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High capability of a charged interface to suppress adsorption of both anionic and cationic proteins was reported.
The interface was covalently constructed on quartz by modifying with an anionic phospholipid copolymer, poly(2-
methacryloyloxyethyl phosphorylcholine (MPC)-co-n-butyl methacrylate (BMA)-co-potassium 3-methacryloy-
loxypropy! sulfonate (PMPS)-co-3-methacryloxypropy! trimethoxysilane (MPTMSi)) (PMBSSi). The PMBSSi
interfaces were very hydrophilic and homogeneous and could function effectively for a long time even under
long-term fluidic working conditions. The PMBSSi density on the interface, which was controllable by adjusting
the PMBSSi concentration of the modification solution, affected the surface properties, including the surface
contact angle, the surface roughness, and the surface {-potential. When a PMBSSi modification was applied, the
adsorption of various proteins (isoelectric point varying from 1.0 to 11.0) on quartz was reduced to at least 87%
in amount, despite the various electrical natures these proteins have. The protein adsorption behavior on the
PMBSSi interface depended more on the PMBSSi density than on the surface charge. The PMBSSi modification
had a stable impact on the surface, not only at the physiologic ionic strength, but also over a range of the ionic
strength, suggesting that electrostatic interactions do not dominate the behavior of protein adsorption to the PMBSSi
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surface.

1. Introduction

Prevention of nonspecific protein adsorption is important in
various areas, such as biological assays, medical diagnostics,
drug discovery, and surgery. Methods to overcome the non-
specific protein adsorption to surfaces have been developed. One
way is to physically or chemically modify the surface of the
material. Various surface modification materials including
polymers have been finely reviewed in literature."? Among
them, one of the most attractive polymers is poly(2-methacry-
loyloxyethyl phosphorylcholine) (poly(MPC)) and its derivatives.™*
The concept behind the incorporation of phosphorylcholine(PC)
moieties onto surfaces by modification with MPC polymers
evolved from the fact that the zwitterionic phospholipids, which
are major components of the cell membrane, have been shown
to significantly resist protein adsorption. Accordingly, the MPC
polymers possess excellent biological and biomedical benefits
from a bulk class to micro- and nanoscales.>™’ Especially in
the novel field of microfluidic chip devices (or the so-called
micrototal analysis systems (¢-TAS) and lab-on-a-chip systems),
which have promised a new era of chemistry, biology, and
medicine in miniaturized systems, recently we have developed
several MPC polymers to modify major chip substrate materials,®®
For example, poly(MPC-co-n-butyl methacrylate (BMA)) (PMB),
which has shown biocompatibility to human whole blood, was
successfully applied to a microcapillary chip for a blood serum
assay.'” To our knowledge, this is the first time the MPC
moieties have been immobilized in a microfluidic chip. In
addition, poly(MPC-co-3-methacryloxypropy! trimethoxysilane
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(MPTMS1)) (PMSi), a copolymer composed of the MPC and a
methacrylate with a silane coupling moiety (MPTMSH), by which
we have constructed a MPC polymer covalent coating via a
silanization process in a glass microchip.'’ We have demon-
strated that the PMSi coating could effectively suppress both
protein adsorption and cell adhesion in an electro-osmotic flow
(EOF) actuated cell sorter chip. The EOF, as a state-of-the-art
approach widely applied in miniaturized systems for fluid
delivery, offers many advantages, features such as easy control
and simple miniaturization.'? Nevertheless, the EOF in the
PMSi-coated microchannel was too weak to efficiently handle
cells, because PMSi is a neutral polymer with a {-potential of
nearly 0 mV. Other researchers have also successfully developed
some neutral polymers to resist nonspecific protein adsorption
in microfluidic chips, but they have the same limitation as PMSi
in the EOF generation."?

To explore the possibility and capability of applying the MPC
polymer to electrokinetically actuated microfluidic chips with
biological applications, it is very necessary to further modify the
polymer architecture of the recently available PMSi with incor-
porating the charge. Potassium 3-methacryloyloxypropy! sulfonate
(PMPS), which contains an anionically charged group, was
therefore first introduced for this purpose. While Lewis et al. has
reported incorporation of cationic moieties within a MPC copoly-
mer to selectively induce interactions between the coated surface
and cells or other molecules,' to induce the EOF, anionic moieties
are generally considered to be favorable. As a methacrylate
monomer, PMPS not only is commercially available and well
documented in literature,'™' but also has reactivity to the other
methacrylate monomers such as MPC.'7 As described above, the
structure of the modified PMSi is poly(MPC-co-BMA-co-PMPS-
co-MPTMSH) and is referred to as PMBSSI. In a preceding paper,
we detailed the synthesis and characterization of PMBSSi and
emphasized on the electrokinetic propetties of the PMBSSi-coated
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Figure 1. Chemical structure of poly(MPC-co-BMA-co-PMPS-co-
MPTMSi) (PMBSS;).

quartz.'® The surface {-potential was seen to increase with the
increase of the polymer concentration for coating. Consequently,
the magnitude of the EOF in the modified microchannel could be
modulated by only adjusting the coating concentration. Because
this control is dependent on surface differences rather than the
change in the buffer composition of many conventional methods,
it would be more suited to miniaturized systems for biological
applications requiring neutral buffer conditions. Importantly, the
study primarily revealed that the anionically charged groups of
PMBSSi had no unfavorable effect on the suppression of protein
adsorption. This suggests that the possibly increased electrostatic
interactions from the surface charge may not dominate the protein
adsorption/desorption process in the PMBSSi system. To elucidate
this point, the relationships between various factors and the
resistance of protein adsorption should be further investigated.
These factors would include surface properties, protein properties,
and buffer properties, which are generally thought as key factors
involved in the process of the protein adsorption to surfaces.'>*
Herein we, in particular, describe and discuss how these factors
affect the suppression of protein adsorption when the charged MPC
polymer coating is applied and thereby try to elucidate the ability
of MPC to resist protein adsorption when it consists in a copolymer
system with other charged moieties. This not only is certainly
important for charged MPC polymers to be applied in microfluidic
devices as well as other biomedical fields, but also would be
meaningful for elucidating the mechanism of the protein adsorption
to a charged surface.

2. Experimental Section

Synthesis of Anionic Phospholipid Copolymer. The anionic phos-
pholipid copolymer, poly(MPC-co-BMA-co-PMPS-co-MPTMSi) (PMB-
SSi, shown in Figure 1), was synthesized according to the process described
by us previousty." In summary, first, the desired amounts of MPC
(synthesized as reported by us elsewhere),”’ BMA (Kanto Chemicals,
Tokyo, Japan), PMPS (Tokyo Kasei Kogyo Co., Tokyo, Japan), MPTMSi
(Kanto Chemicals), and o, -azobisisobutyronitrile (AIBN, Kanto Chemi-
cals, as initiator) were dissolved in ethanol in a flask at room temperature.
Then the radical polymerization was performed in the sealed flask at 60
°C for 6 h. Finally, the polymer product was reprecipitated from an ether/
chloroform (7/3, v/v) mixture solvent and dried in vacuo. The structure of
the copolymer was identified by 'H NMR. The average molecular weight
(M,,) was determined by a gel permeation chromatography (GPC) system
(JASCO International Co., Ltd., Tokyo, Japan). The molecular properties
of PMBSSi are listed in Table 1.

Surface Coating. Quartz substrates (Sendai Quartz and Glass,
Sendai, Japan) with 0.5 mm thickness were used for coating. The
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PMBSSi ethanol solutions were used as coating solutions without any
additives. After being cleaned by ethanol and O, plasma treatment,
the substrate was ready for a dip-coating procedure: the cleaned
substrate was first immersed in the polymer solution of the desired
concentration for 2 h, then, the substrate was dried under nitrogen,
and after that, the coated substrate was further dried in a vacuum
condition overnight. Before being used for characterization and
investigation, the samples were first rinsed by the distilled water to
wash off the remained unreacted PMBSSi molecules, then dried under
nitrogen, and dried again in a vacuum condition overnight.

Surface Characterization. XPS Analysis. The surface elemental
composition was determined by X-ray photoelectron spectroscopy
(XPS) (Axis-His, Shimadzu/KRATOS, Kyoto, Japan). XPS analyses
were carried out under a high vacuum condition of 1 x 107 Torr or
less. The X-ray source was Mg Ka (1253.6 eV) and the electric current
was 10 mA. The takeoff angle employed was 90°. For each sample,
three samples were analyzed.

Evaluation of Coating Stability. The quartz plates coated with
PMBSSi were first fixed with stainless wires and then rinsed in distilled
water undergoing magnetic stirring at 300 rpm. All the plates were
kept under the same rinsing conditions. The plates were removed after
rinsing for 1, 5, 25, and 45 h. The elemental compositions on the
surfaces of the rinsed plates were analyzed by XPS. At least three
samples for each rinsing duration were measured. As controls, samples
without fluidic rinsing were also measured (i.e., elemental compositions
at O h).

Coating Density Measurement. The coating density was determined
with a quartz crystal microbalance (QCM). QCM has been widely used
to measure the mass of material/molecules attached to the surface of
the quartz crystal via changes in the resonant frequency (Af).>*?* The
resonant frequency of the sensor crystal (f) depends on the total
oscillating mass. When a thin film is attached to the sensor crystal, the
frequency decreases. The resonant frequency shift of the QCM is due
to the change in the total coupled mass. If the film is thin and rigid,
the decrease in frequency is proportional to the mass of the film. In
this way, the QCM operates as a very sensitive balance. The mass of the
adhering layer is calculated by using the Sauerbrey relation™

Am= —C;—lAf

()
where C (= 17.7 ng Hz"! cm™2 for f = 5 MHz crystals) is the mass
sensitivity constant and n (= 1, 3,...) is the overtone number. In this
study, all measurements were performed using a Q-Sense D300 system
(Q-Sense AB, Goteborg, Sweden). The Q-Sense software package was
employed to acquire experimental data and to evaluate the data with
modeling fittings. For the accurate modeling, the measuring at multiple
frequencies (i.e., 5, 15, 25, and 35 MHz) was simultaneously applied.
The Si0O; coated (Si0»/Au) sensor crystal was first cleaned by reactive
oxygen plasma. Then the resonant frequency of the sensor crystal (f.)
was previously measured. Next, the active side of the sensor crystal
was spin-coated with the PMBSSi solution of the desired concentration.
After that, the PMBSSi coated sensor was dried in a vacuum condition
overnight. To wash off the remaining unreacted PMBSSI, the coated
crystal was rinsed with distilled water, dried under nitrogen, and further
dried in a vacuum condition overnight. Finally, the resonant frequency
of the PMBSSi coated sensor crystal (f,) was measured. In this case,
(fy — f) is the change in the resonant frequency (Af), by which the
mass of PMBSSi per unit area (defined as coating density) can be
calculated through the Sauerbrey relation. Because the coating process
for a sensor crystal is almost the same as that for a quartz substrate,
the PMBSSi coating on the sensor is considered identical with that on
the quartz substrate.

