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Dendritic polyglycerol (PG) functionalized surfaces represent a good alternative for preparation of

protein resistant materials, whose versatility can be enhanced by conferring them the ability to bind

particular biomolecules of interest to the surface. In this work, PG derivatives bearing disulfide and

different loadings of amino moieties (0–14%) were synthesized and attached to gold surfaces. The

modified surfaces were characterized by means of infrared reflection adsorption spectroscopy

(FT-IRRAS), X-ray photoelectron spectroscopy (XPS), and contact angle measurements. The protein

resistance properties of the PG-modified surfaces were evaluated by surface plasmon resonance (SPR)

spectroscopy using fibrinogen, albumin, pepsin, and lysozyme as model proteins. The availability and

accessibility of the amino groups to bind biomolecules were assessed by fluorescence measurements.

This study demonstrates that PG-coated surfaces with amino contents up to 9% still show very good

protein resistant properties. At the same time, the amino moieties on the surface are available and

reactive for selective ligand attachment. By fluorescence labeled DNA hybridization, the high

selectivity of these functional surfaces could be demonstrated.
Introduction

The study and development of resistant, antibiofouling surfaces

have proved to be of significant value in biotechnology,

biomedicine, bioelectronics, health care, energy, food, and

marine industries.1–5 Particularly, materials capable of resisting

non-specific protein adsorption are of great importance in
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biomaterials and biomedical applications, including implants,

biosensors, and nanocarriers for drug delivery.3,5,6 Indeed, the

ability to resist non-specific protein adsorption is a major indi-

cator of a material’s biological inertness or biocompatibility.6

Non-specific protein adsorption is a process that occurs when

a solid substrate is immersed in biological fluids, and comprises

the physical adsorption of circulating proteins on the material

surface without specific receptor-recognition interactions.3

Furthermore, non-specific adsorption initiates the foreign body

reaction causing a walling off of the implanted device which may

lead to the improper function of the device.7 Therefore, tailoring

the materials surface chemistry using synthetic strategies is

crucial for producing surfaces with defined (bio)specific bindings

as well as repellant properties.

A well-established strategy in the design of resistant devices is

coating the surface with a layer of a material that reduces non-

specific protein interactions, which may be introduced for

example in the form of self-assembled monolayers (SAMs)3,8 or

polymer brushes.3,9 A wide range of resistant coatings have been

reported so far, and based on the analysis of the best protein

resistant surfaces known in the literature,8,10–13 it seems that

desirable features for resistant coatings are: (a) highly flexible

aliphatic polyether architecture, (b) hydrophilic, hydrogen-

bondable groups, and (c) overall electrical neutrality. Poly-

(ethylene glycols) (PEGs) are the most commonly used resistant

benchmark materials. PEGs are highly hydrophilic, linear, flex-

ible, water-soluble polyethers, which are relatively non-immu-

nogenic, non-toxic at low doses, and with proven antifouling
This journal is ª The Royal Society of Chemistry 2012
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properties.14,15 Despite their wide use, PEGs present some

drawbacks like stability issues, since they can be oxidized in

a physiological environment spontaneously or enzymatically.14,16

Moreover, PEG offers just a low binding capacity due to the

presence of functional groups only at the chain ends. Thus, the

investigation of novel routes to prepare antifouling matrices is

a subject of active research.

Dendritic polyglycerols (PGs) are aliphatic polyols that

combine a stable, biocompatible polyether scaffold, high-end

group that allows for further functionalization and a compact,

well-defined dendrimer-like architecture.6These polymers exhibit

good chemical/thermal stability and inertness under biological

conditions and are highly biocompatible, characteristics that can

be exploited to generate new material properties for many phar-

maceutical and biomedical applications. Their multifunctional

macromolecular scaffold is expected to lead to new strategies for

nanomedicine17 as well as for regenerative medicine in the form of

non-fouling surfaces.6 Thus, PGs constitute a good alternative to

PEG as a coating material for surface modification to obtain

biocompatible and functional materials.

In 2004, monolayers based on dendritic PG were shown to

render gold surfaces highly protein resistant. In this study,

different PG derivatives bearing hydroxy- or methoxy-end

groups were covalently immobilized on gold surfaces and

investigated with respect to the adsorption of single proteins.18

The PG-coated surfaces were as protein resistant as PEG SAMs

and significantly better than a carboxymethyldextran surface

(commercially available CM5 chip from Biacore),19 whereas the

bulk PG also showed a higher thermal stability than PEG.

Partially methylated PG derivatives did not reveal significantly

different protein resistance to the best hydrophilic hydroxyl-PG

derivative. This study clearly demonstrates that hydrophilic PGs

with a high number of –OH groups are yet another exception to

the correlation between protein resistance and the absence of H-

bond donors,8,10 in a similar way to mannitol SAMs12 and

dextran-coated surfaces.13 Additionally, the highly branched

architecture with a number of functional groups allows further

postsynthetic modification and multivalent functionalization.

After this pioneer study, the Kizhakkedathu group20 reported

the preparation of PG-coated surfaces and demonstrated that

branched polymers produced more uniform structures on gold

with low surface roughness. In another study by Wang et al.21

PGs were grown from the surface of magnetic nanoparticles, and

the nanocomposites showed excellent protein resistance proper-

ties, similar to PEGylated nanoparticles.

