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ABSTRACT: To understand interactions between polymer surfaces
and different functional groups in proteins, interaction forces were
quantitatively evaluated by force-versus-distance curve measurements
using atomic force microscopy with a functional-group-functionalized
cantilever. Various polymer brush surfaces were systematically prepared A P
by surface-initiated atom transfer radical polymerization as well-defined
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model surfaces to understand protein adsorption behavior. The polymer ' v

brush layers consisted of phosphorylcholine groups (zwitterionic/
hydrophilic), trimethylammonium groups (cationic/hydrophilic), sulfo- $33333333333333333s33

nate groups (anionic/hydrophilic), hydroxyl groups (nonionic/hydro-
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philic), and n-butyl groups (nonionic/hydrophobic) in their side chains.

The interaction forces between these polymer brush surfaces and different functional groups (carboxyl groups, amino groups, and
methyl groups, which are typical functional groups existing in proteins) were quantitatively evaluated by force-versus-distance
curve measurements using atomic force microscopy with a functional-group-functionalized cantilever. Furthermore, the amount
of adsorbed protein on the polymer brush surfaces was quantified by surface plasmon resonance using albumin with a negative
net charge and lysozyme with a positive net charge under physiological conditions. The amount of proteins adsorbed on the
polymer brush surfaces corresponded to the interaction forces generated between the functional groups on the cantilever and the
polymer brush surfaces. The weakest interaction force and least amount of protein adsorbed were observed in the case of the
polymer brush surface with phosphorylcholine groups in the side chain. On the other hand, positive and negative surfaces
generated strong forces against the oppositely charged functional groups. In addition, they showed significant adsorption with
albumin and lysozyme, respectively. These results indicated that the interaction force at the functional group level might be a

suitable parameter for understanding protein adsorption.

1. INTRODUCTION

Protein adsorption on the material surfaces is well-known as an
initial and important event that determines subsequent
biological responses.”” In particular, unfavorable protein
adsorption on the surface of biomedical devices may cause
several serious biological problems (for example, thrombus
formation, immunoreactions, and inflammatory response).
Moreover, the performance of biomedical devices decreases
significantly because of the protein adsorption layer on the
devices. Therefore, protein adsorption behavior should be
precisely understood and carefully considered during the
development of biomedical devices that are to be used in
biological environments for long periods. During the last 40
years, many studies have been carried out to understand protein
adsorption behavior on surfaces: however, the process still
remains considerably unclear. Protein adsorption occurs in a
very complex way through the various intermolecular and
surface forces generated between material surfaces and proteins.
Interactions are induced by van der Waals forces, electrostatic
interactions, hydrophobic interactions, and hydrogen bonding.’
By measuring and evaluating these forces, we will be able to
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gain a better understanding of protein adsorption on a material
surface.

Recently, force measurement methodology using atomic
force microscopy (AFM) has developed as a powerful tool to
directly measure the interaction force between two surfaces in
the range of a few nanonewtons.*”** In biomedical research
fields, the quantification of the direct interaction force between
biomolecules immobilized on surfaces and AFM probes, such as
antigen—antibody and ligand—receptor, has been accom-
plished.>™® The direct molecular interaction force between
proteins and material surfaces has also been evaluated for self-
assembled monolayers, polymer-grafted surfaces, and dense
polymer brush surfaces.”™"* These interaction forces are
considered to originate from interactions between various
functional groups existing in proteins and those exposed on
material surfaces. Proteins are polypeptides composed of
various amino acid residues having specific functional groups
in the side chain. In general, hydrophilic functional groups are
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natively exposed on the surface of proteins in aqueous media.
However, with protein adsorption onto material surfaces, the
conformation of the adsorbed proteins changes because of the
direct interaction with the surface, which leads to irreversible
adsorption. These 1phenomena have been theoretically ex-
plained by Lu et al. S Therefore, a quantitative analysis of the
interaction force at the functional group level on the surfaces
would provide the basis for understanding protein adsorption.
Carboxyl groups, amino groups, and methyl groups are the
representative functional groups that are present in the amino
acid residues of proteins and are anionic (hydrophilic), cationic
(hydrophilic), and hydrophobic in nature, respectively. There-
fore, the interaction forces using these functional groups will
mainly give an indication of electrostatic and hydrophobic
interactions.

To consider protein adsorption behavior in terms of the
interaction forces operating on material surfaces at the level of
molecular chains, a well-characterized surface possessing precise
surface structure and controlled surface properties must be
prepared as a model surface. Surface-initiated atom transfer
radical polymerization (SI-ATRP) to obtain polymer brush
structures has gathered a great deal of attention because it is a
versatile and robust method for preparing well-defined
structures on a substrate."®'” A polymer brush surface enables
a more accurate regulation of alignment and state of the
molecular chains, compared to the surfaces prepared by
conventional methods such as polymer-coating. In addition,
its physicochemical surface properties such as surface free
energy and surface potential can be controlled easily by the
chemical structure of the monomer unit and its three-
dimensional structure. It is well-known that the amount of
protein adsorbed on a surface is supgressed significantly in
some types of polymer brush surfaces.'® >* This demonstrates
the importance of a model surface for the accurate under-
standing of the relationship between protein adsorption
behavior and interaction forces. Furthermore, analyses on
systematically constructed polymer brush surfaces will lead to
new design concepts for novel biointerfaces that suppress
protein adsorption effectively.