Contact Angle Measurement. The static water contact angle of the
surface was measured by using a CA-W automatic contact angle meter
(Kyowa Interface Science, Saitama, Japan); for each sample, at least
six different areas were measured and averaged.

AFM Analysis. The surface morphology was characterized by an
atomic torce microscopy (AFM; Bioscope, Nanoscope IHla, Veeco,
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Table 1. Molecular Properties of PMBSSi

composition (mole fraction)? solubility?
abb. [MPC/BMA/PMPS/MPTMSI] molecular weight (M,)°? polydispersity ratio (M./M,)° H.,O EtOH
PMBSSI 46/32/9/13 1.2 x 10* 1.2 + +

“ Determined by 'H NMR. ® Weight average molecular weight (M,); determined by GPC, PEO standard. © M,: number average molecular weight.
9 Evaluated by dissolving 0.1 g polymer powder in a 10 mL solvent: +: soluble.

Table 2. Properties and Related Information of Proteins Used in

the Study amount of protein in the SDS solution was determined by the Micro
- BCA protocol (Micro BCA Protein Assay Kit, Pierce Biotechnology,
approximate approximate Rockford, IL).26
isoelectirc molecular T
proteins?® point (pf) weight (M,)/kDa source
pepsin 1.0 35.0 porcine storach 3. Results and Discussion
mucosa . -

albumin 47 66.0 bovine serum ) Preparation of Charged Phosphohpu} Copolymer Coat-
fibrinogen 55 340.0 bovine plasma ing. Table 1 shows the molecular properties of PMBSSi. The
y-globulins 5.8-7.3 150.0 bovine blood MPTMSi moieties in the synthesized anionic phospholipid
hey’g;’%gibn'n 38/9740 ?ég ﬁow.;esﬁﬁzg | o copolymer (PMBSSi) possess silanization reactivity. A silaniza-

m 0/7. . ors al musc . : : e rrfac
a-chymotrypsin 8.8 25.0 bovine pancreas tion pr‘qcess is an effective way to chemically change the mu‘face
ribonuclease A 9.5 13.7 bovine pancreas properties of silica-based substrates, because these substrates
cytochrome ¢ 10.0-10.5 12.4 horse heart contain hydroxyl groups which attack and displace the alkoxy
lysozyme 11.0 14.3 chicken egg white groups on the silane-coupling agents thus forming a covalent
# Except for myoglobin (Wako Pure Chemical Industries, Ltd., Tokyo, -Si—0—Si- bond. The silanization strategy has been widely
Japan), all the other proteins were purchased from Aldrich-Sigma (St. applied in microfluidic chip devices for surface modification,
Louis, MO). because silica-based substrates such as quartz and glass are
initial and popular substrate materials to fabricate and develop

Santa Barbara, CA). Measurements under dry conditions were per- microfluidic devices. British workers have first reported an
formed using the tapping mode of operation with a phosphorus (n) incorporation of silane-coupling moieties in a MPC copolymer
doped silicon cantilever (RTESP). For in situ AFM measurements in for inducing cross-linking among polymer molecules,?’ while

solution (1X Dulbecco’s Phosphate-Buffered Saline (D-PBS), pH 7.1,

X ! A we have first constructed a MPC polymer interface via a
Invitrogen Company, Carlsbad, CA) wet condition, a nonconductive

i trid flever (NP.S20 . ‘ o th silanization process in a quartz microchip by a MPC polymer
si {Lon nitride cantilever (NP- : ) was used !n tapping modejm the Composed of MPC and MPTMSi."" In this S[udy, the MPTMSi
fluid. The roughness of the surface topographies (10 x 10 um? area) C e 3 s o R . . |
. . moieties were also incorporated for the same purpose. After

was characterized by measuring the root-mean-square (rms) roughness . .
of the AFM images hydrolysis, the PMBSSi macromolecules attack the hydroxyl
e o - . ) groups of the SiO; substrate, thus forming a covalent -Si—O—Si-
Surfuce C-Potential Measurement. The surface {-potential was bond vi dehydrati ocess (with b o In th
measured in a 10 mM NaCl solution using an electrophoretic light- Von Vﬁa a deny 1dt}011 plocehs.(wgt eat or in VdCU.O)‘ n [, e
scattering spectrophotometer (ELS 8000, Otsuka Electron., Osaka, :synthemzed.PMB SSi, the m_oh, f’?C‘fOI’ of the MPTMS:i m()letl.es
is 13%. This composition is sufficient because, as reported in

Japan) with a plate cell; for every sample, the determination was : . h :
repeated six times. our previous research, a composition of 10% (mole fraction)

EOF Measurement. A method taking advantage of the migration MPTMS:i in copolymer was sufficient to make a covalent coating
data collected with a suitable neutral and inert tracer in an open channel on quartz.'' In PMBSSi, the mole fraction of MPC units is 46%.
under an applied electric field was applied to estimate the EOF mobility. This is a composition in consideration of both the suppression
This method has been presented elsewhere,? including in our previous of the protein adsorption and the solubility of the copolymer
work.'® In this research, the measurements of the EOF behaviors were because the MPC copolymer having more than 30% MPC units
performed using the microchannel with polystyrene microspheres in mole fraction is apt to dissolve in water and some other
(Polybead) as neutral tracers, whose average diameter was 6.0 ym. 1X representative protic solvents such as ethanol.®® In fact, PMBSSi
D-PBS (adjusted to pH 7.0) was used as a buffer in the measurements. can be dissolved in both water and ethanol, which is favorable

Investigation of Protein Adsorption. The evaluation of the protein in surface modifications of various devices, especially microf-
adsorption was conducted on the quartz substrates (20 x 20 x 0.5 luidic devices. Therefore, alcoholic solutions of PMBSSi were
mir') with various proteins listed in Table 2. Protein sotutions (0.32 g used as coating solutions without any other additives. This

L"') prepared in 1X D-PBS buffer (pH 7.1) were used for all the
experiments except for studies on ionic strength effect on the amount
of adsorption, in which additional NaCl (50 and 150 mM) was spiked
in the 1 X D-PBS to given concentrations. The protocol for determining
the amount of protein adsorption on a sample surface is described as
follows. First, after the coated and uncoated (control) quartz plates were
equilibrated overnight in distilled water, they were immersed in 10 mL
of protein solution and incubated at 37 °C for | h to achieve adequate
contact between the quartz plates and the protein. Then the plates were
removed and rinsed in sufficient [X D-PBS (pH 7.1), undergoing 300

enables easy handling, quick treatment, and nearly no solvent
remnants after treatment. The coating process is very simple,
as described in Experimental Section, just a conventional dip
coating, and can be quickly completed in 2 h.

XPS analysis was used to confirm the modification of the
quartz surface. The binding energy (BE) scale was corrected
using Cy, as a reference at BE = 285 eV. The six elements
present in PMBSSi can be identified from their XPS peaks:
silicon (Siz, BE ~ 102 V), phosphorus (P, BE ~ 133 eV),

Ipm magnetic stirring to remove the unabsorbed protein; this rinsing sulfur (S, BE ~ 168 eV), carbon (C,,, BE ~ 285 eV), nitrogen
procedure was conducted twice for 5 min each time. To detach all the (Ny,, BE ~ 402 eV), and oxygen (O,,, BE ~ 533 eV). The
adsorbed protein from the quartz plate, each plate was placed in a small spectra of nitrogen (N,,) and phosphorus (P 2p) at a takeoff angle
case with 2.0 mL of 10 mg mL"! sodium dodecyl sulfate (SDS) solution of 90° were shown in Figure 2. Nitrogen (N,) and phosphorus
(water as solvent) in which the quartz plate was adequately immersed. (P2p,) were detected on both the high-concentration (3.00 mg
The sealed case was treated via ultrasonication for 10 min, and the mL ") and low-concentration (0.30 mg mL ') PMBSSi coated
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Figure 2. XPS spectra of nitrogen (Nys) and phosphorus (Py,) on different sample surfaces: (a) quartz surface with a high-concentration (3.00
mg mL™") PMBSSi coating (i.e., high-density coating sample); (b) quartz surface with a low-concentration (0.30 mg mL~") PMBSSi coating (i.e.,
low-density coating sample); (¢) uncoated quartz surface (i.e., noncoating sample). The spectra were recorded using a takeoff angle of 90° with

respect to the sample surface.

surfaces but not on the uncoated quartz surface, indicating the
presence of MPC units on the coated surfaces and therefore the
success of the surface modification. In addition, the relative peak
intensities of both elements were decreased with increasing the
concentration of PMBSSi, implying that comparing with the
high-concentration coating, the low-concentration coating might
make more amount of PMBSSI reacted on the substrate.

Surface Properties. As XPS analyses suggest, the concentra-
tion of the polymer coating solution may influence the amount
of polymer coated to the quartz surface. To confirm this, we
further determined the densities of coatings by a method with
the QCM. The modeling with the Q-sense software program
indicated that in the case of the high-concentration (3.00 mg
mL 1) PMBSSi coating, the resulting thickness of the coating
is 87 nm, while the Sauerbrey relation resulted in 88 nm,
meaning that this particular film could just be analyzed by the
Sauerbrey relation. The coating surface densities of the high-
concentration (3.00 mg mL ') and low-concentration (0.30 mg
mL ") PMBSSi coated surfaces measured by the QCM were
11.14 & 0.05 gg cm™? and 1.19 £ 0.01 ug cm™2, respectively.
This indicates that the coating density of the high-concentration
(3.00 mg mL ') PMBSSi coating is almost 10 times higher than
that of the low-concentration (0.30 mg mL™') PMBSSI coating,
a same difference as exhibited in coating concentrations. Figure
3 demonstrates the relationship between the polymer coating
concentration and the coating density. In the figure, noncoating
(density = 0.00 ug cm™2), low-density coating (density = 1.19
ug cm™2), and high-density coating (density = 11.14 ug em™)
represent the uncoated, low-concentration (0.30 mg mL™h
PMBSSi coated and high-concentration (3.00 mg mL~') PMB-
SSi coated quartz surfaces, respectively. A linear fit is applicable
to describe the relationship between the coating concentration
and the coating density, which reveals that the coating density
can be adjusted by changing the coating concentration of the
polymer solution.

