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Abstract:

Mussel-inspired dopamine (DA) self-polymerization over a variety of substrates has
become a simple but versatile approach for synthesis of surface protein-imprinted materials.
However, relatively high nonspecific binding to the imprinted polydopamine (PDA) coatings
has long been an open problem because of their multifunctionalities. We herein propose a
facile strategy for reduction of the nonspecific adsorption by covering the imprinted PDA
coatings with slightly crosslinked nonlinear poly(ethylene glycol) (PEG) layers via aqueous
precipitation polymerization before template removal. Vinyl groups are introduced onto the
PDA coatings via Cu?>* mediated metal coordination for facilitating surface polymerization.
The Cu?" and embedded template are removed after polymerization. For proof of hypothesis,
the protein imprinted PDA coatings were formed with SiO, nanoparticles as representative
nano-supports and lysozyme as a model protein template. Protein binding tests show that the
grafted PEG layers with an optimized feed crosslinking degree can significantly enhance both
recognition selectivity and specific binding capacity to the imprinted nanoparticles, typically
with the imprinting factor increasing from 2.6 to 6.4. Also, the PEG layers can remarkably
improve the stability of the PDA coatings in the acidic template removal solution. The
presented strategy represents the first example for PEGylation of protein-imprinted PDA
coatings, and may be extended for surface imprinting of other bio/organic molecules over

other substrate materials.

Keywords: protein imprinting; molecular imprinting; polyopamine; mussel-inspired coatings;

aqueous precipitation polymerization; nanoparticles.



1. Introduction

Molecularly imprinted polymers (MIPs) are tailor-made materials mimicking the
recognition of biological receptors. MIPs are generally synthesized by copolymerizing
suitable functional and cross-linking monomers in the presence of desired template molecules,
and upon subsequent template removal, the polymer is left with target recognition cavities
(imprinting sites) complementary to the template molecules in shape, size and functional
groups. They outperform these natural receptors due to their high stability, ease of obtention
and low cost [1]. Till now, the imprinting of proteins and other biomacromolecules is still
challenged due to their large size, complex structure, variable conformation, and significantly
reduced template-monomer interactions in the required aqueous polymerization media [2-4].
For overcoming these limitations, a diversity of strategies have been proposed, such as
epitope imprinting [5], surface imprinting [6-13], and nanoscale imprinting [14-16]. The
combination of latter two methods, i.e. surface imprinting over nanostructures [17], has
proved to be an effective solution to both alleviate the biomacromolecular transfer difficulty
and achieve high binding capacity. Furthermore, the imprinting performance of the final
imprinted nanocomposites can be enhanced by appropriate surface functionalization of the
nanosized substrates [8,9].

The adhesive proteins of mussels contain extremely high concentrations of catechol and
amine functional groups, and are capable of mediating adhesion to multifarious surfaces. Lee
et al. [18] found that dopamine (DA), commonly known as a neurotransmitter, is also a
small-molecule mimic of the adhesive proteins. They hence reported a simple but versatile

surface modification approach in which self-polymerization of DA at weak alkaline pH and
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room temperature produced an adherent polydopamine (PDA) coating on a wide variety of
organic and inorganic materials. On the other hand, DA can interact with protein molecules
via multiple forces such as hydrogen bonding, electrostatic attraction and n-r stacking [ 19-22].
Therefore, the mussel-inspired PDA coating has become one of the most important
approaches for surface protein imprinting over different nanomaterials and other substrates,
such as SiO, nanoparticles [23], Fe;O04 nanoparticles [24-26], Fe;O4@S10, nanoparticles
[27-30], quantum dots [31], silicon wires [32], carbon nanotubes [33], graphene [34], flat gold
chips [35,36], and porous polymer monolith [37]. More than 100 studies about
protein-imprinted PDA coatings have been published since Lee et al.’s work [18] in 2007.
These studies aimed at a wide range of applications, such as separation (depletion or
enrichment) of target proteins in biosamples [23,25,26,33,34,37], biosensing [35,36], and
artificial enzyme inhibitors [27,33].