2. EXPERIMENTAL SECTION

2.1. Materials. 2-Methacryloyloxyethyl phosphorylcholine (MPC)
was purchased from NOF Corp. (Tokyo, Japan), which was
synthesized and purified according to a previously reported method.>®
2-Trimethylammoniumethyl methacrylate chloride (TMAEMA) and
potassium 3-methacryloyloxypropyl sulfonate (SPMA) were purchased
from Tokyo Chemical Industry Company, Ltd. (Tokyo, Japan) and
used as received. Ethyl-2-bromoisobutyrate (EBIB), 4,4’-dinonyl-2,2’-
bipyridyl (DNbpy), and 2-hydroxyethyl methacrylate (HEMA) were
purchased from Sigma-Aldrich Company (St. Louis, MO) and used as
received. n-Butyl methacrylate (BMA) was purchased from Kanto
Chemical Company, Inc. (Tokyo, Japan) and used as received.
Copper(I) bromide (CuBr) and 2,2'-bipyridyl (bpy) were purchased
from Wako Pure Chemical Industries Ltd. (Osaka, Japan) and used as
received. Albumin from bovine serum (Alb) and lysozyme from
chicken egg white (Lys) were purchased from Sigma-Aldrich
Company (St. Louis, MO) and used as received. All other reagents
and solvents of extra-pure grade were commercially available and were
used as purchased. Silicon wafers were purchased from Furuuchi
Chemical Corp. (Tokyo, Japan); their surfaces were coated with ~10-
nm-thick SiO, layers. High-purity grade oxygen and argon gases were
used.

2.2. Preparation of Polymer Brush Surfaces. Polymer brush
surfaces were prepared on the initiator-immobilized substrates by SI-
ATRP, using one of the monomers from MPC, TMAEMA, SPMA,

HEMA, and BMA, according to a previously reported procedure
(Figure 1).”” Briefly, a surface-immobilizing initiator [10-(2-bromo-2-
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Figure 1. Chemical structure of polymer brush layers.

methyl)propionyloxy]decyltrichlorosilane (BrC10TCS) was synthe-
sized and immobilized on the silicon wafers, as previously described.?®
CuBr, bpy, and the monomer in a particular molar ratio were dissolved
in the degassed solvents in a glass tube. The following solvents were
used: methanol for MPC and HEMA at monomer concentrations of
1.0 mol/L, a mixture of methanol and water (70:30 by volume) for
TMAEMA at a monomer concentration of 1.0 mol/L, a mixture of
methanol and water (50:50 by volume) for SPMA at a monomer
concentration of 0.50 mol/L, and a mixture of methanol and 1,4-
dioxane (20:80 by volume) for BMA at a monomer concentration of
2.0 mol/L. Potassium chloride of the same concentration as SPMA
(0.50 mol/L) was added to the SPMA solution to enhance the
solubility of SPMA in an aqueous medium. DNbpy was used as the
ligand instead of bpy in the case of polymerization of BMA. Argon was
bubbled into the monomer solution at room temperature for 10 min.
The BrC10TCS-immobilized substrate was then immersed into the
solution, and EBIB was simultaneously added as the free initiator at a
defined concentration. After the glass tube was sealed, polymerization
was performed at room temperature with stirring. After 24 h, the
substrate was removed from the polymerization solution, rinsed with
appropriate solvents for each polymer, methanol for poly(MPC),
poly(TMAEMA), and poly(HEMA); water for poly(SPMA); and
acetone for poly(BMA), and then dried in a nitrogen stream. The
expected degree of polymerization (DP, [monomer]/[initiator] ratio
in feed) was set at 25, 50, 100, and 200.

The conversion of monomer to polymer was determined by proton
nuclear magnetic resonance spectroscopy (‘H NMR) (a-300; JEOL,
Tokyo, Japan). The following deuterated solvents were used:
methanol-d, for poly(MPC), poly(TMAEMA), and poly(HEMA);
deuterium oxide for poly(SPMA); and chloroform-d for poly(BMA).

2.3. Surface Characterization. The composition of surface
elements was determined using X-ray photoelectron spectroscopy
(XPS) (AXIS-His; Shimadzu Company, Kyoto, Japan) with a
magnesium anode nonmonochromatic source. The samples were
completely dried in vacuo before the measurement. High-resolution
scans for Cyy Ny Py, Sy, and Bryy were acquired at a takeoff angle of
90° for the photoelectrons. The binding energies were referred to the
C, peak at 285.0 eV. The XPS spectra of polymer brush surfaces are
shown in Figure S1 of the Supporting Information.

The surface morphologies of the polymer brush surfaces under dry
conditions were observed with an AFM (Nanoscope IIIa; Bruker AXS
K.K., Kanagawa, Japan) operated in tapping mode. The measurements
were performed using a commercially available cantilever (RTESP
with a reported spring constant of 20—80 N/m, Bruker AXS K.K.) at a
scan rate of 1.0 Hz with a scan size of 1.0 X 1.0 #m. The root-mean-
square (RMS) values of the surface roughness were calculated from
the roughness profiles. The height images of the polymer brush
surfaces are shown in Figure S2 of the Supporting Information.
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Figure 2. Schematic of the measurement of the interaction force between functional groups and polymer brush surfaces.

