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I. INTRODUCTION

Polymer brushes impart surfaces with a wide range of proper-
ties including biocompatibility and bacterial resistance. These
brushes can be made by grafting synthetic or natural polymers to
surfaces.1�5 In the latter case, chitosan brushes are particularly
attractive to explore because chitosan is pH responsive, swelling
strongly, and has many potential applications. Recently chitosan
has found use in medical and pharmaceutical applications such as
drug delivery, wound dressing materials, tissue scaffolds, and anti-
microbial coating.6�9 Chitosan is a random-copolymer of D-gluco-
samine (GlcN) andN-acetyl-D-glucosamine (GlcNAc) linked by
β-(1,4) glycosidic bonds. Because the GlcN residue contains a
primary amine, the chemical and physical properties of chitosan
can be tuned by varying the percentage of GlcN, the degree of
deacetylation (DDA). For example, at low pH, chitosan is a water-
soluble cationic polyelectrolyte due to its protonated amines; at
higher pH (above ∼6.5), chitosan is uncharged and becomes
insoluble in water.10,11

Although its bulk properties depend on pH (<∼6) and coun-
teranion size,12�15 chitosan has not been fully utilized as a bioma-
terial coating because of its limited solubility near physiological
conditions (pH ∼ 7). Toward that end, chitosan can become
water-soluble at higher pH (above∼6.5) when it is modified with
quaternary ammonium salts, CH-Q,16 because the quaternary
ammonium cation remains positively charged across a wide range
of pH. Whereas its bulk and particle properties are well-known,
chitosan grafted to surfaces (i.e., polymer brush) has received limited
attention. In one study, chitosan was grafted to a poly(ethylene

terephthalate) (PET) substrate whose surface was pretreated by
surface-initiated radical polymerization of acrylic acid. Grafting
was achieved by coupling the amine group of chitosan to the
carboxyl acid on the surface, and attenuated total reflection Fourier
transform IR (ATR-FTIR) and electron spectroscopy for chemi-
cal analysis (ESCA) were used to characterize the surfaces. Relative
to PET alone, the modified surfaces were found to inhibit bacterial
growth.17 Chitosan films have also been prepared by an electro-
deposition method where a high pH adjacent to the cathode
resulted in the deposition of insoluble chitosan.10,11

Polymer brushes are well-known to respond to changes in
temperature, solvent, pH, and ionic strength.18�26 For example,
neutral polymer brushes of poly(N-isopropylacrylamide) respond
to changes in temperature due to a phase transition in water near
32 �C, whereas polystyrene brushes respond by swelling or collap-
sing in good and poor solvents, respectively.19,20 Polyelectrolyte
polymer brushes such as anionic poly(acrylic acid) respond to
changes in ionic strength and pH by undergoing large confor-
mational changes, whereas cationic brushes of [2-(methacrylo-
yloxy)ethyl]trimethylammonium chloride (METAC) respond
to changes in ionic strength and electrolyte environment (e.g.,
NaCl and MgSO4).

21�24 Block copolymer brushes and mixtures
of homopolymer brushes having selective solvent affinities for
each block or homopolymer, respectively, have been studied.25,26
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Recently, polyelectrolyte multilayers were shown to strongly
swell in a reversible manner upon exposure to stimuli such as pH
and ionic strength.27,28 These multilayers have been widely inves-
tigated because their tunable swelling properties can be used to
create stimuli-responsive surfaces and interfaces for controlling
drug release and modulating cell adhesion. Unfortunately, some
applications are limited by the stability of the electrostatic inter-
actions that hold the polycation and polyanion layer together. As
noted in this paper, chemically grafted chitosan brushes are stable
and exhibit reversible, symmetric swelling upon varying pH.

Positively charged macromolecules such as proteins (protegrin,
magainin, indolicidin, and other antimicrobial peptides)29 and
synthetic polymers modified with guanidinium salts,30 phospho-
nium salts,31 and quaternary ammonium salts31�38 have been of
interest for antimicrobial applications. Grafted to surfaces, these
cationic polymer layers are bactericidal because they decrease
bacterial ATP levels and metabolic activity.39 Quaternary ammo-
nium salts have been chemically attached to synthetic polymers
and biopolymers as a means to create coatings with antibacterial
properties.31�38

