s.
Statistical analysis was done with Kruskal−Wallis test, p > 0.05.
Quantification of Blood Plasma Adsorption Using Quartz

Crystal Microbalance (QCM). A Masscal G1 (quartz crystal
microbalance) was used for quantification of protein adsorption
onto surface of the LbL film relative to that on an uncoated crystal. A
film was deposited onto 1-inch quartz crystals (5 MHz frequency) with
gold electrodes (Tangidyne, SC). The resonant frequency of the blank
crystal was recorded before and then again after film deposition
(following drying with N2). Both blank and film-coated crystals were
incubated in bovine blood plasma (density of approximately 1025 mg/mL)
at 37 °C for 1 h; the crystals were then rinsed thrice in fresh PBS and
dried with N2. Pepsin and lysozyme were dissolved in PBS (pH 7.4)
to a concentration of 10 mg/mL, and crystals were then incubated

with the respective solution at 37 °C for 1 h. Upon protein adsorption
the oscillatory motion of the crystal declined, and the Sauerbrey
equation was used to relate the change in frequency to mass adsorbed
per unit area (17.7 ng cm−2 Hz1− for 5 MHz crystals).51 Although that
equation (for rigid layer) is not strictly true for adsorption of proteins
due to their viscoelastic properties, it is used as an approximation to
compare relative amounts of protein adsorbed by the blank and film-
coated crystals. The experiments were done in triplicate.

■ RESULTS AND DISCUSSION

Design of Antifouling Films. Some of the LbL films
employed in this study have previously been shown by us to
resist the adsorption of certain proteins, while also preventing
bacterial colonization and biofilm formation.44 Herein, we
examine the mechanism of protein resistance on these surfaces
using whole blood plasma. By exploring this phenomenon as a
function of the number of bilayers, polycation hydrophobicity,
net surface charge, and surface topography, we employ a
quantitative approach to establishing factors affecting protein
adsorption on these surfaces.
The charged multilayer film components are depicted in

Figure 1; the polycations used to build the LbL films (Figure
1A) vary in hydrophobicity due to the length of their N-alkyl
chains in linear PEI (ranging from 1 to 18 carbons). The film
growth behavior for these systems has been reported;35 for
example, the thickness and roughness of a (DMLPEI/PAA)10
built with PAA at pH 3 are 46 ± 5 and 6 ± 4 nm, respectively.

Antifouling Activity. We first investigated the antifouling
behavior of the (DMLPEI/PAA)n films, built with PAA
solution at pH 3 as a function of n for cases in which either
the hydrophobic DMLPEI or the hydrophilic PAA is the
topmost layer. As seen in Figure 2, the resistance to protein
adsorption improved with an increasing number of bilayers;
note that below 5.0 bilayers, the film was in a patchy growth
regime during which the polyion layer does not fully coat the
substrate surface.35 Once the surface was completely coated
with film, we saw a marked drop in the mass of the protein
adsorbed from bovine plasma on the surface compared to that
on an uncoated silicon control (Figure 2A,B).
Overall, much less protein is adsorbed onto the film surfaces

for which PAA was the topmost layer (Figure 2B), 5 ± 2 ng/cm2

on the 10-bilayer film versus 30 ± 6 ng/cm2 on the 9.5-bilayer
film. Surfaces that adsorb less than 5 ng/cm2 of protein are
considered ultralow fouling surfaces.17,52 The uncoated substrate
adsorbed 90 ± 14 ng/cm2 of protein onto its surface under the
same conditions (Figure 2). Contact angles for a water droplet on

Figure 2. Protein adsorption from bovine blood plasma onto surfaces of (DMLPEI/PAA)n with an increasing number of bilayers. PAA solution at
pH 3. (A) Films with DMLPEI as the topmost layer; (B) Films with PAA anion as the topmost layer.
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the 9.5- and 10.0-bilayer films were found to be 96 ± 5° and
85 ± 3°, respectively, indicating that the films with PAA as the
topmost layer are somewhat more hydrophilic (Table 1). This is

presumably because PAA is relatively hydrophilic, while the
N-alkylated PEIs are hydrophobic; however, it is clear that the
polymeric chains for both surfaces are highly interpenetrated,
leading to contact angles that fall between the two extremes of
the neat polymers and yielding only a marginal difference
between the DMLPEI- and PAA-topped surfaces. LbL films in
general are highly interpenetrated; instead of forming well-
stratified layers, they interdigitate. In some multilayer systems,
the interpenetration is extensive enough that the topmost layer
presents segments at the surface from the underlying
polyion.53−55 The topmost layer in the case of these LbL
films would be expected to present a mixture of the
hydrophobic DMLPEI and hydrophilic PAA segments.
In addition, surface zeta potential measurements of the two

