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ABSTRACT: Protein adsorption to surfaces prepared by chemisorption of thiol-terminated poly(ethylene glycol)
(HS-PEG650-OH) to gold-coated silicon wafers followed by functionalization of the terminal PEG OH groups
with aliphatic polyester dendrons was investigated. Chemisorption of HS-PEG650-OH to the gold surfaces was
carried out under cloud-point conditions to give a chain density of ∼3.7 chains/nm2, as calculated from AFM
film thickness measurements. Dendronization of the PEG-functionalized surfaces with aliphatic polyester dendrons,
generations 1-4, was achieved using divergent dendron growth. The hydrophilicity of the surfaces increased
significantly with increasing dendron generation as shown by water contact angle data. The effect of the hydrophilic
dendrons on protein adsorption from phosphate-buffered saline (PBS) and plasma are reported. Adsorption of
both 125I-radiolabled fibrinogen and lysozyme onto the dendronized surfaces showed that protein adsorption
increases upon introduction of dendrons to the PEG-functionalized surfaces. The similarity between fibrinogen
and lysozyme adsorption suggests that resistance of the dendronized surfaces to proteins follows the same trend
regardless of protein size.

Introduction

Among the biomaterials under investigation, polymers con-
stitute a versatile class that has received attention in various
biological applications due to the vast flexibility in their
synthesis and facile modification to suit specific physical and
mechanical properties of a wide range of tissues. In comparison
to natural polymers, the use of synthetic polymers as bioma-
terials is a relatively recent phenomenon.1 A variety of polymers,
including polyurethanes, polyethylene, poly(ethylene tereph-
thalate), silicones, and various polyacrylates, have been used
in applications such as blood contacting devices, hip joint
replacement, and intraocular lenses.1 Even though the applica-
tion of biostable polymeric materials has played an important
role in the advancement of modern health care, many of these
materials are limited by their lack of long-term biocompatibility.

Protein adsorption is known to be the first event that occurs
following implantation of biomaterials and is therefore important
in initiating events that determine host responses such as blood
coagulation, thrombus formation, platelet activation, bacterial
infection, and other undesirable responses.2,3 Surfaces that resist
the nonspecific protein adsorption are useful in numerous
applications, including sensors, materials for contact lenses,
implantable devices in blood contacting applications,2 and drug
delivery devices.4 A common approach for minimizing problems
arising from protein adsorption involves coating the surface with
a material that inhibits nonspecific interactions. A number of
such materials have been used, including heparin,5 dextran,6

and poly(ethyloxazoline).7,8 However, the most prominent and
commonly used material for protein adsorption resistance is
poly(ethylene glycol) (PEG).9 While a number of different PEG-
functionalized surfaces have been studied,10–15 a molecular-level
understanding of their protein-repelling mechanisms is still a
matter of debate.16–18 For example, Nishiumi and co-workers

suggested that protein resistance of the PEG-modified surfaces
is directly attributed to the highly dynamic nature of the
segments in water.19 On the basis of a model study by Andrade
and de Gennes to rationalize the protein resistance of surfaces
grafted with PEG, it was found that the conformational flexibility
of the grafted PEG plays an important role in this process.14,15,20

In separate studies, Grunze and co-workers17,21 found that the
conformation of PEG chains at the interface and their interaction
with water is an important determinant of protein resistance,
whereas Brash and co-workers have reported that chain density
is one of the key contributors to this phenomenon.3,12,22,23

While these studies have thoroughly investigated the protein-
resistant properties of linear hydrophilic polymers, focusing on
hydrophilicity/hydration, conformation, molecular weight, and
surface density, relatively little attention has been given to the
effect of polymer branching on protein repulsion. Although
branched polymers and dendrimers have attracted significant
interest as drug delivery vehicles,24–27 investigation of their
antifouling properties on surfaces has been limited to the use
of PAMAM dendrimers and polyglycerol hyperbranched poly-
mers.28–30 In the case of PAMAM dendrimers, protein resistance
was significantly diminished as a result of their polycationic
nature under physiological pH.31,32 Nonspecific protein adsorp-
tion is known to be exacerbated on cationic surfaces relative to
neutral surfaces.33 Hyperbranched polyglycerols, on the other
hand, are neutral under physiological conditions. These struc-
tures were shown to exhibit protein resistance that is practically
equivalent to a PEG monolayer on gold.30 However, the
polymerization mechanism precludes precise control of polymer
size, architecture, and degree of branching in these materials.
Here, we present the synthesis and characterization of model
dendronized gold surfaces, which combine the linear PEG with
aliphatic polyester dendrons based on the 2,2-bis(hydroxy-
methyl)propionic acid (bis-MPA) building block. Similar to the
hyperbranched polyglycerols, the polyester dendrons exhibit
charge neutrality under physiological conditions and a well-
defined structure that arises from their stepwise synthesis. In
addition, the dendrons investigated here have been shown to
be biocompatible, making them ideal for biological applica-
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tions.34,35 The focus of this study was therefore to investigate
the effect of surface functionalization with hydrophilic bis-MPA-
based polyester dendrons on protein adsorption at each den-
drimer generation and to compare this system with more
traditional PEG-grafted surfaces.

