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Abstract

Random cationic copolymer brushes composed of 2-(dimethylamino)ethyl methacrylate

(DMAEMA) and N-isopropylacrylamide (NIPAAm) were synthesized using the atom transfer

radical polymerization (ATRP) method. The effects of varying the monomer feed ratios (30:70

and 70:30 DMAEMA:NIPAAm) and polymerization times on the film height, morphology and

stimuli response to pH of the brush were evaluated. While the polymerization time was found to

have little influence on the properties of the brushes, the monomer feed ratios had a great impact.

The 70 % DMAEMA polymer brush had similar height as the 30 % DMAEMA brush after 45

min; however, it had a greater response to pH and morphological change compared to the 30 %

DMAEMA. The 70 % DMAEMA brush was used to demonstrate an efficient approach to

alleviate the ion suppression effect in MALDI analysis of complex mixtures by effectively

fractionating a binary mixture of peptides prior to MALDI-MS analysis.
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Introduction

Polymers end grafted to the surface of inorganic substrate have become important in many

fields of polymer science. Given a high enough grafting density, the steric hindrance of the

polymer chains will force them to stretch away from the surface forming a “so called”

polymer brush.1 For many polymer brushes, the microscopic properties, which are derived

from the polymer structure and environment, determine the efficacy of their particular

functions. For example, polymer brushes with different functional units have different

micro- and sometimes macroscopic structures depending on their environment. In a good

solvent system or in response to stimulation (pH, temp., press. etc), they can reorganize their
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conformation to adjust to their environmental stimulus. These polymer brushes are termed

“responsive polymer brushes” or “smart materials” and they are of value in polymer science

because of their wide range of technological applications. For instance, polymer brushes

have been used in various applications such as protein fractionation,2 anti-fouling,3

environmentally responsive polymers,2b,3b,4 bio- and chemical sensing,5,6,7 cell adhesion

and wetting,3,4,8,9 microfluidics,10 microfabrication,3a,6b molecular recognition,11 and

optics.12

Stimuli responsive polymers have attracted interest in many fields; especially materials for

biomedical science and technology.13 Specifically those containing the acrylate functional

group have been exploited for their dual response to temperature and pH. Several

combinations of polyacrylic anions/PNIPAAm copolymers have been prepared, such as

polymethacrylic acid (PMAA),2d polyacrylic acid (PAAc),14,15 polyhydroxyethyl

methacrylate (HEMA),16 and poly(2-aminoethylmethacrylate) (PAEMA).2c One recurrent

combination of thermal/pH polymer consists of 2-(dimethylamino)ethyl methacrylate

(DMAEMA) and N-isopropylacrylamide (NIPAAm). For example, Liu et al. has reported

the use of a pH-dependent thermo-responsive amphiphilic star block copolymer comprised

of a hydrophobic poly(methyl methacrylate) (PMMA) block and hydrophilic

poly(NIPAAm-co-DMAEMA) tri-arm block for drug delivery,17 and Hinrichs et al.

explored the use of various ratios of DMAEMA and NIPAAm copolymers to deliver

DNA.18 Owing to the importance of these stimuli responsive polymer films, it is important

to continue studying their micro and macroscopic features under different conditions and

using different techniques in order to improve their physical properties and expand their

applications.

In previous studies, we demonstrated the efficiency of polyelectrolyte copolymer brushes of

70% PNIPAAm and 30% PMAA,2d and also 70% PAEMA and 30% PNIPA Am2c in the

fractionation of peptides and small proteins. Those brushes were synthesized by the

photoinitiation free radical polymerization method; however it is well known that free

radical polymerizations suffers from poor control over the macromolecular structure

including molecular weights, polydispersity, chain architecture and composition. This lack

of control over the structure of the polymer chains typically results in inconsistent structures

and, thus, surfaces. Although the brushes were effective in the separation process, it is

necessary to have reproducible surfaces that can be altered in a controlled manner in order to

produce a more robust system. In this paper, we explore the use of surface initiated – atom

transfer radical polymerization (SI-ATRP) as a controlled polymerization method to