The coating density affected the surface properties including
the surface contact angle, the surface roughness and the surface
&-potential. These surface properties of different samples are
listed in Table 3. After the quartz surfaces were coated with
PMBSSi, the water contact angle on the surface decreased from
31.2 4+ 1.2 degree (noncoating) to 23.8 £ 2.8 degree in the
case of the low-density coating and to 13.4 £ 1.3 degree in the
case of the high-density coating. The uncoated quartz surface
is hydrophilic and the decrease in the contact angle after coating
indicates that the coating made the surface more hydrophilic
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Figure 3. PMBSSI densities on sample surfaces plotted vs PMBSSi
concentrations for coating. A linear fit (y = 0.04 + 3.70x, A = 1.00)
is applicable to describe the relationship between the PMBSSi coating
density and the PMBSSi concentration for coating.

than the original surface. The rms roughness analyses of AFM
observations can provide quantitative information on surface
homogeneity. On the one hand, all the samples (noncoating,
low-density coating, and high-density coating) exhibited quite
low rms roughness values less than 0.80 nm under both dry
and PBS wet conditions, indicating that these sample surfaces
were homogeneous under both conditions. On the other hand,
the calculated rms values also exhibited some subtle changes
in roughness as a result of the coating. For example, the rms
roughness in dry condition decreased from 0.51 (noncoating)
to 0.30 nm (low-density coating) and 0.32 nm (high-density
coating) after coating. This decrease could be attributed to the
filling of the topographical structure with PMBSSi, leading to
smoother surfaces. In addition, the high-density coating had
almost the same rms value (0.32 nm) as that of the low-density
coating (0.30 nm) in dry conditions. Under PBS wet conditions,
the PMBSSi coatings changed the topologies of the surfaces,
increasing the roughness values, yielding rms values of 0.79
and 0.69 nm for the low-density coating and the high-density
coating, respectively. This increase would be due to the
stretching and swelling of the PMBSSi chains in PBS. Surface
charge conditions were characterized with the surface {-poten-
tial. As determined, the quartz surface is negatively charged
with a {-potential of —47.4 £ 0.9 mV. After coating with
PMBSSI, the surface {-potential changed, because charged
moieties (PMPS moieties) on PMBSSi in place of hydroxyl
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Table 3. Surface Properties of Different Sample Surfaces
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rms roughness (nm)

sample density? (ug cm™?) contact angle® (°) dry wet {-potential® (mV)
noncoating 0.00 31.2+12 0.51 0.60 —-47.4 4+ 0.9
low-density coating 1.19 4 0.01 23.8+28 0.30 0.79 -143+1.9
high-density coating 11.14 + 0.05 134+ 1.3 0.32 0.69 —242 +25

@ Data are mean + SD, n = 3. ? Data are mean + SD, n = 6. °Data are mean + SD, n = 6.

ERY

i Nitrogen (N)
B Phosphorus (P)

Figure 4. Change in atomic concentration of nitrogen and phosphorus
(determined by XPS) on the quartz surfaces with the high-density
PMBSSi coatings before (0 h) and after rinsing by stirring at 300 rpm
in distilled water for 45 h. Data are mean + SD, n = 3.

groups on the original quartz surface became to dominate the
charge condition of the outmost surface. Table 3 indicates that,
the low-density coating exhibited a lower (absolute value of)
surface {-potential (—14.3 £ 1.9 mV) than the high-density
coating (—24.2 & 2.5 mV), owing to the lower amount of PMPS
moieties on the low-density coating than on the high-density
coating. The coating density further influenced the electrokinetic
property of the surface by altering the surface {-potential. The
EOF determination indicated that the PMBSSi-coated quartz
surface retained a significant amount of cathodic EOF.'® For
example, in the condition of X D-PBS (adjusted to pH 7.0),
the EOF mobility of a quartz microchannel with the high-density
PMBSSi coating was (0.99 £ 0.14) x 10™*cm? V™!'s™!, which
is roughly more than half (53%) that of the uncoated micro-
channel under the same buffer conditions.

The evaluation of the coating stability provided evidence that
the PMBSSi coating is a type of stable coating. The investiga-
tions were carried out in distilled water undergoing a quite high
speed of magnetic stirring (300-rpm). As demonstrated in Figure
4, the surface atomic concentrations of nitrogen (N) and
phosphorus (P) on the quartz surfaces with high-density PMBSSi
coatings, which were determined by XPS, remained at almost
the same levels during the entire long-term (45 h) rinse process.
Therefore, the PMBSSi coating layer could not be detached by
the fluidic rinse. This reveals that the PMBSSi coating can
function effectively for a long time even under long-term fluidic
working conditions.

Suppressing Protein Adsorption by Coating, To investigate
the ability of the charged polymer coating to suppress protein
adsorption, various proteins with different isoelectric points (p/),
a critical pH point at which a protein carries no net electrical
charge, were employed to quantitatively evaluate protein
adsorptions on coated quartz surfaces. The information of these
proteins is listed in Table 2. All the samples were analyzed by
the MicroBCA protein analysis protocol, which is usually
applied to determine protein amounts in solutions with very low
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protein concentrations.”® In the same batch, uncoated quartz
surfaces were also analyzed as controls. All the protein solutions
were prepared in 1X D-PBS (pH 7.1), which is a physiological
buffer condition that is conventionally applied in many biologi-
cal analyses. The results are arranged based on the p/ values of
the proteins in order to elucidate the effects of the charge
conditions of the PMBSSi coatings on protein adsorption. The
results are shown in Figure 5. All proteins, both the anionic
and cationic ones, had high adsorption amounts on the uncoated
quartz surfaces, and in contrast, had significantly low adsorption
amounts on the PMBSSi coated surfaces. For example, bovine
serum albumin (BSA, pI = 4.7, anionic) and lysozyme (LYZ,
pI = 11.0, cationic) had adsorption amounts of 1.47 ug cm™
and 0.35 ug cm™2, respectively, on the uncoated surfaces
(noncoating); but these amounts are reduced to 0.17 ug cm™2
and 0.02 g cm ™%, respectively, on the surfaces with high-density
PMBSSi coatings. When a high-density coating was applied,
the amount reduction in adsorption was at least 87% and, in
some cases (for example, a-chymotrypsin), was more than 99%,
That is to say, proteins, both anionic and cationic ones, hardly
adsorb onto the surfaces constructed by PMBSSI, although it
is charged.

Effect of Coating Density. The protein adsorption to a
surface depends on the surface properties to some extent. As
described previously, the differences in surface properties of
PMBSSi coating can be essentially attributed to the difference
in surface coating density. Hence, it is useful to obtain a
relationship between the coating density and the amount of
protein adsorbed on the charged surface. Comparing the data
of the amounts of adsorbed protein (Figure 5), we found that
after coating with PMBSSi, both the high-density coating and
the low-density coating caused a dramatic decrease in the protein
adsorption. There was, however, some slight difference in the
amounts of protein adsorption between the two cases. All the
protein adsorption data indicated that the surface with the high-
density coating exhibited much lower amounts of protein
adsorption than the surface with the low-density coating. For
example, taking pepsin (p/ = 1.0, anionic) and ribonuclease A
(pI = 9.5, cationic) as instances, in the case of pepsin, the
amounts adsorbed on the low- and high-density coatings were
0.55 ug em™ and 0.18 pug cm™, respectively, and in the case
of ribonuclease A, they were 0.29 yg cm™? and 0.08 ug cm™,
respectively. That is, the amounts of adsorbed protein in both
cases deceased with increasing the PMBSSi coating density.
The same tendencies in the effect of the coating density were
obtained in all the cases of the other proteins. As aforementioned
(Table 3), an increase in the PMBSSi density resulted in an
increase in the absolute value of the surface -potential. In some
conventional surfaces, as the absolute value of the surface
C-potential increases, the electrostatic interactions between the
surface and the protein would increase, and therefore the risk
of protein adsorption would also increase.”® However, in the
PMBSSi coated surfaces, the increase in the surface {-potential
resulted from the increase in the PMBSSI density, did not lead
to more amounts of protein adsorbed to the surfaces, and
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Figure 5. Amounts of various proteins with p/ values varying from 1.0 to 11.0 absorbed on different sample surfaces. Data are mean & SD, n

= 9. Statistical difference significance: *, p < 0.01; **, p < 0.001.

contrarily, made more reduction in the amount of protein
adsorption. This suggests that the PMBSSi density should be
the key factor which affects the protein adsorption/resistance
on the PMBSSi coated surface. It is known that the PC groups
of MPC units play a key role in the suppression of protein
adsorption in the MPC polymer coating. More PC groups mean
a higher capability to suppress the protein adsorption to some
extent. Comparing with the low-density coating, the high-density
coating made more PMBSSi react with the quartz surface and
thereby afforded a higher composition of MPC units (or PC
groups) in the coating layer. This contributed to more reduction
in protein adsorption in the high-density coating. In addition,
comparing with the high-density coating, the low-density coating
has a looser steric structure of coating layer, which may create
more chances for some proteins to penetrate into the inner layer
of the coating and, consequently, lead to an increase in the
amount of protein adsorption. Therefore, in the PMBSSi coating
system, we consider that the amount of proteins in the PMBSSi
surface might depend more on the PMBSSi density than on the
surface charge of the coating.

Effect of Buffer Ionic Strength. The ionic strength of a
buffer is generally considered to remarkably affect a protein
adsorbing from buffer to a charged surface because counterion
concentration affects the degree to which the surface charge is
shielded. To further elucidate the role of surface charge in the
protein adsorption to PMBSSI coated surfaces, the adsorption
behaviors were studied in buffers with different ionic strengths.
The increase of the ionic strength was obtained by addition of
NaCl to 1X D-PBS. Both BSA and LYZ adsorptions were
studied as functions of the addition of NaCl. As shown in
Figures 6 and 7, the amounts of BSA and LYZ adsorbed on
the uncoated quartz surfaces (noncoating) decreased dramatically
with the addition of NaCl in the range of 0 mM to 150 mM.
This can be explained by the screened electrostatic interactions
occurring at high ionic strength. This reveals that the uncoated
quartz surface was intensely sensitive to the electrostatic
conditions. However, in contrast to the adsorption behavior on
the uncoated quartz surface, which displayed strong ionic
strength sensitivity, the BSA adsorption on both the low- and
the high-density coated quartz surfaces were not significantly
affected by the increase in the ionic strength (Figure 6). The
similar behavior also exhibited in the LYZ adsorption, which
is shown in Figure 7. These profiles indicate that the PMBSSi
coating has an impact on the surface, not only at the physiologic
ionic strength but also over a range of the ionic strength.
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Figure 6. Influence of the buffer ionic strength on the amount of
bovine serum albumin (BSA, p/ = 4.7, anionic) adsorbed on different
sample surfaces. The increase of the buffer ionic strength was
obtained by addition of NaCl to 1X D-PBS (pH 7.1). [NaCl] represents
the added NaCl concentration and the NaCl concentration of original
1X D-PBS (about 137 mM) is not included. Data are mean =+ SD, n
=9.