In this study, chitosanwith quaternary ammoniumsalts, CH-Q, is
grafted to the epoxide derivatized silicon oxide surfaces to create
an antibacterial surface. Zeta-potential measurements show that
the CH-Q surface remains highly positively charged for pH
values ranging from 2.97 to 8.21, as expected for a cationic
polymer. The pH-dependent swelling behavior of this CH-Q
grafted layer is investigated using complementary in situ char-
acterization methods, namely, quartz crystal microbalance with
dissipation (QCM-D)20,23,40�42 and spectroscopic ellipsometry
(SE).27,28,43,44 In situ QCM-D and in situ SE studies show that
immobilized CH-Q is chemically stable over a wide range of pH
values and exhibits reversible swelling and contraction that can be
tuned by varying the pH of the solution. The CH-Q layer has
minimum thickness, ∼30 nm, near pH 5.01. Although the layer
thickness is a minimum near pH 5.01, the water concentration in
the swollen CH-Q is relatively high, 78%. At higher and lower
values of pH, the CH-Q layer thickness increases significantly,
swelling up to∼3� the thickness at pH 5.01. Because the CH-Q
layer is a cationic polymer, the symmetric swelling behavior
around pH 5.0 is unexpected. The CH-Q thicknesses and water
concentrations determined by in situ SE and in situ QCM-D are in
excellent agreement with each other. In an initial test of antibacterial
efficacy, CH-Q surfaces are exposed to Staphylococcal aureus
(S. aureus, ATCC 35556) and found to reduce S. aureus
colonization by a factor of ∼30�, relative to silicon oxide and
amine terminated silicon oxide surfaces.

II. EXPERIMENTAL SECTION

Materials. Chitosan Chitoclear Cg-10 (Mw = 60 kDa and degree of
deacetylation = 87%) was received from Primex ehf., Iceland. N-Type,
(100) oriented silicon wafers (CZ silicon, dopant; Ph, 20�30 Ω resis-
tivity) were purchased from Silicon Quest International. QCM sensor
crystals, an AT-cut piezoelectric quartz crystal (14 mm in diameter and
0.3 mm thickness) coated with a 50 nm thick layer of silicon dioxide,
were purchased from Biolin Scientific, Inc. 3-Glycidoxypropyl-trimeth-
oxysilane (GPTMS, g98%), 3-aminopropyltriethoxysilane (APTES, g
98%), 80 wt % aqueous solution of [(2-(acryloyloxy)ethyl]trimethyl-
ammonium chloride (AETMAC), 5 M sodium chloride solution, tris-
(hydroxylmethyl)aminomethane (TRIS, g99.9%), and anhydrous to-
luene (99.8%) were purchased from the Aldrich Chemical Co. Ultrapure
water (Millipore Direct-Q, 18 MΩ cm resistivity) was used for the

preparation of all solutions. S. aureus (ATCC 35556) was obtained from
PML Microbiologicals, Wilsonville, OR. Brain heart infusion (BHI),
BBL trypticase soy broth (TSB), Bacto agar, and phosphate buffered
saline tablets (PBS) were purchased from Fisher Scientific.
Polymer Synthesis and Characterization. Chitosan with

quaternary ammonium salts, CH-Q (see Figure 1), was prepared by
Michael reaction of chitosan with acryl reagent (AETMAC) in water and
characterized by using 1H NMR experiments according to the literature.16
1HNMR spectra was obtained using a Bruker 360MHz spectrometer in
the department of chemistry at the University of Pennsylvania. The
degree of substitution of the chitosan derivative, DS, was calculated by
using 1HNMR according to the literature.16 For degree of deacetylation
(87%, l = 0.13), 51% of monomers are functionalized with quaternary
ammonium salts (DS =m = 0.51). Data for CH-Q (DS = 0.51):1HNMR
(360MHz, 0.5MDCl in D2O, ppm) 2.06 (s, 0.39 H, NHCOCH3), 2.91
(s, 1.01 H,�CH2�CO2�), 3.13 (s, NMe3), 3.28 (s,H-2 of GlcN), 3.31
(s,H-2 of N-alkylated GlcN), 3.6�4.1 (m, N�CH2� and�CH2�CH2�
of N-alkyl group, H-2 of GlcNAc, H-3,4,5,6 of GlcN and GlcNAc), 4.61
(br, H-1 of GlcNAc), 5.04 (br, H-1 of N-alkylated GlcN).
Surface Preparation and Characterization. Silicon wafers

(35 mm � 15 mm for zeta potential and SE measurements, 30 mm �
25mm for antibacterial experiments) and SiO2-coatedQCMsensor crystals
were cleaned by immersion in piranha solution (3:1 (v:v) H2SO4/30%
H2O2 (Fisher Scientific)), rinsed with ultrapure water (Millipore Direct-
Q, 18 MΩ cm resistivity), dried with N2, and exposed to UV�ozone to
produce an homogeneous hydroxylated surface and to remove impu-
rities. Each silane deposition on silicon oxide surfaces was performed by
immersion of the wafers and crystals into 10% (v/v) 3-glycidoxypropyl-
trimethoxysilane (GPTMS) and 5% (v/v) 3-aminopropyltriethoxysilane
(APTES) in anhydrous toluene at 80 �C for 12 h under N2, respectively.