Experimental Section

General. DOWEX50W-X2 ion-exchange resin, 4-(dimethyl-
amino)pyridine (DMAP) (99%), 2,2-bis(hydroxymethyl)propionic
acid (bisMPA), 2,2-dimethoxypropane, p-toluenesulfonic acid
monohydrate (TsOH), and N,N′-dicyclohexylcarbodiimide (DCC)
were purchased from Aldrich. Thiol-terminated poly(ethylene
glycol) (HS-PEG650-OH) was purchased from Polymer Source, Inc.
Dichloromethane (CH2Cl2), ethyl acetate (EtOAc), and hexanes
were purchased from CALEDON. Acetonide protected anhydride
of bis-MPA (1) was prepared according to literature procedures.36

All reagents were used as received.
Gold substrates prepared by electron beam evaporation of silicon

wafers with an adhesive titanium tungstate (TiW) layer (300 Å)
followed by a layer of gold (1000 Å) were purchased from Thin
Film Technology, Buellton, CA, and diced into 1.0 × 1.0 cm2

pieces. Prior to chemisorption, the surfaces were cleaned, using a
literature procedure by immersing them in chromosulfuric acid
(H2SO4 >92%, CrO3 >1.3%) for 1 h to remove any organic
contaminants, followed by ultrasonication in both Milli-Q water
and ethanol for 10 min and extensive rinsing with Milli-Q water.24

Sessile-drop water contact angles were determined using water
droplets with a 1–2 µL volume. Advancing and receding angles
were obtained using a Ramé-Hart NRL 100-00 goniometer (Moun-
tain Lakes, NJ). All dendronization reactions were carried out on
a VWR S-500 orbital shaker since no stirring was possible.

X-ray photoelectron spectroscopy (XPS) data were obtained using
a Leybold (Specs, Berlin) MAX 200 XPS system employing a
nonmonochromated Al KR source operating at 15 kV and 20 mA.
Low-resolution spectra (pass energy ) 192 eV) were used to
determine atomic compositions; high-resolution C 1s spectra (pass
energy ) 48 eV) provided additional surface structural information.
Specslab (Specs, Berlin) software was used for spectral fitting.
Spectra were taken at two takeoff angles: 90° and 20° relative to
the surface. The respective spot sizes were 4 × 7 and 1 × 1 mm;
the smaller area at 20° was used to ensure that the beam footprint
remained on the samples.

Time-of-flight secondary ion mass spectrometry (TOF-SIMS)
measurements were obtained with an ION-TOF TOF-SIMS IV
(ION-TOF GmbH, Germany) instrument using 25 keV Ga+ primary
ions (average current of 2.5 pA) in high current bunched mode.
The data were acquired over a 500 × 500 µm2 area, and low-energy
electron flooding was used for charge compensation. The primary
ion dose was kept below 1012 ions cm-2 to ensure static SIMS
condition. The mass calibrations of the positive and negative ion
spectra were performed internally using CH3

+, C2H3
+, C2H5

+, and
C5H7

+ peaks and C-, CH-, C2H-, C3H-, and C4H- peaks. A
complementary approach of the hypothesized structure of the
surface has been used to identify and assign specific fragments.

Atomic force microscopy (AFM) analyses were carried out using
a Digital Instruments NanoScope IIIa Multimode AFM equipped
with a vertical engage “E” scanner with 15 µm full range scan.
The images were recorded with standard tips in tapping mode at a
scan rate of 0.5 Hz.

Proteins. Fibrinogen was purchased from Calbiochem (La Jolla,
CA), dialyzed against Tris buffer, pH 7.4, aliquoted, and stored at
–70 °C. The molecular weight and dimensions of fibrinogen are
3.4 × 105 Da and 450 × 90 × 90 Å3, respectively, and its isoelectric
point is 5.5. Lysozyme was obtained from Calbiochem (La Jolla,
CA) and used as received. The molecular weight and dimensions
of lysozyme are 1.43 × 104 Da and 45 × 30 × 30 Å3, respectively,
and its isoelectric point is 11.0.

