
Dynamic Article LinksC<Journal of
Materials Chemistry

Cite this: J. Mater. Chem., 2012, 22, 19579

www.rsc.org/materials PAPER

Pu
bl

is
he

d 
on

 2
7 

Ju
ly

 2
01

2.
 D

ow
nl

oa
de

d 
by

 B
ro

w
n 

U
ni

ve
rs

ity
 o

n 
26

/1
0/

20
14

 1
2:

04
:1

0.
 

View Article Online / Journal Homepage / Table of Contents for this issue
It takes walls and knights to defend a castle – synthesis of surface coatings
from antimicrobial and antibiofouling polymers

Peng Zou,ab Wibke Hartlebab and Karen Lienkamp*ab

Received 17th March 2012, Accepted 15th May 2012

DOI: 10.1039/c2jm31695a
The synthesis and characterization of a bifunctional material containing antimicrobial and

antibiofouling components is presented. An end-functionalized antibiofouling poly(oxonorbornene)-

based poly(zwitterion) was synthesized and grafted onto a surface-immobilized network of an

antimicrobial poly(oxonorbornene), which is in this case a cationic synthetic mimic of an antimicrobial

peptide (SMAMP). The resulting material was characterized by Fourier-transform infrared

spectroscopy, ellipsometry, atomic force microscopy and surface plasmon resonance spectroscopy

(SPR). The SPR data indicate that this bifunctional material is antibiofouling in spite of the underlying

cationic SMAMP carpet, and as such it might be a promising material with potentially two lines of

defense against biofilm formation.
Introduction

Biofilm formation is observed in many settings and in various

dimensions, from plaque on teeth through catheters and medical

devices to ship hulls, water purification systems and oil pipe-

lines.1 This has been discussed in a number of excellent papers

and reviews (see ref. 1 and 2 and references therein). Biofilms are

agglomerates of microorganisms that adhere to a substrate. The

underlying processes and species involved are manifold, and so

far the process has not been fully understood. According to a

simplified mechanism, biofilm formation involves a number of

steps: first, bacteria bind reversibly to a surface. They then secrete

adhesion proteins, through which they can irreversibly attach.2b

Alternatively, any proteins present in a specific setting, e.g. in

body fluids, may adhere to a substrate, on which the bacteria

subsequently settle.3 Thus settled on the surface, the cells

proliferate and form bacterial colonies inside a thick peptido-

glycan envelope.4 At this stage of biofilm formation, the bacteria

become inaccessible to any antibacterial agents including disin-

fectants and antibiotics, as those molecules often cannot diffuse

through the peptidoglycan layer. This is why biofilms in medical

settings constitute a severe health threat, even where strict

hygiene protocols are enforced. Therefore, materials that can

effectively prevent biofilm formation in such high-infectious-risk

settings are highly desirable as they may ease patient care and

reduce infections with multiresistant bacteria.
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The role of antibiofouling coatings is to prevent the transition

from the reversible to the irreversible adhesive state of the cell.

This can be achieved either by minimizing the adhesive forces

between surface binding proteins and the substrate, or by

enabling an easy detachment of the protein glue and the adhering

microorganism from the surface (fouling-release coatings). In the

former class of so-called non-biofouling or antibiofouling coat-

ings, poly(ethylene glycol) (PEG) based surfaces have been

the benchmark for years due to their low interfacial energy

(5 mJm�2).1,5 It has been argued that the hydration layer near the

hydrophilic PEG surface was crucial to prevent protein adsorp-

tion, while the steric repulsion effect of long brush-like PEG

chains would be negligible,1 although other opinions also exist.1,6

The drawback of PEG is that it degenerates oxidatively,7 which is

why alternatives are desirable.

Another class of antibiofouling polymers that constitutes a

potential substitute for PEG are poly(zwitterions).8 These poly-

mers have equal numbers of negatively charged and positively

charged moieties per repeat unit. Examples for zwitterionic

polymers are poly(phosphorylcholines),9 poly(sulfobetaines),5h,10

and poly(carboxybetaines).5h,10b,10c,11 Like PEG, these materials

are extremely hydrophilic due to the association of large amounts

of water around the charged groups. However, unlike poly-

(electrolytes), poly(zwitterions) do not perturb the hydrogen-

bonded network of water near the surface, which is thought to

prevent protein adsorption and biofouling.12 Poly(zwitterions)

were also found to have excellent biocompatibility towards

fibroblasts and platelets,11d and help to reduce surface friction,9i

protein adsorption, mammalian cell adhesion, and biofilm

formation.13

On the downside, antibiofouling polymer surfaces are

defenseless once bacteria have managed to settle on them, for

example on surface inhomogeneities or other defects. However,
J. Mater. Chem., 2012, 22, 19579–19589 | 19579
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Fig. 1 Cartoon illustration: first, a model surface bearing benzophenone

anchor groups (red curl) is coated with an antimicrobial polymer (blue

coil) and a tetrafunctional thiol crosslinker (red cross, left). The red dots

correspond to reactive groups. Upon UV irradiation, a surface-immo-

bilized network is formed (black dots ¼ covalent bonds). An anti-

biofouling polymer (black zigzag line) with a reactive end group is then

grafted onto the antimicrobial polymer network to yield the target

material (right).
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one bacterial cell may form a mature biofilm in less than 24

hours14 and thereby cause severe inflammatory reactions on

catheters or medical implants. Thus, for biomedical applications,

another mechanism that can fight those settled bacteria would be

desirable to obtain truly long-term biofilm-inert surfaces.

