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Abstract
Isotactic polypropylene (PP) is one of the most popular plastics. However, the remarkably low surface energy of PP prevents
the surface functionalization of PP. We studied the surface functionalization of PP by dip-coating with a maleic anhydride-
grafted chlorinated polypropylene (MPO)/methacrylate-based terpolymer mixture. A methacrylate-based terpolymer (PMFP)
was synthesized, which contained perfluoroalkyl (Rf)-conjugated monomers and poly(ethylene glycol)-conjugated
monomers. Tape-peeling tests revealed that MPO successfully immobilized PMFP on a PP surface, although PMFP was
less adhesive to PP. X-ray photoelectron spectroscopy (XPS), contact angle, and protein adsorption measurements revealed
that the Rf groups and PEG chains in PMFP were segregated to the outermost surface of the dip-coated layer. The surface
segregation of these moieties produced a low-fouling surface on the PP substrate. In addition, we synthesized a terpolymer
that contained Rf groups and PEG chains with carboxy groups at their termini (PMFB) and used it to dip-coat a PP substrate.
The surface segregation of side chains in PMFB induced the presentation of carboxy groups at the outermost surface, which
were used as reactive sites for enzyme immobilization.

Introduction

The surface properties of solid materials, e.g., hydro-
phobicity, wettability, reactivity, antifouling properties, and
cell adhesiveness, play important roles in many industrial
and household applications [1–8]. Since the last century, the
use of polymeric materials, particularly plastics, in a broad
range of commodity products, as well as in the automotive
and building industries, has been increasing due to their low
manufacturing cost, low weight, tunable mechanical

properties, and good processability. Isotactic polypropylene
(PP) is one of the most popular plastics used in applications
that require high chemical and heat resistance, as well as
high mechanical strength. Indeed, the market for PP is
extremely large and continues to grow (US$ 71.08 billion in
2016) [9, 10] (https://www.marketsandmarkets.com/Ma
rket-Reports/polypropylene-market-64103589.html) and
includes packaging, textiles, containers, automotive parts,
laboratory apparatus, and medical devices. The surface
functionalization of PP is important in industry and in the
development of novel PP-based devices. However, PP has a
remarkably low surface energy because, as is evident from
its chemical structure, it consists of only hydrocarbons [11],
meaning that it does not show significant adhesiveness or
reactivity toward other molecules [12]. Although several
approaches (e.g., plasma [13, 14], flame [15], and etching
oxidation [16]) for the modification of PP surfaces have
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been reported [17–21], they require special apparatus, and
are not applicable to PP substrates with complicated struc-
tures [22–26]. Despite the long history of PP, there is still a
high demand for a novel and versatile method of surface
functionalization. Rojas and colleagues [27] used protein
adsorption to make the surface of a PP fiber hydrophilic,
and Ishihara and colleagues [28] succeeded in the sup-
pression of blood cell adhesion to a PP surface using a
phosphorylcholine-based zwitterionic polymer. However,
these surface coatings and surface functionalizations were
based on the physical adsorption of proteins and polymers
to a PP surface, which might be easily detached by shear
stress in the solution.

The use of maleic anhydride-grafted chlorinated poly-
propylene (MPO or CPO, Fig. 1) is a simple and practical
approach for the surface functionalization of PP, which is
currently used for painting car bumpers and PP-based
commodities [29]. MPO has a polyolefin backbone that is
partially maleic anhydride-grafted and chlorinated. The
backbone has a high affinity for polyolefin surfaces, and the
maleic anhydride-grafted and chlorinated moieties produce
hydrogen bonding and dipole–dipole interactions with other
substances, making it an adhesion promoter (primer) for
enhancing the adhesion of paint and other materials to PP.
For instance, Sass and colleagues [30] reported the suc-
cessful adhesion of MPO to a PP surface, and Treado and
colleagues [31] developed a novel fluorescence microscope

system to characterize the mechanism of MPO adhesion to
PP surfaces. Winnik and colleagues [30, 32] used a laser
scanning confocal microscope to study the migration of
MPO in the bulk of polyolefins. Although many studies
focused on MPO, including patents, have been reported
[33–36], there are, to our knowledge, no reports on the
surface functionalization of PP using another functional
polymer with MPO to introduce antifouling properties or to
immobilize a functional molecule on the PP surface.