Figure 1. (top) The chemical structure of water-soluble chitosan
modified with quaternary ammonium salts (CH-Q). CH-Q is “grafted
to” epoxide-derivatized silicon oxide surfaces via the primary amine
functional groups of CH-Q (yellow circle). (bottom) Red ovals repre-
sent the covalent grafting of the primary amine of CH-Q with the
epoxide group. The quaternary ammonium cation and counteranions
(Y�) are denoted as plus and minus, respectively.
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The deposited samples were sonicated in toluene to remove physically
absorbed GPTMS and impurities on the surface.

To immobilize CH-Q on an epoxide-derivatized (GPTMS) silicon
oxide surface, the GPTMS surface was immersed in 2 wt % aqueous
solution (10 mL) of CH-Q (pH 7.8), water was evaporated slowly, and
the CH-Q film was made by direct contact with the GPTMS surface at
60 �C, overnight (∼12 h). The surface was rinsed with the ultrapure
water to remove physically adsorbed CH-Q and other impurities on the
surface. For the surface characterization, the thicknesses of dry substrate
on the surface were measured by using an alpha-SE ellipsometer (J.A.
WoollamCo., Inc., Lincoln, NE) equipped with a wavelength range from
380 to 900 nm (70� angle of incidence). Contact angles were measured
by using a 1 μL sessile drop method.
Flat Surface Zeta Potential Measurement. The zeta-potential

of flat surface samples was measured via a DelsaNano-C (Beckmann
Coulter) instrument by using the flat surface cell. The electrophoretic
mobility of probe particles between a flat surface sample and cell surface
wasmeasured by using electrophoretic light scattering. The zeta potential in
volts (ζ) was calculated by the Smoluchowski equation:

ζ ¼ k
πη

ε
U

whereη is the viscosity of the solution at 25 �C, ε is the dielectric constant of
the solution at 25 �C, and U is the electrophoretic mobility of probe
particles. Eachmeasurementwas the average of 70 individualmeasurements
performed at various positions (10 measurements each in 7 positions). All
measurements were done in at least triplicate. Solution pH was measured
with a dual pH/conductivitymeter (Dever InstrumentCo.USA). Solutions
of 10�3 M TRIS and 10�3 M solutions with probe particles (140 μL, base
frequency∼ 120Hz) were prepared. Solution pHwas regulated by titration
with 1 M NaOH and 1 M HCl.
In Situ QCM-D Measurement. The QCM-D measurement is

based on the resonance frequency change of a vibrating quartz crystal, a
piezoelectric material, whenmass is deposited on it. The depositedmass,
Δm, has a relationship with the frequency change, Δf, according to the
Sauerbrey equation,20,23,40�42

Δm ¼ � C
Δfn
n

where C is the mass sensitivity constant (C = 17.7 ng 3 cm
�2

3Hz
1� for

an AT-cut, 5 MHz crystal) and n is the vibrational mode number (n = 1,
3, 5, ...). In addition, the dissipation change, ΔDn, the loss of energy
stored in a vibration cycle, indicates the physical characteristics of the
deposited layer such as viscosity, elasticity, and so on. IfΔDn is less than
2.0 � 10�6 and the plots of Δfn/n under several modes are super-
imposed, the layer is an elastic film. The physical properties (mass and
thickness) of the elastic layer can be calculated using the Sauerbrey
equation.40,41 On the contrary, if ΔDn is more than 2.0 � 10�6 and the
plots of Δfn/n are not superimposed, the layer is viscoelastic. The physical
properties (thickness, shear modulus, and viscosity) of the viscoelastic layer
can be estimated fitting between the QCM-D experimental data (Δfn/n
(n = 1, 3, 5, ...) and ΔDn) and a Voigt-based viscoelastic model
incorporated in Q-Sense software Q-Tools.20,23,42

An E4 QCM instrument (Q-Sense Inc., Gothenburg, Sweden) was
used to monitor the pH-dependent conformational changes of immo-
bilized CH-Q layer on SiO2-coated QCM sensor crystals. Solution pH
was measured with a dual pH/conductivity meter (Dever Instrument
Co. USA). Solution pH was adjusted by titration with 1 MNaOH and 1
M HCl. All different pH solutions were degassed by sonication. The
liquid medium was pumped by peristaltic pump at a rate of 20 μL/min
through a flow cell with the sensor crystal. The temperature of the
system was controlled to 21 �C.