The thickness of the polymer brush layers was determined under
dry conditions using a spectroscopic ellipsometer (a-SE; J.A. Woolam,
Lincoln, NE). The BrC10TCS-immobilized substrate and each
polymer brush layer were measured at an incident angle of 70° in
the visible region. The thickness of the polymer brush layer was
determined using the Cauchy layer model with an assumed refractive
index of 1.49 at 632.8 nm. The graft density, ¢ (chains/nm?), was
calculated from the ellipsometric thickness determined for each
polymer brush layer by using the following equation:

o = hpN,/M,

where h is the ellipsometric thickness (nm), p is the density of each
dry polymer [1.30 g/cm® for poly(MPC),"® poly(TMAEMA), and
poly(SPMA), and 1.15 g/cm?® for poly(HEMA)** and poly(BMA)],
N, is Avogadro’s number, and M, is the number-average molecular
weight of polymer chains on the surface, which was assumed to be the
same as the number-average molecular weight of each polymer in the
polymerization solution, estimated from the degree of polymerization
determined using the 'H NMR spectrum of each free polymer.”*>°

The static contact angles in an aqueous medium were measured by
captive bubble methods using a goniometer (CA-W; Kyowa Interface
Science Company Ltd., Saitama, Japan) at room temperature. The
samples were immersed in water for 24 h before the measurement. Air
bubbles of a 5.0 pL volume were brought in contact with the
substrates. All contact angles were directly measured from the
photographic images. Data were collected at more than three positions
for each sample.

The {-potential at the surface was measured by the streaming
potential measurement method in a 10 mmol/L sodium chloride
solution using a measurement unit (ELS-8000; Otsuka Electronics,
Company, Ltd., Osaka, Japan) with an ancillary flat plate cell (10 X 30
X 60 mm) coated with poly(acrylamide) at 25 °C. Polystyrene latex
particles (520 nm in diameter, Otsuka Electronics) coated with
hydroxypropyl cellulose (M,, = 300 kDa, Scientific Polymer Products,
NY) were used as the mobility-monitoring particles. All measurements
were repeated at least three times.

2.4. Measurement of the Interaction Force with Functional
Groups. The interaction force between the functional groups and the
polymer brush surfaces in phosphate-buffered saline (PBS; pH 7.4,
ionic strength = 150 mmol/L) was estimated by force-versus-distance
(f~d) curve measurements using AFM. A silica bead with a diameter
of 20 ym (Duke Scientific Company, Palo Alto, CA) was manually
immobilized at the end of a commercial, probeless cantilever (NP-O
with reported spring constant of 0.06 N/m, Bruker AXS KK.),
according to a previously reported procedure.*’ Using optical
microscopy, we confirmed that the silica bead was successfully
immobilized on the cantilever. Then, 3-nm-thick chromium and
subsequently 27-nm-thick gold films were sputtered onto the silica-
bead-immobilized cantilever. The gold-sputtered cantilever was then
immersed in a 1.0 mmol/L solution of 10-carboxy-1-decanethiol, 11-
amino-1-undecanethiol, or 1-dodecanethiol in ethanol for 24 h to form
a carboxyl group, amino group, or methyl group-terminated self-
assembled monolayers (COOH—SAM, NH,—SAM, or CH,—SAM)
on the silica-bead-immobilized cantilever, respectively.

The interaction force between the self-assembled monolayers on the
silica bead-immobilized cantilever and polymer brush layers with target

DP of 100 in PBS was evaluated from the approaching and retracting
trace of the f—d curve at room temperature, as shown in Figure 2. The
shift value of deflection in the retract trace of the f—d curves from the
bottom of the retrace line corresponds to the interaction force. In each
measurement, more than 100 of the approaching/retracting f—d curves
were collected, and the average value was defined as the interaction
force between functional groups and substrates. All measurements
were performed for at least three polymer brush substrates using the
same cantilever.

2.5. Evaluation of Protein Adsorption Mass. The adsorbed
amount of proteins on the polymer brush surfaces was quantified with
surface plasmon resonance (SPR) (SPR-670M; Moritex Company,
Tokyo, Japan).>* The proteins used in this study were Alb (Isoelectric
point: pI = 4.8) and Lys (pI = 1L.1).

We prepared the polymer brush layers with the target DP of 100 on
SPR gold-chips using the method described above, and 11-(2-bromo-
2-methylpropyonyloxy)undecyl mercaptan (BUM) was used as the
initiator capable of binding to the thin gold layer on the substrate.*®
The SPR substrates were first exposed to PBS at a flow rate of 500 uL/
min, until a stable baseline was established. Thereafter, a 1.0 mg/mL
PBS solution of proteins was injected for 30 min, followed by PBS for
an additional 10 min to replace protein solution and to wash off the
weakly adsorbed proteins from the surface. The change in the
resonance angle was used to estimate the amount of adsorbed proteins
using the following relationship:** Amount of adsorbed proteins
(nanogram per squared centimeter) = SO0 X increase of resonance
angle (degrees). All the measurements were performed at 37 °C and
repeated at least three times.