Chemisorption of Surfaces with HS-PEG650-OH. After clean-
ing, the surfaces were immediately transferred to 24-well plates
containing the chemisorption solution. This solution consisted of

5 mM of HS-PEG650-OH in phosphate-buffered saline (PBS) at pH
7.4. The chemisorption was carried out for various time periods at
25 °C with two different ionic strengths (IS), adjusted using sodium
chloride (NaCl), in order to optimize the conditions for surface chain
density. Following chemisorption, the surfaces were transferred to
vials containing Milli-Q water and ultrasonicated for 10 min. This
was followed by ultrasonication in ethanol for 10 min and finally
extensive rinsing with Milli-Q water (∼20 mL). The surfaces were
dried with a stream of nitrogen (N2) prior to contact angle, XPS,
and AFM analysis.

General Esterification Reaction: Preparation of Au-G1-
(Ac) Surfaces. To flame-dried 15 mL vials under argon, each
charged with a PEG650-functionalized surface in a solution of
CH2Cl2:pyridine (3:2 v/v, 3 mL), excess acetonide anhydride (1)
(0.1 g, 3.03 × 10-4 mol) along with a catalytic amount of DMAP
(10 mg, 8.18 × 10-5 mol) was added, and the vials were shaken
for 24 h at room temperature using an orbital shaker since no stirring
was possible. The surfaces were transferred to new individual vials
containing CH2Cl2 (5 mL) and ultrasonicated for 10 min to remove
the unreacted acetonide anhydride. This was followed by ultra-
sonication of the surfaces in Milli-Q water (∼5 mL) for 10 min,
extensive rinsing with Milli-Q water (∼20 mL) and ethanol (∼20
mL), and finally drying with a stream of N2 prior to analysis. For
subsequent dendronization steps, all reagent quantities remained
the same except for the amount of acetonide (1), the amount of
DMAP, and the reaction time, which were as follows: Au-G2(Ac):
0.12 g of 1, 12 mg of DMAP, 36 h; Au-G3(Ac): 0.15 g of 1, 15
mg of DMAP, 48 h; Au-G4(Ac): 0.2 g of 1, 20 mg of DMAP,
72 h.

General Deprotection Reaction: Preparation of Au-G1-
(OH) Surfaces. The G1(Ac)-functionalized surfaces were individu-
ally placed in 5 mL vials charged with methanol (5 mL). To these
vials was added the acidic resin DOWEX 50W-X2 (∼0.50 g) such
that complete coverage of the grafted surfaces was achieved. The
vials were transferred to an oil bath at 50 °C and incubated for
1 h. The surfaces were transferred to new vials charged with
methanol (5 mL) and ultrasonicated for 10 min. This step was
followed by extensive rinsing with methanol (∼20 mL) and
immersion in methanol overnight. The surfaces were then dried
with a stream of N2 prior to the next esterification reaction.
Deprotection of higher generation dendronized surfaces was done
identically to the above.

AFM Analysis. The AFM analyses were carried out using the
“scratch” method, where a scratch was introduced on a clean gold
surface prior to functionalization. To ensure that the scratch
penetrated the entire gold layer, scratch thickness was measured
by AFM at numerous points along the scratch and compared to
the known gold layer thickness from the manufacturer (100 nm).
If the “trench” produced by scratching the surface was equal to or
greater than 100 nm, the surface was used for subsequent experi-
ments. On one side, across the scratch, the gold surface was coated
with a temporary layer of poly(styrene) (PS) to prevent chemi-
sorption of HS-PEG650-OH, leaving this half unfunctionalized. After
chemisorption on the exposed side, the surface was rinsed exten-
sively with THF (∼50 mL) to remove the PS film. The partially
functionalized surface was ultrasonicated for 10 min in both Milli-Q
water and ethanol and dried with N2 prior to AFM analysis. AFM
step-height measurements were carried out at multiple points (15
× 15 µm2) of both unfunctionalized and PEG-grafted parts of the
surface. Using the average mode in the AFM Nanoscope-(R) III
Digital Instruments-version 5.30 program at each image collected,
the PEG film thickness was calculated as the difference in average
height between the two parts of the surface. Similar height
measurements were carried out on the same surface after esterifi-
cation of PEG-OH to introduce the first generation protected
dendrons and at each step of dendronization up to the fourth
generation.