films showed that the PAA-topped ones had an essentially
neutral surface charge of −2 ± 2 mV, while the DMLPEI-
topped film had a significant positive surface charge of 40 ± 5
mV (Table 1). It is clear from their negligible surface potential
that the PAA-topped films, which exhibit a highly protein
repellent surface, likely display a mixed-charge surface in which
positively and negatively charged groups are equally present.
Such LbL films displaying a nonreversal of charge with
alternating adsorption have been reported and indicate that
other interactions play a role in film build-up.56,57 When only
the hydrophobic DMLPEI was directly spin-coated onto a
substrate, approximately 40 times more protein adsorption
(220 ± 28 ng/cm2) on the surface relative to the (DMLPEI/
PAA)10 film was observed (Table 1). Therefore, we propose
that the (DMLPEI/PAA)10 film built with the hydrophobic
DMLPEI and hydrophilic PAA possesses molecular to
nanoscale surface heterogeneities, making it unfavorable for
proteins to adsorb; a charge-neutral surface, minimizing
electrostatic attractions between the film and proteins, appears
to play a role too.
We then examined the dependence of the antifouling activity

on the film assembly conditions. As seen in Figure 3A, the
retardation of protein adsorption from plasma was independent of
the pH of the PAA solution in the 3.0 to 7.0 range. Surface zeta
potential measurements of the films revealed a near-neutral surface
charge (Figure 3B), and there was no statistically significant
difference in the average contact angles on the surface of all three
films (Kruskal−Wallis test, p > 0.05): advancing angle = 83 ± 3°,
receding angle = 24 ± 4°, and hysteresis = 59 ± 2°. As mentioned
before, the polycation DMLPEI itself coated on a surface has no
antifouling property; hence, PAA adsorption is necessary to create
a surface that is heterogeneous with hydrophobic/hydrophilic
regions, as well as electrostatically neutral. We have shown

previously that PAA assembled into LbL films at different pH
resulted in films with different antimicrobial activities due to the
need to present the DMLPEI chain segments as denser, less
ionically bound positively charged groups on the surface;35

however, in the case of antifouling activity, the controlling factor
appears to have more to do with film’s surface heterogeneity than
polyelectrolyte chain segment density. The hydrophobic DMLPEI
and hydrophilic PAA, regardless of their surface charge densities,
could still present molecular to nanoscale surface heterogeneities
unfavorable for protein adsorption.
To further investigate the key factors making the LbL film

antifouling, we altered the hydrophobicity of the polycation by
varying its N-alkyl chain length (from 1 to 18 carbons), while
maintaining PAA as the polyanion. As seen in Figure 4A, the
antifouling activity of the LbL films improved with increasing
hydrophobicity of the polycation up to n = 12 leveling off
thereafter. This suggests that a substantial hydrophobicity is
needed to impart the film with optimal antifouling potency,
presumably creating a heterogeneous surface made up of
polymer segments from both the hydrophobic polycation and
hydrophilic PAA. Note that films made with hydrophilic
polycations, LPEI or MMLPEI (n = 1), displayed levels of
protein adsorption comparable to that of an uncoated control.
Films also showed greater contact angle, as well as hysteresis,

with increasing hydrophobicity of the polycation (Figure 4B).
Contact angle hysteresis is a macroscopic indication of the
presence of regions with contrasting surface properties58−60

that could be the hydrophobic and hydrophilic domains
resisting protein adsorption. Surface zeta potential increases
from −35 ± 7 mV for the (LPEI/PAA)10 film to neutral for the
(ODMLPEI/PAA)10 film (Figure 4C). Interestingly, the surface
charge of the 9.5-bilayer film remained positive (approximately
+40 mV) regardless of the polycation’s level of hydrophobicity.
These data indicate that at low hydrophobicity (i.e., with

LPEI and MMLPEI), the films behave similarly to classic LbL
film, where complete charge reversal happens after each dipping
cycle;36,61 as hydrophobicity increases, however, the polycation
starts to play a more prominent role in the film buildup. After
each polycation-dipping step, the polycation adsorbs resulting in a
positive surface charge; in contrast, PAA adsorbs just enough to
neutralize the surface charge without reversing it. Given the
hydrophobic nature of the film surface, we hypothesize that the
driving force for the adsorption of the hydrophilic PAA chains
declines as the underlying surface becomes more hydrophobic.
Also, because these films are highly interpenetrated, the film
surface presents segments of both polymers. Therefore, the next
hydrophobic polycation layer adsorbs via hydrophobic interactions

Table 1. Summary of Mass of Protein Adsorbed from Bovine
Blood Plasma, Surface Charge, and Contact Angle on
Uncoated and LbL-Film-Coated Silicon Substratesa

type of films
adsorbed protein

(ng/cm2)
surface charge

(mV)
contact
angle (°)

uncoated control 90 ± 14 −12 ± 3 0
spin-coated DMLPEI 220 ± 28 55 ± 6 105 ± 6
(DMLPEI/PAA)9.5 30 ± 6 40 ± 5 96 ± 5
(DMLPEI/PAA)10 5 ± 2 −2 ± 2 85 ± 3
aPAA solution at pH 3 was used.