As a control, we first monitored Δfn/n (n = 3, 5, 7) and ΔDn for the
bare SiO2-coated QCM sensor because changes in the solution

composition can induce changes in frequency and dissipation due to
variations in viscosity and elasticity. When solutions with pH values of
3.25, 5.01, 7.17, and 8.30 were successively introduced,Δfn/n was found
to be constant within (0.5 Hz. ΔDn was also invariant with solution
composition. This shows that upon switching between the different pH
solutions, the observed changes in frequency and dissipation for the
grafted CH-Q layer are attributed to changes in the conformation of the
CH-Q layer as it swells or contracts.
In Situ SE Measurement. According to the literature,27,28,43,44 a

homemade liquid cell was used to measure the swelling of the CH-Q
layer on silicon wafer in different pH solutions (the same pH solutions
used for QCM-D). In situ SE measurements were carried out using an
Alpha-SE ellipsometer. The liquid cell accuracy was verified by measure-
ments of spin-coated polystyrene films according to the literature.27,28

The error in the thickness measurement was determined to be within
(3%.
Swelling Studies. To understand the pH dependent swelling

behavior, the percent swelling was calculated from the dry thickness
and the pH-dependent swollen thicknesses determined by in situ SE and
in situ QCM-D according to the literature.28 The percentage swelling of
the CH-Q layer is defined as

% swelling ¼ Tinsitu � Tdry layer

Tdry layer
� 100

where Tdry layer is the dry thickness of the CH-Q layer and Tin situ is the
CH-Q thickness obtained from in situ methods.
Bacterial Culture and Antibacterial Test. Sterilized APTES,

silicon oxide, and CH-Q surfaces were used to determine the effects of
surface treatment on bacterial adhesion. APTES surface was used as a
reference since the surface is well-known as a favorable surface for
bacteria growth.38 S. aureus was cultured in brain heart infusion (BHI)
broth, 175 rpm, 37 �C, 12�16 h (overnight culture) and diluted to∼1�
104 cfu/mL using a 0.5McFarland standard, a turbidity standard which is
equivalent to 107�108 cfu/mL of S. aureus (PML Microbiologicals,
Wilsonville, OR). APTES, silicon oxide, and CH-Q surfaces were
immersed in the diluted bacterial solution (pH 7.3) at 37 �C for 6 h
with shaking at 100 rpm, immersed in sterilized PBS solution at 37 �C for
20minwith shaking at 100 rpm, air-dried (2min), and incubated under a
thin film of TSB agar (3% agar), 37 �C, 12�16 h (overnight). Surface
colonization was digitally recorded; numbers of colonies were counted
and colony count normalized to an area of 1� 4/3 cm. All experiments
were performed at least three times, with photographs of the experi-
ments analyzed to determine average ((standard deviation) colony counts
per unit area.

III. RESULTS AND DISCUSSION

Immobilization of Chitosan with Quaternary Ammonium
Salt, CH-Q, on Silicon Oxide Surface.CH-Q was prepared by a
Michael reaction of chitosan with an acryl reagent (AETMAC) in
aqueous solution. Using 1H NMR, the monomer fractions of
D-glucosamine (GlcN), N-alkylated D-glucosamine with quaternary
ammonium salts (GlcN-Q), andN-acetyl-D-glucosamine (GlcNAc)
are n = 0.25,m = 0.51, and l = 0.13, respectively (Figure 1). These
monomer fractions are in good agreement with the values from
the literature.16 The solubility of CH-Q was determined in
hydrogen chloride or sodium hydroxide solution across the pH
range 3�9. One of the most interesting observations is that
“bulk” CH-Q is soluble below pH 5 and above pH 6, but for pH
values between pH 5 and 6 CH-Q forms aggregates in solution.
In the following experiments, we have designed grafted CH-Q on
surfaces to take advantage of the reversibility of CH-Q swelling
and contraction during exposure to environments of varying pH.
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The well-known epoxide-amine reaction is used to immobilize
CH-Q on silicon oxide surfaces, including glass microscope slides,
hydroxylated silicon wafers, and silicon oxide coated QCM sensors
(Figure 1). First, silicon oxide surfaces are modified with epoxide
functional groups by reacting trimethoxy silane groups of 3-
glycidoxy-propyltrimethoxysilane (GPTMS) and hydroxyl groups
on silicon oxide surfaces. The thickness values measured by SE
and water contact angles of silicon oxide and GPTMS derivatized
layers (Supporting Information Table S-1) are in reasonable
agreement with literature values.45,46 To graft CH-Q, the primary
amine functional groups from the GlcN units react with the
epoxide groups on the surface, resulting in stable covalent bonds
(Figure 1). The CH-Q grafted layer has a dry thickness of 6.0 nm,
and the water contact angle is∼0 (Supporting Information Table
S-1). These results suggest that CH-Q is chemically grafted to the
GPTMS derivatized surface and the CH-Q grafted layer is
hydrophilic.
The interaction between bacteria and a surface will depend on