PDA coatings are featured with plenty of multiple functional groups, such as amine, indole,
catechol and quinone groups [38-40]. This is advantageous to the formation of high-affinity
cavities within the protein-imprinted PDA coatings, but these groups left in the non-cavity
regions, especially on the surface, can lead to significant nonspecific adsorption. However,
this problem has been rarely addressed, probably since that, unlike the protein imprinting
based on copolymerization of several kinds of (meth)acrylic monomers with tunable
compositions, the polymerization solutions containing only DA monomer are difficult to be
tuned. The post-imprinting modification strategy may be a rational choice, which is based on
surface modification of the noncavity regions of the protein MIPs in the presence of the

template with a protein-resistant polymer [41, 42]. Li et al. [41] modified protein-imprinted
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PDA-coated magnetic microspheres with an atom transfer radical polymerization (ATRP)
initiator and then grafted zwitterionic poly(2-methacryloyloxyethyl phosphorylcholine)
(PMPC) chains via surface-initiated ATRP. The grafted PMPC chains could greatly increase
protein binding selectivity to the MIP microspheres. To the best of our knowledge, till now
this is the only study on increasing the binding selectivity of protein-imprinted PDA coatings
via post-imprinting modification. However, the disadvantages of this method include
inconvenient ATRP procedures and unfriendly reaction conditions (using CH,Cl, and DMF
as the reaction media and performing ATRP at up to 80 °C).

Polyethylene glycol (PEG) is a highly flexible, nonionic, hydrophilic and biocompatible
polymer. It is extensively used in biomedical fields as a blocking agent to resist nonspecific
adsorption of proteins on implant surfaces and nanoparticles intended for therapy, imaging
and biodetection [43,44]. The protein-repelling effect of PEG is attributed to the low free
energy at PEG—water interface and the absence of hydrogen bonding and electrostatic
interactions with proteins [45]. For the first time, Luan et al. [42] grafted PEG chains from the
surface of protein-imprinted siloxane copolymers before template removal by reaction of the
surface silanol groups with methoxy-PEG-silane for lowering nonspecific protein adsorption.
According to the grafting mechanism, this approach is primarily applicable to PEGylation of
the protein MIPs bearing silanol groups fabricated via sol-gel process, and may be not
suitable for surface modification of the imprinted PDA coatings without silanol groups.

As a typical nonlinear PEG analogue, poly(di(ethylene glycol) methacrylate) (PMEO,MA)
is also featured by its protein-resistance and biocompatibility like the linear PEG.

Additionally, it is a thermo-responsive polymer, with a lower critical solution temperature
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(LCST) of about 26 °C [46]. Recently, we have synthesized surface protein-imprinted
nanoparticles via aqueous precipitation copolymerization of MEO,MA with other functional
monomers, and the resulting imprinted nanoparticles showed relatively low nonspecific
binding due to the protein-repelling character of PMEO,MA [47.48]. Inspired by these studies,
herein we propose a facile and green modification approach for enhancement of the binding
selectivity of protein-imprinted PDA coatings. This is achieved via surface grafting of slightly
crosslinked nonlinear PEG layers by radical-induced aqueous precipitation copolymerization
of MEO,MA with a crosslinker at 37 °C before template removal. Polymerisable vinyl groups
are introduced onto the imprinted PDA coatings via metal chelating for facilitating surface
polymerization. For proof of this concept, SiO, nanoparticles were used as representative
nano-substrates and lysozyme (Lyz) as well as bovine hemoglobin (BHb) as model protein
templates for fabrication of core-shell protein-imprinted nanoparticles via DA
self-polymerization, followed by surface grafting of crosslinked PMEO,MA layers with an
optimized feed crosslinking degree. The effect of grafted PMEO,MA layers on the protein
recognition properties was studied by batch binding experiments and sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) analysis. The influence of the PMEO,MA

layers was also examined on the stability of the internal protein-imprinted PDA coatings.

2. Materials and methods
2.1 Materials

See Supporting Information.



2.2 Synthesis of Lyz-imprinted nanoparticles via PDA coating over functionalized SiO,
nanoparticles

Synthesis of carboxyl functionalized SiO, nanoparticles (denoted as SiO,-COOH) is
detailed in Supporting Information. For imprinting of Lyz over the SiO,-COOH nanoparticles
via DA self-polymerization, Lyz (40 mg) was dissolved in 40 mL Tris buffer (20 mM, pH 8.0)
containing the Si10,-COOH nanoparticles (200 mg). To this dispersion, DA (80 mg) was
added, and then the mixture was stirred with exposure to air at 25 °C for 12 h. The resultant
imprinted nanoparticles were collected by centrifugation, washed repeatedly with 1% SDS/3%
HAc solution to remove the embedded template until no Lyz in the supernatant was detected
using a UV/Vis spectrophotometer at 280 nm, with deionized water and 0.5 M NaCl solution
to remove the remaining SDS and HAc, with distillated water to remove the remaining NacCl,
and finally freeze-dried to constant weight. The control non-imprinted nanoparticles were
prepared and treated in the same way but in absence of the template. The resulting imprinted
and non-imprinted nanoparticles were denoted as Lyz-MIP and NIP (non-imprinted polymer),

respectively.