This may be achieved by a combination of antibiofouling

and antimicrobial polymers. Antimicrobial polymers kill

airborne or solution-borne pathogens upon contact. Several

examples of antimicrobial polymers have been reported, for

example materials based on substituted poly(ethyleneimine),

poly(vinylpyridine),15,16 poly(diallyldimethylammonium),17 poly-

(butylmethacrylate-co-aminoethyl methylacrylate),18 and poly-

(2(dimethylamino)ethyl methacrylate)-based surfaces.19 While

the mechanism of action of antimicrobial polymers in solution is

meanwhile partially understood,20 the mechanism by which

surface-bound polymers kill pathogens is still under deba-

te.15a,15d,18,19c,21 We have recently published a series of papers on

so-called SMAMPs, which are synthetic mimics of antimicrobial

peptides.20n,22 These antimicrobial polymers are able to capture

the key properties of the antimicrobial peptides (AMPs), which

are host defense peptides and as such important components of

the innate immune system. Like AMPs, our SMAMPs target the

membranes of bacterial cells, where they presumably attach,

insert, and then cause cell leakage and eventually cell death.

While most antimicrobial polymers are generally biocidal, we

showed that our poly(oxonorbornene)-based SMAMPs are

selective for bacteria over mammalian cells. Thus, their potential

toxicity for humans is low, which makes them attractive candi-

dates as prospective materials in medical applications. However,

antimicrobial materials including our SMAMPs are usually

polycationic materials that strongly interact with anionic species

including proteins, lipids and phospholipids. Consequently, they

are also prone to quickly foul when used in ‘‘real-life’’ medical

application.

Therefore, to overcome some of the above described draw-

backs of purely antibiofouling or purely antimicrobial materials,

we were interested in synthesizing a material from an anti-

biofouling poly(zwitterion) and an antimicrobial SMAMP. Such

a material would have two lines of defense. First, the anti-

biofouling component would prevent bacterial adhesion as long

as possible, like the walls of a castle hold back potential

intruders. Then, when bacteria manage to settle and thereby

come in close contact with the surface, they would be within

reach of the antimicrobial components. In other words, when the

walls are breached, the knights take action to defend the castle.

There are only a few reports of simultaneously active antimi-

crobial and antibiofouling materials in the literature. Mostly,

silver is embedded into a matrix of an antibiofouling polymer.23

There are also a few cases of natural polyphenols with reportedly

simultaneous antimicrobial and antibiofouling activity,24 and in

one case, a bifunctional membrane from antibiofouling poly-

(vinylidene fluoride) and antimicrobial poly[2-(N,N-dimethyla-

mino)ethyl methacrylate] is described.25 Further, poly-

(methacrylate)-based antimicrobials in combination with PEG in

a network were reported.26 Some very interesting work on a

cationic polymer that can be hydrolyzed to yield antibiofouling

poly(zwitterions) has also been reported, both for synthetic

polymers and polysaccharide-based materials,27 and very

recently, the same group reported the incorporation of
19580 | J. Mater. Chem., 2012, 22, 19579–19589
antibiotics in poly(zwitterions)28 as well as a material which

allowed reversible switching between an antimicrobial and an

antibiofouling state.29

Here, we report how we synthesized a bifunctional material

from a cationic antimicrobial poly(oxonorbornene)-based

SMAMP and a zwitterionic antibiofouling poly(oxonorbornene)

in a ‘‘grafting-onto’’ reaction. This material was carefully char-

acterized using Fourier-transform infrared spectroscopy, ellips-

ometry, contact angle measurement, atomic force microscopy

and surface plasmon resonance spectroscopy (SPR). In partic-

ular, we used surface plasmon resonance spectroscopy to

demonstrate the presence of the thin poly(zwitterionic) layer.

Preliminary SPR data that compare the surface-immobilized

parent polymers (the cationic antimicrobial polymer network

and the antibiofouling poly(zwitterionic) network) and the

bifunctional material in terms of protein adhesion are also given.

Results

We present here the synthesis and characterization of a bifunc-

tional material consisting of poly(cationic) antimicrobial

SMAMPs and antibiofouling poly(zwitterions). A cartoon

illustration of the design of our bifunctional target material is

shown in Fig. 1. The bottom layer is a surface-immobilized

network of the antimicrobial SMAMP (blue coil in Fig. 1), which

was reacted with an end-functionalized antibiofouling poly-

(zwitterion) in a ‘‘grafting-onto’’ reaction (black zigzag line

in Fig. 1).