To gain a deeper insight into the underlying mechanism of

protein resistance, our group recently prepared a large variety of

PG derivatives to assess their protein-repellant capability.22,23 In

a first approach, a library of mono-amino oligoglycerols with

terminal –OH or –OCH3 functionality was synthesized and

coupled to gold surfaces through the ‘‘anhydride’’ method.22

Surface plasmon resonance (SPR) spectroscopy revealed that the

capability of PG dendrons to resist non-specific protein

adsorption strongly depends on the coating density, surface

functionality, size, degree of branching, and structural freedom

(i.e., disorder and flexibility/chain mobility) of the PG structures.

Furthermore, methylation of hyperbranched PG also improved

the protein resistance. In a second approach, a family of PG

dendrons that had an alkanethiolate group at the focal point and
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different terminal functionalities (–OH, –OCH3) was synthesized

and then attached to gold surfaces by a direct chemisorption. We

observed that even relatively small oligomers can be protein

resistant. More recently, we studied the dependence of polymer

brush architecture on protein resistance by preparing novel

polymer brushes with different side chains based on oligogly-

cerols,24 as well as the application of PG in the construction of

bioinert glass.25

On the basis of these findings, it becomes clear that PG-coated

surfaces represent a good alternative towards the preparation of

resistant materials, whose versatility can be enhanced by

conferring them the ability to bind particular biomolecules of

interest to the surface. The combination of both characteristics

has been demonstrated to be crucial, for example, in the fabri-

cation of biosensing platforms for analyses in biological

samples.3,26,27 This goal might be achieved by introducing amino

moieties in the PG scaffold. Despite the fact that amino groups

can be used as anchoring sites, their presence also causes

a negative effect on the protein resistant properties of the surface.

This effect has been associated with two aspects, the inclusion of

hydrogen-bond donors8,11 and the presence of a net charge under

physiological conditions. Non-specific protein adsorption is

known to be exacerbated on cationic surfaces relative to neutral

surfaces.8 Previous studies carried out on SAMs,28 mixed

SAMs,29 and several polymeric coatings11 presenting amino

groups have assessed this effect. However, to the best of our

knowledge, no systematic studies addressing this issue in

dendritic polymers have been reported so far.

Therefore, herein we report on the synthesis of a family of

dendritic PGs that have disulfide anchor groups and different

amino contents and their use to coat gold substrates by self-

assembly. The successful attachment of PG was monitored by

means of infrared reflection adsorption spectroscopy (FT-IR-

RAS), X-ray photoelectron spectroscopy (XPS), and contact

angle measurements. The protein resistance properties of the PG-

modified surfaces were assessed through SPR, using fibrinogen,

albumin, pepsin, and lysozyme as model proteins. The main

focus of this work is evaluating the effect of the amino content on

the protein resistance of these dendritic polymers, in order to

determine (a) the maximum number of amino moieties that can

be introduced to still observe an excellent protein resistance and

(b) whether the amino groups remain available and accessible

enough to act as useful attachment points for linking biomole-

cules, as a model of bioactive surfaces.

Experimental part

General

1H NMR and 13C NMR spectra were recorded on ECX 400

(400 MHz for 1H) as well as on Delta JEOL Eclipse 500

(500 MHz for 1H) spectrometers at 25 �C in methanol-d4 (Deu-

tero GmbH, Germany). The spectra were calibrated using the

solvent residual peak. Transmission IR spectra (KBr) were

recorded on a Nicolet 5SXC FTIR spectrometer.

Materials

The starting polyglycerol, PG–OH, was synthesized according

to the literature30 and had the following characteristics: average
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Mn ¼ 5000 g mol�1, trimethylolpropane (TMP) core, ca.

13.5 mmol –OH g�1 polymer. Unless stated otherwise, the

following reagents and solvents were purchased from Acros

Organic, Aldrich, or Fluka, and used as received: meth-

anesulfonyl chloride (MsCl), sodium azide (NaN3), triphenyl-

phosphine (PPh3), 6,8-dithiooctanoic acid (DL-thioctic acid,

TA), N,N0-dicyclohexylcarbodiimide (DCC), N,N0-dimethyl-

aminopyridine (DMAP), hydrogen peroxide, sulfuric acid,

hexadecanethiol (HDT), and sodium dodecylsulfate (SDS). Dry

and analytical grade solvents: pyridine, methanol, and N,N-

dimethylformamide, were purchased from Acros or Aldrich

and used as received. The bifunctional crosslinker sulfosucci-

nimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate

(sulfo-SMCC, No-Weigh format) was purchased from Thermo

Scientific and stored at �20 �C until use. HPLC purified

oligonucleotides with the structure 50-HS-(CH2)6-(dT)25-3
0 and

its dye-labeled complementary strand (dA)25-Cy5 used for

hybridization (henceforth referred to as HS-dT25 and dA25-

Cy5, respectively) were obtained from Thermo Electron. Fluo-

rescent-labeled streptavidin, Strept-Cy3 from Streptomyces

avidinii, was acquired from Sigma. Fibrinogen (Fib, from

bovine plasma, F8630), lysozyme (Lys, chicken egg white, E.C.

3.2.1.17, L6876), pepsin (Pep, porcine gastric mucosa, E.C.