Protein Adsorption. Fibrinogen and lysozyme (Calbiochem, La
Jolla, CA) were radiolabeled with Na125I (ICN, Irvine, CA) using
the iodine monochloride method and passed through a column
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packed with AG 1-X4 resin (Bio-Rad Laboratories, Inc.) in Tris
buffer saline (TBS, pH 7.4) to remove unbound 125I (held to <1%
of total solution radioactivity). Prior to protein adsorption experi-
ments, gold-coated silicon wafers were equilibrated in PBS-NaI
buffer overnight; “cold” NaI was added to the buffer to prevent
uptake of unbound 125I to the gold.37 Protein adsorption experiments
were performed in PBS-NaI buffer (pH 7.4) at a protein concentra-
tion of 1 mg/mL (10% labeled, 90% “cold”/PBS and 2.5% labeled,
97.5% “cold”/plasma). The surfaces were placed in the wells of
24-well plates and incubated in a 1 mL solution of 125I-labeled
protein in PBS-NaI for 3 h at room temperature (22 °C). It was
determined that no further adsorption occurred at times longer than
3 h.3 The surfaces were rinsed three times (10 min each) with fresh
PBS-NaI to remove any loosely bound protein. Surface radioactivity
was determined, using a Perkin-Elmer WIZARD 3′′ 1480 automatic
gamma counter. The percent reduction of adsorption on the PEO-
functionalized and dendronized surfaces relative to the unmodified
gold was determined.

Results and Discussion

Surface Grafting with HS-PEG650-OH. Surface dendroni-
zation was preceded by the chemisorption of monothiolated
PEG, HS-PEG650-OH, onto the gold surfaces. Conditions for
the chemisorption of HS-PEG650-OH were optimized by varying
the ionic strength of the chemisorption solution as well as the

chemisorption time at 25 °C. This strategy was based on the
previously reported premise that higher chain densities should
be obtained when chemisorption is carried out under cloud-
point conditions.38 The surface grafting was evaluated by water
contact angle measurements. On the basis of the results from
advancing contact angle measurements, higher chain densities
were obtained in the high ionic strength (IS ) 2.9, pH ) 7.4)
chemisorption solution after 4 h or longer at 25 °C, as reflected
by the decrease in the contact angle (Table 1). On the basis of
these results, all subsequent chemisorptions were carried out
using a solution of 5 mM of HS-PEG650-OH in high IS PBS
for 4 h at 25 °C.

Divergent Dendron Synthesis. Growth of aliphatic polyester
dendrons up to the fourth generation was accomplished using a
divergent synthetic approach39 with the acetonide-protected
anhydride of 2,2-bis(hydroxylmethyl)propionic acid (bis-MPA)
(1) as the building block (Scheme 1). The reactivity of this
anhydride has proven to be useful for the synthesis of dendri-
mers,36,40–43 dendronized polymers,25,44–50 and dendronized
surfaces.24,51–53 The first generation dendrons were introduced
via an esterification reaction carried out on the terminal hydroxyl
groups of PEG650-functionalized gold surfaces with excess
acetonide anhydride (1) and a catalytic amount of DMAP in a
mixture of CH2Cl2:pyridine (3:2 v/v). This step was followed
by removal of the acetonide protecting groups to give the
hydroxyl-terminated first generation dendrons. The deprotection
step was carried out following a literature procedure, using the
acidic resin DOWEX 50W-X2 in methanol at 50 °C for 1 h.24

Iterative esterification and deprotection reactions allowed surface
dendronization up to the fourth generation (Scheme 1).

Water Contact Angle Measurements. Water contact angles
were measured before and after surface grafting with PEG and
further dendronization with the aliphatic polyester dendrons of
generation 1–4. It is apparent from the results (Table 1, Figure
1) that the surfaces grafted with HS-PEG650-OH show a
significant decrease in contact angle when compared to the
unmodified gold surfaces. The advancing and receding angles
on unmodified gold were 70 ( 3° and 40 ( 8°, respectively.
Following chemisorption with PEG, the angles decreased
significantly for all chemisorption conditions, reflecting the
hydrophilic nature imparted by the grafted PEG on the gold
surfaces (Table 1).

Table 1. Water Contact Angles (deg) under Various
Chemisorption Conditions: Effect of Ionic Strength and Time on

Surface Grafting Density

chemisorption
conditionsa

advancing contact
angle (deg)

receding contact
angle (deg)

ionic
strength

(M)

bare Au 70 ( 3 40 ( 8
high IS

(low solubility), 30 min
45 ( 2 15 ( 5 2.9

high IS, 2 h 41 ( 3 17 ( 4 2.9
high IS, 4 h 38 ( 2 15 ( 6 2.9
high IS, 12 h 36 ( 1 15 ( 3 2.9
low IS

(high solubility), 30 min
58 ( 4 25 ( 3 0.26

low IS, 2 h 55 ( 3 26 ( 1 0.26
low IS, 4 h 47 ( 2 28 ( 2 0.26
low IS, 12 h 46 ( 3 27 ( 4 0.26

a 5 mM chemisorption solution of HS-PEG650-OH in PBS at pH ) 7.4.