3. RESULTS AND DISCUSSION

3.1. Surface Characterization of Polymer Brush
Surfaces. In this study, five kinds of polymer brush layers,
poly(MPC), poly(TMAEMA), poly(SPMA), poly(HEMA),
and poly(BMA), were prepared on the BrC10TCS-immobilized
substrate using SI-ATRP with a free initiator. The surface
elements and the surface topology of the polymer brush
surfaces were analyzed using XPS and AFM, respectively,
according to a previously reported method.”” We detected the
peaks attributed to each monomer unit in the XPS charts
(Figure S1 of the Supporting Information). Thus, XPS analysis
confirmed the identity of the monomer elements of each
polymer chain on the surface of the silicon wafers. The RMS
values of the surface roughness analyzed by AFM in dry
conditions were comparable to previously reported values,
thereby indicating that the polymer brush layers prepared in
this study were homogeneous (Figure S2 of the Supporting
Information).

The ellipsometric thickness of the polymer brush layers
under dry conditions were plotted against the molecular
weights of the polymer chains (Figure S3 of the Supporting
Information), demonstrating that the thickness of the polymer
brush layers could be linearly controlled in the range of 1-25
nm by changing the molecular weight of the grafted polymer
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chains. The calculated graft densities of all polymer chains were
greater than 0.10 chains/nm? which indicates the formation of
highly dense polymer brush structures (Table 1).'¢ To

Table 1. Graft Density, Cross-Sectional Area, and Surface
Coverage of Polymer Brush Layers

aft densitz’ cross-sectional surface
polymer ghams/nm ) area (nm?) coverage (%)
Poly(MPC) 033 LS 49
Poly(TMAEMA) 045 i | 48
Poly(SPMA) 0.55 13 70
Poly(HEMA) 0.66 075 49
Poly(BMA) 075 0.82 61

characterize the structure of the polymer brush surfaces, the
coverage of the polymer brush layers with each polymer chain
was evaluated from the value of the graft density and the
monomer cross-sectional area, which was calculated from the
basic properties of each monomer moiety and the length of the
C—C—C bond (i.e, 0.25 nm). The space among the polymer
chains calculated from the graft density and the cross-sectional
area of the grafted polymer chain for each polymer brush layer
was sufficiently narrow compared to the size of proteins used in
this study (Alb: 14.0 X 4.0 X 4.0 nm; Lys: 4.5 X 3.0 X 3.0 nm).
Therefore, the primary adsorption, in which a protein diffuses
into the polymer brush layer and directly adsorbs on the
substrate, and the tertiary adsorption, in which a protein
interacts with the polymer chains within the polymer brush
layer are negligible.***® Model surfaces which simplify the
discussion from the aspect of the structure were constructed.
We measured the static air bubble contact angles in an
aqueous medium at the polymer brush surfaces and plotted
them against the ellipsometric thickness of the polymer brush
layers (Figure 3). The static air bubble contact angle in aqueous
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Figure 3. Static contact angles in water of the BrC10TCS-immobilized
substrate and polymer brush surfaces.

conditions for the BrCl0TCS-immobilized silicon substrate
was approximately 80°. The static air bubble contact angles for
the polymer brush surfaces were lower than that of the
BrC10TCS-immobilized substrate, even for thin polymer brush
layers, except for the poly(BMA) brush surface, in which the
static air bubble contact angle was as high as the BrC10TCS-
immobilized substrate. From these results, it can be seen that
hydrophilic polymer brush surfaces [except for the poly(BMA)
brush surface] in aqueous conditions were prepared, and that

hydrophobic interactions would be negligible on these surfaces
[except for the poly(BMA) brush surface].

We measured the {-potential of the polymer brush layers in a
10 mmol/L sodium chloride solution (Figure 4). The (-
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Figure 4. {-Potential of polymer brush surfaces in 10 mmol/L NaCl
aqueous solution.

potentials of the zwitterionic poly(MPC) brush layer and
hydrophilic poly(HEMA) brush layers were almost zero (—5.9
mV and —8.8 mV, respectively). On the other hand, the ¢-
potential of the cationic poly(TMAEMA) brush layer had a
large positive value (64.9 mV) and that of the anionic
poly(SPMA) brush layer had a large negative value (—74.0
mV). The {-potential of the hydrophobic poly(BMA) brush
layer was negative (—37.2 mV), which is typically observed at
hydrophobic surfaces such as polyethylene, polytetrafluoro-
ethylene, and poly(methyl methacrylate)***” and caused by
adsorbed electrolyte ions. From these results, the surface
potential was successfully controlled by the chemical structure
of the monomer unit. In particular, on the poly(TMAEMA),
poly(SPMA), and poly(BMA) brush surfaces, forces derived
from electrostatic interactions are expected, and on the
poly(MPC) and poly(HEMA) brush surfaces, electrostatic
forces are considered to be negligible. Although we must keep
in mind that these results are obtained in a 10 mmol/L sodium
chloride solution, it will, nevertheless, be easier to discuss
electrostatic interaction on these surfaces.