3.4.23.1, P7012) and albumin (Alb, bovine serum albumin,

Cohn Fraction V, A7030) were purchased from Sigma-Aldrich

(Steinheim, Germany) and used without further purification.

Phosphate buffered saline (PBS; 1�, pH 7.4) was purchased

from BioWhittaker. PBS solutions were freshly prepared by

dilution in deionized water and degassed by filtration through

0.22 mm filters prior to use. Protein solutions (1 mg mL�1 in

PBS) and SDS solutions (1 wt% and 4 wt% in PBS) were freshly

prepared, filtered through 0.22 mm syringe filters and degassed

in an ultrasound bath at room temperature. Water was purified

using a Millipore Milli-Q system. All solutions were prepared

immediately prior to their use. Reactions requiring dry condi-

tions were carried out in dried Schlenk glassware under argon.

Dialysis was performed in benzoylated cellulose dialysis tubes

from Sigma-Aldrich (diameter 32 mm, molecular weight cut-off

(MWCO) 1000 g mol�1). Piranha solution was prepared from

3 : 1, v/v, H2SO4–H2O2 and used immediately. Piranha solution

reacts violently with organic materials and should be handled

with extreme care. IRRAS, XPS, confocal fluorescence

microscopy and contact angle measurements were conducted

over 12 � 12 � 0.7 mm gold substrates on borosilicate glass

(Arrandee, Germany). XPS studies were performed over gold-

coated mica wafers (Georg Albert Physical Vapor Deposition,

Germany). SPR studies were measured using gold chips (SIA

Kit Au) purchased from Biacore (Uppsala, Sweden) and stored

at 4 �C.
Synthesis of polyglycerol derivatives

The synthesis of PG derivatives was carried out

following procedures reported in the literature18,31 (see ESI‡).

Varying the experimental conditions and adjusting the

solubility of the products were necessary to prepare PG

compounds with a controlled loading of amino and disulfide

groups.
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Precleaning of bare gold surfaces and their functionalization by

self-assembly

Gold surfaces were precleaned prior to use by immersing the

substrates into fresh piranha solution for 1 min, rinsing copi-

ously with water for 1 min, then rinsing with EtOH for 1 min,

and finally drying under a stream of N2. The surface was

functionalized by immersing the substrate overnight into a 1

mM solution of the corresponding PG derivative in MeOH. The

modified gold surface was removed and rinsed copiously with

MeOH for 1 min, and then with EtOH for another minute

before drying with N2. The functionalized surface was used

immediately.
Characterization of the modified gold surfaces

FT-IRRAS. The spectra were recorded with a Nicolet 8700

(Thermo Electron) spectrometer equipped with the external

reflection accessory (85� grazing angle) and a MCT detector

cooled with liquid nitrogen. The measurement chamber and

instrument were continuously purged with dry N2. The latter was

previously purified through molecular sieves and a PEFT

membrane made by active carbon. Spectra were taken as the

average of 2048 scans at a 4 cm�1 resolution. A precleaned bare

gold surface was used as reference. All spectra were expressed in

extinction units after linear baseline corrections.

XPS studies. XPS measurements were realized by means of

a SPECS Phoibos 100 electron analyzer at a typical energy

resolution of 600 meV at 20 eV pass energy. An Mg Ka X-ray

tube was used as the light source, with excitation photon energy

of 1253.6 eV, resulting in energy resolutions of 800 meV. The

electron take-off angle was set to 0�, corresponding to normal

emission. The binding energies have been calibrated to the Au

4f7/2 peak at 84.0 eV. Components in the XPS spectra were fitted

using linear and Shirley line profiles for the backgrounds and

a product of Gaussian and Lorentzian functions for the C 1s, O

1s and N 1s peaks. The S 2p XPS spectra were fitted using two

doublets corresponding to the S 2p3/2 and S 2p1/2 signals. For

each doublet, the two peaks had a 1.2 eV energy splitting and an

area ratio of 2 : 1. The base pressure in the analysis chamber

during the measurements was better than 1 � 10�9 mbar.

Contact angle measurements. The water contact angles on the

modified gold surfaces were measured with a Ram�e-Hart model

1000 contact angle goniometer under ambient conditions. Water

drops (2 mL) were delivered to the surface using a micrometer

syringe (Gilmont). The reported values of the contact angles were

the average of three to five measurements taken at different

locations on the surface. The values of all replicates were within

�3� of the mean. Precleaned bare gold chips were used as

reference.

Confocal fluorescence microscopy. Confocal fluorescence

images were obtained with an Affimetrix 418 microarray scanner

and analyzed with GenePixPro 6.0 software, after subtracting the

local background. Fluorescent probes were attached to the PG-

modified chips by two different paths, specific DNA coupling,

and a non-specific streptavidin attachment, as follows:
This journal is ª The Royal Society of Chemistry 2012



Non-specific streptavidin attachment. Strept-Cy3 drops

(1 mg mL�1 solution in 0.01 M PBS buffer, pH 7.4) were placed

on a PG-modified surface as separate spots (0.5 mL each, ca. 1

mm diameter) using a micropipette and allowed to react for 4 h.

The chip was washed with buffer to remove excess protein (5 min

under shaking), immersed briefly in water, dried with N2, and

measured immediately.