2.3 Grafting of crosslinked PMEO,MA layers from Lyz-imprinted nanoparticles

The Lyz-imprinted as well as the non-imprinted nanoparticles used for grafting of
crosslinked PMEO,MA layers were synthesized in the same way as described above but
without removal of the template. Firstly, glycidyl methacrylate (GMA)—iminodiacetic acid
(IDA) — 2Na* solution (~17.5 pmol, see Supporting Information for its synthesis ) was

regulated to pH 7.0 with concentrated hydrochloric acid and then mixed with equimolar
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CuSO4'5H,0 in 5 mL of deionized water for 1 h, affording a Cu?" chelating monomer
(denoted as GMA —IDA-Cu?"). In this solution, the Lyz-imprinted nanoparticles without
template removal (~100mg) were incubated for 1 h for introduction of polymerisable vinyl
groups. Next, the resultant nanoparticles after washing with water were re-dispersed in 25 mL
of phosphate buffer (pH 7.0, 10 mM) containing MEO,MA (119.8 mg) and MBA (5.2 mg).
After degassed with nitrogen steam for 30 min, this dispersion was mixed with SDS solution
(2%, 250 pL) and APS solution (10%, 350 uL) injected sequentially, and then polymerization
was continued under magnetic stirring at 37 °C for 12 h. After polymerization, the resultant
nanoparticles coated with crosslinked PMEO,MA layers were washed with EDTA-2Na*
solution (0.1 M) to desorb Cu?*. Finally, the embedded templates were removed in the same
way as described above for the Lyz-MIP nanoparticles. The as-prepared imprinted and
non-imprinted nanoparticles grafted with crosslinked PMEO,MA layers are denoted as

Lyz-MIP-PMEO,MA and NIP-PMEO,MA, respectively.

2.4 Protein binding experiments

Protein binding tests for the imprinted and non-imprinted nanoparticles were performed at
25 °C unless otherwise stated. All protein solutions were prepared with phosphate buffer (pH
7.0, 10 mM). The protein binding amount to the nanoparticles at the end of each incubation
run was calculated from the following equation:

g=(Co-CV/im (1)
where ¢ (mg/g) is the mass of protein adsorbed by unit mass of dry particles, Cy (mg/mL) and

Cr (mg/mL) are the protein concentrations of the initial and final solutions, respectively, V'
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(mL) is the total volume of the adsorption mixture, and m is the mass of the particles used. In
each binding run, V= 1.5 mL, m = ~3 mg. All the tests were conducted in triplicates.

The imprinting effect of a MIP is often evaluated in terms of its imprinting factor (/F) and
specific binding capacity (SB), with the former defined as the ratio of binding capacity of the
MIP with respect to that of the NIP and the latter defined as the corresponding difference, i. e.

IF = gmip / gnip (2)

SB = qmip - gnip 3)
where gvip and gnp represent the adsorption capacities for the template protein or

non-template protein on MIPs and NIPs, respectively.

2.5 SDS-PAGE analysis of Real samples

As a practical sample, chicken egg white separated from a fresh egg was diluted 20-fold
with phosphate buffer (pH 7.0, 10 mM) and then centrifuged at 12,000 rpm for 10 min. The
resulting supernatant was used as a Lyz source. The nanoparticles (4 mg) were incubated in
the supernatant (1.5 mL) for 1 h at room temperature. The nanoparticles were collected and
then washed three times with the buffer (1.5 mL). Afterwards, the protein adsorbed to the
nanoparticles was eluted using 1% SDS/3% HAc solution (1.5 mL) for 30 min. Finally, the
diluted Lyz supernatants before and after adsorption, and the eluents were analyzed by

SDS-PAGE with 5% stacking gel and 15% running gel.

2.6. Characterization

The morphologies and structures of the nanoparticles were observed with a transmission
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electronic microscopy (TEM) (Tecnai G2 F20, FEI). Zeta potentials were measured using
dynamic light scattering (DLS) with a NanoBrook Omni (Brookhaven) laser light scattering
spectrometer at the wavelength of 659 nm at 90° angle. Thermogravimetric analysis (TGA)
was performed by a NETZSCH TG 209 thermogravimetric analyzer under nitrogen
atmosphere with a heating rate of 10 °C/min up to 800 °C. Fourier-transformation infrared
(FT-IR) spectra were determined on a Bio-Rad FTS 135 FT-IR spectrometer over KBr pellets.
For the measurement of the thermo-responsiveness of the nanoparticles, the transmittance of
their dispersion (0.5 mg/mL) in phosphate buffer (pH 7.0, 10 mM) was monitored as a
function of temperature at a wavelength of 600 nm using an UV—vis spectrophotometer

(TU-1900, Purkinje General Instrument Co., Beijing) equipped with a temperature controller.