Scheme 1. Synthesis of G1-G4 Dendronized Surfaces
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Water contact angles were also utilized to characterize the
surfaces after each esterification and deprotection step of the
divergent growth of dendrons at every generation. The results,
summarized in Table 2 and Figure 1, show that the advancing
contact angles for the protected dendritic generations ranged
between 51 ( 3° and 58 ( 1°, and the receding angles ranged
between 26 ( 5° and 33 ( 3° for generations 1-4. These
increasing contact angle values reflect the hydrophobic character
of the dendrons bearing the acetonide groups at their periphery
(Table 2, Figure 1).

In contrast, the contact angles obtained after deprotection of
the acetonide groups show a significant decrease when compared

to the PEG-functionalized gold surfaces (Table 3, Figure 2).
The advancing contact angles for the OH-terminated dendritic
generations 1-4 ranged between 40 ( 2° and 30 ( 2°, and the
receding angles ranged between 22 ( 3° and 13 ( 1°. These
results reflect the hydrophilic character of the OH-terminated
dendron periphery after removal of the acetonide groups. This
hydrophilic character increases with increasing dendron genera-
tion as a result of the theoretical doubling in number of hydroxyl
groups at the periphery from one generation to the next.

X-ray Photoelectron Spectroscopy (XPS). High-resolution
XPS data for sulfur and carbon within each of the samples are
summarized in Figure 3. The S 2p photoelectron peak at ∼162
eV was assigned to the gold-bound sulfur atoms (S-Au)
obtained for both PEG-grafted and G4-dendronized surfaces
(Figure 3b,c). The C 1s peak at 284.6 eV, observed on the bare
gold surfaces (used as a control), was assigned to aliphatic
carbon contamination on gold, which was also seen with the
low-resolution data (not included). Such surface contamination
with carbonaceous material is extremely common and difficult
to avoid. Deconvolution of the C 1s peak of the PEG-modified
surfaces revealed two distinct peaks shown in Figure 3e. The
presence of the new major peak at 286 eV, assigned to the ether
carbons within each repeat unit of PEG, clearly demonstrated
the presence of PEG at the surface (Figure 3d). Similarly,
analysis of the G4(Ac) dendronized surfaces revealed two major
signals at 284.6 and 286 eV after deconvolution of the C 1s
peak as well as minor peaks at 287 and 290 eV corresponding
to higher oxidation state carbons (Figure 3f). The main
difference between the PEG-functionalized surface and the
G4(Ac)-dendronized surface was the reversal in the intensity
of the deconvoluted C 1s peaks corresponding to the aliphatic
and ether carbons. In the case of the Au-PEG surface, the ratio
of ether to aliphatic carbons is greater than 1, whereas in the
case of Au-G4(Ac) surface, this ratio is less than 1 due to the
larger number of aliphatic carbons resulting from multiple
acetonide groups at the dendron periphery (data for Au-G1(Ac)

Figure 1. Advancing contact angles of Au, Au-PEG, and Au-G1(Ac) to G4(Ac) surfaces.

Table 2. Water Contact Angles of Unmodified Au, Au-PEG, and
Au-G1(Ac) to G4(Ac)

surface
advancing contact

angle (deg)
receding contact

angle (deg)

bare Au 70 ( 3 40 ( 8
Au-PEG650

a 42 ( 4 36 ( 2
Au-G1(Ac) 51 ( 3 26 ( 5
Au-G2(Ac) 54 ( 2 31 ( 2
Au-G3(Ac) 57 ( 4 24 ( 2
Au-G4(Ac) 58 ( 1 33 ( 3

a 5 mM chemisorption solution of HS-PEG650-OH in PBS at pH ) 7.4
and high IS for 4 h.

Table 3. Water Contact Angles of Unmodified Au, Au-PEG, and
Au-G1(OH) to G4(OH)

surfacea
advancing contact

angle (deg)
receding contact

angle (deg)

bare Au 70 ( 3 40 ( 8
Au-PEG650 42 ( 4 36 ( 2
Au-G1(OH) 40 ( 2 22 ( 3
Au-G2(OH) 36 ( 2 15 ( 1
Au-G3(OH) 32 ( 1 10 ( 1
Au-G4(OH) 30 ( 2 13 ( 1

a 5 mM chemisorption solution of HS-PEG650-OH in PBS at pH ) 7.4
and high IS for 4 h.