the sign and magnitude of the surface charge density. The surface
charge of silicon oxide and CH-Q grafted surfaces was character-
ized by measuring the zeta potential at pH values between 2.97
and 8.21. The zeta potential of silicon oxide is�9( 4 mV at pH
2.97, decreases strongly to �43 ( 3 mV at pH 3.70, and then
decreases weakly to �74 ( 1 mV as pH approaches 8.21
(Supporting Information Figure S-1). This behavior is consistent
with literature reports.47�49 Upon grafting CH-Q via GPTMS to
this oxide, the negatively charged silicon oxide becomes posi-
tively charged due to the addition of quaternary ammonium and
protonated amine cations (Supporting Information Figure S-1).
The conversion from negatively to highly positively charged
surfaces across the pH range provides further evidence that CH-Q
is grafted to the epoxide derivatized silicon oxide surface. The zeta
potential of the CH-Q immobilized surface at pH 8.19 is
+39( 7mV. As pH is reduced to 7.30, the zeta potential increases
to +49 ( 1 mV and then remains relatively constant as pH is
lowered further (i.e., +55( 2 mV in pH 5.55, +51( 3 mV in pH
4.14, and +50( 5 mV in pH 3.01). This pH dependence can be
explained by examining the charge on the ammonium groups.
For all values of pH, the positive charge contributed by stable
quaternary ammonium groups is fixed. At a more acidic pH, the
CH-Q layer exhibits a higher positive charge because primary and
secondary amines of CH-Q become fully protonated; once proto-
nated, a further reduction in pH does not alter the surface charge.
However, at higher pH (pH 8.19), the CH-Q layer is less
positively charged as the pH approaches the pKa of the primary
and secondary ammonium groups (∼11).
In Situ Studies Using QCM-D and SE. CH-Q molecules in

solution form aggregates between pH 5 and 6, but are soluble for
pH values below 5 and above 6. To take advantage of this change
in solubility, CH-Q was grafted to the epoxide derivatized silicon
oxide and observed in situ as a function of pH using QCM-D
measurement. Figure 2a shows the QCM-D results for the im-
mobilized CH-Q layer on the SiO2 coated sensor upon switching
the pH of the solution. For the three modes (n = 3, 5, 7),Δfn/n of
the CH-Q layer exposed to pH 5.01 solution superimposes and
ΔDn exhibits its lowest value, ∼4 � 10�6. This result suggests
that the CH-Q layer exhibits elastic behavior at pH 5.01. Upon
decreasing the pH from 5.01 to 3.25 (arrow 1),Δfn/n (n = 3, 5, 7)
decreases and the curves no longer superimpose, whereas ΔDn

increases. This change means that an increase in water content
within the layer at the reduced pH results in a more swollen and
viscous CH-Q layer. Upon increasing the pH from 3.25 back to

pH 5.01 (arrow 2), Δfn/n (n = 3, 5, 7) and ΔDn return to their
original values. This means that during the pH exposure the mass
of CH-Q grafted layer did not change and the CH-Q layer is
chemically stable. The increase and superposition of Δfn/n (n =
3, 5, 7) and the decrease of ΔDn mean that a decrease in water
content of the layer leads to the original elastic CH-Q layer. For
pH > 5.01, the extent of swelling varied with pH. Upon increasing
the pH from 5.01 to 7.17 (arrow 3),Δfn/n (n = 3, 5, 7) andΔDn

weakly decrease and increase, respectively. In contrast, upon
increasing the pH from 5.01 to 8.30 (arrow 5),Δfn/n (n = 3, 5, 7)
and ΔDn strongly decrease and increase, respectively. Thus, at
pH 8.30, more water penetrates into the CH-Q layer, resulting in
more swollen and viscous layer than at pH 7.17. After every sub-
sequent change in pH (arrows 3, 4, 5, and 6), similar reversible
behavior is observed when the solution pH returns to 5.01. These
studies demonstrate that the immobilized CH-Q layer is chemi-
cally stable over a wide range of pH values and exhibits reversible
swelling and contraction that can be tuned by varying the pH of
the solution. At values above and below pH 5.01, an increase in
water content within the layer results in a more swollen and viscous
CH-Q layer. In contrast, at pH 5.01, the CH-Q layer expels water
and contracts. For end grafted polyanionic brushes, self-consis-
tent mean field (SCF) theory has shown that the outer brush
contains a higher concentration of water than the region adjacent
to the substrate.50 Because QCM-D only responds to the average
film properties, applying SCF theory to our system would provide
further insight into the volume fraction profile of water within
the brush.
Physical properties of the layer such as thickness, shear modulus,

and viscosity can be calculated based on the fit between the Voigt
based-viscoelastic model51 and the QCM-D experimental data.20,41,42