We previously reported that surface segregation of poly
(ethylene glycol) (PEG) chains was achieved when an
acrylic substrate was dip-coated with a solution of a
methacrylate-based terpolymer containing perfluoroalkyl
(Rf)-conjugated monomers and PEGylated monomers
[37]. The coated surface simultaneously exhibited sig-
nificant hydrophobicity, adhesiveness, and low-fouling
properties. In this study, we aimed to functionalize a PP
surface via dip-coating with a solution of a terpolymer
containing Rf groups and PEG chains (PMFP, Fig. 1) in
the presence of MPO to produce a low-fouling PP surface
that can covalently immobilize a functional molecule. We
found that the presence of MPO aided in the adhesion of
the terpolymer to the PP surface and that the coated PP
surface exhibited low protein-fouling properties. Finally,
the dip-coating of a terpolymer containing reactive groups
(–COOH) with MPO caused the reactive groups to be
presented at an outermost surface, allowing for the
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Fig. 1 Chemical structures of a
terpolymer containing
perfluoroalkyl (Rf)-conjugated
monomers and poly(ethylene
glycol) monomers (PMFP), poly
(MMA-r-PFEA8), poly(MMA-
r-PEGMA500), and modified
polyolefin (MPO)
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covalent immobilization of a biomolecule on the dip-
coated PP surface.

Materials and methods

Materials

Methyl methacrylate (MMA) was purchased from Wako
Pure Chemical Industries, Inc. (Osaka, Japan) and was
distilled under reduced pressure before use. The fluorine-
containing monomer, 2-(perfluorooctyl) ethyl acrylate
(PFEA8) was provided by DIC Corp. (Tokyo, Japan) and
was used as received. Poly(ethylene glycol) methyl ether
methacrylate (PEGMA500) and fluorescein iso-
thiocyanate isomer-I (FITC) were purchased from Sigma-
Aldrich (St. Louis, MO). PEGMA500 was used after it
was passed through a column packed with activated
alumina to remove the stabilizer. Maleic acid-modified
chlorinated polyolefin (MPO) (HARDLEN® CY-9124P,
Mn = 3.3 × 104, Mw/Mn = 2.0) was provided by Toyobo
Co. Ltd. (Osaka, Japan). Isotactic polypropylene (PP)
(Mn = 640,000, NOBLEN HD 100G2) was provided by
Sumitomo Chemical Co. Ltd. (Tokyo, Japan). Amino-
dPEG8-t-butyl ester was purchased from Quanta BioDe-
sign, Ltd. (Plain City, OH). Cystamine dihydrochloride
and tris(2-carboxyethyl) phosphine hydrochloride
(TCEP) were purchased from Tokyo Chemical Industry
Co. Ltd. (Tokyo, Japan). 1-Ethyl-3-(3-dimethylamino-
propyl)carbodiimide, hydrochloride (WSC) was pur-
chased from Dojindo Molecular Technologies Inc.
(Kumamoto, Japan). Other chemicals were purchased
from Wako Pure Chemical Industries and were used as
received.

Preparation of terpolymer containing Rf groups and
PEG chains (PMFP)

A terpolymer containing Rf groups and PEG chains [37]
(poly(MMA/PFEA8/PEGMA500)) (PMFP) was synthe-
sized by free-radical polymerization in ethyl acetate at 70 °C
for 20 h using AIBN as an initiator (0.5% w/w to mono-
mers) under an atmosphere of N2. The sum of monomer
concentrations (MMA, PFEA8, and PEGMA500) was 30%
w/w in ethyl acetate. After N2 bubbling, the polymerization
was initiated by the addition of AIBN. After 20 h, the
solution was poured into an excess of n-hexane at room
temperature and was washed twice with an excess of n-
hexane, followed by drying under a vacuum for 24 h.
Synthesized PMFP was obtained as a white precipitate. As
controls, the random copolymers poly(MMA/PEGMA500)
and poly(MMA/PFEA8) (Fig. 1) were synthesized accord-
ing to a similar method.

Proton nuclear magnetic resonance (1H-NMR) analysis
was performed using an Avance-500 (Bruker BioSpin
GmbH, Rheinstetten, Germany) and chloroform-d contain-
ing 0.03 wt% tetramethylsilane as a solvent. The chemical
shifts of protons assigned to PEG chains and Rf moieties
were observed at approximately 3.5 and 4.0 ppm, respec-
tively [38, 39].