synthesize random copolymers of NIPAAm and DMAEMA with different monomer feed

rations (Scheme 1), which to our knowledge has not been explored before. Previous reports

of NIPAAm/DMAEMA copolymers consisted of diblock copolymers prepared using a

controlled polymerization technique such as ATRP,19,20 or random polymers prepared by

free radical polymerization methods that are not controlled.21 We investigated the effects of

the monomer feed ratio and polymerization time on the swelling properties and surface

morphology of the polymers. Finally, the copolymers were used as a substrate to fractionate

a dual peptide mixture.
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Materials and Methods

All supplies were purchased from Acros, Aldrich, or Fisher Scientific and used without

further purification unless otherwise stated. The initiator (BrC(CH3)2COO(CH2)11S)2

(SAM-Br) that was used in the ATRP synthesis was prepared as previously described.22

Molecular weight measurements were performed by Waters Alliance 2690 GPC using a

miniDAWN® multi-angle light scattering detector and a refractive index detector Waters

2410. AFM film thickness was carried out with VeecoNanoman in a tapping mode using

NSG30 tip by NT-MDT. SAM thickness of 1.34 ±0.05nm was adjusted for in the final film

height. For ozone cleaning of gold substrates, a Jelight UVO Cleaner Model 42 was used.

Brush synthesis

SAM Formation—A 2 × 2.5 cm gold coated Si wafer was cleaned in Piranha solution for

60 minutes, after which it was rinsed with Milipore-filtered water, followed by HPLC grade

dimethylformamide (DMF) solution. The wafer was then blown dry with liquid nitrogen boil

off and then placed in the ozone cleaner for 45 minutes. Next, the wafer was placed in a vial

containing a 5 mM of ATRP initiator (SAM-Br) in ethanol for 18 hours. Once removed, the

wafer was rinsed with DMF three times and dried with nitrogen. A Nicolet 670 FTIR

spectrometer with a nitrogen cooled MCT-B detector and PIKE grazing angle accessory at

80° grazing angle was used to collect IR spectra of the modified wafers. Self -assembly of a

monolayer was confirmed by reflection absorption infrared spectroscopy (RAIRS) and the

presence of the initiator was confirmed by observing carbonyl moiety at 1735 cm−1, and C-

O stretch at 1300 cm−1.

ATRP—A desired concentration of DMAEMA, NIPAAm and 1,1,4,7,7-

pentamethyldiethylenetriamine (PMDETA) (0.14 µL) totaling 33 mmol were dissolved in 5

mL of DMF, followed by three freeze-thaw cycles inside of a Schlenk tube. The Schlenk

tube was then placed inside of a glove box and copper (I) bromide (10 mg) was added to the

solution. Once the copper (I) bromide was dissolved, the gold wafer containing the SAM

initiator was placed into the solution and the polymerization was allowed to take place. After

the desired polymerization time, the reaction was terminated by removing the gold wafers

from the solution and immersing them in DMF. The substrates were then rinsed with

copious amount of DMF and dried with nitrogen blow-off. The RAIRS spectra of the

brushes were recorded, and the NIPAAm carbonyl amide (I) band was found at 1662 cm−1,

and amide (II) N-H band at 1528 cm−1. The DMAEMA was confirmed with the carbonyl

band at 1721 cm−1.

Swelling Studies: pH—The samples were incubated in 3 mL of a 0.100 M citrate pH 5

buffer solution for 5 hours. The samples were removed and rinsed with nanopure water then

dried with nitrogen blow off.