3. Results and discussion
3.1 Synthesis and characterization of Lyz-MIP-PMEO>MA nanoparticles

Our method for the grafting of crosslinked PMEO,MA layers over protein-imprinted PDA
coatings is schematically illustrated in Scheme. 1, with Lyz as a model protein template and
the Si0,-COOH nanoparticles as representative substrate nanomaterials. The carboxylic
groups introduced can capture Lyz from the DA solution before polymerization, hence
enhance its imprinting in the resultant PDA coatings [9,25]. The further modification of the
core-shell Lyz-MIP nanoparticles was carried out before template removal for protection of
the imprints already created. Onto the imprinted PDA coatings, polymerisable vinyl groups
were introduced via metal coordination between the amine-containing groups and GMA-IDA

—Cu?*. Then, from the PDA coatings bearing vinyl groups, thermo-responsive crosslinked
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PMEO,MA layers were grafted by aqueous precipitation polymerization above the volume
phase transition temperature (VPTT) of the resulting PMEO,MA layers. Finally, template
removal was carried out at 4 °C (below the VPTT), so that the PMEO,MA layers were

swollen, hence facilitating the elution of the template.

COOH
eo®
HO NH, GMA-IDA-Cu”>*
- R
Tris, pH 8.0 water
0

__________________________________

template removal
at4 °C

L
y

template rebinding

aqueous precipitation

polymerization
o o® B at 37 °C

Scheme 1. Schematic diagram for the formation of protein-imprinted polydopamine coatings
over carboxyl-functionalized SiO, nanoparticles and subsequent modification with

thermo-responsive crosslinked PMEO,MA layers.

Surface imprinting of Lyz as well as other proteins over different support materials based
on DA self-polymerization has been extensively studied, including optimization of the
thickness of the PDA layers via reaction time or dopamine concentration, and the approaches
for eluting protein templates [21,22]. Based on molecular dynamics simulations, it is shown

that DA can bind to Lyz via multiple interactions, including hydrogen bonding, n-n stacking,
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cation-m interactions and electrostatic interactions (see Fig. SI in Supporting Information),
and these interactions constitute the basis for successful creation of selective recognition
nanocavities within the resultant Lyz-imprinted PDA coatings. Herein, the formation of
Lyz-imprinted PDA coatings over the Si0,-COOH nanoparticles was performed according to
the previous studies [25] without in-depth investigation, since this work is mainly focused on
the post-imprinting modification of the resultant core-shell Lyz-MIP nanoparticles. The
grafting of crosslinked PMEO,MA layers from the vinyl-modified core-shell Lyz-MIP
nanoparticles was carried out by aqueous precipitation copolymerization of MEO,MA with
MBA using a fixed total monomer concentration of 0.5 wt% according to our previous studies
[47,48].The molar fraction of the crosslinker (MBA) relative to the total monomers, i.e., feed
crosslinking degree, was optimized in this work. As shown in Fig. 1, the
Lyz-MIP-PMEO,MA nanoparticles synthesized with a crosslinking degree of 5 mol %
showed the highest /F value, and thus were employed in the following investigations. Further
increasing the feed crosslinking degree may cause the PMEO,MA layers to be crosslinked

excessively, and hence hindering the diffusion of Lyz to the internal imprinting sites.

| [ Lyz-MIP-PMEO_MA
T NIP-PMEO MA

L/l | L

Crosshnkmg degree (%

Lyz bound (mg/g)
g
IF

n

Fig. 1. Effect of the feed crosslinking degrees on Lyz rebinding to the resultant
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Lyz-MIP-PMEO,MA and NIP-PMEO,MA nanoparticles. Cy= 0.4 mg mL"'.