PMFP: 1H-NMR (500MHz, CDCl3): δ (ppm)=
0.80–1.10 (m, 66H), 2.41–2.50 (m, 10H), 4.1 (m, 6H)
(Figure S1). The monomer composition ratio (MMA/
PFEA8/PEGMA500) was 73:17:10 based on the 1H-NMR
results.

Poly(MMA-r-PEGMA500): 1H-NMR (500MHz,
CDCl3): δ (ppm)= 3.52 (t, 68H, -CO-CH2-CH2-CO-),
1.79–2.10 (m, 20H, -C-CH2-), and 0.81–1.19 (m, 36H, -C-
CH3) (Figure S2). The monomer composition ratio (MMA/
PEGMA500) was 84:16.

Poly(MMA-r-PFEA8): 1H-NMR (500MHz, CDCl3): δ
(ppm)= 3.59 (s, 63H, O-CH3), 2.48–2.52 (m, 10H, -O-
CH2-CH2-Rf) (Figure S3). The monomer composition
(MMA/PFEA8) was 79:21.

The weight-average molecular weight (Mw) and number-
average molecular weight (Mn) were measured using a size
exclusion chromatograph (SEC) (GPC 8020, Tosoh Cor-
poration, Tokyo, Japan) equipped with a 7.5 × 300 mm SEC
column (GF510, Showa Denko K.K., Tokyo, Japan) and a
refractive index detector (RI-8031, JASCO, Tokyo, Japan)
at 40 °C using tetrahydrofuran as an eluent. Poly(methyl
methacrylate) was used for the molecular weight standards.
The molecular weight and polydispersity of the synthesized
polymer are shown in Table 1.

Dip-coating PP substrates with synthesized
polymers

PP substrates (thickness, 0.2 mm) were prepared from PP
pellets using a melt-press apparatus (Gonno Koki, Osaka,
Japan) and were cut into 1 cm × 1 cm pieces. MPO was used
as a matrix resin to immobilize PMFP on the PP surface.
First, MPO was dissolved in toluene at 1.0 wt% and was
heated (MPO solution). PMFP was then dissolved in an
MPO solution at 4.0 wt% (MPO/PMFP solution). A toluene
solution containing PMFP 4.0 wt% was also prepared
without MPO (PMFP solution). Other polymer solutions
were prepared in a similar manner. After stirring the

Table 1 Number-average molecular weights and molecular weight
distributions of polymers synthesized in this study

Polymer Mn Mw/Mn

PMFP (poly(MMA-r-PFEA8-r-PEGMA500)) 1.0 × 105 1.4

Poly(MMA-r-PFEA8) 2.4 × 104 1.6

Poly(MMA-r-PEGMA500) 4.8 × 104 1.9
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polymer solutions overnight, PP pieces were immersed in
the solutions for a few seconds, withdrawn over 2 s
(dip-coating), and dried overnight at room temperature
under a vacuum.

Stability, wettability, and surface morphology of
coated PP surfaces

The stability of the polymer coatings on the PP substrates
was investigated by peeling tests using Scotch tape
(Nichiban Co. Ltd., Tokyo, Japan, cut into 1 × 2 cm2). A
polymer solution (3 μl) was drop-cast on a PP substrate
(coating diameter ~5 mm) and was dried under a vacuum
overnight. Scotch tape was applied to a drop-cast surface
and then peeled off, and the coated polymer layer was
observed with the naked eye.

Contact angle measurements using water and oil droplets
(~5 µl) were acquired using a DMs-401 (Kyowa Interface
Science Co., Ltd, Niiza, Japan). n-Hexadecane was used for
the oil droplet contact angle measurements. The measure-
ment was performed for five different substrates, and the
reported values are the means of the five measurements.
Error bars represent the standard deviations.

The X-ray photoelectron spectroscopy (XPS) measure-
ments were performed with a PHI X-tool X-ray photon
spectroscopic instrument (ULVAC, Chigasaki, Japan) using
an Al Kα source (15 kV, 4W). For a wide spectrum, the
photoelectron take-off angle was 45°, and spot size was
24 μm × 24 μm. Survey scans were performed with a pass
energy of 280 eV and a step size of 0.5 eV. For narrow
spectrum using sputtering, the photoelectron take-off angle
was 45°, and spot size was 234 μm× 234 μm using an Al
Kα source (15 kV, 51W). Survey scans were performed
with a pass energy of 140 and a step size of 0.25 eV.
Depth profiling was accomplished using an Ar+ source at
4.00 keV, and the sputtering was carried in 1 min intervals
for a total of 50 min.