Solvent—for the solvent studies, a similar procedure was followed where the samples were

incubation in 3 mL of THF solution for 5 hours. The samples were removed and dried with

nitrogen blow off.
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Peptide Procedure (β-casomorphin and bradykinin)—The polymer brush (70:30

DMAEMA/NIPAAM copolymer) was initially placed in 100 µL of a 0.100 µM ammonium

acetate buffer solution (pH 7) and allowed to stand for 1 hour. Next, a 1 µL aliquot of a

peptide mixture (10 pmol β-casomorphin: 1 pmol bradykinin) was placed directly onto a

conventional MALDI target (control sample) and onto the polymer-modified surface. After

3 minutes, the residual solution on the polymer-modified surface was removed with a pipet

and deposited onto a separate location on a conventional MALDI target. Subsequently, three

1 µL aliquots of acetate buffer solution were deposited onto the peptide coated polymer-

modified surface, removed immediately by pipet, and then combined with the originally

removed droplet on the MALDI target. Next, 1 µL aliquots of 6 mg/mL α-cyano-4-

hydroxycinnamic acid (CHCA) in 0.1% trifluoroacetic acid (TFA) were added to the control

sample and to the polymer-fractionated combined droplets on the MALDI target and

MALDI mass spectra were acquired from these samples. The peptides that remained bound

to the polymer brush were analyzed directly on the polymer brush. Direct analysis was

accomplished by placing 1 µL of 6 mg/mL CHCA in 0.1% TFA solution directly on the

peptide coated polymer brush. MALDI mass spectra were then acquired directly from the

brush polymer surface.

Results and Discussion

The cationic copolymer brushes consisting of either 30:70 DMAEMA/NIPAAm or 70:30

DMAEMA/NIPAAm monomer feed ratio were polymerized for different periods of time

(Figure 1). It is assumed here that the heights of the films, which were measured using

AFM, reached a maximum at about 45 min before leveling off. Interestingly, the brush

heights for the 70:30 DMAEMA/NIPAAm were about 5 nm lower than the 30:70

DMAEMA/NIPAAm in the initial stage of the polymerization; however, an increase in the

polymerization rate occurred after 30 min and the final heights of the two brushes were

essentially the same at 12 h. It should be noted that the assumption is made that the height of

the films correlate proportionally with the length of the polymer and the ratio of the

monomer units in the final polymer is proportional to the monomer feed ratio as was

reported by Dyer and co-workers.2e The lower film heights in the early stage of

polymerization at the higher cationic monomer ratio suggest that DMAEMA has slower

kinetics compared to NIPAAm for this process. Zhang et al. synthesized homopolymer

brushes of PNIPAAm and PDMAEMA grafted from a nylon membrane by ATRP and

showed that the rate of polymerization was slower for DMAEMA than for NIPAAm.20 This

report corroborates our finding that the polymerization rate was slower for the brush

containing higher ratio of DMAEMA.

The swelling behavior, or stimuli response, of the films is an important property that affects

the performance of the brush; therefore, monitoring this process is essential. The swelling

heights and conformational changes of the brushes are directly related to the functional

groups and their ability to interact with their environment. The stimuli response to pH is of

particular interest to us, since our application is oriented towards proteomics, in which we

use pH to drive the binding of peptides and small protein to the ionic brushes. The swelling

response of the brushes as a function of pH was monitored by both AFM and contact angle.

The response of the polymer brushes to pH is a result of the ionization of the DMAEMA
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group at low or acidic pH (<7); as the pH is adjusted to increase the number of charges in

the brush, there is an increase in the electrostatic repulsion causing the polymer chains to

stretch out into the solution.23,24 The swelling heights of polyelectrolytes brushes can also

be affected by high salt concentration due to screening by the charges, which results in a

decrease in the brush heights.25 However it was shown that the height of weak

polyelectrolyte brushes increases at high salt concentration (0.10 M buffer solution) of

monovalent ions such as sodium nitrate. The high dissociation constant for sodium

carboxylate causes an increase in the charges species, which resulted in an increase in the

osmotic pressure, causing swelling in the brush.26 This swelling behavior causes a change in

the height of the brush film as well as the surface charge. The brush height is monitored by

AFM while the surface charge is monitored by contact angle. Since the number of charged

segments is higher in the 70 % DMAEMA brushes, it is expected that they will respond

more significantly to pH as compared to the 30 % DMAEMA brushes. In this case, the

NIPAAm groups are not expected to have significant impact in the swelling response of the

brushes and are only integrated into the brush to control the hydrophobic/hydrophilic nature

of the brush.15 The stimuli response experiments were carried out below the LCST of

NIPAAm and therefore temperature should not play a role in the response.