Moreover, the buffer ionic strength has no pronounced influence
on protein adsorption to the PMBSSi modified surface, sug-
gesting that this process was not dominated by electrostatic
interactions between protein molecules and the surface.

Although the understanding of the mechanism and the physics
of protein resistance specific to MPC-based surface remains in
complete in the present time, several hypotheses or theories have
been proposed based on common understandings and our
group’s research.*?%*® The research let us be aware of the
importance of exploring water interactions among the surface
and around the environment to understand the protein resistance.
If the water state at the surface is similar to an aqueous solution,
protein does not need to release bound water molecules even if
protein molecules contact the surface. This means that the
hydrophobic interaction does not occur between proteins and
the polymer surface. Moreover, the conformational change in
the protein’s three-dimensional structure during protein adsorp-
tion on or contact with the surface does not happen. Our research
elucidated that MPC-based polymers usually carry higher level
of free water fraction on the polymer surface, as is well-known
that PC groups are highly hydrated. Thus, proteins can contact
the surface reversibly, without significant conformational change.
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The results of the simulation work suggested that PC head
groups are very quickly surrounded and polarized by the water
molecules when contacting with water.®' Further, Kitano et al.
found that the structure of the aqueous solution surrounded PC
groups is very close to that of pure water by the Raman
spectrum,™

As charged units (PMPS) involved, however, PMBSSi is
more complicated than other noncharged MPC polymers. In this
work, the experimental results suggest that the amount of surface
charge was shown to be a poor determinant of protein adsorption
(Figure 5). Accordingly, the effect of electrostatic interactions
on the adsorption of the proteins studied is minimal or
neglectable (Figures 6 and 7). This tests and supports the
hypothesis proposed by Lewis, A. L. that, even though the
surface charge of the MPC polymer coating is changed by
incorporation of the monomer having charged groups, if a
significant proportion of PC in the composition exists, the
interaction of the protein with the charged surface may still be
similar to that with a surface of a noncharged MPC polymer
coating.™ This group demonstrated adding cationic charge to
MPC polymer with the cationically charged monomer choline
methacrylate (CMA), that all polymer coatings containing
0—23% CMA (mole fraction, converted from the weight
percentage originally described by the authors in the reference)
exhibited small amounts of protein adsorption, with no statistical
difference.™ In the PMBSSi, the mole fraction of MPC
monomers is 46%, which is predominant among all components.
In contrast, the anionically charged monomer PMPS is only 9%
in mole fraction, an amount that is considered incapable of
inducing significant amounts of protein adsorption. In addition,
in the case of the PMBSSI coating, the increase of the buffer
ionic strength by addition of NaCl does not remarkably change
the property of the PC dominated interface, so it does not
significantly affect the resistance of protein adsorption on the
surface. Therefore, the charge in the PMBSSi not only satisfies
the requirement for generation of the electrokinetic phenomena
but also has no adverse effect on suppression of the protein
adsorption.

4. Conclusions

We described a charged interface constructed on the silica-
based substrate with a charged phospholipid copolymer (PMB-
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SSi) coating with the covalent bonding, which has high
capability to suppress adsorption of both anionic and cationic
proteins. The PMBSSi interfaces were very hydrophilic and
homogeneous, and could function effectively for a long time
even under long-term fluidic working conditions. The coating
density, which was controllable by adjusting the polymer coating
concentration, affected the surface properties including the
surface contact angle, the surface roughness and the surface
C-potential. When a PMBSSi coating was applied, the adsorption
of various proteins with a wide range of p/ (1.0~—11.0) on quartz
was suppressed significantly to at least 87% in amount. The
high-density coating, though exhibited a higher surface {-po-
tential, showed much higher reduction in the amount of protein
adsorption in comparison with the low-density coating, indicat-
ing that the protein adsorption behavior on the PMBSSi interface
depends more on the surface density than on the surface charge.
This was explained by the fact that the higher density coating
affords more composition of PC groups on the interface when
on contact with water. Further, in contrast to the adsorption
behavior on the uncoated quartz surface, which displayed strong
ionic strength sensitivity, protein adsorption on PMBSSi coated
quartz surfaces were not remarkably affected by the change in
the ionic strength. That is, the PMBSSi coating has an impact
on the surface, not only at the physiologic ionic strength but
also over a range of the ionic strength, revealing that electrostatic
interactions do not dominate the behavior of protein adsorption
to the PMBSSi surface. Therefore, the PMBSSi interface holds
the capability to be applied to electrokinetically actuated
microfluidic chips with biological applications, for not only
suppressing the unfavorable protein adsorption but also simul-
taneously generating favorable electrokinetic phenomena.
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Self-Initiated Surface Graft Polymerization of
2-Methacryloyloxyethyl Phosphorylcholine on
Poly(ether ether ketone) by Photoirradiation
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ABSTRACT In the present paper; we reported the fabrication of a highly hydrophilic nanometer-scale modified surface on a poly(ether
ether ketone) (PEEK) substrate by photoinduced graft polymerization of 2-methacryloyloxyethyl phosphorylcholine (MPC). in the
absence of photoinitiators. Photoirradiation results in the generation of semibenzopinacol-containing radicals of benzophenone units
in the PEEK molecular structure, which dcts as a photoinitiator during graft polymerization. The poly(MPC)-grafted PEEK surface
fabricated by a novel and simple polymerization system exhibited unique characteristics such as high wettability and high antiprotein
adsorption, which.makes it highly suitable for medical applications.

KEYWORDS: poly(ether ether ketone) @ phosphorylcholine ® surface modification ¢ photopolymerization ® wettability ® protein

adsorption

INTRODUCTION

= oly(aryl ether ketone) (PAEK), including poly(ether
ether ketone) (PEEK), is a relatively new family of
A high-temperature thermoplastic polymers, consisting
of an aromatic backbone molecular chain interconnected by
ketone and ether functional groups; i.e., a benzophenone
(BP) unit is included in its molecular structure. Polyaromatic
ketones exhibit enhanced mechanical properties, and their
chemical structure is stable at high temperatures, resistant
to chemical and radiation damages, and compatible with
many reinforcing agents (such as glass and carbon fibers);
therefore, they are considered to be promising materials for
industrial applications such as aircraft, turbine blades, and
electric devices. In the 1990s, the biocompatibility and in
vivo stability of various PAEK materials and high-perfor-
mance engineering polymers were investigated (1). Re-
cently, PEEK has emerged as the leading high-performance
thermoplastic candidate for replacing metal implant com-
ponents, especially in the field of orthopedics and trauma
(2). In recent studies, the tribological and bioactive properties
of PEEK, which is used as a bearing material and flexible
implant in joint arthroplasty, have been investigated (3—5).
However, conventional single-component PEEK cannot sat-
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isfy these requirements (e.g., wear resistance or fixation with
a bone) for the artificial joint (2). Because of interest in
further improving implants, the PEEK as biomaterials study
has also been focused on the biocompatibility of the poly-
mer, either as a reinforcing agent or as a surface modifica-
tion (6, 7). Therefore, multicomponent polymer systems
have been designed in order to synthesize new multifunc-
tional biomaterials. In order to use PEEK and related com-
posites in novel implant applications, they can be engineered
to have a wide range of physical, mechanical, and surface
properties.

2-Methacryloyloxyethyl phosphorylcholine (MPC), a meth-
acrylate monomer composed of a phospholipid polar group,
which is identical with the neutral phospholipids of cell
membranes, is used to synthesize polymer biomaterials
having excellent biocompatibility (8—12). MPC polymers,
exhibiting a cell membrane like structure, have potential
application in various fields such as biology, biomedical
science, and surface chemistry because they exhibit several
unique properties such as good biocompatibility, high lubric-
ity, low friction, and excellent antiprotein adsorption (8—12).

Surface modification is one of the most important tech-
nologies for the preparation of new multifunctional bioma-
terials. In general, a polymer surface can be modified using
the following two methods: (a) surface absorption or reaction
with small molecules and (b) grafting of polymeric molecules
onto a substrate via a covalent bond. Grafting polymerization
is performed most frequently using either of the following
methods: (i) surface-initiated graft polymerization termed
the “grafting from” method in which the monomers are
polymerized from initiators or comonomers and (ii) adsorp-
tion of the polymer to the substrate termed the “grafting to”
537
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FIGURE 1. Scheme for the preparation of PEEK-g-PMPC.

methods such as dipping, cross-linking, or reaction of the
end groups of the ready-made polymers with the functional
groups of the substrate. The “grafting from” method has an
advantage over the “grafting to” method in that it forms a
high-density polymer brush interface with a multifunctional
polymer; this advantage results in a fruitful function. In
previous studies, a multifunctional biomaterial such as
poly(MPC) (PMPC) was grafted onto a polyethylene (PE)
surface; this was accomplished using photoinduced “grafting
from” polymerization in the presence of a conventional BP
photoinitiator (13—17). During grafting, the physically ad-
sorbed BP initiators on the PE surface were excited to the
triplet-state hydrogen (H) atom from the —CH,— group of
the PE surface; this resulted in the formation of radicals that
were capable of inducing surface-initiated graft polymeriza-
tion, which was conducted under ultraviolet (UV) irradiation.

In this study, we have demonstrated the fabrication of a
biocompatible and highly hydrophilic nanometer-scale modi-
fied surface by grafting PMPC onto the surface of a self-
initiated PEEK using a novel photoinduced “grafting from”
polymerization reaction. We hypothesize that photoirradia-
tion results in the generation of semibenzopinacol-contain-
ing radicals of the BP units in PEEK, which acts as a
photoinitiator during the “grafting from” polymerization. It
is well-known that when BP is exposed to photoirradiation
such as UV irradiation, a pinacolization reaction is induced,
this results in the formation of semibenzopinacol (ketyl)
radicals that act as photoinitiators. Our technigue enables
the direct grafting of PMPC onto the PEEK surface in the
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absence of a photoinitiator, thereby resulting in the forma-
tion of a C—C covalent bond between the PMPC and PEEK
substrate. The chemical and physical properties of the PEEK
surface were also investigated.