This yields the desired material with short pendant anti-

biofouling groups on a thick carpet of SMAMP. To obtain this

bifunctional material, we surface-immobilized the antimicrobial

component on a model surface, using benzophenone as a cross-

linker. The model surface was either a silicon wafer, or a gold

substrate for the surface plasmon resonance measurements. It is

well known that benzophenone reacts with any aliphatic CH

moiety upon UV irradiation, which results in the formation of a

covalent bond.30 We therefore synthesized two linker molecules

with a UV-crosslinkable benzophenone moiety and a surface-

reactive site: a triethoxy benzophenone silane (3EBP, Fig. 2A)

for the silicon wafer,31 and a lipoic acid-derived benzophenone

disulfide (DS, Fig. 2B) for the gold substrate. The reaction of

these molecules with either silicon or gold yielded benzophenone-

functionalized surfaces (Fig. 2).

Next, we synthesized the neutral precursor polymer 1 (Fig. 3)

of the poly(oxonorbornene)-based SMAMP as reported
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 Surface functionalization of a silicon wafer (A) and a gold surface

(B) with a UV-sensitive benzophenone crosslinker.

Fig. 4 Synthesis of the end-functionalized poly(zwitterion): the oxo-

norbornene monomer 4 was initiated with Grubbs’ third generation

catalyst. The living chain end was then quenched with a symmetric

pentafluorophenylester-substituted 2-butenediol derivative 5 to yield the

end-functionalized precursor polymer 6.

Fig. 3 SMAMP network synthesis: a solution containing the SMAMP

precursor polymer 1, the tetrafunctional thiol crosslinker 2 and the UV

sensitizer (DMPAP) 3 was spin-coated onto a benzophenone-function-

alized substrate. After cross-linking through UV irradiation, a surface-

immobilized network was obtained.
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previously.22e Using this neutral precursor polymer instead of

directly using the cationic SMAMP was crucial to obtain the

desired material, as the more hydrophilic SMAMP would

invariably de-wet the benzophenone-functionalized surface. To

obtain the SMAMP network, a solution of precursor polymer 1

was mixed with a tetrafunctional thiol cross-linker 2 and the UV

sensitizer 2,2-dimethoxy-2-phenylaceto-phenone (DMPAP, 3),

and spin-coated onto the benzophenone-functionalized substrate

(Fig. 3). Upon UV irradiation, the SH groups of cross-linker 2

and the double bonds of the precursor polymer 1 underwent a

thiol–ene reaction (light dots in Fig. 3), while the emerging

polymer network was simultaneously surface-immobilized

through the benzophenone moieties (dark dots in Fig. 3). The

Boc-protective group on the amine of the precursor polymer was

then removed to yield the cationic, antimicrobially active

SMAMP network.

Next, we synthesized the poly(zwitterion) as the antibiofouling

component. To make this polymer react with the surface-

immobilized SMAMP in a defined way, we needed to introduce a

reactive functional group at the chain end. For that purpose, we

made use of previously described end-functionalization chemis-

try.22b The Boc-protected zwitterionic monomer 4 was reacted

with the pentafluorophenyl-functionalized quenching agent 5 to

yield the end-functionalized, still Boc-protected precursor poly-

mer of the antibiofouling polymer 6, as shown in Fig. 4.

Next, the previously obtained SMAMP precursor network 7

was deprotected to yield the SMAMP network 8 (Fig. 5). After

removal of the Boc-groups, the resulting ammonium groups of

network 8 were converted into NH2, which could then be used as

an anchor group for the following ‘‘grafting-onto’’ reaction.

Using classic peptide coupling chemistry (DMAP and dicyclo-

hexylcarbodiimid), the pentafluorophenol active ester end group

of the poly(zwitterion) precursor 6 was reacted with the polymer

network 8, forming an amide bond (9). Finally, treatment with

HCl removed the protective group on the precursor polymer to

yield the antibiofouling poly(zwitterion) grafts and turned the
This journal is ª The Royal Society of Chemistry 2012 J. Mater. Chem., 2012, 22, 19579–19589 | 19581
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Fig. 5 After deprotection of the SMAMP precursor network 7 shown in

Fig. 3, the end-functionalized poly(zwitterion) precursor 6 was grafted

onto the SMAMP network 8, yielding, after deprotection, the bifunc-

tional target material 10.

19582 | J. Mater. Chem., 2012, 22, 19579–19589
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remaining amine groups of the SMAMP into antimicrobially

active NH3
+ groups (10, Fig. 5). With this last step, the target

material, an antibiofouling poly(zwitterion) on a carpet of a

cationic antimicrobial SMAMPs, was obtained.

At each step, the materials were characterized using ellips-

ometry, atomic force microscopy, Fourier-transform infrared

spectroscopy and contact angle measurements. The results are

summarized in Table 1. For comparison to the bifunctional

material, we also synthesized and characterized a pure SMAMP

network and a pure poly(zwitterion) network. The data obtained

for these surface-immobilized networks are also included in

Table 1. As can be seen from Table 1, the film thickness (obtained

by ellipsometry and atomic force microscopy) decreased for all

samples upon deprotection. This change can be understood as a

relaxation of the network after removal of the bulky Boc-group.