Specific DNA coupling. The PG-functionalized surface was

immersed in a 1 mg mL�1 sulfo-SMCC solution (in 0.1 M PBS

buffer, 0.2 M NaCl, pH 7.4) for 2 h. After washing to remove

excess crosslinker, HS-dT25 in PBS buffer was deposited onto

the surface as separate spots (0.5 mL drops, about 1 mm diam-

eter) using micropipette and allowed to react for 2 h. The chip

was washed with buffer, the attached strand was hybridized with

its labeled complementary strand dA25-Cy5 and the surface was

washed again and measured immediately.
SPR studies

The adsorption of the test proteins to the PG-modified surfaces

was carried out according to a protocol previously reported by

Whitesides,32 on a Biacore 3000 Instrument (Biacore, Uppsala,

Sweden) on four independent flow cells. Briefly, the measuring

protocol is as follows: (a) passing SDS (1 wt% in PBS) over the

functionalized surface for 3 min and then rinsing the surface with

PBS buffer for 10 min; (b) passing the adequate single-protein

solution (1 mg mL�1 in PBS) for 25 min and then allowing PBS

buffer to flow over the surface for 10 min; and finally (c) passing

SDS (4 wt% in PBS) for 10 min, followed by PBS buffer for

additional 10 min. The flow rate used for all experiments was

10mLmin�1. The response signal from themeasurement is given in

response units (RU). The baseline difference given in response

units (DRUsample) before and after exposure of the sample surface

to a protein solution was evaluated relative to the baseline

difference (DRUHDT) of a hydrophobic HDT reference surface

according to the equation given below in percentage of protein

adsorption (%PA). The adsorbed amount of proteins on HDT is

assumed to be amonolayer of proteins and therefore the resulting

difference in response units was set to 100% protein adsorption.8

PA [%] ¼ (DRUsample/DRUHDT) � 100%.
Results and discussion

Experimental design and synthetic approach

The fabrication of polymer-modified surfaces via a grafting-to

approach is a simple and common procedure. Since architectural

parameters, such as molecular weight distribution, branching,

and functionalities can be tuned during the synthesis of the

polymeric adsorbates previous to their surface attachment, films

with well-defined properties and functions can be prepared.33

Particularly, dendritic PGwith molecular weights in a wide range

(1–10 kDa),30 narrow polydispersity (PDI, typically within 1.2–

1.7), and several functionalities can be tailored during polymer-

ization or subsequent functionalization steps.6,34

In this work, different dendritic PG adsorbates with controlled

loadings of amino and disulfide moieties that can be adhered to
This journal is ª The Royal Society of Chemistry 2012
gold were first synthesized and then attached to the above-

mentioned surfaces. Disulfide groups are expected to act as

surface-anchorage functions that provide stable attachment of

the polymeric adsorbates to the substrates; amino groups are also

expected to be involved in the immobilization process.35 It was

considered important to introduce low loadings of amino groups

in these PG derivatives, to avoid non-specific protein adsorption

on the surfaces. The main chemical structural feature modified

on the PG coatings was the increasing variation in their amino

content (from 0 to 14%). This parameter changed the hydrogen-

donating ability, surface net charge under physiological condi-

tions, and gold-stickiness characteristics of these derivatives,

therefore affecting several properties like surface wettability and/

or the protein repellant capability of the surfaces.
Synthesis of PG derivatives

In order to prepare PG derivatives with a controlled loading of

amino and disulfide groups, a multistep synthetic strategy was

used. The pathway involved mesylation, azidation, and reduc-

tion stages (Fig. 1) to convert a given number of –OH groups to

–NH2 groups, followed by amidation with thioctic acid (TA).

PG derivatives with 6.5, 9, and 14% amino groups were

prepared with excellent yields, typically $90% in each step (see

Table 1, entries 2–4). Throughout this paper, the notation used

for the products reflects the degree of conversion of hydroxyl

groups. For example, in the compound PG–OMs 9%, 9% of the

–OH groups were converted into mesyl groups; in PG–NH2 14%,

14% of hydroxyl groups were converted into amino moieties. The

products were characterized spectroscopically by 1H NMR and

IR (Fig. S1 and S2‡), and the spectra were in agreement with

those reported in the literature.31

Subsequently, a controlled number of disulfide groups were

attached to the PG derivatives through TA coupling (Table 1,

entries 6–8). The stoichiometric amount of TA was set up in

order to statistically introduce one disulfide group per PG

molecule. The successful preparation of the products, TA–PG–

NH2, was confirmed by NMR and IR studies (Fig. S1–S3‡). In

particular, 1H NMR spectroscopy showed that TA binding takes

place by amidation and permitted calculation of the loading of

disulfide moieties per PG molecule (NTA) by comparing the

spectra of the precursors and products (Fig. S3‡).

A fourth PG derivative, TA–PG–NH2 0%, was synthesized by

coupling TA directly to the starting PG through esterification

(Fig. 1(v)); note that the notation used for the product reflects the

absence of amino groups in this molecule, i.e. it has only –OH

and disulfide groups. This compound will be used as a blank in

the following sections.