Figure 2. Advancing contact angles of Au, Au-PEG, and Au-G1(OH) to G4(OH) surfaces.
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to Au-G3(Ac) are given in the Supporting Information).
Furthermore, for a more quantitative evaluation of surface
functionalization, the ratios of the deconvoluted peaks obtained
from the high-resolution C 1s analysis for each carbon environ-
ment were calculated and compared to the expected theoretical
values (Table 4). The ratios were calculated for four specific
carbon environments at binding energies of 284.6, 286, 287,
and 290 eV, corresponding to aliphatic bis-MPA carbons, ether
carbons (C-O-), ester carbons (-CH2OCO-), and carbonyl
carbons (-CH2OCO-), respectively. These four carbon envi-
ronments were specifically chosen to provide a direct compari-
son between the PEG carbons and the dendron carbons. All
ratios were calculated in reference to the aliphatic bis-MPA C
atoms. For instance, the ratio of the aliphatic carbons, present

only in the dendrons, to the ether carbons, present only in the
PEG chains, would be expected to increase as the dendron
generation increases. The XPS data show that, as dendron
generation increases, the agreement between measured and
theoretically calculated ratios generally improves (Table 4).

Time-of-Flight Secondary Ion Mass Spectroscopy (TOF-
SIMS). In order to further characterize the surface functional-
ization, all the surfaces were analyzed in detail using TOF-
SIMS in both positive and negative modes. The major advantage
of TOF-SIMS over XPS measurements is the ability to analyze
only the outermost surface layer (∼5 Å) of a sample and provide
not only information on the elemental composition of the surface
but also the chemical structure of species on the surface. The

Figure 3. High-resolution S 2p XPS data at 90° takeoff angle for (a) bare Au, (b) Au-PEG, (c) Au-G1(Ac) and C 1s data at 90° takeoff angle for
(d) bare Au, (e) Au-PEG, (f) Au-G4(Ac).

Table 4. Atomic Composition (%) Ratios from High-Resolution C 1s XPS Data for Various Surfaces

(284.6:286 eV) Ca:C-O (284.6:290 eV) Ca:COO (284.6:287 eV) Ca:CH2OCO

surface takeoff angle (deg) calcd found calcd found calcd found

Au 90 0 3.26 0 5.56 0 4.8
20 0 3.47 0 8.09 0 6.45

Au-PEG 90 0 0.88 0 3.54 0 2.75
20 0 0.67 0 2.78 0 1.56

Au-G1(Ac) 90 0.18 2.5 5 6.88 2.5 5.44
20 0.18 2.47 5 5.47 2.5 4.91

Au-G2(Ac) 90 0.36 1.92 3.33 4.57 1.67 4.49
20 0.36 2.06 3.33 3.37 1.67 3.37

Au-G3(Ac) 90 0.71 1.68 2.86 3.66 1.43 3.57
20 0.71 1.06 2.86 4.01 1.43 2.92

Au-G4(Ac) 90 1.42 1.67 2.67 2.19 1.33 2.66
20 1.42 1.39 2.67 2.12 1.33 1.88

a Alipahtic carbons of the acetonide protecting groups within the dendrons.
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positive ion TOF-SIMS spectra of the bare Au, Au-G1(Ac),
Au-G1(OH), and Au-G2(Ac) are shown in Figure 4 for two
different mass ranges corresponding to two fragments specific
to the immobilized dendrons. These two fragments, with
molecular formula of C5H9O4

+ (MW ) 133.12 Da) and
C8H13O4

+ (MW ) 173.19 Da), correspond to the deprotected
and acetonide-protected bis-MPA units, respectively. Therefore,
analyzing the TOF-SIMS spectra at these specific mass values
for the various surfaces provided direct evidence of function-
alization with the aliphatic polyester dendrons. (The full TOF-

SIMS spectra over the entire mass range are provided in the
Supporting Information.) For each surface, the observed mo-
lecular fragments corresponded to the species expected at the
dendron periphery. For example, after reaction of the surfaces
with the anhydride (1) at any dendron growth step, the TOF-
SIMS spectra indicate the presence of the expected acetonide-
protected fragment at 173 Da (Figure 4B(ii), D(ii), F(ii), and
H(ii)). After any deprotection step, the spectra indicate the
presence of a fragment at 133 Da, corresponding to the expected
diol fragment (Figure 4C(i), E(i), G(i), and I(i)). Importantly,
for the first three generations, the observed signals are mutually
exclusive (i.e., the fragment at 133 Da is not observed in the
samples measured after reaction with 1, and the fragment at
173 is not observed after deprotection steps). Low-intensity
signals observed in several samples were identified as fragments

Figure 4. Normalized negative ion TOF-SIMS spectra of various
surfaces for two mass ranges: (i) mass range corresponding to the
deprotected G1(OH) fragment (C5H9O4); (ii) mass range corresponding
to the acetonide-protected fragment (C8H13O4).

Figure 5. Film thickness measurement using Tapping Mode AFM height analysis.