Protein adsorption on dip-coated PP surfaces

Bare and dip-coated PP substrates (1 × 1 cm2) were immersed
in 0.1M phosphate buffer solution (pH 7.4, 4.0 ml) con-
taining 5.0 mg/ml bovine serum albumin (BSA) for 24 h at
25 °C and were washed with 15ml of phosphate buffer. The
amount of BSA adsorbed on a substrate was measured using
a Micro BCA™ Protein Assay Kit (Thermo Fisher Scientific
Inc., Waltham, MA).

Introduction of carboxy groups on PP surfaces via
dip-coating

The synthesis of a terpolymer containing Rf groups and
PEG chains with carboxy ester (t-BPEGMA) at their termini

(PMFB) is described in the SI (also see Figure S4 and S5).
PP surfaces were dip-coated in a similar manner as descri-
bed above. Briefly, MPO was dissolved in toluene at 1.0 wt
% (MPO solution). PMFB was then dissolved in an MPO
solution to produce 0.1–4.0 wt% solutions (MPO/PMFB).
A PMFB solution was also prepared using toluene without
MPO. After stirring the polymer solutions overnight, PP
substrates were dip-coated with the solutions and were dried
overnight at room temperature under a vacuum.

Quantification of carboxy groups on dip-coated PP
surfaces

Carboxy groups protected by t-butyl groups on the dip-
coated PP surfaces were deprotected with 4M aqueous HCl
(4 mL) at 40 °C overnight to expose the carboxy groups
(Figure S6 and S7) [40, 41]. The substrates were then
washed three times with Milli-Q water and immersed in a
phosphate buffer (0.1 M, pH 8.0, 2 ml) containing 5 vol%
dimethyl sulfoxide, 0.6 mM FITC-S-S-NH2 (see SI), and
5 mM 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmor-
pholinium chloride (DMT-MM) and were shaken for 2 h at
room temperature to conjugate FITC-S-S-NH2 to the car-
boxy groups on the dip-coated PP surfaces. The substrates
were washed three times with an excess of phosphate buffer
and were immersed in an aqueous HCl solution (5 mM,
10 ml) for 1 h at 40 °C with shaking. The HCl solution was
replaced with an aqueous NaOH solution (5 mM, 10 ml)
and was shaken for 1 h at 40 °C. The NaOH solution was
subsequently replaced with an aqueous HCl solution
(5 mM, 10 ml) and was shaken for 1 h at 40 °C. Repeated
washing with HCl and NaOH solutions was performed to
solubilize and remove nonspecifically adsorbed FITC-S-S-
NH2. Finally, the substrates were rinsed with phosphate
buffer and were immersed in a phosphate buffer (0.1 M,
pH 8.0, 2 ml) containing 2 mM TCEP for 1 h with shaking
at 40 °C, which facilitated the release of the fluorophore into
the solution phase. The fluorescence intensity of the phos-
phate buffer was measured using a fluorescence spectro-
photometer (FP-8200, JASCO, Tokyo, Japan). The
measurements were repeated three times, and averaged data
are presented with error bars (standard deviations). A
standard curve for the liberated fluorophore is shown in
Figure S8.

Results and discussion

Drop-casting synthesized polymer solutions on PP
substrates

PP has a remarkably low surface energy, which makes it
difficult to immobilize another polymer on its surface.
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One of the rational and simple approaches to immobiliz-
ing another polymer on PP is to use MPO. MPO can be
used in two ways: precoating MPO on a PP surface or
coating with a mixture of MPO and another polymer. In
the present study, we adopted the latter approach because
it can minimize and simplify the process of PP surface
functionalization. To test the adhesion of the coated
polymer layer to the PP surface, we cast a droplet of a
polymer solution on a PP surface (drop-casting). Figure 2
shows photos of drop-cast PP substrates before and after a
peeling test. Drop-cast PMFP and MPO/PMFP were
visible to the naked eye after drying (Fig. 2a–c). In the

case of only using PMFP (Fig. 2b), the casted PMFP layer
was removed readily by the peeling test. In the case of a
mixture of MPO/PMFP (Fig. 2c), the MPO/PMFP on the
PP substrate remained after the peeling test, indicating
that a mixture of MPO and PMFP was stably immobilized
on the PP surface.