The average number of disulfide moieties incorporated in each

substrate was found to be dependent on the number of amino

groups previously introduced (Table 1, entries 5–8), since TA

coupling increased with the increase of the amino content in the

molecule. Moreover, when TA binding took place through

amidation (entries 6–8) instead of esterification (entry 5), the

coupling efficiency increased and a better control over the

number of bound disulfide groups could be exerted. Note that

the number of disulfide moieties bound through amidation was

close to one, as expected, and that the lower incorporation of TA

moieties to TA–PG–NH2 0% (NTA ¼ 0.3) was likely due to the
J. Mater. Chem., 2012, 22, 19488–19497 | 19491



Fig. 1 Synthesis of PG derivatives through mesylation (i), azidation (ii), reduction (iii) and TA coupling (iv and v) steps. Reagents and conditions: (i)

MsCl, dry pyridine, 0 �C–rt, 18 h, (ii) NaN3, dry DMF, 60 �C, 72 h, (iii) PPh3, THF–water, rt, 3 days, (iv) and (v) DCC, DMAP, DMF, 0 �C–rt, 18 h. The
percentages indicate the PG amino content.
lower nucleophilicity of hydroxyl groups compared to the amino

groups. These results confirm the success of the synthesis of PG

derivatives with a controlled number of amino and disulfide

groups, justifying the synthetic pathway used.
Preparation and characterization of PG-derivatized gold

surfaces

After synthesizing the dendritic TA–PG–NH2 derivatives, they

were immobilized on gold surfaces via self-assembly following

a dipping procedure (Fig. 2). The modified surfaces were char-

acterized by FT-IRRAS, XPS, and contact angle studies.

FT-IRRAS studies. The coupling of PG-derivatives on gold

surfaces was initially followed by means of FT-IRRAS

measurements. The recorded spectra (Fig. 3) show bands located

at 3500–3100 cm�1 (broad, O–H alcohols str.), 3000–2850 cm�1

(aliphatic C–H str.), and 1150–1000 cm�1 (broad, C–O–C ethers,
Table 1 Results of the PG derivatives synthesis

Entry Producta

Yield [%]b, X ¼

–OMs –N3 –NH2

1 PG–X 0% — — —
2 PG–X 6.5% >98 72 97
3 PG–X 9% 97 86 92
4 PG–X 14% 93 90 95

a X ¼ –OMs (mesylation), –N3 (azidation), –NH2 (reduction).
b Yield accord

number of TA moieties incorporated per PG molecule.
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secondary and primary alcohols str.),36 which are characteristic

signals of the PG scaffold and demonstrate the successful

attachment of these derivatives on gold. At low amino content

(6.5%, Fig. 3(b)), the spectrum is almost identical to the one for

the sample without amino groups (0%, Fig. 3(a)). At higher

amino contents (9 and 14%, Fig. 3(c) and (d)), the slight incre-

ment in the intensity of the bands at 1650–1550 cm�1 (assigned to

the N–H bending of non-associated amino groups)36 could be

indicative of the presence of amino moieties on the samples.

Additionally, there is a band at ca. 1740 cm�1 which grows upon

increased amino content. This band could be assigned to the

N–H bending of associated amino groups,36 either due to

hydrogen bonding formation or to the interaction of the amino

groups with the gold surface. Other characteristic signals asso-

ciated with –NH2 groups, like N–H stretching (3500–3400 cm�1)

or C–N stretching (1250–1020 cm�1),36 would overlap with the

O–H stretching and C–O–C stretching bands and are not clearly

seen.
Entry Product of TA coupling Yield [%] NTA
c

5 TA–PG–NH2 0% 95 0.3
6 TA–PG–NH2 6.5% 97 0.7
7 TA–PG–NH2 9% 97 0.8
8 TA–PG–NH2 14% 92 1.0

ing to the percentage of conversion of hydroxyl groups. c NTA ¼ average

This journal is ª The Royal Society of Chemistry 2012



Fig. 2 Schematic representation of the self-assembly of PG derivatives

on gold substrates. Conditions: dipping in 1 mM solution of TA–PG–

NH2 in MeOH, immersion time ¼ 1–24 h.

Fig. 3 Normalized FT-IRRAS spectra of Au/TA–PG–NH2 at different

amino contents: (a) 0%, (b) 6.5%, (c) 9%, and (d) 14%.

Fig. 4 XP spectra for the core-level regions of the key elements in the

PG-coated surfaces with increasing amino content (a) 0%, (b) 6.5%, (c)

9%, and (d) 14%. For the N 1s and S 2p signals individual fitting peaks are

shown in red dashed and blue dotted lines, whereas the fitted envelope

spectra are shown in green.
Previous studies on the self-assembly of amine-terminated

PAMAM35,37 and PEI37 and disulfide-ended polyphenylene

dendrimers38 on gold surfaces highlighted the importance of

these moieties in the adsorption process. Thus, to prove the role

played by the different functional groups of PG-derivatives in

their adsorption on gold, comparative studies were carried out by

analyzing the self-assembly of PGs having different moieties.

Both TA–PG–NH2 0% (which lacks amino groups) and PG–

NH2 9% (which has no disulfide moieties, spectra not shown)

were capable of self-assembly on gold. These results are evidence

that both disulfide and amino groups play a key role in the

adsorption process.

It is important to mention that prior reports demonstrated

that disulfide groups form rather stable thiolate–gold bonds

whereas the amine–gold interaction is much weaker,37 which

means that a number of amino groups still remained unassoci-

ated and reactive. This important point will be discussed later on

in more detail.