Alternatively, this effect might be due to the extraction of some

material from the SMAMP layer that was either not covalently

attached or whose attachment had suffered during the depro-

tection step. For the SMAMP network, a reduction from 49 nm

to 36 nm was observed by ellipsometry. The ‘‘grafting-onto’’

procedure on this material increased the thickness to 48 nm,

which was then further reduced to 37 nm after deprotection of

the poly(zwitterionic) grafts. Thus, the overall thickness increase

due to the grafts, according to ellipsometry, is only 1 nm. The

same value was measured with AFM. On the one hand, this is

plausible for grafts with a molecular mass of only 6000 g mol�1 –

on the other hand, even though this value is confirmed by AFM it

is also within the experimental error of ellipsometry. Further

evidence was thus needed to confirm the success of the ‘‘grafting-

onto’’ reaction. When comparing the contact angle data for the

poly(zwitterion) with the data for the bifunctional material, a

striking agreement is observed (Table 1), while the static,

advancing and receding contact angles for the SMAMP are

larger. This makes sense, as the SMAMP carries a propyl group

where the poly(zwitterion) has a negative charge, i.e. the

SMAMP is more hydrophobic. It is also in line with the proposed

structure of the bifunctional material and indicates that the

‘‘grafting-onto’’ reaction was successful (or, at the very least, that

a material with a poly(zwitterionic) top layer that could not be

washed away was obtained).

Colak and Tew very recently reported a structurally related

surface-immobilized poly(zwitterion), with contact angles of 36,

38 and 23� for the static, advancing and receding measure-

ments.13 Interestingly, for our material, the contact angle

hysteresis was much larger. At the same time, the roughness of

our materials was also larger, as revealed by AFMmeasurements

(Table 1). When analyzing the AFM images (Fig. 6), we observed

that we obtained a homogeneously cross-linked, surface immo-

bilized network with pores of about 5 nm depth. This correlates

well with the observed hysteresis in the contact angle, which hints

at surface heterogeneities. The porous structure of our material

was maintained even after significant chemical modification of

the network, as the series of images in Fig. 6 illustrates. There is a

slight increase in surface roughness after each reaction step,

which is plausible, because each step involves chemical modifi-

cation, swelling and drying of the material.

The FTIR data for the SMAMP and poly(zwitterion)

networks are shown in Fig. 7a. Not surprisingly due to their close

structural resemblance, the spectra of both protected networks
This journal is ª The Royal Society of Chemistry 2012
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Table 1 Physical characterization data of the bifunctional material and the two model surfaces. Details are given in the Experimental section

SMAMP Poly(zwitterion) Bifunctional material

Protected Deprotected Protected Deprotected Protected Deprotected

Thickness (ellipsometry)/nm 49 � 2 36 � 2 40 � 2 32 � 2 48 � 2 37 � 2
Contact angle/� Static 88 � 3 56 � 2 72 � 2 54 � 2 74 � 2 54 � 3

Advancing 90 � 2 59 � 2 73 � 2 59 � 2 73 � 2 58 � 2
Receding 38 � 2 14 � 2 14 � 2 7 � 2 16 � 2 9 � 2

AFM Thickness /nm 40 � 1 32 � 1 37 � 1 33 � 1
Roughness /nm 1 � 0.5 2 � 0.5 3 � 0.5 4 � 0.5
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look very similar. In particular, they both have a broad

absorption at 3400 cm�1 due to the stretch vibration of the NH

bond from the Boc-protective group (arrow 1 in Fig. 7a). These

bands disappear fully in the deprotected networks, indicating

that the removal of the Boc-group is complete. The bands of the

C]O stretch vibration in the carboxylic acid and ester of the

poly(zwitterion) on the one hand, and the two ester groups in the

SMAMP network on the other hand, are almost identical.

However, there is a broad, low intensity band centered around

2600 cm�1 in the poly(zwitterion) spectrum (arrow 2 in Fig. 7a),

which corresponds to the OH stretch of the free carboxylic acid.

This peak also disappears in the deprotected poly(zwitterions)

network because in this situation, the acid is deprotonated to the

carboxylate, while the amine group is protonated. An overlay of

the SMAMP network and the bifunctional material is shown in

Fig. 7b. In these spectra, it can be also observed that the NH

band of the Boc-group disappears after deprotection (arrow in

Fig. 7b). Further interpretation is difficult due to the low amount

of poly(zwitterionic) grafts relative to the underlying SMAMP.

In comparison to the end-functionalized polyzwitterions before

the ‘‘grafting-onto’’ reaction, however, it can be seen that the

sharp C6F6 band of the active ester at 1520 cm�1 has vanished

(see Experimental section, Fig. 10).