The CH-Q layer thicknesses obtained from the fit (Supporting
Information Figure S-2) between the viscoelastic model and the
experimental data (Δfn/n (n = 3, 5) andΔDn) are plotted versus

Figure 2. (a) Traces of Δfn/n (n = 3, 5, 7) and ΔDn versus time as a
function of sequential changes in solution pH. Arrows 1, 2, 3, 4, 5, and 6
represent the change from pH 5.01 to 3.25, pH 3.25 to 5.01, pH 5.01 to
7.17, pH 7.17 to 5.01, pH 5.01 to 8.30, and pH 8.30 to 5.01, respectively.
(b) Thickness versus time determined from the best fit of the experi-
mental data (c.f. Supporting Information Figure S-2) with the visco-
elastic model.51

http://pubs.acs.org/action/showImage?doi=10.1021/la202616u&iName=master.img-002.jpg&w=150&h=212
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time (as a function of pH) in Figure 2b. At pH 5.01, the thickness
of the CH-Q layer is 30.4 ( 0.21 nm. Upon decreasing the pH
from 5.01 to 3.25 (arrow 1), the layer thickness increases to 48.4(
0.69 nm. Upon increasing pH from 3.25 back to pH 5.01 (arrow
2), the layer thickness returns to the original value of 30.4 (
0.21 nm. After each change in pH (arrows 3, 4, 5, and 6), the same
thickness is recovered as expected for reversible behavior (arrow
1 and 2). At pH 7.17, the CH-Q layer is swollen and the thickness
is 41.8 ( 0.45 nm. When the pH increases from 5.01 to 8.30
(arrow 5), the CH-Q layer is most swollen with a thickness of
84.7( 0.67 nm. These studies demonstrate that the immobilized
CH-Q layer can swell by nearly 3� its original thickness in a
reversible manner. In addition to thickness, the model provides
values of the shear modulus of the CH-Q layer at each pH. This
data is given in Figure S-2 in the Supporting Information.
To complement the QCM-D studies and further understand

the interplay between swelling behavior of CH-Q layer and pH,
the thickness and refractive index of the CH-Q layer were measured
using in situ spectroscopic ellipsometry (SE) at pH values 3.25,
5.01, 7.17, and 8.30. By in situ SE, at pH 5.01, the CH-Q thick-
ness exhibits a minimum value, 36.9 ( 0.3 nm, similar to that
measured with in situ QCM-D (Figure 3a). As pH decreases
from 5.01 to 3.25, the CH-Q thickness markedly increases to
68.6 ( 0.4 nm. Similarly, as pH increases from 5.01 to 7.17, the
CH-Q thickness increases to 47.8 ( 0.3 nm. Upon further
increasing pH to 8.30, the CH-Q layer thickness increases to
its largest value, 79.2 ( 0.5 nm, again similar to that measured
with in situ QCM-D. After each SE measurement (pH 3.25, 7.17,
and 8.30), thematerial at pH 5.01 returns to its original thickness.

This reversible swelling and contraction measured with in situ SE
is consistent with the reversible behavior observed usingQCM-D
(cf. Figure 2). This quantitative agreement suggests that similar
thicknesses are measured for grafted layers both under quiescent
conditions of SE experiments as well as flow conditions in the
QCM-D experiments. Importantly, the effect of pH on the grafted
CH-Q layer is consistent with the solubility behavior previously
noted for CH-Q.
To determine if thickness values, 40�80 nm, measured by

QCM-D and SE are physically reasonable, the dimensions of
CH-Q are estimated frommeasurements of chitosan under acidic
conditions.7,52,53 For a radius of gyration, Rg (nm) = 0.0064Mw

0.55,
Rg of chitosan withMw = 60 kDa is 27.2 nm.5 The large coil size of
chitosan is attributed to its stiff wormlike chain characteristics as
noted by a persistence length of ∼12 nm.52,53 For chitosan with
87% deacetylation, the contour length, lc, is 186 nm. Thus, the
measured thickness values are physically reasonable. For h = 40 nm,
these values indicate that CH-Q is grafted by two to three covalent
bonds to the surface. Note that this calculation does not include con-
tributions from the quaternary ammonium cation and polydispersity.
The water content of the swollen CH-Q layer at each pH