XPS studies. As seen by FT-IRRAS measurements, the

different TA–PG–NH2 adsorbates can bind to the gold surface

via either the disulfide or the amino group. Thus, to further

explore the mechanisms of the surface attachment of the PG

derivatives on gold, XPS studies were conducted. This technique

offers high surface sensitivity and detailed chemical information.

C 1s, O 1s, N 1s, and S 2p XPS signals over the binding energy

are plotted in Fig. 4 for the four PG-coated gold surfaces with
This journal is ª The Royal Society of Chemistry 2012
different amino contents, after normalization to the corre-

sponding Au 4f7/2 peak intensities subsequently taken after each

region, and correcting for the atomic sensitivity factors of each

species.39 A significant increase in all four signals with the amino

content is apparent, especially for the more abundant C and O

species. The C 1s and O 1s spectra present maximum values for

the binding energy around 286.0 eV and 532.7 eV, respectively,

consistent with the etheric carbon and oxygen species present in

the PG scaffold.23

Despite the three-dimensional character of the dendritic PG

adsorbates that makes any thickness estimate a challenging task,

XPS has been used to gain information about the layer thickness

of SAMs of alkanethiolate chains on Au.23 The measured C 1s to

Au 4f7/2 intensity ratios and an attenuation length of 3.03 nm40

were used to estimate the layer thicknesses using a material

independent method41 that assumes the same density for all four

SAMs (see Table 2). It yields increasing apparent thickness

values from 1 to 3 nm for the modified surfaces with higher

amino content and with a 30% uncertainty. Taking into account

that reported hyperbranched PG of MW 5 kDa have diameters

between 2 and 3 nm,6 it can be assumed that TA–PG–NH2 form

only a partially covered single layer, in good accordance with

atomic force microscopy images (see Fig. S4‡).

The N 1s spectra of the amino-containing monolayers

systematically present two peaks around 399.5 eV (blue dotted

lines) and 400.5 eV (red dashed lines), whereas the N 1s signal for

the 0% amino content shows a single peak at 399.5 eV (blue

dotted line). Therefore, the low-energy peaks for which areas are

rather invariant with the amino content are assigned to nitrogen

species present on the surface before the PG self-assembly,

probably originated during the cleansing process of the Au–mica

wafers. The peak at 400.5 eV is consistent with the binding

energy of NHC]O42 and –NH2,
43 and as expected, it displays

a linear increase of the area with the nominal amino content of

the PG derivatives.

The S 2p spectra show two doublets corresponding to two

different species: gold-bound thiolate with the S 2p3/2 peak

centered around 161.6 eV (red dashed lines), and unbound

disulfide at 163.3 eV (ref. 44) (blue dotted lines). The S 2p3/2
intensity ratio between the two species only increases slightly
J. Mater. Chem., 2012, 22, 19488–19497 | 19493



Table 2 Normalized C 1s to Au 4f7/2 intensity ratio, estimated layer thickness, normalized S 2p3/2 intensities for the thiolate and disulfide species, and
relative fraction of bound sulfur atoms to the gold surface in the four PG-coated gold surfaces

TA–PG–NH2 X amino (%) Norm. C 1sa t (nm)b Thiolate Inorm Disulfide Inorm S bound (%)

0 0.345 0.91 0.012 0.008 59.2
6.5 0.441 1.17 0.014 0.009 67.9
9 0.606 1.51 0.024 0.010 81.6
14 1.205 2.73 0.031 0.017 88.6

a Norm. C 1s ¼ (IC 1s/SC)/(IAu 4f/SAu).
b Apparent thickness values calculated assuming a constant material density.
from almost 60% to 70% with the amino percentage. However,

the bound S atoms are at the bottom of the layer whereas it can

be assumed that the unbound S atoms are uniformly distributed

in the monolayer. This results in different effective damping

factors for the electrons photoemitted by the two sulfur species,

which can be compensated by using an attenuation length of 3.30

nm40 and the estimated thicknesses for the four layers. It was then

found that the percentage of bound sulfur atoms increases from

60% for the 0% amino content to almost 90% for the 14% amino

percentage (see Table 2). The XPS results clearly showed an

increase in the number of PG molecules attached to the surface

upon increased amino content in the sample. This suggests that

the amino groups also can interact with the gold substrate and

promote the self-assembly process, which is in agreement with

FT-IRRAS measurements.

Contact angle studies. The balance between the different

functional groups located at the interface of a hybrid material

strongly affects macroscopic properties like wettability. To

analyze the effect of PG-functionalization on the hydrophilic/

hydrophobic characteristics of the modified surfaces, water

contact angles were measured taking a bare gold surface as

reference. The immobilization of the different PG derivatives on

the surface caused a marked decrease in the contact angle values

(Table 3), reflecting the highly hydrophilic nature imparted by

PG and therefore indicating the successful attachment of these

polymeric adsorbates on the surface. Note that the PG deriva-

tives comprise a large number of hydrogen-bondable moieties,

such as hydroxyl, amino, and ether groups.