The ultimate proof of success of the ‘‘grafting-onto’’ reaction is

to demonstrate the presence of antibiofouling properties of the

material. To that end, we investigated the resistance of the

material to protein adsorption using surface plasmon resonance

spectroscopy (SPR). We chose two proteins and monitored their

interaction with our three test surfaces (SMAMP network, poly-

(zwitterion) network, and bifunctional material). In a typical

protein adsorption experiment, a reflectivity baseline was recor-

ded for 15 min. Then, the protein solution (bovine serum

albumin (BSA) or fibrinogen in buffer) was injected into the SPR

flow cell. After about 15 min, the flow cell was flushed with buffer

to remove any non-adhering protein from the surface (this time

point is marked with arrows in Fig. 8). Any protein that is irre-

versibly adsorbed on the surface would cause a shift in the

resonance angle of the surface plasmon, leading to an increase of

the reflectivity in the kinetic measurement. The results of the

adsorption kinetics measurement for BSA are shown in Fig. 8a

and those for fibrinogen are shown in Fig. 8b. In each case, the

reflectivity change DR was plotted against time. Qualitatively,

the results are similar for both proteins: while there is a huge

change in reflectivity for the SMAMP surface after protein

injection, the values for the poly(zwitterions) and the bifunc-

tional surface are hardly affected. This corresponds to significant
This journal is ª The Royal Society of Chemistry 2012
protein adhesion (fouling) on the SMAMP surface, and very

little adhesion on the other two materials. Additionally, it was

observed that the reflectivity values of both the poly(zwitterion)

and the bifunctional surface return to the starting values after

flushing the SPR cell with buffer. This indicates that these two

surfaces are strongly antifouling. To quantify the amount of

protein adhesion, we measured the thickness of the dry protein

layer with SPR and compared this value to the one before protein

exposure. On the SMAMP, a protein layer thickness of 5.9 nm

was observed for BSA and 6.6 nm for fibrinogen, respectively.

From r ¼ m V�1 and V ¼ t A (where r is the density of the

protein, m its mass, and V its volume, t the measured dry

thickness and A the surface area), the absorbed mass of protein

per unit area can be calculated asmA�1 ¼ r t.13 Literature values

for the density of the proteins are 1.085 g cm�3 for fibrinogen and

1.105 g cm�3 for BSA.13 Thus, 6.52 ng mm�2 of BSA and 7.16 ng

mm�2 of fibrinogen, respectively, were adsorbed on the SMAMP

network. For the bifunctional material, the SPR curves obtained

before and after the measurement are identical (Fig. 9). Thus,

within the experimental error of this very sensitive method, no

irreversible protein adsorption was observed.

The previously mentioned material by Colak and Tew13 was

also studied with respect to its antibiofouling properties. They

measured the thickness of the material before and after protein

adsorption to obtain the adsorbed amount of protein per unit

area. For the best of their coatings, the protein adsorption was as

low as 0.04 ng mm�2 (corresponding to an estimated protein

thickness about 0.04 nm).13 This is reportedly one of the best

antibiofouling materials in the literature. We were hesitant to

calculate the adsorbed protein thickness from our SPR data as

the curves in Fig. 9 were so similar that any numerical difference

between those curves would be well within the experimental error

of the method. However, it seems that our bifunctional material

is in a similar regime as those reported by Colak and Tew in

terms of antibiofouling performance.

It goes without saying that further studies are needed to

demonstrate the full antibiofouling potential of our material,

where further protein experiments, adhesion experiments of

bacterial cells, and long term activity experiments will be

included.
Conclusion

We have presented here the synthesis and characterization of a

novel bifunctional material, which consists of an antibiofouling

and an antimicrobial polymer. The antimicrobial SMAMP was
J. Mater. Chem., 2012, 22, 19579–19589 | 19583
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Fig. 6 AFM height images of the protected SMAMP network (A), the

deprotected SMAMP network (B), the protected bifunctional material

(C) and the deprotected bifunctional material (D). The images show

that the overall porous network morphology is retained after each

step, while the roughness slightly increases. Scale bar ¼ 2 mm, z-scale ¼
0–20 nm.

Fig. 7 FTIR-spectra of the target material and the two model surfaces.

(a) SMAMP and poly(zwitterion) network in the protected and depro-

tected form. The NH stretch vibration of the Boc-group (arrow 1) and the

OH stretch vibration of the COOH group (arrow 2) disappear after

deprotection; (b) SMAMP network and the bifunctional material in the

protected and deprotected form. Again, the NH stretch vibration

vanishes after deprotection (arrow).

19584 | J. Mater. Chem., 2012, 22, 19579–19589
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surface-immobilized as a network, onto which the end-func-

tionalized poly(zwitterion) precursor was grafted. Deprotection

yielded the antibiofouling poly(zwitterions) as ‘‘dangling arms’’

on a carpet of the antimicrobially active SMAMP. The material

was characterized using ellipsometry, contact angle measure-

ments, FTIR, AFM and SPR. The ellipsometry data and AFM

measurements indicate a slight thickness increase, which hints at

a thin layer of poly(zwitterions) on top of the SMAMP network.

Contact angle measurements confirm the presence of such a

layer, as the data of the pure poly(zwitterionic) sample and the

bifunctional material almost coincide. These data are further

backed up by the protein adhesion studies using SPR, as these

measurements demonstrated that a pure SMAMP surface is

strongly biofouling, while both the poly(zwitterion) network and

the bifunctional surfaces are protein repellent when exposed to

bovine serum albumin and fibrinogen, respectively. We therefore

conclude that the synthesis of our target material was successful,

and that a chemically robust surface containing SMAMPs and

poly(zwitterions) was obtained.