The polymer brushes were stimulated by a pH 5 buffer solution and the swelling response of

30:70 and 70:30 DMAEMA/NIPAAm brush prepared at various polymerization times were

monitored (Figure 2). As expected, the heights of the brushes increased upon changing from

neutral conditions (pH 7) to the lower pH conditions (pH 5) due to the increased interaction

of the charged portions with the aqueous environment. It is interesting to note that the

changes in brush heights were consistent over the range of polymerization time, which

attests to the controlled nature of the ATRP process. Specifically, the 30 % DMAEMA

swollen brushes exhibited an average height increase of 2±0.14 nm over the neutral brush,

while the average increase for the 70 % DMAEMA brushes was 3.63±0.06 nm (Figure 2A

and 2B respectively). While the difference in the average height increase for the two brushes

was expected since the amount of the charged species is higher in the 70 % DMAEMA

brush, a larger increase was expected for the 70 % DMAEMA brush than was observed. At

this point, the explanation for the small increase in the swelling height for the 70%

DMAEMA brush is unclear. One possible explanation is that the brushes shrink as the water

is removed in order to perform the AFM measurements; therefore, the true swelling heights

of the brushes are not recorded. As the brushes swell under the low pH conditions, the

surface charge also increases. This is confirmed by the decrease in the contact angle as the

brushes go from the neutral conditions to the low pH conditions (Figure 2C and 2D). Due to

the higher percentage of the charged monomer in the 70 % DMAEMA brushes, there was a

greater change in the contact angle; the average decrease in the contact angle is 40.93 ± 3.12

and 25.14 ± 2.67 for 70 % DMAEMA and 30 % DMAEMA, respectively.

The swelling effect on the topography of the polymer brushes were investigated by tapping

mode AFM. ATRP is expected to produce uniform films due to the controlled

polymerization step. Figure 3 shows the AFM topography of the two brushes at pH 7 and pH

5 along with the gold substrate as the control. The surfaces of the two brushes after

polymerization (pH 7) show homogeneity with some small grooves.27 The topology of the

70 % DMAEMA film surface is a bit rougher (Figure 3A.) having rms z-deviations of 3.27
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nm compared to the 30 % DMAEMA film surface (Figure 3C), which has rms z-deviations

of 2.49 nm. Although the surfaces were not smooth, their homogeneity denotes the

uniformity of the polymerization process. The polymer brushes are expected to undergo

conformational changes in response to changes in pH; this response is expected to produce a

topographical change in the AFM micrographs. When both films were exposed to a pH 5

buffer solution, there was a significant change in the surface morphology (Figure 3B and

3D). These changes were likely a result of the reorientation of the polymer strands as they

interact with the aqueous environment. The surfaces reveal a smoother morphology, yet with

less uniformity, with rms z-deviations of 2.33 nm for the 70 % DMAEMA films (Figure

3B), and 1.36 nm for the 30 % DMAMA films (Figure 3D). The lack of uniformity in the

pH treated films could be a result of polymer coagulating at the surface due to differences in

the monomer sequence and ratio of different polymer chains, as this was a random

polymerization process. Nonetheless, the difference in the changes in the morphology for

the two polymers is consistent with the monomer ratios present; i.e., more change in the

morphology occurred for the 70 % ionic monomer compared to the film containing 30 %

ionic monomer. It is unclear to us whether the “bumps” in the pH treated brushes are

connected to the ‘bumps’ in the uncoated gold substrates, since is it possible that the

polymer could delaminate under the acidic conditions. We are currently probing this process

by preparing brushes from silicon surfaces instead of gold and also looking at anionic

polymers that respond at higher pH on both gold and silicon surfaces. In any event, the pH

treated brushes provide sufficient charged surfaces that allow us to probe the fractionation of

peptides.