MATERIALS AND METHODS

PMPC Graft Polymerization. The preparation of PMPC-
grafted PEEK (PEEK-g-PMPC) is schematically illustrated in
Figure 1. PEEK specimens were machined from an extruded
PEEK (450G; Victrex plc, Thornton-Cleveleys, U.K.) bar stock,
which was fabricated without stabilizers and additives. The
surfaces of the PEEK specimens were ultrasonically cleaned in
ethanol for 20 min and then dried in vacuum. MPC was
industrially synthesized using the method reported by Ishihara
et al. (8) and supplied by the NOF Corp. (Tokyo, Japan). It was
dissolved in degassed water to obtain a 0.5 mol/L aqueous
solution; PEEK specimens were immersed in this solution.
Photoinduced graft polymerization was carried out at 60 °C for
90 min on the PEEK surface under UV irradiation (UVL-400HA
ultrahigh-pressure mercury lamp; Riko-Kagaku Sangyo Co., Ltd.,
Funabashi, fapan) with an intensity of 5 mW/cm?; a filter (model
D-35; Toshiba Corp., Tokyo, Japan) was used to restrict the
passage of UV light to wavelengths of 350 + 50 nm. After
polymerization, the PEEK-g-PMPC specimens were removed
from the MPC solution, washed with pure water and ethanol to
remove nonreacted monomers and nongrafted polymers, and
dried at room temperature. As a reference sample, a PEEK-g-
PMPC with BP was prepared by PMPC grafting with BP precoat-
ing. Before PMPC grafting, the PEEK specimens were immersed
in an acetone solution containing 10 mg/mL of BP (Wako Pure
Chemical Industries, Ltd., Osaka, Japan) for 30 s and then dried
in the dark at room temperature in order to remove the acetone.
It was reported that the amount of BP adsorbed on the surface
was 3.5 x 107" mollcm? (9).
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FIGURE 2. FT-IR/ATR spectra of PEEK-g-PMPC with/without BP.

Surface Analysis by Fourier Transform Infrared (FT-IR)
Spectroscopy, X-ray Photoelectron Spectroscopy (XPS),
and Water-Contact Angle Measurement. The functional group
vibrations of the PEEK-g-PMPC surface that was grafted with/
without BP were examined using attenuated total reflection
(ATR) by FT-IR spectroscopy. FT-IR/ATR spectra were obtained
in 32 scans over a range of 800—2000 cm™" at a resolution of
4.0 cm™ by using an FT-IR analyzer (FT/IR615; Jasco Interna-
tional Co., Ltd., Tokyo, Japan).

The surface elemental contents of the PEEK-g-PMPC surface
that was grafted with/without BP were analyzed using XPS. XPS
spectra were obtained using an XPS spectrophotometer (AXIS
Hsi 165; Kratos/Shimadzu Corp., Kyoto, Japan) equipped with
a Mg Ka radiation source by applying a voltage of 15 KV at the
anode. The takeoff angle of the photoelectrons was maintained
at 90°. Each measurement was scanned five times, and five
replicate measurements were performed on each sample; their
average values were considered for determining the surface
elemental contents.

The static water-contact angles of the PEEK-g-PMPC surface
that was grafted with/without BP were measured with an optical
bench-type contact angle goniometer (model DM300; Kyowa
Interface Science Co., Ltd., Saitama, Japan) using a sessile drop

www.acsami.org

VOL. 1 # NO. 3 ¢ 537-542 + 2009

method. Drops of purified water (1 xL) were deposited on the
PEEK-g-PMPC surface, and the contact angles were measured
directly after 60 s by using a microscope. Subsequently, 15
replicate measurements were performed on each sample, and
the average values were taken as the contact angles.

Cross-Sectional Observation of PEEK-g-PMPC Using
Transmission Electron Microscopy (TEM). The cross section
of the PMPC layer fabricated on the PEEK-g-PMPC surface that
was grafted with/without BP was observed using a transmission
electron microscope. First the specimens were embedded in an
epoxy resin, stained with a ruthenium oxide vapor at room
temperature, and then sliced into ultrathin films (approximately
100 nm thick) using a Leica Ultracut UC microtome (Leica
Microsystems, Ltd., Wetzlar, Germany). A JEM-1010 electron
microscope (JEOL, Ltd., Tokyo, Japan) was used for TEM
observation at an acceleration voltage of 100 kV.

Characterization of Protein Adsorption by a Micro-bicin-
choninic Acid (BCA) Method. The amount of protein adsorbed
on the untreated PEEK and PMPC layer of the PEEK-g-PMPC
surface that was grafted with/without BP was measured using
the micro-BCA method. Each specimen was immersed in
Dulbecco’s phosphate-buffered saline (PBS; pH 7.4, ion strength
= 0.15 M; Immuno-Biological Laboratories Co., Ltd., Takasaki,
Japan) for { h to equilibrate the surface modified by the MPC
polymer. The specimens were immersed in a bovine serum
albumin (BSA; molecular weight = 6.7 x 10% Sigma-Aldrich
Corp., MO) solution at 37 °C for | h. The protein solution was
prepared in a BSA concentration of 4.5 g/L, i.e., 10% of the
concentration of human plasma levels. Then, the specimens
were rinsed five times with fresh PBS and immersed ina | mass
% sodium dodecyl sulfate (SDS) aqueous solution and shaken
at room temperature for 1 h to completely detach the adsorbed
BSA from the PEEK surface. A protein analysis kit (micro-BCA
protein assay kit, no. 23235; Thermo Fisher Scientific Inc., IL)
based on the BCA method was used to determine the BSA
concentration in the SDS solution, and the amount of BSA
adsorbed on the PEEK surface was calculated.

Statistical Analysis. The results derived from each measure-
ment were used to determine the water-contact angle, and the
amounts of BSA adsorbed were expressed as mean values and
standard deviation. The statistical significance (p < 0.05) was
estimated by the Student’s ¢ test.

RESULTS AND DISCUSSION
In this study, we investigated the PMPC layer formed on

the PEEK surface by photoinduced radical graft polymeri-
zation in the absence a photoinitiator. The following meth-
ods were employed in our study: (a) grafting from polym-
erization for the formation of a high-density graft polymer
layer, (b) photoinduced polymerization in the absence of
photoinitiators, and (c) use of biocompatible hydrophilic
macromolecules, which exhibited photoreduction by hydro-
gen abstraction of a BP unit in PEEK from a hydrogen donor;
this induced surface-initiated graft polymerization of the
methacrylate-type monomer (i.e., MPC) on the PEEK sur-
face, even in the absence of BP as a photoinitiator. These
results are discussed hereafter.

The preparation of the PEEK-g-PMPC without BP is sche-
matically illustrated in Figure 1. The present graft polymer-
ization reaction involving free radicals is photoinduced by
UV irradiation. Under UV irradiation, a BP unit in PEEK can
undergo the following reactions in the aqueous MPC solu-
tions (18—24). The pinacolization reaction (photoreduction
by hydrogen abstraction of a BP unit in PEEK) results in the
formation of a semibenzopinacol radical (i.e., ketyl radical),
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FIGURE 3. XPS spectra of PEEK-g-PMPC with/without BP.

Table 1.
Adsorbed (n = 10) on PEEK-g-PMPC with/without BP

Surface Elemental Composition (n = 5), Static-Water Contact Angle (n = 15), and the Amount of BSA

surface elemental composition (atom %)

sample Cis Oy N P2y contact angle (deg) amount of adsorbed BSA (uglcm?)
PEEK (untreated) 83.2 (0.5)¢ 16.7 (0.5) 0.1 (0.1) 0.0 (0.0) 92.5(1.9) 0.42 (0.22)
PEEK-g-PMPC with BP 64.5(1.1) 25.2 (0.8) 5.1(0.2) 5.2(0.2) 7.1(1.1) 0.08 (0.08)
PEEK-g-PMPC without BP 62.5 (0.6) 27.3(0.5) 5.1 (0.1 5.1 0.1 6.8 (1.7) 0.08 (0.10)
PMPC? 57.9 31.6 5.3 5.3

“ The standard deviation is in parentheses. * Theoretical elemental composition of PMPC.

FIGURE 4. Cross-sectional TEM images of PEEK-g-PMPC with/without
BP. Bar: 100 nm.

which can initiate the “grafting from” polymerization of MPC
as the main reaction and the “grafting to” polymerization
of MPC (the radical chain end of PMPC couples the semi-
benzopinacol radical of the PEEK surface) as a subreaction.
In addition, a photoscission reaction occurs as a subreaction,
which may not need a hydrogen donor. The cleavage
reaction induces recombination and the “grafting from”
polymerization. When water polymerization is carried out
in the presence of a hydrogen donor, a phenol unit may be
subsequentially formed due to hydrogen abstraction.
Figure 2 shows the FT-IR/ATR spectra of untreated PEEK
and PEEK-g-PMPC with/without BP. Absorption peaks were
observed at 1600, 1490, 1280, 1190, and 1160 cm™! for
both untreated PEEK and PEEK-g-PMPC. These peaks are
chiefly attributed to the diphenyl ether group, phenyl rings,
or aromatic hydrogen atoms in the PEEK substrate (25, 26).
However, transmission absorption peaks at 1 720 and 1080
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cm™! (shoulder peak) were observed only for PEEK-g-PMPC
(Figure 2b). These peaks corresponded to the carbonyl group
(C=0) and the phosphate group (P—O) in the MPC unit
(15—17). The FT-IR/ATR spectra showed no clear difference
between PEEK-g-PMPC with and without BP.

The XPS spectra of the binding energy region of the
nitrogen (N) and phosphorus (P) electrons showed peaks for
PEEK and PEEK-g-PMPC with/without BP, whereas peaks
were not observed in the case of untreated PEEK (Figure 3).
The peaks at 403 and 134 eV were attributed to the
~N*(CHs)s and phosphate groups, respectively. These peaks
indicate the presence of phosphoryicholine in the MPC units.
After PMPC grafting, the peaks attributed to the MPC unit
were clearly observed in both FT-IR/ATR and XPS spectra
of PEEK-g-PMPC with/without BP. These peaks indicate that
PMPC is successfully grafted on the surface of PEEK (15—17).