XPS analysis of dip-coated PP surfaces

The surfaces of the dip-coated PP substrates were evaluated
using XPS measurements. Figure 3 shows XPS spectra of
the surfaces of bare and dip-coated PP substrates. While the

Fig. 2 Optical images of Scotch tape-peeling tests for PP substrates.
a Bare PP, b PP drop-cast with a PMFP solution, and c PP drop-cast
with a MPO/PMFP solution. Polymer solution (3 μl) was drop-cast on

the PP substrate (coating diameter was approximately 5 mm) and was
dried under a vacuum overnight

Fig. 3 XPS spectra of bare and
dip-coated PP surfaces. Insets
are optical images of oil contact
angle measurements. a Bare PP,
b PP dip-coated with MPO after
the peeling test, c PP dip-coated
with PMFP before the peeling
test, d PP dip-coated with PMFP
after the peeling test, e PP dip-
coated with MPO/PMFP before
the peeling test, and f PP dip-
coated with MPO/PMFP after
the peeling test
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surface of a bare PP substrate exhibited only a C1s peak, the
spectrum of PP dip-coated with MPO shows O1s, Cl2s, and
Cl2p peaks (Fig. 3b), suggesting that MPO remained on the
PP surface after the peeling test. Although Fig. 3c shows
Fkll, F1s, and O1s peaks that were derived from PMFP, for
the PP substrate dip-coated with PMFP before the peeling
test, Fig. 3d shows no fluorine or oxygen-derived peaks
(after the peeling test), demonstrating that PMFP did not
adhere to the PP surface in the absence of MPO and was
easily removed by the peeling test. Oil contact angle mea-
surements (insets of Fig. 3) showed that the PMFP dip-
coating made the PP surface oleophobic and that the peeling
test caused it to revert back to being oleophilic, which also
suggests the removal of PMFP from the surface. Dip-
coating with an MPO/PMFP solution produced Fkll, F1s, and
O1s peaks in the XPS spectra before and after the peeling
test (Fig. 3e, f). It should be noted that the Cl2p peak was not
observed. Since MPO contained Cl atoms, the dis-
appearance of Cl in the XPS spectrum indicates the absence
of MPO on the outermost surface, suggesting the segrega-
tion of PMFP on the outermost surface. The oil contact
angle measurements also showed the oil repellency of the
surface that was dip-coated with the MPO/PMFP solution
before and after the peeling test. These results indicate that
PMFP was stably immobilized on the PP surface in the
presence of MPO and that PMFP was predominantly seg-
regated on the surface of the dip-coated polymer layer. The
surface segregation of PMFP is expected to be induced by
the Rf groups in PMFP [37].

The surface was sputtered using an Ar-ion laser to obtain
depth profiles of the dip-coated polymer layer (Fig. 4).

Sputtering was repeated in 1 min intervals, and the sput-
tering cycles were supposed to be proportional to the depth
from the outermost surface. Although the F1s peak had a
high intensity at the outermost surface, the F1s peak
decreased drastically after the single sputtering (Fig. 4a, b).
Until 25 cycles of sputtering were performed, the F1s peak
intensity was low but obviously detected. After 25 cycles of
sputtering, the F1s peak decreased with the sputtering cycle.
Figure 4c, d shows the depth profile of Cl element. While
the Cl2p peak, which was derived from MPO, was almost
negligible at the outermost surface, the Cl2p peak intensity
increased with the sputtering cycle up to approximately 15
cycles and then gradually decreased. The depth profiles of
F1s and Cl2p clearly demonstrate the surface segregation of
PMFP.