(3.25, 5.01, 7.17, and 8.30) can be calculated from the refractive
index and thickness determined by in situ SE and in situ QCM-D,
respectively. The volume fraction of water, jwater, in the CH-Q
layer can be estimated by the rule of mixtures equation:

jwater ¼
n� nCH

nwater � nCH

where nCH and nwater are the refractive indexes of chitosan and
pure water at 633 nm (1.500 and 1.331, respectively54,55) and n is
the refractive index of the hydrated CH-Q layer at 633 nm. The
volume fraction of water in the CH-Q layer can also be estimated
from the volume of dry CH-Q layer and total volume of the
hydrated CH-Q layer determined from QCM-D. Figure 3b
shows the volume fractions of water in the CH-Q layer at each
pH determined from in situ SE and in situ QCM-D. At pH 5.01,
the water volume fractions exhibit minimum values of 0.781 (
0.006 (n = 1.368( 0.001) and 0.780( 0.002, respectively. This
means that, at pH 5.01, the CH-Q layer is 78% water and 12%
CH-Q. According to QCM-D, the CH-Q layer has its lowest
value of the damping component at this pH and correspondingly
its mechanical properties are dominated by elasticity. As pH de-
creases from 5.01 to 3.25, the water fractions increase to 0.882(
0.005 (n = 1.351 ( 0.001) and 0.861 ( 0.001, respectively. As
pH increases from 5.01 to 7.17, the water fractions also increase
to 0.825 ( 0.006 (n = 1.361 ( 0.001) and 0.840 ( 0.001,
respectively. At pH 8.30, the CH-Q layer absorbs the greatest
amount of water, 0.901( 0.003 (n = 1.348( 0.001) and 0.921(
0.001, respectively. Upon comparison with the QCM-D results
(Figure 2), the CH-Q layer has its highest damping component
at pH 8.30 and correspondingly the swollen CH-Q layer is
dominated by viscous behavior. These studies support the pre-
vious observations of pH dependent swelling of CH-Q.Note that
the water fractions in the CH-Q layer determined by in situ SE
and in situ QCM-D are in excellent agreement. Using both SE
and QCM-D, new insight is gained about CH-Q film behavior
showing that, even at pH5.01, where film thickness is at aminimum,
CH-Q contains a high concentration of water (78%). Further-
more, relatively small changes in water content (e.g., 78�90%)
appear to be sufficient to trigger an order of magnitude reduction
in the shear modulus of CH-Q.

Figure 3. (a) Thickness versus pH from in situ QCM-D and in situ SE.
(b) Infused water fractions in CH-Q layer in each pH solution from
in situ QCM-D and in situ SE.

http://pubs.acs.org/action/showImage?doi=10.1021/la202616u&iName=master.img-003.jpg&w=132&h=301
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To understand the pH dependent swelling behavior, the
percent swelling was determined from the dry thickness and the
pH-dependent swollen thicknesses determined by in situ QCM-
D and in situ SE (Figure 4). At pH 5.01, the percent swelling from
the dry CH-Q layer in aqueous solution is 350% and 450%, re-
spectively. According toQCM-D, although the CH-Q layer exhibits
mainly elastic behavior at pH 5.01, the layer is highly swollen with
water. As pH decreases from 5.01 to 3.25, the swelling increases
to 620% and 920%, respectively. Upon increasing pH from 5.01
to 7.17, the swelling increases to 520% and 610%, respectively.
At pH 8.30, the CH-Q layer is most swollen and the swelling
increases to 1160% and 1080%, respectively. After each measure-
ment of the swollen state, the CH-Q film thickness returned to its
original value after drying. These studies demonstrate that the
CH-Q layer is highly swollen for pH values from 3 to 8.3, swelling
is a minimum at pH 5.01, and swelling is reversible. The thickness
of polyelectrolyte brushes has been shown to depend on pH.5,21

For example, upon increasing the pH from 2 to 10, the thickness
of poly(acrylic acid) brushes increases from 16 to 26 nm. A
general trend for polyanionic brushes is that chains collapse as
pH decreases. Correspondingly, polycationic brushes swell as pH
decreases. Whereas polyanionic and polycationic brushes exhibit
monotonic behavior as pH is reduced, CH-Q brushes display a
symmetric swelling behavior with a minimum thickness near pH 5.
These observations lead to the hypothesis that the swelling

behavior of grafted CH-Q results from intra- and intermolecular
electrostatic repulsion due to quaternary ammonium and proto-
nated amine cations (cf. Figure 1). The counteranion type and its
concentration surrounding the ammonium cations control the
strength of electrostatic repulsion (i.e., screening). For chitosan
solutions below pH 5, the viscosity and solubility were found to
increase as pH decreased, a result attributed to an increase of pro-
tonated amine groups.12�15 At low pH, these studies also showed
that the viscosity and solubility increased as counteranion size
increases. As the concentration of OH� increased above pH 6.0,
we believe that OH� replaces some of the Cl� counteranions
surrounding quaternary ammonium and protonated amine ca-
tions. A similar ion exchange process was used to generate
quaternized copolymer membranes for alkaline fuel cells.56,57

These studies showed that the replacement of Cl� counteranions
with OH� resulted in a higher water uptake by the copolymer
membranes, which was attributed to the higher affinity of OH�

for water. To better understand the mechanism of swelling, QCM
studies of grafted CH-Q will be investigated as a function of qua-
ternary ammonium salt substitution (m in Figure 1), ionic strength,
and counteranion type (Y in Figure 1).