Figure 6. AFM amplitude images of (a) bare Au, (b) Au-PEG, (c)
Au-G1(Ac), (d) Au-G2(Ac), (e) Au-G3(Ac), and (f) Au-G4(Ac) (image
size: 1 × 1 µm2).
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of PEG chains and small amounts of unreacted lower generation
dendrons. From the data for higher generations, it is clear that
dendron growth from G3 to G4 on the surfaces does not go to
completion, as a significant signal is observed for the deprotected
fragments (133 Da) at this stage. This decreased efficiency of
the coupling step at higher generations is likely a result of
increasing steric hindrance arising from the presence of bulky
dendrons on the surface. Nevertheless, along with the XPS and
contact angle results, these data illustrate that dendronization
of the PEG-functionalized surfaces and subsequent divergent
dendron growth using the iterative deprotection and coupling
protocol (Scheme 1) were carried out successfully.

AFM Analysis. Ex-situ ellipsometry is the most widely used
technique for film thickness measurement on smooth surfaces.
However, the rough nature of gold surfaces (1–2 nm surface
roughness) and the relatively small adsorbate thicknesses limited
its use in the present work. Therefore, film thickness measure-
ments of the chemisorbed PEG layer on gold were accomplished
by Tapping Mode AFM height measurements using the “scratch”
method. The average thickness of the gold layer measured on
a clean surface prior to functionalization was found to be ∼111.4
( 0.6 nm, which is in good agreement with the expected
thickness of 100 nm, as reported by the manufacturer. This result
indicated that the scratch introduced onto the surface prior to
functionalization penetrated the entire gold layer. This was
important, since any gold remnants within the scratch could be
grafted with PEG chains in the chemisorption step, resulting in
inaccurate film thickness measurements. The film thickness data
of the PEG-grafted surfaces (Au-PEG) show that the average
thickness, measured at numerous points using the average mode
calculation in the AFM Nanoscope-(R) III software, was ∼115.3
( 0.4 nm (see Supporting Information, Figure S2). Therefore,
the thickness of the PEG chain layer was 3.9 ( 1 nm, which is
in close agreement with the theoretical value of 4.1 nm
calculated for the film thickness of a PEG650 layer based on the
characteristic monomer length of 2.78 Å for the ethylene oxide
repeat unit.55

The AFM thickness data obtained for the G1(Ac)-G4(Ac)
dendronized surfaces show very little difference compared to
the PEG layer thickness (Figure 5). These results were not
surprising since the theoretical height of the grafted dendrons
is expected to be less than 1 nm, which is within the error of
the AFM measurements.

The surface topographies of the scratched gold surface prior
to and after functionalization were also examined by AFM. The
results from the 3D AFM amplitude images illustrated in Figure
6 show that the control gold surface prior to functionalization
was relatively smooth, with a mean roughness (Ra) value of
1.26 nm (Figure 6a). In contrast, the surface roughness of the
PEG-grafted surface increased to 2.27 nm (Figure 6b). The
surface roughness increased considerably upon dendronization,
with values ranging between 2.41 and 5.42 nm for the G1 to
G4 dendronized surfaces (Figure 6c-f, Table 5).

The increase in surface roughness upon PEG functionalization
is believed to be a result of PEG aggregation into phase-
separated domains on the surface. Similar AFM results on PEG-
modified surfaces were reported previously.56,57 The continued
increase in surface roughness upon dendronization is likely

caused by additional local aggregation of hydrophobic acetonide-
protected dendrons as their size increases. Furthermore, the
general dendron shape and the incomplete surface dendroniza-
tion at higher generations can both lead to increased surface
roughness and heterogeneity.

Fibrinogen Adsorption. The effect of surface modification
with PEG and its subsequent dendronization on protein adsorp-
tion was investigated. Fibrinogen (Fg) was selected for these
studies due to the crucial role it plays in wound healing,58 clot
formation,59 and platelet adhesion/activation.56 Adsorption onto
various surfaces was studied from both PBS-NaI buffer and
plasma. Prior to adsorption, the protein was radiolabeled with
125I, which enabled quantitative estimation of the amount of
protein adsorbed onto the surfaces in units of µg/cm2. This study
was based on the previously reported results showing significant
protein adsorption resistance of surfaces functionalized with
PEG chains of various molecular weights.3,12 Although the
mechanism of protein repulsion in the presence of PEG is not
fully understood, this effect was attributed to several factors,
including chain density, length, flexibility, and PEG hydration
due to its hydrophilic nature.14,15,20,33,59 In the present work,
we set out to determine whether or not the increased hydro-
philicity introduced by dendron grafting could improve protein
repulsion.