3.2. Interaction Force with Functional Groups on
Polymer Brush Surfaces. The interaction force with different
functional groups was evaluated by the f—d curve measurement
with AFM.

Figure S shows the interaction force measured using a
cantilever modified by a COOH—SAM, NH,—SAM, or CH;—
SAM against each polymer brush surface. The zwitterionic
poly(MPC) and the hydrophilic poly(HEMA) brush surfaces
hardly interacted with any functional group, which corroborates
the results that these surfaces are hydrophilic and electrically
neutral. The cationic poly(TMAEMA) brush surface interacted
strongly with the COOH—SAM surface. This is considered an
electrostatic interaction between the positive charge of
poly(TMAEMA) and the negative charge of the carboxyl
group. In the case of the hydrophobic poly(BMA) brush
surface, strong interaction forces were observed with CH;—
SAM, which is considered a hydrophobic interaction operating
between hydrophobic surfaces. The hydrophobic poly(BMA)
also interacted with the NH,—SAM, which is considered an
electrostatic interaction, because the poly(BMA) brush surface
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was negatively charged, as shown in the {-potential measure-
ment. Contrary to expectation, the interaction force between
the NH,—SAM and the poly(SPMA) brush surface, which
showed a large and negative {-potential in a 10 mmol/L
sodium chloride solution, was very low in PBS. This resulted
from an electrostatic shield, because a very strong interaction
force between the NH,—SAM and the poly(SPMA) brush
surface was otherwise observed in pure water (data not shown).

3.3. Adsorbed Amount of Proteins on Polymer Brush
Surfaces. The amount of proteins adsorbed on the polymer
brush surfaces was quantified by SPR using Alb and Lys. The
value of pI of Alb and Lys are 4.8 and 11.1, respectively, and
they have respective net negative and net positive charges at pH
7.4. Therefore, we can investigate the effect of charge on
protein adsorption using these two proteins.

Figure 6 shows the adsorbed amount of proteins on each
polymer brush surface. Both the proteins were hardly adsorbed

700
W Av +
[] Lys

600
500 [
400
300 [
200 |
10 g4 2] g g
2 2 i Z L 2 2
0

N '
90\1\““’('\ PONUM"*EM 90\1\5"“'\\ po\‘l\“EN‘M vo\‘{\BN\M

Adsorbed amount of proteins (ng/cm?)

Figure 6. Adsorbed amount of proteins on the polymer brush surfaces.

on the zwitterionic poly(MPC) and hydrophilic poly(HEMA)
brush surfaces. On the other hand, in the case of cationic
poly(TMAEMA), anionic poly(SPMA), and hydrophobic
poly(BMA) brush surfaces, ~100—700 ng/cm” of proteins
adsorbed. In particular, on the cationic poly(TMAEMA) brush
surface, the adsorbed amount of Alb was much higher than that
of Lys; in contrast, on the anionic poly(SPMA) brush surface,
an extremely large amount of Lys adsorbed, whereas Alb hardly
adsorbed, which indicated the influence of charge at these
surfaces. The adsorbed amount of Lys on the poly(BMA) brush
surfaces was ~180 ng/cm?, which is almost comparable to the
theoretically calculated value of Lys monolayer adsorption
(~170 ng/cm?). From these results, the amount of adsorbed

proteins depended on the physicochemical properties of
surfaces and charge of proteins.

Here, we discuss the relationship between protein adsorption
and interaction force by functional group. Although we must
keep in mind that probes are forcibly moved toward the surface
in the f—d curve measurement of AFM, the measurement in
this study is considered to simulate the very early stage of
protein adsorption in which proteins repeatedly approach and
depart from the surface reversibly.

On the poly(MPC) and poly(HEMA) brush surfaces, which
showed the lowest interaction forces with the functional
groups, the adsorbed amount of proteins was extremely low
with respect to both Alb and Lys. On the other hand, on the
poly(TMAEMA) brush surface, which showed a strong
interaction force with COOH—SAM, a large amount of protein
with net negative charge adsorbed, which the adsorbed amount
of protein with net positive charge was low. Moreover, on the
poly(BMA) brush surface, which showed a strong interaction
force with NH,—~SAM, the adsorbed amount of protein with
net positive charge was higher than that of protein with a net
negative charge. On the poly(MPC) and poly(HEMA) brush
surfaces, which hardly interacted with any functional groups, it
is proposed that proteins easily depart from the surfaces,
leading to dramatic suppression of protein adsorption. In the
case of the poly(TMAEMA) and poly(BMA) brush surface,
which strongly interacted with functional groups, the detach-
ment of the protein from the surfaces was difficult, which led to
the Jarge amount of protein being adsorbed. In the case of the
poly(SPMA) brush surface, although the interaction forces
were low even with NH,—SAM in PBS, an extremely large
amount of Lys still adsorbed. Therefore, the protein adsorption
behavior on this surface is most likely dominated by interaction
forces operating at different stages of the protein adsorption
process. Investigation into the interaction forces operating on
the polymer brush surface from different perspectives is
currently under progress.

In summary, the methodology to quantitatively evaluate the
nanoscale interaction forces at well-defined surfaces has been
established by applying an AFM-based technique. Although
more detailed research is necessary, interaction forces at the
functional group level provide a good indication regarding
protein adsorption.