A general tendency in the contact angle value of the modified

surfaces was to be expected, since the amino content in the

adsorbates gradually increases at the expense of the hydroxyl

content. Although a trend indicates an increase in the contact

angle upon increased amino content, the contact angle of

Au/TA–PG–NH2 6.5% was the lowest, which indicates that this

was the most hydrophilic surface of the series. This surprising

result suggests that there is a particular balance between the
Table 3 Water contact angle results of bare and PG-modified gold
surfaces

Contact angle [�] of Au/TA–PG–NH2, X amino

Bare Aua 0% 6.5% 9% 14%

65 16 <12 20 22

a Measured on a precleaned bare gold surface.
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functional groups of this PG derivative that makes this modified

surface more hydrophilic than the others. This balance would

involve the relation between free, unassociated amino vs. asso-

ciated amino moieties (through Au–amino interactions and/or

via hydrogen bonding with other PG groups), modifying the

hydrogen-donating ability and surface net charge under

measurement conditions, and thus determining the surface

wettability.
Study of the accessibility and availability of the amino groups

over the modified surfaces by fluorescence microscopy

PG-modified surfaces represent a good alternative for prepara-

tion of specifically functionalized interfaces because the presence

of the amino groups can be used, for example, for the covalent

binding of biomolecules. Therefore, it is necessary that these

amino moieties remain available and accessible for reaction. The

first reason for synthesizing PG amino derivatives was to use

such amino moieties as attachment points to link biomolecules in

a controllable fashion. Since FT-IRRAS and XPS studies

pointed out an interaction between the amino groups of the

adsorbates with the gold surface, fluorescence studies were per-

formed to assess the real availability and accessibility of –NH2

groups over the surface. For this purpose, labeled probes like

proteins or DNA were first bound to the PG-coated surfaces.

Non-specific streptavidin attachment. The attachment of

labeled streptavidin to PG-modified surfaces was evaluated

(Fig. 5(i)). Strept-Cy3 adsorbs on the substrate by noncovalent

interactions. The streptavidin non-specific adsorption increased

with the amino content in the sample (Fig. 5(b)). The dependence

of the protein attachment with the amino content also demon-

strated that these amino moieties remained available and acces-

sible for biomolecule attachment at the interface. This

preliminary result also suggests that the PG samples with a low

amino content (especially at 6.5%) show a similar resistance to

the streptavidin non-specific adsorption than those measured for

the PG-derivative without amino groups (0%).

Specific DNA coupling. The specific attachment of DNA to PG

derivatized surfaces was carried out by means of the commercial

sulfo-SMCC, a heterobifunctional crosslinker in which both

succinimidyl-ester and maleimide groups are selective towards

amino and sulfhydryl groups, respectively.45 First, the primary

amino groups located on the PG-modified surface rapidly reac-

ted with the N-hydroxysuccinimide (NHS) ester moieties of the

crosslinker (Fig. 5(ii)), forming an amide bond and leaving active

maleimide-pendant groups, which are specific for grafting
This journal is ª The Royal Society of Chemistry 2012



Fig. 5 Schematic representation of fluorescent-probe attachment to PG-modified surfaces, (a and b) non-specific streptavidin attachment and results

obtained, and (c) specific DNA coupling.
thiolated biomolecules.45–47 In a second step, the double bond of

the maleimide moiety underwent an alkylation reaction by

forming a stable thioether bond with sulfhydryl groups and

conjugating a thymine oligonucleotide to the surface (Fig. 5

(iii)).45,47–49 The hybridization with the dye-marked complemen-

tary strand (Fig. 5(iv)) afforded a fluorescent-labeled surface.

Fig. 6(a) shows a typical fluorescence micrograph of a gold chip

after binding DNA to a modified surface containing amino

groups, Au/TA–PG–NH2 6.5%. Six different fluorescent-DNA

spots are present on the chip, demonstrating that the amino

moieties on the surface are available and able to react according

to the planned sequence. On the contrary, after following the

same procedure for the substrate without amino groups (Au/TA–

PG–NH2 0%, Fig. 6(b)), the corresponding picture did not show

any fluorescent spots on its surface. This difference is due to the

selectivity of succinimidyl-ester towards primary amino groups.

Unlike other reactive moieties, succinimidyl esters present

a much lower reactivity towards hydroxyl groups than towards

primary amino groups. Therefore, the lack of amino groups on
Fig. 6 Typical fluorescence micrographs after binding DNA to PG-

coated surfaces with different loading of amino groups: (a) 6.5% (posi-

tive) and (b) 0% (negative control).

This journal is ª The Royal Society of Chemistry 2012
the latter substrate leads to negative results, which can be used as

a control for the method.
Evaluation of the protein resistant properties of the

functionalized surfaces by SPR

To further study the protein resistant properties of the different

PG surfaces in relation to their amino content, SPR studies were

conducted. Given its excellent sensitivity (around pg mm�2),50

this optical surface technique has proven to be a valuable

analytical tool for investigating a wide range of biomedically

relevant interfaces.51,52 SPR is advantageous because it can be

used to monitor dynamic interactions, such as adsorption–

desorption processes in real time and under physiological

conditions, and it does not require complex sample preparation

or labeling.51,52

To test the protein repellant properties of PG samples, four

different model proteins were chosen: fibrinogen (340 kDa, pI

5.5), albumin (65 kDa, pI 4.8), lysozyme (14 kDa, pI 11.0), and

pepsin (34 kDa, pI 2.0). The choice of these proteins was based

on their biological importance and on the different properties

(molecular weight and pI) they presented under measurement

conditions (PBS, pH 7.4, 10 mL min�1 flow rate). Fibrinogen,

a large blood plasma glycoprotein that plays a critical role in

blood coagulation, is known to adsorb to most material surfaces

and is very important in the hemostatic response to implanted

materials.53 Albumin is the most abundant protein in the circu-

latory system and regulates the colloidal osmotic blood pressure.