The successful formation of the PDA and PMEO,MA layers on the imprinted
nanoparticles was confirmed by the FT-IR spectra (see Fig. S2 in Supporting Information).
TEM was employed to observe the morphologies of the different nanoparticles. As shown in
Fig. 2, the Si0,~COOH nanoparticles is about 280 nm in diameter. All of the MIP and NIP
nanoparticles, whether or not grafted with PMEO,MA, retained uniformly spherical shape
like the Si0,—COOH nanocores. The imprinted PDA coatings of the Lyz-MIP nanoparticles
can be distinguished from the inside silica cores; whereas the non-imprinted coatings cannot
be clearly discriminated from the NIP particles, probably due to the too small thickness. After
further grafting of crosslinked PMEO,MA layers, the increase in the thickness of the
dual-layer polymer is not remarkable for the imprinted nanoparticles, while the polymer shells
still cannot be clearly observed from the non-imprinted particles.

Fortunately, TGA can prove the existence of both the PDA coatings over the Si0,-COOH
nanoparticles and the PMEO,MA layers grafted subsequently, for both the imprinted and
non-imprinted particles (see Fig. S3 in Supporting Information). According to the TG curves,
the Lyz-MIP and NIP shells relative to the S10,-COOH cores were calculated to be 12.5 wt%
and 7.2 wt%, respectively; while the mass percentages of the grafted PMEO,MA layers with
respect to the original Lyz-MIP and NIP nanoparticles were estimated to be 4.2 wt% and 3.0
wt%, respectively. It is noted that the mass of the imprinted PDA coatings grafted on the
Si10,-COOH nanoparticles is significantly higher than that of the non-imprinted coatings.

Such remarkable difference was rarely reported in previous studies on protein-imprinting
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PDA coatings, since TGA was usually performed only for the imprinted PDA coatings and
the corresponding substrate materials, but not for the non-imprinted controls [25,26,29,34].
However, this result is consistent with that observed from the surface protein imprinting via
free radical polymerization [47,48], and can be explained similarly as follows. The positively
charged Lyz molecules in the pre-polymerization solution can be adsorbed onto the surface of
the negative SiO,-COOH core particles via electrostatic interactions, and the adsorbed Lyz
molecules can increase the local DA concentration around the core particles due to the
Lyz—DA interactions, hence promoting the surface polymerization. Therefore, the mass of the
Lyz-MIP shells grafted to the core particles is higher than that of the NIP shells formed in the
absence of Lyz. Notwithstanding, the above defined /F is generally employed to evaluate the
imprinting performance of the core-shell protein-imprinted particles, since that the binding to
the non-imprinted particles primarily depends on their surface properties. On the other hand,
the mass of the PMEO,MA layers grafted to the core-shell Lyz-MIP nanoparticles is higher
than to the NIP nanoparticles. This phenomenon can be explained in the following way. For
effective grafting of the PMEO,MA layers via radical-induced surface polymerization,
polymerisable vinyl groups were anchored on the Lyz-MIP or NIP nanoparticles via the
metal-coordination between GMA-IDA-Cu?* and the amine-containing groups on the PDA
coatings. During this process, some Lyz molecules present near the surface of the Lyz-MIP
nanoparticles can also interact with GMA-IDA-Cu?" via coordination. As a result, the
Lyz-MIP nanoparticles can bear some more vinyl groups than the NIP controls, and hence

were grafted with higher mass of PMEO,MA layers after the polymerization as shown above.
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Fig. 2. TEM images of (a) SiO,-COOH, (b) Lyz-MIP, (c) NIP, (d) Lyz-MIP-PMEO,MA, and

(e) NIP-PMEO,MA nanoparticles. All the scale bars represent 100 nm.

Each step of the functionalization was also monitored by zeta potential measurements. A
shown in Fig. 3A, both the Lyz-MIP and NIP nanoparticles show approximately equal zeta
potentials, and are significantly less negative than the SiO,-COOH nanoparticles. Furthermore,
their zeta potentials are very close to the values measured previously with PDA coatings [49].
Therefore, these results can further prove the formation of the PDA coatings on both the
Lyz-MIP and NIP nanoparticles. After grafted with crosslinked PMEO,MA layers, both the
Lyz-MIP and NIP nanoparticles become only slightly negative charged, because of the charge

screening effect of the nonionic PMEO,MA layers.
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Fig. 3. (A) Zeta potentials of (a) S10,-COOH, (b) Lyz-MIP, (c) NIP, (d)
Lyz-MIP-PMEO,;MA, and (e) NIP-PMEO;MA nanoparticles measured in phosphate buffer
(pH 7.0). (B) Transmittance of aqueous dispersions of (a) Lyz-MIP and (b)
Lyz-MIP-PMEO,MA nanoparticles with increasing temperatures. The insets show the images

of these dispersions (0.5 mg/mL) after 1-hour setting at 4 or 37 °C, respectively.