To come back to the castle analogy, we have a strong indica-

tion that the walls of our castle, i.e. the antibiofouling moieties,

are solid. It remains to be shown that the castle knights are also

able to fulfill their task, i.e. we need to probe the antimicrobial

activity, and study how these surfaces will perform in a ‘‘real’’

setting with immersion into bacterial suspensions for a long time.

We will also determine how much of the antibiofouling
This journal is ª The Royal Society of Chemistry 2012
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Fig. 8 Kinetic SPR measurement: the change in reflectivity upon

exposure of the materials to a protein solution (A: BSA, B: fibrinogen) is

plotted versus time. In both cases, the SMAMP is strongly fouling,

whereas all protein can be flushed from both the poly(zwitterion) and the

bifunctional material when buffer is injected.

Fig. 10 FTIR-spectrum of the end-functionalized poly(zwitterion)

(broken line) and the poly(zwitterion) network (solid line). The signals

due to the pentafluorophenol end-group (arrows) are clearly observed.
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component is needed to be sufficiently antibiofouling, while

maintaining the antimicrobial activity. These experiments are

underway, and we will report on them in due course.
Fig. 9 Surface plasmon resonance curve (reflectivity in arbitrary units

vs. scanning angle) measured before and after protein adsorption on the

bifunctional material. The curves are identical for BSA and fibrinogen,

indicating that, within the limit of the experimental method, no protein

was adsorbed.

This journal is ª The Royal Society of Chemistry 2012
Experimental

General

All chemicals were obtained as reagent grade from Aldrich,

Fluka or Acros and used as received. HPLC grade solvents were

purchased dry from Aldrich or Acros and used as received. Gel

permeation chromatography (DMF/3 g L�1 LiCl, or chloroform,

calibrated with polystyrene standards) was performed on a PSS

GRAM or SDV column (PSS, Mainz, Germany). NMR spectra

were recorded on a Bruker 250 MHz spectrometer (Bruker,

Madison, WI, USA).
Ellipsometry

The thickness of the dry polymer layers on silicon wafers was

measured with the auto-nulling imaging ellipsometer Nanofilm

EP3 (Nanofilm Technologie GmbH, G€ottingen, Germany),

which was equipped with a 532 nm solid-state laser. A refractive

index of 1.5 was used for all measurements. For each sample, the

average value from three different positions was taken.
FTIR spectrometry

To measure the Fourier-transform infrared (FTIR) spectra, the

polymer layers were immobilized on one side of a double side

polished silicon wafer. FTIR spectra were recorded with 64 scans

using a Bio-Rad Excalibur spectrometer (Bio-Rad, M€unchen,

Germany) between 4000 and 400 cm�1. A spectrum of the blank

double side polished silicon wafer was used as background.
Contact angle

The contact angles were measured with a contact angle system

OCA 20 (Dataphysics GmbH, Filderstadt, Germany). Every

contact angle measurement was repeated at four different points

of the sample, and the average value was reported. The Laplace–

Young method was used to calculate the static contact angles,

while the advancing and receding contact angles were calculated

with elliptical and tangent methods.
J. Mater. Chem., 2012, 22, 19579–19589 | 19585

http://dx.doi.org/10.1039/c2jm31695a


Scheme 2 Synthesis of the SMAMP precursor polymer.

Scheme 3 Synthesis of the poly(zwitterion) precursor.

Scheme 1 Synthesis of the cross-linker DS.
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Atomic force microscopy

The morphology and roughness of the dry polymer layers on

silicon wafers were measured after each step with a Multimode

atomic force microscope (AFM) (Nanoscope IIIa, Digital

Instruments, Santa Barbara, USA), which was equipped with

commercial tips (AppNano). The resonance frequency of the tips

was about 180 kHz, and the spring constant 20–95 N m�1. All

AFM micrographs were recorded in air under ambient condi-

tions. The images were acquired at 512 sample points per line and

512 lines using a scan rate of 0.32 Hz. After capturing the images

using the Nanoscope v531r1 software, they were analyzed using

Gwyddion 2.26. For each sample, the root mean square (RMS)

average roughness from three images of an area of 5 � 5 mm2 at

different positions was taken. The thickness of each layer was

measured by scratching across the samples with a scalpel and

scanning with the AFM across the scratch.

Surface plasmon resonance spectroscopy

An RT2005 spectrometer (Res-Tec, Framersheim, Germany)

was used for surface plasmon resonance (SPR) measurements.