4. CONCLUSIONS

We prepared five types of polymer brush layers with various
physicochemical properties such as hydrophilicity and surface
(-potential, which were controlled by the chemical structure of
the monomer unit. The adsorbed amount of proteins depended
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on the physicochemical properties of the polymer brush
surfaces and the charge of the proteins. Moreover, various
interaction forces were quantitatively evaluated with AFM using
a functional-group-functionalized cantilever. We conclude that
the direct measurement of the interaction force operating on a
well-defined polymer brush surface will be a useful new
analytical method for understanding protein adsorption
behavior.
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XPS spectra of the polymer brush layers in the C,y, Ny, P,,, and
Sy, regions (Figure S1), height images of the polymer brush
surfaces obtained by AFM under dry conditions (Figure S2),
and relationship between the molecular weight of the polymer
chains and the ellipsometric thickness of the polymer brush
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Abstract

The purpose of the present study was to evaluate the risk of inducing bacterial resistance to disinfection treatment with
photolysis of H,O, and comparing this with existing antibacterial agents. We tested seven antibacterial agents, including
amoxicillin, cefepime hydrochloride, erythromycin, ofloxacin, clindamycin hydrochloride, ciprofloxacin hydrochloride, and
minocycline hydrochloride, as positive controls for validation of the assay protocol. For all of the agents tested, at least one
of the four bacterial species (Staphylococcus aureus, Enterococcus faecalis, Escherichia coli, and Streptococcus salivarius) was
resistant to these agents by repeated exposure to subinhibitory concentrations of the agents up to 10 times. In contrast,
antibacterial activity against any of the bacterial species tested (S. aureus, E. faecalis, E. coli, S. salivarius, Pseudomonas
aeruginosa, Streptococcus mutans, and Aggregatibacter actinomycetemcomitans) was not affected by repeated exposure to
the disinfection treatment up to 40 times. This finding suggested that the risk of inducing bacterial resistance by
disinfection treatment was low. The active ingredient of this disinfection treatment is hydroxyl radicals generated by
photolysis of H,O,. Therefore, hydroxyl radicals interact with several cell structures and different metabolic pathways in
microbial cells, probably resulting in a lack of development of bacterial resistance. In conclusion, disinfection treatment with
photolysis of H,O, appears to be a potential alternative for existing antimicrobial agents in terms of a low risk of inducing
bacterial resistance.
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Introduction

Disinfection treatment, in which hydroxyl radicals generated by
photolysis of hydrogen peroxide (HsOy) kill bacteria efficiently, has
been developed in our laboratory [1,2]. In vitro studies found that
Staphylococcus aureus, Streptococcus mutans, Enterococcus faecalis, and
Aggregatibacter  actinomycetemcomitans were killed with a  >5-log
reduction of viable counts within 3 min when bacterial suspension
in 1 M HyO, was irradiated with laser light at 405 nm [1]. One
molar HyO, corresponds to approximately 3%, which is a
concentration used as a disinfectant for skin and oral mucosa. A
subcommittee of the US Food and Drug Administration also
concluded that HyOy is safe at concentrations of up to 3% [3]. In
addition to @ wvitro findings, an @ vivo antibacterial effect of this
disinfection system was proven effective in a rat model of
superficial S. aureus infection [4].

Antibiotic-resistant bacteria are continuously emerging because
of the widespread and sometimes indiscriminate use of antibiotics
in the medical field [5,6]. Reactive oxygen species (ROS), such as
hydroxyl radicals and singlet oxygen, non-specifically oxidize
several cell structures, leading to cell death [7-9]. Consequently, it
is unlikely that bacteria would develop resistance to the cytotoxic
action of ROS [7-10]. Therefore, disinfection treatment using
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photolysis of HyO» is not expected to induce bacterial resistance to
this treatment ecither.

To assess the risk of developing bacterial resistance to antibiotics
and antiseptics, monitoring minimal inhibitory concentrations
(MICs) of these agents after serial passage of culture through
subinhibitory concentrations of these agents has proven cffective
[11-13]. Therefore, in the present study, clinically available
antibacterial agents were used as positive controls to validate the
assay protocol. This was performed by evaluating if the test
bacterial strains used in the present study would develop resistance
to the agents by repeated exposure to subinhibitory concentrations
of the agents.

The purpose of the present study was to determine if the risk of
developing bacteria resistant to disinfection treatment using
photolysis of HyOy is low through repeated exposure of bacteria
under the sublethal conditions in which the bacteria were not
completely killed.