Antibacterial Studies.To determine if CH-Q surfaces exhibit
antibacterial properties, we performed initial studies to test their
resistance to bacterial attachment. Silicon oxide, 3-aminopropyl-
triethoxysilane (APTES) modified silicon oxide and CH-Q
brushes on silicon oxide were incubated with S. aureus (ATCC
35556, ∼104 colony forming units/mL (CFU/mL)) in culture
medium for 6 h at pH 7.3. The pHwasmonitored throughout the
experiment and found to remain at 7.3. The number of adherent
bacteria, visualized by colony formation under a thin film of TSB
agar (Figure 5a�d), decreased on the CH-Q surface, albeit indi-
vidual colony sizewas smaller on theAPTES surface, possibly due to
nutrient deprivation.58 By direct counting, 219 ( 74, 149 ( 77,
and 7( 5 colonies/cm2 of S. aureus were present on the APTES,
SiO2, and CH-Q surfaces, respectively (Figure 5e). Whereas no
significant differences are observed between the silicon oxide and
APTES surfaces, the grafted CH-Q layer exhibits an ∼30�
reduction in bacterial attachment/growth relative to the APTES
surface. Electrostatic interactions alone are unable to account for
this behavior because bothAPTES andCH-Q surfaces are positively
charged and S. aureus is negatively charged.39 The antibacterial
properties of the CH-Q surface can partly result from the dis-
ruption of the bacterial cell membrane due to the quaternary
ammonium salts31�38 tethered to the flexible polymer brush.59

To better understand the antimicrobial activity of the CH-Q layer,
future bacterial adhesion studies will be conducted to investigate
the effects of incubation time, to assess numbers of viable versus
total bacteria, both on the surface and in solution, and to quantify
bacterial adhesion under flow conditions using a parallel plate
flow chamber.

IV. CONCLUSIONS

Chitosan modified with quaternary ammonium salts, CH-Q,
was grafted to an epoxide-derivatized silicon oxide surface. Using
zeta potential measurements, the CH-Q grafted surface displayed
a high positive charge between pH 2.97 and 8.21. In situ QCM-D
and SE studies yielded consistent results showing that grafted
CH-Q is chemically stable over a wide range of pH values and
exhibits reversible swelling and contraction that can be tuned by
varying the pH of the solution. At pH 5.01, the CH-Q layer

Figure 4. Percent swelling of grafted CH-Q determined by in situ
QCM-D and in situ SE at different pH conditions. Figure 5. (a) APTES and (b) CH-Q surfaces were immersed in

bacterial solution (S. aureus in BHI broth, pH 7.3, ∼104 CFU/mL) at
37 �C for 6 h with shaking (100 rpm). Samples were removed from
bacterial solution, immersed in sterilized PBS at 37 �C for 20 min while
shaking at 100 rpm, dried in air for 2min, and incubated under a thin film
of TSB agar at 37 �Covernight. Optical photographs (1 cm� 4/3 cm) of
bacterial colonies on (c) APTES and (d) CH-Q surfaces. (e) Number of
S. aureus colonies grown on APTES, SiO2, and CH-Q surfaces.
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exhibits the least swelling, whereas at higher and lower values of
pH the swelling of the CH-Q layer increases up to∼3� relative
to the thickness at pH 5.01. The thicknesses and water concen-
tration of the grafted layer measured by SE and QCM-D were in
excellent agreement across the pH range. These studies provide
new insight about CH-Q layer behavior because, even at pH 5.01
(i.e., minimum layer thickness), the CH-Q layer contains a high
concentration of water (78%). Furthermore, relatively small
changes in water content (e.g., 78�90%) trigger a large change in
the viscoelastic behavior of the CH-Q layer. This pH dependent
swelling behavior is of interest for initiating drug release and
controlling the channel width of nanofluidic devices as well as
other biological applications. To this end, the ability to resist
bacterial colonization over a 6 h incubation was tested using
S. aureus, a common pathogen in deep infection. The graftedCH-Q
layer showed significantly reduced bacterial colonization when
compared to silicon oxide and APTES modified silicon oxide
surfaces. Future antibacterial studies will investigate the function
of quaternary ammonium salt concentrations in conferring anti-
bacterial properties for a variety of physiologically relevant Gram-
positive and Gram-negative pathogens.
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