Table 1 summarizes the surface elemental compositions
of the untreated PEEK and PEEK-¢g-PMPC with/without BP.
The elemental compositions of N and P in all of PEEK-g-
PMPC with/without BP were 5.2 and 5.3 atom %, respec-
tively. The elemental composition of the PEEK-g-PMPC
surface was almost equal to the theoretical elemental com-
position (atom %; N, 5.3; P, 5.3) of PMPC. These results
indicare that the PMPC layer formed on the PEEK substrate
covers fully.

Figure 4 shows the cross-sectional TEM images of the
untreated PEEK and PEEK-g-PMPC with/without BP. In the
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cases of PEEK-g-PMPC with/without BP, an approximately
100-nm-thick PMPC layer was clearly observed on the
surface of the PEEK substrate, and neither crack nor delami-
nation was observed at the PEEK substrate and the interface
between the PMPC layer and the PEEK substrate. These
results indicate that the PMPC layer formed on the PEEK
substrate is uniformly distributed over the substrate and is
bound to the substrate by covalent C—C bonds. Because the
photoinduced radical graft polymerization proceeds only on
the surface of the PEEK substrate, the properties of the
substrate remain unchanged. Retention of the properties of
the PEEK substrate is very important in clinical use because
the biomaterials used in implants act not only as functional
materials but also as structural materials in vivo. During the
polymerization of PEEK-g-PMPC with BP, the pinacolization
reaction was photoinduced (UV irradiation) not only by the
BP unit in PEEK but also by the BP initiators precoated on
the substrate. However, the amount of semibenzopinacol
radicals produced from the BP units in PEEK alone wouid
be sufficient to induce surface-initiated graft polymerization,
since there is no clear difference in the PMPC layer between
the PEEK-g-PMPC with and without BP.

Table 1 summarizes the static water-contact angles and
the amount of BSA adsorbed on the untreated PEEK and
PEEK-g-PMPC with/without BP. The static water-contact
angle of the untreated PEEK was 92.5°, and it decreased
markedly to 7.1° (p < 0.001) and 6.8° (p < 0.001), respec-
tively, after PMPC grafting was carried out with/without BP.
Because MPC is a highly hydrophilic compound, PMPC is
water-soluble (8—12). The water wettability of the PEEK-g-
PMPC surface was considerably greater than that of the
untreated PEEK surface because of the presence of a PMPC
nanometer-scale layer (Figure 4). The fluid (water) flm
forming ability of the PEEK-g-PMPC surface can be attributed
to such a nanometer-scale thin PMPC layer because the
outermost PMPC layer determines this ability. The adsorp-
tion of the representative plasma protein and BSA on the
PEEK-g-PMPC surface considerably decreased to 20% (p <
0.001) compared to that in the case of the untreated PEEK
(0.08 uglcm?). It is hypothesized that the mechanism of
protein adsorption resistance on the surface modified by the
MPC polymer is attributed to the water structure resulting
from the interactions between the water molecules and
phosphorylcholine groups (27—30). The presence of a large
amount of free water around the phosphorylcholine group
is responsible for the easy detachment of proteins and the
prevention of conformational changes in the adsorbed
proteins (29). A decrease in protein adsorption is also
considered to be caused by the presence of a hydrated layer
around the phosphoryicholine groups (27). These observa-
tions are consistent with the results of the static water-
contact angle measurements and cross-sectional TEM ob-
servations of the PEEK whose surface is modified by PMPC
grafting. These results imply that the PEEK-g-PMPC surface
is biocompatible in terms of tissue and blood compatibility
because MPC polymer modified surfaces are known to
exhibit in vivo biocompatibility (8—14).
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The novel and simple photoinduced graft polymerization
in the absence of photoinitiators would be highly suitable
for industrial applications (31, 32) as well as the develop-
ment of medical devices (2—7). The density and thickness
of the grafting layer can be controlled by the photoirradiation
time and monomer concentration (16, 17). Additional efforts
are needed in this aspect. However, the synthesis of a self-
initiated biocompatible polymer having unique properties
such as antiprotein adsorption and wettability by the pho-
toinduced “grafting-from” polymerization reaction is indeed
a novel and simple phenomenon developed in the field of
biomaterials science, and the fabrication of the PEEK-g-
PMPC surface can result in the development of next-genera-
tion multifunctional biomaterials.

CONCLUSION

A biocompatible and highly hydrophilic nanometer-scale
modified surface was successfully fabricated on the PEEK
substrate by the photoinduced graft polymerization of PMPC
in the absence of photoinitiators. Because MPC is a highly
hydrophilic compound, the water wettability of the PEEK-
g-PMPC surface was greater than that of the untreated PEEK
surface because of the formation of a PMPC nanometer-scale
layer. In addition, the amount of BSA adsorbed on the PEEK-
g-PMPC surface considerably decreased compared to that
in the case of untreated PEEK. This novel and simple
photoinduced graft polymerization in the absence of pho-
toinitiators is highly suitable in industrial applications, in-
cluding the development of medical devices.
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Reversible addition-fragmentation chain transfer (RAFT) radical polymerization, mediated by 4-cyanopentanoic
acid dithiobenzoate and 4,4’-azobis(4-cyanovaleric acid) (V-501) in water at 70 °C, of biocompatible 2-(meth-
acryloyloxy)ethyl phosphorylcholine (MPC) yields a macro-chain transfer agent (CTA) that was employed in the
synthesis of a range of stimulus-responsive AB diblock copolymers in protic media. Well-defined block copolymers
of varying molar composition, with narrow molecular weight distributions (M/M, = 1.10—1.24) were prepared
with N,N-diethylacrylamide (DEAm), 4-vinylbenzoic acid (VBZ), N-(3-sulfopropyl)-N-methacryloyloxyethyl-
N,N-dimethylammonium betaine (DMAPS), and the newly synthesized N,N-di-n-propylbenzylvinylamine (Dn-
PBVA) in either methanol, 2,2,2-triflucroethanol, or aqueous media. When a combination of "TH NMR spectroscopy
and dynamic light scattering is used, it is shown that all block copolymers are capable of existing as molecularly
dissolved chains in aqueous media with average hydrodynamic diameters of ~6—7 am provided the aqueous
environment is appropriately tuned. Similarly, these unimers can be induced to undergo self-assembly in the
same aqueous environment provided the correct external stimulus (change in temperature, pH, or electrolyte
concentration) is applied. In such instances, aggregates with average sizes in the range of ~22—180 nm are
formed and are most likely due to the formation of polymeric micelles and vesicles. Such self-assembly is also
completely reversible. Removal, or reversal, of the applied stimulus results in the reorganization to the unimeric

state.

Introduction

Polymeric betaines (polybetaines) are zwitterionic materials
in which the cationic and anionic functional groups are located
on the same monomer/repeat unit." Such materials may be
further differentiated based on the chemical nature of the
negatively charged group and include the sulfo- (sulfonate),™*
carboxy- (carboxylate),>™® and phospho- (phosphonate)'®” 7
betaines, as well as the less well-known dicyanoetheneolates, '
Polybetaines were first reported in the 1950s%** and since then
have almost exclusively been prepared via the direct homoge-
neous aqueous solution radical polymerization of the corre-
sponding betaine monomer. The preparation of well-defined
polybetaines, as well as materials with more advanced archi-
tectures, has only been accomplished relatively recently. Lowe
et al.”> " reported the group transfer polymerization synthesis
of poly(2-(dimethylaminojethyl methacrylate) (PDMAEMA)
homopolymers as well as copolymers with various methacrylic
comonomers of controlled molecular weight and low polydis-
persity that were modified postpolymerization by reaction of
the tertiary amine residues in the DMAEMA residues with 1,3-
propanesultone yielding the corresponding well-defined polysul-
fopropylbetaines. Such polymer analogous reactions are facile,

* To whom correspondence should be addressed. E-mail: andrew lowe @
usm.edu.

¥ Department of Chemistry and Biochemistry, University of Southern
Mississippi.

* School of Polymers and High Performance Materials, University of
Southern Mississippi.

¥ Department of Materials Engineering, The University of Tokyo.
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selective, and essentially quantitative. The advent of controlled
radical polymerization techniques has facilitated the direct
(co)polymerization of sulfo-, carboxy-, and phosphobetaine
monomers. For example, atom transfer radical polymerization
has been employed extensively by Armes and co-workers in
the preparation of a wide-range of materials based on the
methacrylic phosphobetaine monomer 2-(methacryloyloxy)ethyl
phosphorylcholine (MPC).'**%~* MPC is especially interesting
given its well-documented biocompatibility.'"'>**7% Most
recently, the direct*' and indirect*? synthesis of well-defined
polysulfo- and polycarboxybetaines was accomplished by ring-
opening metathesis polymerization (ROMP), Rankin and Lowe™!
described the rapid, direct, controlled homo- and copolymeri-
zation of exo-7-oxanorbornene sulfo- and carboxybetaine de-
rivatives employing a novel 2,2,2-trifluoroethanol/CH,Cl, sol-
vent combination in conjunction with Grubbs first generation
catalyst RuCL(PCy3),CHPh. The only requirement for successful
(co)polymerization was that the carboxybetaine be polymerized
in the free acid form to prevent competitive complexation of
carboxylate functional groups to the Ru metal center. Colak and
Tew*? disclosed the synthesis of oxa- and methylene bridged
norbornene-based polycarboxybetaines employing protecting
group chemistry. Polymerizations of ammonium monomers with
tert-butyl ester groups were performed in THF/methanol at 60
°C employing the third generation Grubbs catalyst RuCl,PCy3(3-
BrPy),CHPh. The free carboxybetaines were obtained postpo-
lymerization by treatment with neat trifluoroacetic acid.
Reversible addition-fragmentation chain transfer (RAFT)
radical polymerization**~*’ is, arguably, the most versatile of

© 2009 American Chemical Society
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Table 1
theoretical molar measured molar
entry block copolymer M, expt M, expt’ MM, composition? composition”