Since approximately 40 cycles of sputtering would reach
the original PP surface according to the thickness of the
coated polymer layer (~0.4 µm, discussed later) and the
sputtering speed, these results indicate that the MPO was
penetrated to an original PP substrate to blur the boundary
between the original PP surface and the coated polymer
layer. This is one of the mechanisms for adhesion of the
coated polymer to a PP surface. The methacrylate-based
copolymers (PMFP and others) appeared to be macro-
scopically miscible with MPO, and the XPS depth profile
also indicates a relatively homogeneous distribution of
MPO in the coated polymer layer (except for the outermost
layer), although it was possible that microphase separation
occurred in the coated polymer layer. The methacrylate-
based polymer backbone might have contributed to the
compatibility with MPO. Indeed, the following section

Fig. 4 XPS depth profiles of a
PP surface dip-coated with
MPO/PMFP. a, b F1s and c, d
Cl2p. Atomic intensities are
shown as a function of
sputtering cycle
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reveals the successful coating of poly(MMA-r-
PEGMA500) and poly(MMA-r-PFEA8) on PP surfaces in
the presence of MPO.

Wettability of dip-coated PP surfaces

Wettability is an important surface property. Figure 5 shows
the static water contact angles of the PP surfaces. Dip-
coating with an MPO solution and a mixture of MPO/poly
(MMA-r-PEGMA500) produced water contact angles that
were slightly lower than those of the bare PP substrate,
which could be due to the polar moieties in MPO and poly
(MMA-r-PEGMA500). Dip-coating with a poly(MMA-r-
PFEA8) solution resulted in a water contact angle of 111°,
which was likely to be caused by surface segregation of the
Rf groups in the dip-coated layer. Dip-coating with a mix-
ture of MPO/PMFP also showed a high water contact angle,
which was slightly lower than that of poly(MMA-r-
PFEA8). The relatively high water contact angle for the
surface that was dip-coated with MPO/PMFP indicated the
presence of Rf groups and PEG moieties on the outermost
surface. We previously demonstrated the surface segrega-
tion of Rf groups accompanied with PEG moieties [42] and
showed that the Rf group content affected surface segrega-
tion [41]. The content of Rf -conjugated monomers in poly
(MMA-r-PFEA8) and PMFP was 21 and 17%, respectively.
The slightly low composition of Rf groups in PMFP could
result in reduced surface segregation of Rf groups, and the
presence of PEG chains would affect surface
hydrophobicity.

AFM imaging of dip-coated PP surfaces

The thickness was determined from the average weight
change of the substrates (more than 20 pieces), assuming
that the PMFP density was similar to that of PMMA (1.18 g/
cm3) and the MPO density was 1.05 g/cm3 (manufacturer
information). The thickness of the dip-coated MPO/PMFP
layer was typically found to be 0.4 µm, which was prepared
with a toluene solution containing 1.0 wt% MPO and
1.0 wt% PMFP. The surface morphologies of the bare and
dip-coated PP substrates were investigated using atomic
force microscopy (AFM) (Figure S9). The bare PP surface
had stripe-like morphology, which resulted from the surface
of the melt press. Dip-coating with MPO resulted in a
surface characterized by small nodules, and dip-coating
with MPO/poly(MMA-r-PEGMA) resulted in a surface
characterized by relatively large nodules. Dip-coating with
MPO/poly(MMA-r-PFEA8) created a remarkably flat sur-
face, whereas dip-coating with MPO/PMFP resulted in an
undulating surface. Based on the AFM images, root mean
square (RMS) roughness values of the surfaces were cal-
culated and are summarized in Table 2. While a bare PP
surface had a roughness of 8 nm, dip-coating with polymers
reduced this roughness. Because all of the roughness values
were less than 10 nm, we concluded that these surfaces were
sufficiently flat to be compared to one another. The low
roughness of these dip-coated surfaces agreed with the
transparency of the dip-coated substrates.

Fouling properties of dip-coated PP substrates

We previously reported that a PMFP-derivative dip-coating
on an acrylic substrate induced surface segregation of the Rf

groups and PEG chains in the polymer, in which PMFP was
stably immobilized on an acrylic substrate in the absence of
MPO [37]. The surface segregation produced a surface with
low nonspecific protein adsorption. Here, we also investi-
gated the fouling properties of dip-coated PP surfaces.
Fouling properties were evaluated from the amount of BSA
adsorbed on dip-coated PP surfaces. Figure 6 shows the
amount of BSA adsorption on bare and dip-coated PP
surfaces. While a bare PP surface adsorbed approximately
0.9 µg/cm2 of BSA, dip-coating with MPO and MPO/poly

Fig. 5 Water contact angle measurements for bare and dip-coated PP
surfaces

Table 2 Root mean square (RMS) roughness of dip-coated PP surfaces

Surface RMS roughness (nm)