Glass slides (LaSFN9 glass) coated with a 1 nm chromium

adhesion layer and a 50 nm gold layer were also obtained from

Res-Tec. To measure the dielectric constants of the polymer

layer, a thick polymer film was immobilized on the gold substrate

and the angular dependent reflectivity of light at the base of glass

prism was recorded. The dielectric constants were calculated by

fitting this reflection curve consisting of a plasmon surface

polariton (PSP) and several guided optical waves (GOW) with

the software Winspall 3.02 (Res-Tec). Any other layer thickness

of the same polymer was then obtained by fitting the experi-

mental reflection curve with these dielectric constants. To

observe the protein adsorption on the polymer layer, first an

angular dependent reflection curve was obtained after injecting

PBS buffer solution (pH ¼ 7.4). From this curve, the half-

maximum angle on the left flank of the resonance signal was

determined. The reflectivity as a function of time was then

monitored at this angle (kinetic measurement). In a typical

protein adsorption experiment, a protein (serum albumin or

fibrinogen) in buffer was then injected into the SPR flow cell.

After about 15 min, the flow cell was flushed with buffer. Any

protein that would be irreversibly adsorbed on the surface would

cause a shift in the resonance angle and lead to an increase of

reflectivity in the kinetic measurement. Finally, the surface was

dried under N2-flow overnight and another angular dependent

reflection curve was recorded to compare with the one before

injection of buffer solution.

Synthesis

Synthesis of cross-linking agents. The cross-linking agent

3EBP-silane was synthesized as described in the literature.31 The

cross-linking agent DS (11) was synthesized using the following

procedure (Scheme 1):

A solution of 4-hydroxybenzophenone (2.0 g, 10 mmol), lipoic

acid (2.3 g, 11 mmol, 1.1 aq.) and DMAP (1.3 g, 11 mmol,

1.1 aq.) in anhydrous dichloromethane (DCM) was cooled in an

ice bath under nitrogen. Dicyclohexyl carbodiimide (DCC)

(2.3 g, 11 mmol, 1.1 aq.) was dissolved in 10 mL anhydrous DCM
19586 | J. Mater. Chem., 2012, 22, 19579–19589
and added within one hour. After stirring for 24 h at room

temperature, the resulting urea byproduct was removed by

filtration over a short silica gel column. The solvent was evapo-

rated, and the crude product was purified by column chroma-

tography (silica gel, ethyl acetate/n-hexane 1 : 3). The product 11

(2.4 g, 6.2 mmol, 62%) was obtained as a yellow solid. 1H-NMR

(250 MHz, CDCl3): 1.60 (m, 2H, 4-CH2), 1.72–1.85 (m, 4H,

3-CH2 and 5-CH2), 1.93 (dddd, 1H, 7-CH eq.), 2.48 (dddd, 1H,

7-CH ax.), 2.62 (t, 2H, 2-CH2), 3.14 (m, 2H, 8-CH2), 3.60 (ddt,

1H, 6-CH), 7.19–7.24 (m, 2H, 300-CH and 50 0-CH), 7.46–7.51 (m,

2H, 30-CH and 50-CH), 7.56–7.62 (m, 1H, 40 0-CH), 7.78–7.82 (m,

2H, 20 0-CH and 600-CH), 7.83–7.88 (m, 2H, 20-CH and 60-CH).
13C-NMR (62.9 MHz, CDCl3): 25.0 (2-CH2), 29.1 (4-CH2), 34.6

(2-CH2), 35.0 (5CH2), 38.9 (8-CH2), 40.7 (7-CH2), 56.7 (6-CH),

121.9 (30 0-CH),128.8 (200-CH), 130.4 (30-CH), 132.1 (20-CH),

132.9 (40 0-CH), 135.4 (10 0-C), 137.9 (10-C), 154.3 (40-C-O), 171.9

(1-C]O), 195.9 (O]CPh2).

Synthesis of polymers

SMAMP precursor (Scheme 2): The antimicrobial SMAMP

precursor 1 polymer was synthesized as described
This journal is ª The Royal Society of Chemistry 2012
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previously.20m,22d,e A typical polymerization was performed as

follows, where all manipulations were performed under nitrogen

using standard Schlenk techniques: monomer 12 (Scheme 2,

500 mg, 1.35 mmol) was dissolved in 2 mL CH2Cl2. Grubbs’

third generation catalyst (3.6 mg, 5 mmol) was dissolved in 2 mL

CH2Cl2 in a second flask and added to the monomer solution.

After 30 min, an excess of ethylvinyl ether (1 mL) was added. The

mixture was stirred for 2 hours. The solvent was then evaporated

under reduced pressure. The NMR signals of the polymer 1

matched those in the literature.22e GPC analysis (PSS SDV

column, chloroform, r.t., 1 mL min�1) indicated that a polymer

with a molecular weight of 120 000 g mol�1 and a polydispersity

of 1.24 was obtained.

Antibiofouling precursor polymer 13 (Scheme 3). The anti-

biofouling monomer 4 (Scheme 3) was synthesized as described

in the literature.22c The antibiofouling precursor polymer 13 was

obtained analogously to the SMAMP synthesis. However, THF

was used instead of DCM. In a typical experiment, 500 mg

monomer 4 (1.2 mmol) and 3.7 mg Grubbs’ third generation

catalyst (5 mmol) were used. The NMR signals of the polymer 13

matched those in the literature.22c

Synthesis of the end-functionalization of the antibiofouling

precursor polymer 6 (Fig. 4). Polymer 6 was synthesized by

modification of an already published procedure for an end-

functionalized SMAMP (Fig. 4), with a target molecular weight

of 6000 g mol�1.22b The protected zwitterionic monomer 4

(500 mg, 1.5 mmol) was dissolved in 5 mL DCM under nitrogen.