1 P(MPC-b-DEAmM)* 12400 12900 1.10 80:20 82:18

2 P(MPC-b-DEAmM)® 10700 12500 1.24 50:50 56:44

3 P(MPC-b-VBZ)? 10400 11100 1.10 80:20 89:11

4 P(MPC-b-VBZ)® 10200 11800 1.16 50:50 50:50

5 P(MPC-b-DnPBVA)° 11000 11700 1.18 50:50 70:30

6 P(MPC-b-DMAPS)? 12000 13300 1.13 70:30 76:24

7 P(MPC-b-DMAPS)® 12000 13500 117 50:50 58:42

a Polymerization conducted at 60 °C with thiocarbonyithio end-group/V-501 = 3:1 at a concentration of 25 wt % in MeOH. ? Polymerization conducted
at 80 °C with thiccarbonylthio end-group/V-501 = 3:1 at a concentration of 10 wt % in deionized water with 1 mol equiv of Na;COj3 based on VBZ to aid
in the dissolution of the styrenic monomer. ° Polymerization conducted at 70 °C with thiocarbonylthio end-group/V-501 = 3:1 at a concentration of 10 wt
% in 2,2,2-trifluoroethanol. ¢ Polymerization conducted at 60 °C with thiocarbonylthio end-group/V-501 = 3:1 at a concentration of 25 wt % in methanol.
© Polymerization conducted at 80 °C with thiocarbonyithio end-group/V-501 = 3:1 at a concentration of 10 wt % in 0.25 M NaBr. ’ As determined by
aqueous size exclusion chromatography, in 0.25 M NaBr, calibrated with narrow molecular mass poly(ethylene oxide) standards. ¢ Assuming 100%
conversion of the second block. ” As determined by 'H NMR spectroscopy.

the controlled radical polymerization techniques facilitating the
controlled polymerization of the broadest range of monomer
families. For example, aside from the common monomer
families such as styrenics,”* °* (meth)acrylates,”>* and
(meth)acrylamides,”’ 676" RAFT is suitable for nonactivated
substrates such as vinyl esters,® vinyl amides,®>®* and dially-
lammonium species.®* RAFT has also been employed in the
(co)polymerization of betaine monomers. The first report
highlighting the application of RAFT in the synthesis of
polybetaines was that of Laschewsky et al.%® and was shortly
followed by reports from Donovan and co-workers®*®” who
described the direct homopolymerization of styrenic, meth-
acrylic, and acrylamido sulfopropylbetaine derivatives in aque-
ous media as well as AB diblock and ABA triblock copolymers
with N,N-dimethylacrylamide. MPC has also been (co)polymer-
ized by RAFT; Yusa et al.%® described a detailed study of the
synthesis and self-association of AB diblock copolymers of
MPC with n-butyl methacrylate. In addition to MPC, Stenzel
et al.% reported the RAFT polymerization of 2-(acryloyloxy-
)ethyl phosphorylcholine and the ability to form biocompatible
nanocontainers.

While MPC has been copolymerized via RAFT with a
hydrophobic comonomer, this technique has not been utilized
in the preparation of new water-soluble stimulus-responsive
block copolymers. To address this, we describe herein the
synthesis of a new pH-responsive monomer and the block
copolymerization of MPC with a variety of stimulus-responsive,
or “smart”, neutral, ionic, and sulfobetaine comonomers. The
comonomers were chosen to yield a range of materials exhibiting
pH, temperature, or salt responsive properties that were antici-
pated to undergo reversible self-assembly in aqueous media as
a function of such applied stimuli.

Experimental Section

All reagents were purchased from the Aldrich Chemical Co. at the
highest available purity and used as received unless noted otherwise.
N,N-Diethylacrylamide was purchased from Polysciences Inc. and
purified by distillation. The sulfobetaine monomer, N-(3-sulfopropyl)-
N-methacrylooxyethyl-N,N-dimethylammonium betaine (DMAPS), was
prepared from the reaction between 2-(dimethylamino)ethyl methacry-
late and 1,3-propanesultone in THF at ambient temperature.”® 4-Cy-
anopentanoic acid dithiobenzoate,” 2-(methacryloyloxy)ethyl phos-
phorylcholine,'® and 4-vinylbenzoic acid™ were prepared according
to literature procedures. 4,4’-Azobis(4-cyanovaleric acid) (V-501) was
purified by recrystallization from MeOH and stored at —20 °C until
needed.

Synthesis of N,N-Di-n-propyl-4-vinylbenzylamine (DnPBVA). A
mixture of 4-vinylbenzyl chloride (29.54 g, 0.194 mol), di-n-propy-
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lamine amine (50.0 g, 0.387 mol), methano! (50.0 mL, HPLC grade),
and a small amount of phenothiazine were added to a 500 mL round-
bottom flask equipped with a magnetic stirring bar and a western
condenser. The solution was then refluxed for 14 h. Subsequently,
methanol was removed using a rotary evaporator. The residue was then
dissolved in 4.0 M HCI (100 mL), and this solution was washed three
times with diethyl ether (3 x 100 mL). NaOH was then added to the
aqueous phase until the solution became slightly basic, after which it
was washed three times with diethyl ether (3 x 100 mL). The ether
washings were combined and the solvent was removed using a rotary
evaporator to give a crude product yield of 76%. The target monomer
was purified via fractional distillation (bp of ~80 °C at ~1 mbar).

Homopolymerization of 2-(Methacryloyloxy)ethyl Phosphoryl-
choline (MPC). To a Schlenk flask, equipped with a magnetic stir bar
were added MPC (3.0 g, 10.2 mmol), 4-cyanopentanoic acid dithioben-
zoate (CTP; 28 mg, 0.10 mmol), V-501 (5.6 mg, 2.0 x 1072 mmol),
deionized H,0 (15.0 g), and 5 wt % NaHCO; solution (336 mg). The
mixture was then stirred for at least 4 h in an ice-bath to ensure complete
dissolution of CTP and V-501. The solution was then purged with
nitrogen prior to immersion in a preheated oil-bath at 70 °C. After 2 h,
the polymerization was stopped via rapid cooling and exposure to air.
The polymerization solution was then dialyzed against deionized water
for 12 h with 3 changes of the deionized water. Homopolymer was
then recovered by freeze-drying, yielding 1.7 g of material (yield of
56.7%).

Synthesis of Poly(MPC-block-4-vinylbenzoic acid), 50:50. All AB
diblock copolymers were prepared using the same general approach.
Any differences in reaction medium or polymerization temperature are
noted in Table 1. Below is detailed the synthesis of a poly(MPC-block-
4-vinylbenzoic acid) with a target molar composition of 50:50 as a
representative example.

A mixture of polyMPC (0.5 g, equivalent to 1.69 mmol of MPC
repeat units), 4-vinylbenzoic acid (VBZ; 0.251 g, 1.69 mmol), V-501
(2.8 mg, 9.93 x 107 mmol), Na,CO; (180 mg, 1.70 mmol), and
deionized H,0 (6.8 g) were added to a Schlenk flask equipped with a
magnetic stir bar. The mixture was then stirred for at least 4 h in an
ice-bath to ensure complete dissolution of V-501 and VBZ. The solution
was then purged with nitrogen prior to immersion in a preheated oil-
bath at 80 °C for 12 h. The polymerization was stopped by rapid cooling
and exposure to air. The copolymer solution was then was dialyzed
against deionized H,O for 6 h with three changes of the deionized water.
The polymer was recovered by freeze-drying.

Sample Preparation for Dynamic Light Scattering
Experiments. Samples for dynamic light scattering were prepared as
follows: 1.0 wt % solutions were prepared in 5 mL scintillation vials
using the appropriate aqueous solution. The solution was then filtered
through a Millex syringe filter with a pore size of 0.45 um and 0.35
mL of the filtered solution was transferred to a polystyrene cuvette
using a Rainin P1000 micro Pipette.
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Figure 1. Chemical structures of monomers used in this study.

General Instrumentation, 'H (300 MHz) NMR and *C (75 MHz)
NMR spectra were recorded on a Bruker 300 53 nm spectrometer in
appropriate deuterated solvents or solvent mixtures. Aqueous size
exclusion chromatography experiments were conducted on a Viscotek
system comprised of a Viscotek VE1122 pump, Viscotek VE3580 RI
detector, a Viscotek viscoGEL PWy,_guard column followed by a series
of two viscoGEL columns (G5000PWyx +G4000 PWx,), in 0.25 M
NaBr solution, which was degassed prior to use at a flow rate of 1.0
mL/min. The columns were calibrated with a series of narrow molecular
weight distribution PEO/PEG standards. Data was manipulated using
the Omnisec V4.1 software. Dynamic light scattering (DLS) experi-
ments were conducted on a Malvern Instruments Zetasizer Nano-ZS
(red badge) instrument operating with a 633 nm laser. Data was
collected and processed with the Dispersion Technology software
V5.10.

Results and Discussion

With the aim of preparing and examining a range of new
water-soluble, stimulus-responsive block copolymers based on
the biocompatible building block 2-(methacryloyloxy)ethyl
phosphorylcholine (MPC), a new pH-responsive styrenic mono-
mer was initially prepared, Figure 1. N,N-n-Propyl-4-vinylben-
zylamine (DnPBVA) was prepared in a straightforward manner
from the reaction between 4-vinylbenzylchloride and di-n-
propylamine and isolated in good yield. The structure of the
product was confirmed via a combination of 'H/"*C NMR and
FTIR spectroscopies. Figure 2 shows the 'H (a) and '*C (b)
NMR spectra of DnPBVA, recorded in CDCl;, with peak
assignments, verifying structure and purity.

With the exception of N,N-diethylacrylamide (DEAm), all
other monomers were prepared according to established litera-
ture procedures. With all monomers in hand, a polyMPC
(PMPC) homopolymer was prepared according to the method
of Yusa et al.,*® Scheme 1.

Homopolymerization of MPC was conducted in water for 2 h
at 70 °C using the CTP/V-501 RAFT chain transfer agent
(CTA)/initiator combination, with a target M, of 30000 at
quantitative conversion, The resulting MPC homopolymer was
purified by dialysis against deionized water for 12 h and
subsequently analyzed via a combination of NMR spectroscopy
and aqueous size exclusion chromatography (ASEC).

Figure 3a shows the ASEC trace of the purified MPC
homopolymer. The chromatogram is unimodal and symmetric,
and the homopolymer has an experimentally determined M,
relative to narrow molecular weight poly(ethylene oxide)
standards of 12100, with a corresponding polydispersity index
(M/M,) of 1.12. Figure 3b shows the '"H NMR spectrum,
recorded in D0, of the same MPC homopolymer. Importantly,
the resonances associated with the phenyl group of the
dithioester end-group are visible and therefore facilitates the

163

Yu et al.

determination of the absolute molecular weight. Assuming one
phenyl group per polymer chain, a comparison of the integral
associated with the phenyl hydrogens with those labeled ¢ yields
a calculated absolute M, of 25400.