Lysozyme and pepsin are smaller proteins normally used as

complementary highly charged models for electrostatic interac-

tions.54,55 Note that fibrinogen, albumin, and pepsin are nega-

tively charged, whereas lysozyme and the PG-derivatized

surfaces are positively charged under the conducted experimental

conditions. Thus, these four proteins were expected to respond
J. Mater. Chem., 2012, 22, 19488–19497 | 19495



differently to the PG-coated surfaces. Each PG-coated surface

was exposed to protein solutions in the flow cell of the SPR

spectrometer to determine the amount of adsorbed proteins. The

results were expressed relative to a HDT-modified gold surface

(see Experimental section), which is known to strongly adsorb

proteins by non-specific interactions.18

The resistant properties of the PG samples to the four studied

proteins depended on the amino content of the PG samples

(Fig. 7). An increase in the percentage of amino groups led to

a gradual increase in the fibrinogen and pepsin adsorption and to

a gradual decrease in the lysozyme adsorption. These results

could be interpreted by electrostatic considerations taking into

account the net charge of the PG surface and the proteins. As the

amino content increased, a more positive charge developed over

the surface that enhanced the electrostatic interactions with

negatively charged proteins like fibrinogen and pepsin, and

repelled positively charged ones like lysozyme.11 Albumin is also

negatively charged under the measurement conditions and, in

general terms, an increase of non-specific albumin adsorption

with increased amino content was observed.

A global evaluation of the SPR results indicates a general

tendency where the protein resistance capability decreases with

the increase of the amino content in the coating. Surfaces with

amino contents up to 9% still showed very good resistant prop-

erties, while the protein resistance rapidly lowered for values

higher than 9% except for lysozyme. It needs to be said, however,

that the best protein resistant surface was the unfunctionalized

PG surface that was as repellent as PEGylated surfaces taken as

controls.18,56

Remarkably, in all coated surfaces studied here, the protein

resistance behavior seems to parallel the tendency observed for the

contact angle values, apparently due to a relationship between the

higher hydrophilicity of the sample and better protein resistance

capability. It has been suggested that surfacewettability (generally

referred to as hydrophobicity/hydrophilicity) is one of the most

important parameters affecting the biological response to an

implanted material, including protein adsorption.57–60 Although

the contact angle and non-specific adsorption properties cannot

be characterized as collinear, hydrophilicity may be used as

a quick way to estimate the material resistance properties.26

Previous studies have proven by AFM a relationship between

higher surface water wettability and lower protein adhesion.57

In general, water wettability may be a good indicator of the
Fig. 7 Non-specific protein adsorption of the different PG-modified

surfaces as a function of the amino content. Protein notation: Fib

(fibrinogen), Alb (albumin), Pep (pepsin), Lys (lysozyme). Reference:

HDT-coated gold surface. * For the other proteins see the previous

publication.22
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propensity of a surface to adsorb proteins, although several other

structural features like group dipole moment, hydrogen bonding,

and conformational disorder have to be considered.61 However,

the correlation between contact angle values and protein repel-

lency is still controversial. In fact, in a previous study on surfaces

coatedwith PGdendrons, we observed a correspondence between

protein resistance and wettability for the –OH terminated series,

whereas no relation was observed for the –OCH3 ended series.22

The same relationship was seen for dendritic18 and linear56 –OH

terminated PG, probably indicating that this correlation between

protein resistance and wettability is characteristic of the –OH

ended PG series.

The behavior observed here further supports the idea that

protein adsorption cannot be explained in this case only in terms

of surface charge or hydrogen-donor ability. In fact, as the amino

content increased, a rise in the number of PG anchoring sites

with the gold substrate occurred, i.e. PG became stickier to the

gold surface, as seen by XPS measurements. This effect can

distort the conformation of the PG molecules from globular to

compressed, flattened structures,35 as well as restrict the flexi-

bility/chain mobility of the dendritic arms. The latter aspect has

proven to reduce the resistance properties of other PG-based

coatings.22 Therefore, we consider that the excellent protein

repellent properties evidenced by TA–PG–NH2 6.5% as well as

its higher hydrophilicity is driven by a delicate balance between

its functional groups and the substrate, thus determining the

hydrogen-donating ability, surface net charge, gold-stickiness,

and conformational freedom of the polymers. At the same time,

the amino groups of this substrate still remain available to bind

biomolecules, as shown by the selective DNA-binding studies.
Conclusions

In summary, we have synthesized dendritic PG derivatives with

different numbers of amino groups and have attached them on

gold substrates via thioctic acid linker. We have demonstrated

that the protein resistant properties of the PG-coated surfaces

depend on the amino content. Surfaces with amino contents up

to 9% still show very good resistant properties. We have also

proven the availability of such amino groups for biomolecule

attachment as demonstrated by the selective interaction of

complementary fluorescently labeled DNA.

The results demonstrate a new way to tailor PG-derivatized

surfaces by introducing amino moieties which can act as suitable

anchoring sites for specific biomolecule interactions, while

maintaining the resistant properties against non-specific protein

adhesion. The combination of both characteristics is important

in bioelectronics or in the development of biosensing platforms

with improved sensitivity.
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