The functionalization with PMEO,MA also endowed the Lyz-MIP nanoparticles with
thermo-responsiveness, which was confirmed by measuring the turbidity of the aqueous
dispersion with increasing temperatures. As shown from Fig. 3B, the Lyz-MIP-PMEO,MA
nanoparticles illustrate remarkable temperature-responsive in contrast to the Lyz-MIP
controls, with a VPTT of about 25 °C, which is very close to the reported LCST of
PMEO,MA homopolymers (26 °C) [46]. Therefore, the Lyz-MIP-PMEO,MA nanoparticles
tended to settle at 37 °C (above the VPTT) due to the state transformation of the PMEO,MA

layers from hydrophile to hydrophobe, in contrast to the situation at 4 °C (below the VPTT).

3.2 Effect of crosslinked PMEO,MA layers on protein binding properties

Due to the thermo-responsiveness of the PMEO,MA layers, Lyz binding was first

16



investigated at three different temperatures (4, 25 and 37 °C) (see Fig. S4 in Supporting
Information). The Lyz-MIP-PMEO,MA nanoparticles demonstrate approximate /F" and SB at
both 25 and 37 °C, whereas with significantly lower SB at 4 °C. Therefore, the following
binding tests were performed at 25 °C, considering that the Lyz-MIP-PMEO,MA
nanoparticles showed better aqueous dispersion at 25 °C than at 37 °C.

For proving the efficacy of the grafted PMEO,MA layers in increasing protein binding
selectivity, single-protein batch adsorption tests were performed using four reference proteins
with a wide range of isoelectric point (pl) and molecular weight (Mw) for comparison with
Lyz. All the proteins used are Lyz (Mw 14 k, pI 11.1), cytochrome ¢ (Cyt ¢, Mw 12.4 k, pl
10.2), ribonuclease A (RNase A, Mw 13.7 k, pl 9.6), BHb (Mw 64.5 k, pl 6.8), and bovine
serum albumin (BSA, Mw 66 k, pl 4.8). Fig 4a shows the binding capacities of the imprinted
and non-imprinted particles for these proteins at 25 °C with a feed concentration of 0.4 mg
mL-!. The Lyz-MIP nanoparticles before PMEO,MA modification show notably selectivity
for Lyz, with an /F of 2.6, at least twice larger than the /F values for other control proteins, in
agreement with the result reported previously [25]. After grafted with the protein-resistant
PMEO,MA layers, both the imprinted and non-imprinted particles show some reduction in
binding of all the proteins studied. However, the decrease extent in Lyz binding to the
Lyz-MIP-PMEO,MA particles is significantly lower because of the high-affinity cavities
inside for Lyz. Therefore, after the grafting of PMEO,MA layers, the IF' of the imprinted
nanoparticles for Lyz increased from 2.6 to 6.4, while the /F values for other proteins showed
only little change. It should be noted that this /F up to 6.4 is also much higher than achieved

with the PDA based Lyz-imprinted materials reported previously (See Table S1 in Supporting
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Information). On the other hand, the Lyz-MIP-PMEO,MA nanoparticles exhibit even slightly
higher SB for Lyz than the Lyz-MIP particles, increasing from 87.4 to 93.2 mg/g. Furthermore,
such protein binding selectivity enhancement by modification with PMEO,MA layers was
also verified by the binary protein competitive adsorption experiments with Cyt ¢ as the

competitor, as shown from Fig. 4b.

B Lyz-MIP a I Lyz-MIP b
§2007 . 1P -—.6200 bl
j=2 |7 LyZ-MlF’-PMEOzMA o ] ez LVZ-MIF’-PMEOQMA
E | EENPPYEO MA E B NIP-PMEO,_MA
o 15012 ? o 150 2.7
c c
8 >
8 100 S 100
£ £
[J] (]
B 501 2 s
| -
o o 1.1 12
0 o B 0 -:h—ﬂl
Lyz Cytc BHb BSA RNase A Lyz Cytc
TR = Lyz-MIP
e yzd T
g C 250 NIP
200 —4— Lyz-MIP-PMEO,MA 4 Lyz-MIP-PMEO,MA
it —+—NIP-PMEO MA S 200 NIP-PMEO MA
2 S 2
2 150 E —— Langmuir fitting
£ e < 150-
'g — T PG %
3 — 2 100+
= 5
N
et L e ~ 50
0 T T T T T
g P oo Py o 0.0 . 0.1 0.2 0‘,3 0.4 0.5
Binding time (min) Final concentration (mg/mL)

Fig.4. Protein binding properties to the Lyz-imprinted and non-imprinted nanoparticles with
or without grafting of PMEO,MA layers: (a) binding of Lyz and other four kinds of control
proteins (Cp = 0.4 mg mL™1); (b) competitive binding of Lyz and Cyt ¢, Cy 1y, = Co, ¢yt = 0.2
mg mL™; (¢) Lyz binding kinetics profiles (Cy = 0.4 mg mL™!); (d) Lyz binding isotherms.