Bare PP surface 8.0

MPO-coated surface 1.2

MPO/poly(MMA-r-PEGMA)-coated surface 5.4

MPO/poly(MMA-r-PFEA8)-coated surface 0.9

MPO/PMFP-coated surface 2.7
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(MMA-r-PEGMA500) solutions increased the BSA
adsorption to approximately 1.2 µg/cm2. These results
indicate that MPO and MPO/poly(MMA-r-PEGMA500)
surfaces are more likely to adsorb BSA compared to a bare
PP surface. In the case of the MPO/poly(MMA-r-
PEGMA500) dip-coating, it is possible that the PEG chains
were buried in the bulk of the dip-coated polymer layer due
to the surface segregation of hydrophobic moieties in MPO
and poly(MMA-r-PEGMA500). Dip-coating with MPO/
poly(MMA-r-PFEA8) reduced the BSA adsorption to
approximately 0.5 µg/cm2, which could be due to the Rf

groups that were present on the surface. Dip-coating with a
mixture of MPO/PMFP further reduced the BSA adsorp-
tion, which was one-third of the adsorption of bare PP. This
low-fouling property indicates surface segregation of not
only the Rf groups but also the PEG chains in PMFP, which
is consistent with our previous report [37]. These results
suggest that MPO/PMFP dip-coating is effective for redu-
cing the nonspecific protein adsorption to PP surfaces.

Introduction of carboxy groups on PP surfaces by
dip-coating with PMFB

The above investigations demonstrated that dip-coating
with a mixture of MPO and a methacrylate-based terpoly-
mer immobilized the terpolymer on a PP surface. We then
tried to introduce carboxy groups onto a dip-coated PP
surface, which could subsequently be used to immobilize
functional molecules onto the surface via covalent bonds.
To this end, we synthesized another terpolymer (PMFB,
Fig. 7a) composed of MMA, PFEA8, and t-BPEGMA
monomers. The Mw of PMFB was 2.1 × 104, and the Mw/Mn

was 1.8. Elemental analysis revealed that the monomer
composition ratio (MMA/PFEA8/t-BPEGMA) was
72:15:13.

After dip-coating a PP substrate with a mixture of MPO/
PMFB, carboxy groups on the PP surface were exposed by
deprotection of the tert-butyl esters using 4M HClaq at
40 °C. A cleavable fluorescent compound (FITC-S-S-NH2)
was used to quantify the surface density of carboxy groups
on the dip-coated PP surfaces (Scheme S1) [41]. FITC-S-S-
NH2 has a reactive amine group and a cleavable disulfide
bond. FITC-S-S-NH2 was conjugated to the carboxy groups

MMA PFEA-8 t-BPEGMA

CH3 CH3
H

C C

C CN
H

O O

OC

O O

O (CH2)2 (CH2)2 C(CH3)3 (OCH2CH2)8CF3C

C

x y z

CH2 CH2CH2

OCH3 (CF2)7

a

b

Fig. 7 a Chemical structure of
poly(MMA-r-PFEA8-r-t-
BPEGMA) (PMFB). b Surface
density of carboxy groups on PP
dip-coated with various
polymers. Each polymer was
used at 1.0 wt% in toluene

Fig. 6 Amount of BSA adsorbed on bare and dip-coated PP surfaces
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on the surface in the presence of a condensation agent. The
fluorophore was liberated to solution upon the reduction of
the disulfide bond. Thus, the amount of immobilized
fluorescent compound could be quantified using a conven-
tional fluorescence spectrophotometer [43, 44]. Figure 7b
shows that bare and MPO-coated PP surfaces did not have
carboxy groups for conjugation. The PMFB-coated PP
surface had only a small amount of carboxy groups, prob-
ably because the dip-coating with PMFB failed to form a
stable PMFB layer on the PP surface. The surface dip-
coated with a mixture of MPO/PMFB had carboxy groups
with a density of approximately 19 pmol/cm2, which is
comparable to our previous report [41]. It should be noted
that the layer of coated MPO/PMFB was not detached from
the PP surface during the quantification process, which
involved numerous washing steps. These results demon-
strate that dip-coating with MPO/PMFB resulted in the

successful presentation of carboxy groups on the dip-coated
surface and that the carboxy groups were accessible for
solutes in an aqueous solution.