Materials and Methods

Bacteria
S. aureus JCM 2413, E. faecalis JCM 7783, Escherichia coli JCM
5491, Streptococcus salwarius JCM 5707, Pseudomonas aeruginosa JCM
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6119, S. mutans JCM 5705, and A. actinomycetemcomitans JCM 2434,
purchased from the Japan Collection of Microorganisms, RIKEN
BioResource Center (Wako, Japan), were used. Suspensions of
facultative anaerobic bacteria were prepared from cultures grown
on brain heart infusion (BHI) agar (Becton Dickinson Labware,
Franklin Lakes, NJ, USA) for S. aureus, E. faecalis, E. coli, and S.
saltvarius, and on desoxycholate-hydrogen sulfide-lactose (DHL)
agar (Nissui, Tokyo, Japan) for P. aeruginosa acrobically at 37°C for
20 h. Suspensions of S. mutans and A. actinomycetemeomitans were
from cultures grown anaerobically on BHI agar using the Anaero
Pack (Mitsubishi Gas Chemical Company, Tokyo, Japan) at 37°C
for 44 h. The viable count of each bacterial suspension in each
antibacterial assay was adjusted to a given density as described in
the following sections using a colorimeter (WPA CO7500
colorimeter, Biochrom, Cambridge, UK).

Susceptibility  testing for antibacterial agents and .repeated
exposure of bacteria to the agents.

Microdilution plates in which antibacterial agents were dehy-
drated were custom fabricated by Eiken Chemical Co., Ltd. (Dry
Plate Eiken, Tokyo, Japan) for a broth microdilution method to
determine MICs as described by the Clinical and Laboratory
Standards Institute M7-A7 [14]. The following seven antibacterial
agents provided by Eiken Chemical Co., Ltd. were tested: a -
lactam antibiotic, amoxicillin (AMX), a cephem antibiotic,
cefepime hydrochloride (CFPM), a macrolide antibiotic, erythro-
mycin (EM), a fluoroquinolone antibiotic, ofloxacin (OFLX), a
lincosamide antibiotic, clindamycin hydrochloride (CLDM), a
fluoroquinolone antibiotic, ciprofloxacin hydrochloride (CPFX),
and a tetracycline antibiotic, minocycline hydrochloride (MINO).
Figure la shows a schematic llustration of the assay method. In
brief, each bacterial species (S. aureus, E. faecalis, E. coli, and S.
salivarius) grown on BHI agar was harvested and suspended in
Muller-Hinton broth (Kanto Chemical Co., Inc., Tokyo, Japan).
The number of colony-forming units (CFU) of cach strain was
adjusted to 1x10° CFU/mL. An aliquot (100 pL) of the resultant
suspension was inoculated into a. well of the plates. After
incubation with a lid at 37°C for 20 h, bacterial growth was
visually assessed to determine the MIC using a microplate reading
mirror (Eiken Chemical Co., Ltd.). After determining the initial
MIGs, 20 uL of a bacterial suspension of a well showing 1/2 MIC
was mixed with 1980 pL. of Muller-Hinton broth to climinate the
effect of drug carry-over. A volume of 20 pL of the resultant
suspension was then inoculated onto BHI agar followed by
incubation at 37°C for 20 h. Bacterial suspensions were again
prepared and MICs were determined as described above. The
same procedure was repeatedly performed to assess the induction
of bacterial resistance to the antibacterial agents tested (total
number of treatments=10). In the case of inconvenience for
continuous working, a mixture of 20 uL of a bacterial suspension
of a well showing 1/2 MIC and 1980 pL of Muller-Hinton broth
was kept at 4°C until the next assay. An increase of four times or
higher in MIC over the initial MIC was set as the criterion for
inducing resistance to each antibacterial agent [15]. All tests were
performed in duplicate (two independent assays).

Susceptibility testing for disinfection treatment with
photolysis of H,O, and repeated exposure of bacteria to
this treatment

Disinfection treatment with photolysis of HyOy was performed
according to our previous study [1]. A continuous-wave. laser
device (RV-1000; Ricoh Optical Industrics, Hanamaki, Japan) was
used to photolyze HyO,. Three percent (w/v) HyOg was prepared
by diluting 31% (w/v) HyOy (Santoku Chemical Industries,
Tokyo, Japan) with phosphate-buffered saline (PBS, pH 7.4).
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Bacterial suspensions were prepared in PBS following incubation
on the corresponding agar plates as described above, and the
initial inoculum size of every bacterial species was adjusted to a
range of 5x10° to 1x10® CFU/mL. Figure 1b shows a schematic
illustration of the assay method. In a microplate well, 10 uL of the
bacterial suspension was mixed with 190 pL of 3% H;O4 followed
by laser light irradiation at 405 nm for 10 to 120 s at an irradiance
of 930 mW/cm? Laser light irradiation time was preliminarily
determined to obtain an approximately 2-log reduction in viable
cell count in each bacterial species. This irradiation time was 120 s
for E. faecalis and S. salivarius, 90 s for S. aureus and S. mutans, 30 s
for E. coli and 4. actinomycetemeomitans, and 10 s for P. aeruginosa. We
confirmed that exposure of 3% Hy;O, alone (without laser
irradiation) for the given time as described above did not exert
any bactericidal effect on any of the bacterial species tested. After
irradiation, 50 pL of the treated bacterial suspension was added to
50 pL of sterile catalase solution (5000 U/mL) to terminate the
bactericidal effect of the remaining HyO,. A-10-fold serial dilution
of the mixture was then prepared using PBS, and 10 pL of the
diluted solution was plated on the corresponding agar plate. Agar
plates were incubated as described above at 37°C for 20 h or
longer to determine the number of CFU/mL. The colonies grown

~on the agar plates were again suspended in PBS with the inoculum

size in the range of 5x10° to 1x10® CFU/mL. The same
procedure was then repeatedly performed to assess the induction
of bacterial resistance to the treatment (the total number of
treatments = 40). All tests were performed in triplicate (three
independent assays).