It was clear from the contact angle and height changes for the swelling experiments that the

70:30 DMAEMA/NIPAAm polymer brush had more surface charge and volume in response

to pH compared to the 30:70 DMAEMA/NIPAAm polymer brush; therefore, that polymer

brush was chosen to test the peptide fractionation application. We have previously

demonstrated the use of ionic polymer brushes to separate a binary peptide mixture for

subsequent MALDI-MS analysis.2c,2d Here we apply this polymer brush to separate a

mixture of β-casomorphin (pI = 5.52, MW = 579.6) and bradykinin (pI = 12, MW = 1059).

Due to the low ionization efficiency of the β-casomorphin, a large excess was needed in the

control experiment in order to obtain a detectable signal in the mass spectrum in the

presence of bradykinin (Figure 4A). A mixture of the peptides was deposited on the brush

and MALDI MS was performed on both the unbound and bound peptides (Figure 4B and

Figure 4C respectively) after fractionation. From the MALDI mass spectra shown, it is

evident that the basic bradykinin peptide did not bind to the polymer surface; while as

expected, the β-casomorphin was adsorbed to the polymer surface during the fractionation

process. The isolation of the acidic β-casomorphin peptide using this approach substantially

overcomes the ion suppression effect seen in the control experiment. It is worth noting in

this example that the MALDI analysis of the bound peptide was performed directly on the

polymer surface which was used as the MALDI target. Careful examination of the unbound

peptides in Figure 4B reveals that a small signal from β-casomorphin was detected in this

fraction. This result is likely due to saturation of the polymer brush with β-casomorphin

resulting in excess β- casomorphin appearing in the unbound peptide fraction. Regardless of
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the reason, the MALDI mass spectra clearly reveal that the polymer brush modified

substrate can effectively fractionate the peptide mixture.

Conclusion

Mixed cationic copolymer nanobrushes with different monomer feed ratios were synthesized

on gold substrate by the ATRP method. The copolymer nanobrush response to changes in

the pH of the solution was evaluated by contact angle and AFM measurements as a function

of polymerization time. As expected, the film heights increased in response to the change in

pH and as the polymerization times increased. The contact angle decreased as the polymer

brush films became more ionic in character due to the protonation of the DMAEMA moiety.

Furthermore, a striking difference in the topography of the films with change in the pH was

recorded by AFM. Specifically, the films went from a rougher, yet homogeneous surface

before treatment with a pH 5 buffer solution to a smoother, yet less uniform surface after pH

treatment. The film height, contact angle and topography changes were more pronounced in

the 70 % DMAEMA brushes compared to the 30 % DMAEMA brushes. Ultimately,

application of the 70 % DMAEMA brush for the fractionation of a binary mixture of

peptides prior to MALDI MS analysis was effective and this approach may serve as an

efficient approach to alleviate the ion suppression effect in MALDI analysis of complex

mixtures.
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Figure 1.
AFM height data for 30:70 and 70:30 DMAEMA:NIPAAm polymer brush at different

polymerization times
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Figure 2.
Swelling response to pH of the PDMAEMA/PNIPAAm brushes at different polymerization

time and monomer feed ratio. A and C represent the height and contact angle of the 30 %

DMAEMA brush respectively. B and D represent the height and contact angle of the 70 %

DMAEMA brush respectively.
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Figure 3.
AFM spectra showing morphological changes In the brush surface before and after

treatment In pH 5 buffer solutions at 45 min polymerization time A and B represent 70:30

DMAEAM/NIPAAM at pH 7 and pH 5 respectively. C and D represent 30:70 DMAEAM/

NIPAAM at pH 7 and pH 5 respectively. E represents uncoated gold surface. (Bar scale 10

nm).
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Figure 4.
(A) MALDI-MS spectra of a 6:1 ratio ²–casomorphin fragment. (B) shows the spectrum of

the unbound peptide washed off the surface. (C) shows the unbound peptide washed off the

surface. (C) shows the spectrum of the peptide that was bound to the surface.
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Scheme 1.
Representative synthesis of PDMAEMA/PNIPAAM random copolymer brush by ATRP
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