Grubbs’ third generation catalyst (60.7 mg, 0.08 mmol) was

dissolved in a second flask in 2 mL DCM under nitrogen. Both

solutions were stirred at room temperature for 30 min. The

monomer solution was then added to the catalyst and the

mixture was stirred for another 30 min. The pentafluorophenol

end group 5 (94.2 mg, 0.16 mmol) was dissolved in 2 mL DCM

and added to the reaction mixture. After stirring for 24 hours, the

unreacted end group was removed by washing with 500 mL

DCM over an Al2O3 column. The polymer, which remained on

top of the column, was then washed out with ethyl acetate.

The product 6 was obtained after evaporation of the solvent.
1H-NMR (250 MHz, CDCl3): 1.45 (s, 9H, 3 � 9-CH3), 2.94

(t, 0.1H, 30 0-CH2), 3.13 (br m, 2H, 3- and 30-CH), 3.32 (br m, 2H,

6-CH2), 3.83 (t, 0.1H, 40 0-CH2), 4.06 (m, 0.1H, 20 0-CH2), 4.21 (m,

2H, 5-CH2), 4.76 (br m, 1H, 2- and 20 trans-H), 5.10 (br s, 1H,

NH), 5.64 (br m, 1H, 2 cis- and 20-H), 5.83 (br m, 1H, 1- and 10

cis-H), 5.92 (br m, 1H, 1- and 10 trans-H), 6.76–7.10 (m, phenyl

end-group). GPC (PSSGRAM columnDMF/3 g L�1 LiCl, 1 mL

min�1): Mn ¼ 4400 g mol�1, Mw ¼ 5800 g mol�1, Mw/Mn ¼ 1.3;

FTIR-data: Fig. 10.

Functionalization of the silicon wafer and gold substrate with

cross-linking agents

Silicon wafer. A solution of 3EBP-silane (20 mg mL�1 in

toluene) was spin coated on a (525 � 25) mm thick one-side-

polished 100 mm standard Si (CZ) wafer ([100] orientation, 1000

rpm, 120 s). The wafer was cured for 30 min at 100 �C on a

preheated hot plate, washed with toluene and dried under a

continuous flow of nitrogen.

Gold. For SPR measurements, the LaSFN9 glass slides coated

with 1 nm chromium and a 50 nm gold layer were covered with a
This journal is ª The Royal Society of Chemistry 2012
5 mM solution of DS in toluene for 24 h. Then the samples were

washed with toluene and ethanol, and dried under nitrogen flow.

SPR measurements indicated that the thickness of the DS layer

was 2 nm.

Immobilization of polymer networks on silicon wafers and gold

substrates functionalized with benzophenone

SMAMP precursor network 7 and SMAMP network 8. A

solution of polymer 1 (10 mg mL�1), pentaerythritol-tetrakis-(3-

mercaptopropionate) (¼ tetrathiol 2, 0.04 mg mL�1) and 2,2-

dimethoxy-2-phenylaceto-phenone (DMPAP 3, 0.01 mg mL�1)

in a mixture of DCM and toluene (1 : 4) was produced. From

this solution, a polymer film was spin cast on a 3-EBP treated

silicon wafer or DS treated gold substrate at 3000 rpm for 2 min.

The film was cross-linked at 254 nm for 30 min in a BIO-LINK

Box (Vilber Lourmat GmbH). It was then washed with

dichloromethane to remove unattached polymer chains and

dried overnight under N2-flow. This yielded the precursor

network 7. To activate the antimicrobial function, the film was

immersed in HCl (4 M in dioxane) for 12 hours and washed twice

with ethanol. It was then dried overnight under N2-flow to yield

the SMAMP network 8.

Poly(zwitterion) network. A solution with the same concen-

tration was made from polymer 13, tetrathiol and DMPAP in a

mixture of THF and toluene (1 : 4). The remaining steps were

exactly the same as described above for the polymer network 8.

Grafting-onto reaction on the SMAMP polymer layer 8. A

silicon wafer (1.5� 1.5 cm) or a gold substrate was modified with

an antimicrobial polymer network 8 as described above. After

deprotection, it was placed into a vial, which was previously

dried and filled with N2. The wafer was then covered with

a solution of the end-functionalized poly(zwitterion) 6 (6 mg,

1� 10�3 mmol,M ¼ 6000 g mol�1) in 4 mL DCM. A solution of

DMAP in DCM (1 mL, 0.24 mg mL�1, 2 eq.) and then after 2 h a

solution of DCC in DCM (1 mL, 0.42 mg mL�1, 2 eq.) were

added to the reaction mixture. After 3 days, the wafer was

washed with hexane, DCM, water and ethanol to yield 9. For

deprotection of the Boc-group, the wafer was immersed in HCl

(4 M in dioxane) for 5 h and washed twice with ethanol. Finally,

the sample was dried under N2-flow overnight. This yielded the

bifunctional material 10.
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