The effects of the MPO and PMFB concentrations on the
surface density of carboxy groups were investigated
(Fig. 8). The dip-coating with a mixture of 1.0 wt% MPO
and 1.0 wt% PMFB had the highest surface density, and the
coating that had a high MPO concentration (4.0 wt%) had a
low density (Fig. 8a), which may be due to the decrease in
the PMFB composition of the polymer mixture. As the
PMFB concentration increased, the surface density of car-
boxy groups increased (Fig. 8b).

Immobilization of biomolecules on dip-coated PP
surfaces

The covalent immobilization of functional biomolecules
and ligands on a low-fouling surface is of great importance
for biosensors and medical devices because it can improve
signal-to-noise ratios in detection [45–48]. We attempted to
immobilize an enzyme on a PP surface that was dip-coated
with PMFB using carboxy groups as reactive sites. PP
substrates that were dip-coated with an MPO/PMFB mix-
ture (1.0 wt%/1.0 wt% in toluene) were used for horseradish
peroxidase (HRP) immobilization. HRP is one of the
major enzymes that is used for various biosensors, and
it has two amino groups on its surface. Carboxy groups
displayed on the dip-coated surface were reacted with
N-hydroxysuccinimide in the presence of a condensation
agent, and then HRP was conjugated to the surface.
Figure 9 shows that HRP (~11 pmol/cm2) was successfully
immobilized on the MPO/PMFB-coated PP surface,
whereas negligible amounts of HRP were immobilized on
bare or PMFP-coated PP surfaces. It should be noted that in
the absence of a condensation agent, HRP was not immo-
bilized on the MPO/PMFB-coated PP surface.

Fig. 8 Surface density of carboxy groups on PP surfaces dip-coated
with a mixture solution of MPO/PMFB. a Effect of MPO concentra-
tion (PMFB concentration was 1.0 wt%). b Effect of PMFB con-
centration (MPO concentration was 1.0 wt%)

Fig. 9 Amount of HRP immobilized on PP dip-coated with polymers
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We examined the HRP activity immobilized on sur-
faces. 2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) was used as an enzyme substrate in the presence of
hydrogen peroxide. Figure S10 shows the time courses of the
oxidation of ABTS catalyzed by HRP immobilized on sur-
faces. A bare PP surface treated with HRP catalyzed the
reaction to some extent, probably due to the nonspecific
adsorption of HRP on a bare PP surface. The PMFP-coated
surface treated with HRP and the PFMB-coated surface
(without HRP) did not catalyze the reaction, indicating the
absence of HRP on their surfaces. The PMFB-coated surface
treated with HRP catalyzed the reaction, indicating that
immobilized HRP was active on the surface. These results
demonstrate the covalent immobilization of HRP on the
MPO/PMFB-coated PP surface and its resulting low-fouling
properties, which supports the results that are shown in Fig. 6.

Conclusion

In general, the surface functionalization of PP is still chal-
lenging. The remarkably low surface energy of PP prevents
the adhesion of other polymers on a PP surface. In the
present study, we used an MPO/methacrylate-based terpo-
lymer mixture to functionalize a PP surface via dip-coating.
MPO was used to successfully immobilize a methacrylate-
based terpolymer (PMFP) on a PP surface. XPS, contact
angle, and protein adsorption measurements revealed that
the Rf groups and PEG chains in PMFP were segregated to
the outermost surface of the dip-coated layer. The surface
segregation of these moieties produced a low-fouling sur-
face on the PP substrate. PMFB, which is a terpolymer that
contains Rf groups and PEG chains with carboxy groups at
their termini, was also dip-coated on a PP substrate. The
surface segregation induced the presentation of carboxy
groups on the outermost surface, and their density was
quantified to be approximately 20 pmol/cm2. Finally, the
carboxy groups were successfully used as reactive sites for
immobilizing a protein, facilitating protein immobilization
on a low-fouling surface. The present study demonstrates
that a functional methacrylate-based polymer was readily
and stably coated on a PP surface with the aid of MPO and
that the control of the surface segregation of side chains in
the polymer created a functionalized outermost surface on
the PP substrate, which could lead to PP-based biosensors
and biocompatible medical devices. As polyolefins are
widely used in industry and daily life, the strategy presented
herein will extend the potential of polyolefin surfaces and
will provide polyolefin surfaces functionalized with other
polymers, ligands, and biomolecules.
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