Having verified the ability to prepare PMPC in a controlled
manner directly in aqueous media, AB diblock copolymers of
varying molar composition were prepared with a range of
comonomers from different monomer families with different
aqueous solution characteristics. For example, homopolymers
prepared from DEAm are readily soluble in water at ambient
temperature but possess a lower critical solution temperature
(LCST) of about 32 °C, essentially identical to the more
commonly studied poly(N-isopropylacrylamide). Homopolymers
derived from VBZ are pH-responsive. Specifically, when
ionized, that is, at intermediate-to-high solution pH, homopoly-
mers of VBZ are readily water-soluble., However, in the free
acid form, at low pH, such materials undergo a distinct
hydrophilic-to-hydrophobic phase transition and become in-
soluble. We, and others, have previously taken advantage of
this pH-trigger in the synthesis of copolymers capable of
undergoing pH-induced reversible self-assembly. 77! Ho-
mopolymers of DnPBVA likewise exhibit pH-dependent solu-
bility characteristics, although it is opposite to that exhibited
by materials containing VBZ, that is, such materials are
hydrophilic at low pH when the amine resides are protonated
but become hydrophobic when deprotonated. Such behavior is
entirely consistent with the structurally similar monomer N,N-
dimethylvinylbenzylamine.” Finally, homopolymers derived
from the sulfobetaine monomer DMAPS possess electrolyte
responsive features in water.>*® Generally, polymeric betaines
exhibit limited-to-zero solubility in pure water due to the
formation of an ionically cross-linked network-like structure.
The addition of a small molecule electrolyte, such as NaCl, at
some critical concentration effectively screens these ionic
interactions resulting in dissolution. Once in solution, the
addition of further salt results in a second, less pronounced
conformational effect. In contrast to polyelectrolytes, which
undergo chain contraction with added electrolyte, polymeric
betaines undergo chain expansion, a phenomena referred to as
the antipolyelectrolyte effect." With respect to DMAPS, it is
the former, more pronounced, effect that is of interest.

Table 1 gives a summary of the AB diblock copolymers that
were prepared, their targeted and measured molar compositions,
and M, and polydispersity indices. Several points are worth
highlighting. The varied, and seansitive, aqueous solution
behavior of the target comonomers/polymers requires careful
identification of suitable conditions for effective block copo-
lymerization. The polymerization conditions noted were those
found to give acceptable control/kinetics, conversions, and low
PDIs. In all instances, V-501 was used as the source of primary
radicals at a ratio of 3:1 thiocarbonylthio end-group/initiator.
In the case of block copolymers with DEAm, Table 1, entries
I and 2, copolymerizations were performed at 60 °C in MeOH
at a total concentration of 25 wt %. In fact, MeOH is a
convenient solvent for MPC and its copolymers and is com-
monly employed in ATRP syntheses.*™*"7? DEAm can also be
copolymerized in water although this requires a low temperature
initiator since, as noted above, PDEAm has an LCST of about
32 °C. Similar polymerization conditions were used for one of
the block copolymers with DMAPS, Table I, entry 6, thus
negating the need for added electrolyte in the case of aqueous
based polymerization although this is also a feasible approach,
Table 1, entry 7. In the case of VBZ block copolymers, Table
1, entries 3 and 4, syntheses were performed in water under
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slightly basic conditions although at a lower concentration of
10 wt % and slightly higher reaction temperature of 80 °C. In
the case of the block copolymer with DnPBVA, Table 1, entry
5, copolymerization proceeded smoothly in 2,2,2-trifluoroethanol
(TFE) at a concentration of 10 wt % and 70 °C. While these
synthetic conditions are varied, each of the resulting block
copolymers presents a symmetric, unimodal ASEC trace with
the final polydispersity indices in the range 1.10—1.24. As
representative examples, Figure 4 shows the ASEC traces for
the MPC-56-DEAm, Table 1, entry 1, and MPC-b-DMAPS,
Table 1, entry 7, copolymers.

With a series of PMPC-based AB diblock copolymers in hand
the aqueous solution properties of specific samples were briefly
examined using a combination of 'H NMR spectroscopy and
dynamic light scattering (DLS). NMR is particularly useful for
monitoring the change in solvation of a particular block under
different solution conditions, while DLS is a fast and convenient
method for measuring the hydrodynamic properties of copoly-
mers, and aggregates thereof. Figure 5a shows the 'H NMR
spectra of the P(MPC-b-DEAm) copolymer with a molar
composition of 56:44, Table 1, entry 2, at ambient temperature.
All the resonances associated with the MPC and DEAm blocks
are clearly present. With respect to the DEAm block, the major
resonances are those labeled d, e, and f and are associated with
the backbone hydrogens, the aza-methylene group, and the
methyl hydrogens, respectively. Heating the P(MPCs4-b-
DEAmyy) copolymer solution in the NMR spectrometer to 50
°C results in an NMR spectrum, Figure 5b, devoid of any signals
associated with the DEAm block. Specifically, there are three
distinct changes. First, the signals labeled d and e in Figure 5a
are completely absent, while there is also a significant decrease
in the intensity of the signal at 6 ~ 1.1 ppm. These changes
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are completely consistent with desolvation of the DEAm block.
Because there is no evidence of macroscopic precipitation and
given the block architecture of the material, such changes are
entirely consistent with a self-assembly process yielding, for
example, spherical polymeric micelles, Scheme 2. The formation
of aggregate structures under these conditions was verified by
dynamic light scattering (DLS). Figure 5S¢ shows the measured
size distributions for a 1 wt % aqueous solution (0.1 M NaCl)
of the P(MPCs¢-b-DEAmy,) copolymer employed in the NMR
study at 22 and 50 °C. At the lower temperature DLS indicates
an average hydrodynamic diameter (Dy) of ~6.0 nm, which is
entirely consistent with molecularly dissolved polymer chains
(unimers) of the measured average molecular weight. In contrast,
after heating the solution to 50 °C the size distribution shifts
significantly indicating the presence of a species with an average
Dy, of ~180 nm. Such a dramatic change in the D, certainly
indicates that the AB diblock copolymer is undergoing self-
assembly forming an aggregate structure such as a micelle,
vesicle, or higher ordered structure. We have not, at this time,
attempted to elucidate the exact nature of the aggregate species.
However, such assembly is completely reversible. Cooling the
solution back down to room temperature results in the disap-
pearance of the large aggregates and the reappearance of the
smaller, unimer population. Similarly, temperature cycling in
the NMR spectrometer confirms the reversible solvation-
desolvation of the DEAm residues (data not shown).

Figures 6—8 show the results from the same series of
experiments for the P(MPCsy-b-VBZsy), P(MPCyy-b-DnPB-
VAsg), and the P(MPCys-b-DMAPS,,) copolymers, Table 1,
entries 4—6.

Consider first the P(MPCso-b-VBZsq) copolymer. Figure 6a
shows the 'H NMR spectrum of the block copolymer under
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Figure 3. Aqueous size exclusion chromatogram (a; Rl signal) of a
PMPC homopolymer, and the 'H NMR spectrum (b) of the same
homopolymer recorded in DO, with peak assignments.

conditions in which both the MPC and the VBZ blocks are
hydrophilic and thus solvated, that is, under basic solution
conditions in which the VBZ block is ionized. The key signals
associated with MPC are again clearly visible as well as the
key resonance for the VBZ block, the two signals spanning ~0
= 6—7.5 ppm, associated with the four hydrogens of the benzene
ring. Acidification of this solution with DCI results in spectrum
Figure 6b. The signals associated with MPC are still present
but those associated with VBZ are absent. As with the
temperature-induced desolvation observed for the POMPCsg-b-
DEAmyy) copolymer, this pH-induced change also leads to the
formation of nanosized aggregates as evidenced by DLS. Figure
6¢ shows the measured DLS size distributions for the MPC-b-
VBZ block copolymer at a concentration of 1 wt %, 22 °C, in
0.2 M NaOH and 0.2 M HCI. Under basic conditions, when
both blocks are hydrophilic, DLS indicates the presence of
unimers with an average Dy, of ~7.0 nm. However, under acidic
conditions a rather broad size distribution comparable to that
observed for the POIMPCss-b-DEAm,y) copolymer is seen with
an average Dy, of ~124 nm and a correésponding polydispersity
of 0.25. Again, such a size may indicate the presence of vesicles
or higher ordered structures as opposed to spherical micelle-
like species. Given the similar block copolymer compositions
and molecular weights of these” P(MPCss-b-DEAmyy) and
P(MPCsy-b-VBZsg) copolymers, it is perhaps not surprising that
they behave similarly in their amphiphilic forms even though
such behavior is induced by a different external stimulus. The
P(MPCyy-b-DnPBV A3g) copolymer also exhibits pH-induced
self-assembly characteristics although the pH-trigger is reversed.
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Figure 4. Aqueous size exclusion chromatograms (RI signal) of
examples of PMPC-based AB diblock copolymers, P(MPCsg-b-
DMAPS,;) (a) and P(MPCeg-b-DEAm5) (b), demonstrating successful
block copolymer formation.

As noted above, the DnPBVA residues are hydrophilic at low
pH but hydrophobic at intermediate-to-high pH. Figure 7a shows
the 'H NMR spectrum of the P(MPCo-b-DnPBV A3g) under
acidic conditions where both blocks are hydrophilic and
solvated. The main, identifiable, signals associated with the
DnPBVA block are those associated with the aromatic ring at
~0 = 6—7.2 ppm as well as the signal at ~6 = 2.7 ppm. Under
basic conditions, both of these key signals disappear consistent
with the pH-induced hydrophilic—hydrophobic transition of the
DnPBVA residues. DLS again confirms the occurrence of a self-
assembly process with this change in solution pH. For a 1 wt
% solution of the PIMPC,y-b-DnPBVAy) at 22 °C, a unimers
distribution with an average D, of ~6 nm is observed.
Deprotonation of the DnPBVA residues renders them hydro-
phobic and self-assembly occurs yielding aggregates with a D,
of ~22 nm. This size is much smaller than those observed for
either the P(MPCsg-b-DEAmy,) or P(MPCsy-b-VBZs0) copoly-
mers, although it must be noted that the copolymer composition
is significantly different: Finally, the P(MPCy-b-DMAPS)
copolymer was examined with respect to the effect of electrolyte
on solubility/self-assembly. In the case of the NMR experiments,
little or no change was observed in peak intensities when spectra
were recorded in the presence and absence of electrolyte
indicating that the DMAPS block was still in a solvated,
although perhaps somewhat reduced, state. In contrast, DLS
experiments did indicate the presence of aggregate structures
for the block copolymer in deionized water. Figure 8 shows