The imprinting factors are indicated above the bars. * Denotes too little to be detected.

As the first and only study on post-imprinting modification of protein-imprinted PDA
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coatings reported before, Li et al. [41] grafted PMPC chains from the PDA-based core-shell
BSA-imprinted magnetic microspheres by surface-initiated ATRP of MPC. The zwitterionic
PMPC chains grafted with the optimized ATRP condition resulted in /F increase from 1.5 to
5.7, along with SB increase from 3.3 to 6.8 mg/g. Obviously, this approach showed
remarkable efficacy in reduction of nonspecific binding. However, it is difficult to directly
compare this approach with our method in selectivity enhancement, since that the two studies
employed different protein templates, also the core-shell BSA-imprinted microspheres before
ATRP modification showed quite low BSA binding capacity (~9.4 mg/g), remarkable lower
than the corresponding Lyz binding capacity (143.2 mg/g). Nevertheless, the noticeable
advantage of our method lies in the facile radical polymerization with green and mild reaction
condition (aqueous, 37 °C), while the ATRP method was not easily performed (especially at
up to 80 °C), and also required use of organic reaction solvents (CH,Cl, and DMF).

The recognition selectivity of the Lyz-MIP and Lyz-MIP-PMEO,MA nanoparticles were
further compared by selective capture of Lyz from a real sample, i.e. 20-fold diluted egg
white solution. The SDS-PAGE analyses for the samples after different treatments were
shown in Fig. S5 in Supporting Information. Most remarkably, only a single band
corresponding to Lyz appears in the lane 8 for the eluent from the Lyz-MIP-PMEO,MA
nanoparticles; while in lane 6 for the eluent from the Lyz-MIP nanoparticles, another band
(corresponding to ovalbumin) is present besides the Lyz band. This result further confirmed
that introduction of the PMEO,MA layers over the Lyz-imprinted PDA coatings can improve
their recognition selectivity.

The binding kinetics to the two kinds of imprinted and non-imprinted nanoparticles was
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investigated with an initial Lyz concentration of 0.4 mg mL™!. As shown from Fig. 4c, all the
adsorbents reached saturated binding within 30 min, and this binding rate is comparable to
that reported previously with the protein-imprinted PDA coatings [25,27,29]. This means that
the slightly crosslinked PMEO,MA layers grafted outsides the imprinted PDA coatings
showed no significant hindrance to protein diffusion to the imprints beneath.

The binding equilibriums to the imprinted and non-imprinted nanoparticles were studied
at different initial Lyz concentrations ranging from 0.1 to 1.0 mg mL™!. Fig. 4d shows the
binding isotherms at different equilibrium concentrations. The Langmuir model was used to
describe the experimental data, which is expressed as

ge = gqm Ce/ (Kq+ Co) (4)
where C, (mg mL™") is the equilibrium concentration of Lyz in bulk solution, g. (mg g™!) the
amount of bound Lyz on per gram of the adsorbents at the equilibrium concentration, ¢,, (mg
g™ the saturation capacity and K3 (mg mL™") the dissociate constant. Nonlinear fitting of the
experimental data to the Langmuir equation led to a good fit for all the adsorbents, hence
allowing for determining the involved parameters. The estimated values of g, and Ky, for the
two kinds of imprinted and non-imprinted nanoparticles are listed in Table S2 in Supporting
Information. Also, the IF and SB were calculated based on the estimated ¢,,, respectively. It
can be seen that, the grafting of the PMEO,MA layers led to /F increase from 2.6 to 6.3 and
SB increase from 96.3 to 98.2 mg g!. Notably, the Ky for the Lyz-MIP-PMEO,MA
nanoparticles are significantly lower than for Lyz-MIP controls, suggesting some increase in
affinity due to the PMEO,MA modification. This may be explained in this way. The

formation of the crosslinked PMEO,MA layers in the presence of the template may further
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enhance imprinting of the template molecules approaching the surface of the imprinted PDA

coatings.
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Fig. 5. Binding selectivity of the BHb-imprinted or non-imprinted nanoparticles with or
without grafting of crosslinked PMEO,MA layers (Cy = 0.4 mg mL™"). The imprinting factors

are indicated above the bars.