Figure 3. (A) Protein adsorption from bovine blood plasma onto
surfaces of (DMLPEI/PAA)10 films built with PAA at pH 3, 5, and 7;
(B) Surface zeta potential of (DMLPEI/PAA)10 films built with PAA
at pH 3, 5, and 7.
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with some polycation segments already present on the film surface,
thereby driving adsorption until the surface achieves a net positive
charge again;57 this process repeats itself with each dipping cycle.
Typically, self-attraction of the polyion backbone will

generally lead to charge reversal rather than simple charge
compensation.57 In our case, however, reversal does not occur
after the PAA dipping step. The previously reported film
deposition onto a surface without charge reversal56,62,63 shows
that interactions other than electrostatic ones contribute to
the formation of multilayer films. A decline in these attractive
forces for the polyanion serves to neutralize the surface suffi-
ciently for deposition of the next polycation layer. Our findings
also suggest that the PAA-topped film is more effective in
preventing adsorption of protein because its surface is made
up of highly interpenetrated segments of hydrophobic and
hydrophilic polymers; just enough PAA is adsorbed to

neutralize the surface charge, thus minimizing protein
adsorption via electrostatic attractions, while also presenting a
heterogeneous surface consisting of hydrophilic and hydro-
phobic nanostructures.28,30

All protein adsorption experiments reported above were
done with undiluted bovine blood plasma. To determine
whether the charge of the protein plays a role in adsorption
behavior, we conducted experiments with a protein, which was
either positively (lysozyme) or negatively (pepsin) charged at
pH 7.4. As seen in Figure 5, no statistically significant difference

in the extent of their adsorption on the film was detected.
Consistent with our previous observations with plasma, the
DMLPEI-topped film adsorbed much more protein regardless
of its charge than the PAA-topped film (Figure 5). Therefore,
electrostatic interactions are only a minor contributor to the
amount of protein adsorbed on the surface of our film. In fact,
our data indicate that the larger tendency of the DMLPEI-
topped film to adsorb protein is due largely to its more
hydrophobic surface. This is also consistent with the fact that
the spincoated DMLPEI surface adsorbs approximately 7 times
more protein than the DMLPEI-topped film, with only 30%
higher in surface charge (Table 1). DMLPEI as the final
adsorbed polymer creates a surface that consists primarily of the
hydrophobic segments. Positive surface zeta potential after
DMLPEI adsorption shows that enough polycation adsorbs to
reverse the surface charge, whereas during the PAA dipping
step, only enough PAA adsorbed to neutralize the surface.
Thus, the PAA-topped film exhibits superior antifouling activity
because of its relatively hydrophilic surface compared to that of
the DMLPEI-topped film; also, the PAA-topped film surface is
rich in both hydrophobic and hydrophilic polymer segments,
creating a more heterogeneous surface than a DMLPEI-topped
surface, with nanoscale segregation on a length-scale apparently
relevant for preventing protein adsorption.
To simulate the interactions between either a negatively or a

positively charged protein and our two (DMLPEI/PAA)n film
surfaces, a COOH or a NH2 functionalized spherical atomic
force microscopy (AFM) tip was used to perform adhesion
tests using AFM-based colloidal force spectroscopy. In them,
increasing surface dwell time, t, significantly increased the
maximum adhesion forces, Fadhesion, for both films (Figure 6),
presumably because a longer surface dwell time allows greater
interactions (such as van der Waals, electrostatic, and

Figure 4. (A) Mass of protein adsorbed from bovine blood plasma and
(B) contact angle measurement of a 10-bilayer (LPEI/PAA)10 film, as
well as those made with polycations that vary in their N-alkyl chain
length (n = 1 to 18); (C) Surface zeta potential of 9.5- and 10-bilayer
(LPEI/PAA)n and (XMLPEI/PAA)n films.