Electron spin resonance (ESR) analysis for hydroxyl
radicals generated by photolysis of H,0,

To confirm that hydroxyl radicals werc generated time-
dependently by photolysis of HyO,, hydroxyl radicals were
quantitatively analyzed by an ESR-spin trapping technique as
described in our previous studies [1,16]. In brief, HyO4 was mixed
with' 5,5-dimethyl-1-pyrroline M-oxide (DMPO; Labotec, Tokyo,
Japan), a spin trap agent, in a microplate well to reach final
concentrations of 3% (w/v) for HyO, and 300 mM for DMPO.
The sample was then irradiated with a laser light for 0, 10, 20, and
30 s. After irradiation, the sample was transferred to a quartz cell
for ESR spectrometry, and the ESR spectrum was recorded on an
X-band ESR spectrometer (JES-FA-100; JEOL, Tokyo, Japan).
The measurement conditions for ESR were as follows: field sweep,
331.41-341.41 mT; field modulation frequency, 100 kHz; ficld
modulation width, 0.1 mT; amplitude, 80; sweep time, 2 min;
time constant, 0.03 s; microwave frequency, 9.420 GHz; and
microwave power, 4 mW. The compound 4-hydroxy-2,2,6,6-
tetramethylpiperidine (20 uM; Sigma Aldrich, St. Louis, MO,
USA) was used as a standard to calculate the concentration of
DMPO-OH, a spin adduct of hydroxyl radicals. The concentra-
tion of DMPO-OH was determined using Digital Data Processing
(JEOL). All assays were performed in triplicate (three independent
assays).

Results

Susceptibility testing for antibacterial agents

Table 1 summarizes the MICs at the first, fifth, and tenth
exposure of each bacterial species to antibacterial agents tested.
The initial MICs of all the seven antibacterial agents against S.
aureus were within a narrow range between 0.12 and 0.5 pg/ml,
and the values become higher at the fifth and tenth exposure.
Especially the MICs of CFPN and CLDM at the tenth exposure
were 128 and 32 pug/ml, respectively. The initial MICs of the

November 2013 | Volume 8 | Issue 11 | 81316



Bacterial Resistance to Hydroxyl Radicals

l » ‘ ?e". C
o o 000 o)
s QGS‘QQg’C’

Inoculum
preparation

Broth microdilution method

\

Cultivation

Laser device

Inoculum H,0, + laser light
preparation

U : g R Catalase
e "\'] 96 well

Cultivation

Figure 1. Schematic illustrations of susceptibility testing. (a) Antibacterial agents and (b) disinfection treatment with photolysis of H,O, are

shown.
doi:10.1371/journal.pone.0081316.g001

agents against E. faecalis and E. coli were within a rather wide range
(0.5 to 16 pg/mL against E. faecalis, and 0.015 to 128 pg/mL
against E. coli). Prominent increases in MIC were observed in
CFPN against E. faecalis (from 8 pg/mL at the initial to 128 ug/
mlL at the tenth) and MINO against E. colz (from 0.5 pg/mL at the
initial to 16 pg/mL at the tenth). Regarding MICs against S.
salivarius, MICs of CFPN and MINO could not be obtained
because no visible bacterial growth was observed even at the
lowest concentration of cach agent. Of the seven antibacterial
agents, only the MIC of AMX showed 4 times increase during the
experiment.

To figure out the entire spectrum of inducing bacterial
resistance, Fig. 2 shows the changes in the fold increase in MIC
in which each initial MIC is regarded as 1 MIC. Of the four
bacterial specics tested, susceptibility of S. auwreus prominently
lowered with the number of treatment, and all the seven
antibacterial agents induced 4- or higher fold increases in MIC.
Susceptibility of E. faecalis and E. coli also lowered in some of the
antibacterial agents with the number of treatment. AMX, CFPN,
EM, and MINO induced 4- or higher fold increases in MIC
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against L. faecalis, and OFLX and MINO against E. col.
Susceptibility of S. salivarius tended to be rather stable as compared
to that of the other bacterial strains during the experiment.

Susceptibility testing for disinfection treatment with
photolysis of H,0,

Figure 3 shows the changes in the antibacterial effect of
repeated disinfection treatment with photolysis of HyO4 in four
bacterial species, S. aureus, E. faecalis, E. coli, and S. salivarius. When
each bacterial species was exposed to the first treatment with
photolysis of HyO,, an approximate 2-log reduction in viable
counts was observed. Repeated exposure of bacteria to the
treatment of photolysis of H,O, did not affect bacterial
susceptibility. In addition, the magnitude of the reduction in
viable counts in any of the bacterial species tested was mostly
within the range of 2- to 3-log order during repeated treatment up
to 40 times. Figure 4 shows the changes in the antibacterial effect
of repeated disinfection treatment with photolysis of HyOy in the
three bacterial species, P. aeruginosa, S. mutans, and A. actinomyce-
temcomitans. Similar to the other four bacterial species described
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