3.3. Preliminary extension to imprinting of BHb

To test the generality of the strategy presented in this work, we chose BHb as another
protein template for a preliminary investigation. The BHb-imprinted PDA coatings on the
surface of S10, nanoparticles were prepared according to a previous study [23]. Pristine Si0,
nanoparticles without any modification were directly used as the nano-substrates, since BHb
can form strong interactions with the surface Si-OH groups. The crosslinked PMEO,MA
layers were grafted outside the core-shell BHb-imprinted nanoparticles by the same way as
imprinting of Lyz. As can be seen from Fig. 5, the PMEO,MA modified BHb-imprinted

nanoparticles also show remarkably increased recognition selectivity for BHb in comparison
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to the unmodified controls, with /F increasing from 2.1 to 6.5 and SB increasing from 31.0 to

34.5 mg/g. However, the PMEO,MA modification brought about much slighter /F" change for

the reference proteins.

3.4. Influence of crosslinked PMEO,MA layers on stability of imprinted PDA coatings

The stability of PDA coatings has attracted some attention in the areas of materials and
chemistry. Previous studies proved that the PDA coatings show some detachment from the
substrate materials under acidic or basic conditions, and the stability is dependent on the
pH of aqueous solutions, the nature of the used substrate as well as the deposition method
used [49-51]. The acidic SDS/HAc solution is widely employed for template removal from
protein-imprinted PDA coatings. Therefore, the repeated use of the imprinted nanoparticles
were examined by removal of the adsorbed template protein with the 1% SDS/3% HAc
solution by the same as they were synthesized, and then the regenerated nanoparticles were
reused to bind the template protein. As shown in Fig. 6, before grafting of the PMEO,MA
layers, Lyz binding to the Lyz-MIP nanoparticles shows only slight decrease after three
adsorption-regeneration cycles. However, BHb binding to the BHb-MIP nanoparticles
exhibits great reduction even at the second binding test. Moreover, noticeable PDA
detachment was observed from the BHb-MIP nanoparticles while regenerated with the
SDS/HAc solution. This may be explained as follows. While surface imprinting of Lyz or
BHbD at pH 8.0, larger amount of Lyz (plI 11.1, positively charged) could be adsorbed onto
the oppositely charged SiO,-COOH nanoparticles than BHb (pl 6.8, negatively charged)

onto the likely charged SiO, nanoparticles, and the more protein molecules adsorbed on the
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surface of the nano-substrates may contribute to the formation of the more stable
protein-imprinted PDA coatings. This result is consistent with previous finding that the
surface chemistry of substrate materials can affect the chemical stability of the PDA
coatings [49-51]. Nonetheless, after coated with the PMEO,MA layers, either Lyz or BHb
imprinted nanoparticles demonstrates almost no significant reduction in template binding
after three adsorption-regeneration cycles. Therefore, the PMEO,MA layers can enhance

the stability of protein-imprinted PDA coatings.
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Fig. 6. Influence of the regeneration cycles on protein binding to the imprinted or

non-imprinted nanoparticles with or without grafting of crosslinked PMEO,MA layers

(regenerated by washing with 1% SDS/3% HAc solution at 4 °C; Cy = 0.4 mg mL™!): (a) Lyz-

imprinted nanoparticles; (b) BHb-imprinted nanoparticles. The imprinting factors are

indicated above the bars. * Most of the PDA coatings were detached and hence the adsorption

was not carried out.

4. Conclusions

In summary, we have demonstrated a facile method for reducing non-specific binding to
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the protein-imprinted PDA coatings, with SiO, nanoparticles as representative substrate
materials and Lyz and BHb as model templates. Through aqueous precipitation
polymerization, cross-linked PMEO,MA layers were successfully grafted onto the core-shell
imprinted nanoparticles after introduction of vinyl groups via Cu?" mediated metal
coordination. The cross-linked PMEO,MA layers grafted could significantly increase the
recognition selectivity and specific binding to the imprinted nanoparticles, and could also
enhance the stability of the imprinted PDA coatings in the acidic conditions for template
removal. The method presented may be readily generalized to the other molecularly imprinted

PDA coatings with other substrate materials and other bio/organic molecules as templates.
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Highlights

® Protein- resistant layers were grafted to protein-imprinted polydopamine coatings
® (reat increase in the imprinting factor of the imprinted polymers
® No decrease in the specific binding capacity of the imprinted polymers

® Significant improvement of the stability of the imprinted polymers in acidic media
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