Figure 5. Protein adsorption on (DMLPEI/PAA)10 and (DMLPEI/
PAA)9.5 films of bovine blood plasma, lysozyme, and pepsin.
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hydrophobic) between the molecules in contact.64 Importantly,
Fadhesion was smaller on the 10-bilayer film than on the
9.5-bilayer film for both types of tips, consistent with the much
smaller extend of protein adsorption on the surface of the
10-bilayer film. However, Fadhesion was significantly larger for both
films with the NH2 functionalized tips than with the COOH
functionalized tips (two-way analysis of variance, p < 0.01).
At the pH 7.4 of our experiments, the NH2 groups of the

amino-functionalized tips and the COOH groups of the
carboxyl functionalized tips should be predominantly proton-
ated and deprotonated, respectively. Because the protein
adhesion was consistently lower on the 10-bilayer film with
both tips, these AFM studies suggested the surface interactions
governed by the hydrophobicity, rather than the charge on the
tips and the films. This conclusion is consistent with our
experimental data showing that a hydrophobic and charged
surface, such as the 9.5-bilayer film, adsorbed more protein than
the net-neutral surfaces, such as the 10-bilayer film. The surface
of the latter could be more heterogeneous, with hydrophobic/
hydrophilic regions presenting dimensional restrictions for
protein adsorption. Our AFM adhesion studies also suggest that

the zwitter-ionic/mixed-charge hydration repulsion hypothesis
does not apply here; during the adhesion experiments, no long-
range repulsion forces due to the existence of a strong hydration
layer was observed (Supporting Information, Figure 1), unlike
with PEG or zwitter-ionic/mixed-charge materials.20,26,27,65 The
contact angles of approximately 80° and 90° for the 10- and
9.5-bilayer films, respectively (Table 1), are much larger than
those for zwitter-ionic surfaces (<20°).26 In fact, the contact
angles for our films are similar to those reported on surfaces that
resist protein adsorption because of the existence of nanoscale
hydrophobic/hydrophilic domains.30

Figure 7 depicts atomic force micrographs (AFMs) and
scanning electron micrographs (SEMs) of the surfaces of the
9.5- and 10- bilayer (DMLPEI/PAA)n films. The surface
morphology of the 9.5-bilayer film (Rq = 2.0 ± 0.2 nm) is much
smoother than that of the 10-bilayer film (Rq = 9.6 ± 1.6 nm),
with more of a flat layer of the polycation on the surface and
less interpenetration of the two polymers (Figure 7D−F), in
agreement with the highly positive surface charge of the
9.5-bilayer film (Table 1). The phase AFM (Figure 7B) of the
10-bilayer film shows some phase shift contrast, suggesting a

Figure 6. AFM adhesion tests: (A) COOH-functionalized nanocolloidal tip and (B) NH2-functionalized nanocolloidal tip on surfaces of (DMLPEI/
PAA)9.5 and (DMLPEI/PAA)10 films. Both sets of data point to stronger adhesion on the DMLPEI-topped (DMLPEI/PAA)9.5 film, with the overall
stronger adhesion with the NH2-functionalized tip.

Figure 7. AFMs of (DMLPEI/PAA)10 (A, B) and (DMLPEI/PAA)9.5 (D, E) films. SEMs of (DMLPEI/PAA)10 (C) and (DMLPEI/PAA)9.5 (F);
scale bar = 50 nm. A and D are height (color bar = 50 nm) and B and E are phase (color bar = 50°) images.
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smaller-scale segregation; indeed, higher-resolution SEM of the
film on the surfaces of the larger grains (Figure 7C) shows
smaller domain sizes that are on the order of 5−10 nm. These
AFMs and SEMs suggest some nanoscale segregation of
hydrophobic/hydrophilic domains on the (DMLPEI/PAA)10
film surface, thereby preventing protein from adsorbing onto
the surface, in agreement with previously reported results.28−30

It is noted that these domain sizes as observed in AFM and
SEM are larger than the 0.5 nm domains reported by Stellacci28

and of similar order to those reported recently by Gleason and
co-workers.30 It is possible that finer scale domains may also
exist, though they are not readily resolved in these studies. The
domains are highly diminished on adsorption of the polycation
layer, which exhibits much lower resistance to protein
adsorption.

■ CONCLUSIONS
The ability of the LbL films investigated herein to resist protein
adsorption (and previously reported long-term biofilm
formation) suggests their potential use as antifouling coatings
for applications ranging from water purification membranes to
biomedical implants. We demonstrate that the surface topology
of the films could be engineered by carefully choosing their
components and that a net neutral charge and fine hydro-
phobic/hydrophilic regions on the surface of the films is
needed to create molecular-level heterogeneities unfavorable to
protein adsorption. We hypothesize that, due to the contrasting
nature of the polyelectrolytes making up the films, nanoscale
segregation of the polymer segments into hydrophobic and
hydrophilic moieties that exhibit a net-neutral, mixed charge
occurs on the surface, thus, creating an unfavorable environ-
ment for protein adsorption.
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