The results from the Fg adsorption studies show that the
dendronized surfaces exhibit an opposite effect on protein
adsorption to the one originally expected. The results obtained
show that protein adsorption increased upon introducing the
G1(OH) dendrons compared to the PEG-modified surfaces.
Furthermore, protein adsorption continued to increase with
increasing dendron generation as shown in Figure 7, despite
the increase in surface hydrophilicity imparted by the dendrons.
It has been proposed that one of the contributing factors to
protein resistance on PEG-modified surfaces is PEG chain
flexibility and dynamics, where it is believed that higher chain
flexibility enhances protein repulsion.3,12 In our studies, the
increase in protein adsorption as a result of surface dendroni-
zation can potentially be explained by this hypothesis, as a
decrease in PEG chain mobility can result from intra- and
intermolecular hydrogen bonding of the grafted dendrons. The
fact that protein adsorption increases with increasing dendron
generation is consistent with this hypothesis, as higher dendron
generations exhibit a greater number of peripheral OH groups,
increasing the extent of inter- and intramolecular “locking”
interactions.

Fibrinogen adsorption from plasma was also studied with
2.5% radio-iodinated fibrinogen following the same procedure
used with PBS-NaI buffer. The results from these experiments
show that the trend of adsorption from plasma is similar to the
one observed from PBS-NaI solution (Table 6, Figure 8). Once
again, the data show that PEG-modified surfaces significantly
enhance fibrinogen repulsion with about 75% reduction com-
pared to the control gold surfaces. However, functionalization
of the PEG chains with the aliphatic polyester dendrons increases
protein adsorption (Table 6, Figure 8).

Lysozyme Adsorption. Lysozyme was also selected for these
studies in order to investigate the effect of protein size on
adsorption to dendronized surfaces. Lysozyme is a relatively
small protein (14.6 kDa) compared to fibrinogen (340 kDa),
and therefore its adsorption onto the modified surfaces could
be facilitated by easier diffusion through the dendronized PEG
film. The results obtained from protein adsorption from PBS-NaI
buffer show that the trend of protein resistance to lysozyme is
similar to the one observed with fibrinogen (Figure 9). On the
basis of this data, it is clear that the molar quantity of lysozyme
deposited on the various surfaces is much higher than that of
fibrinogen, as expected due to the difference in protein size.

Table 5. Root-Mean-Square (rms) Roughness of Bare and
Modified Gold Surfaces Obtained from AFM Data

surface rms (nm)

bare gold 1.26
Au-PEG650 2.27
Au-G1(Ac) 2.41
Au-G2(Ac) 3.57
Au-G3(Ac) 4.04
Au-G4(Ac) 5.42
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The molar ratios of adsorbed Ly:Fg are given in Table 7 and
range from 12.8 to 29.2.

Conclusions

Modification of gold-coated silicon wafers with monothiolated
PEG650 was carried out using high ionic strength (IS ) 2.9 M)
chemisorption solutions for 4 h. Following chemisorption with
PEG, the advancing water contact angles decreased significantly
compared to the control gold surfaces, indicating an increase
in hydrophilicity associated with the PEG chains. High-
resolution C 1s XPS data indicated the presence of a new peak
at 286 eV corresponding to ether linkages following chemi-
sorption of the gold surfaces with HS-PEG650-OH. High-
resolution S 2p data showed a photoelectron peak at ∼162 eV
corresponding to the gold-bound sulfur atoms on the surfaces
following PEG grafting, providing further evidence for the
presence of PEG chains covalently attached to the surfaces.
Further modification of the PEG-grafted surfaces was achieved
via divergent dendron growth to introduce aliphatic polyester
dendrons, generations 1-4, at the PEG-OH chain ends. Char-
acterization of the G1-G4 dendronized surfaces using water
contact angles showed a decrease in contact angle with
increasing dendron generation for the deprotected OH-termi-
nated dendrons, indicating an increase in hydrophilicity imparted
by the gradually increasing number of peripheral OH groups.
The TOF-SIMS results provided detailed structural information
of the functionality on the surface. Looking at the signals

corresponding to specific peaks belonging to the dendron
structure, the transition from the PEG-grafted surfaces to the
dendronized ones was clearly demonstrated. In agreement with
previously reported protein adsorption studies, PEG-modified
surfaces exhibited a decrease in protein adsorption compared
to the control gold surfaces. However, it was found that protein
adsorption increased upon dendronization of the PEG-modified
surfaces, suggesting that PEG chain flexibility may be one of
the key factors in the mechanism of protein resistance. This
chain flexibility is impeded by introducing dendrons with
multiple peripheral OH groups, which can lock the PEG chains
via inter- and/or intramolecular H-bonding. Future studies will
focus on functionalization of the peripheral OH groups of
dendronized surfaces with PEG chains in order to increase
surface coverage with PEG and retrieve chain flexibility.
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Figure 7. Fibrinogen adsorption from PBS buffer: effect of surface modification with PEG and dendronization with aliphatic polyester dendrons
G1-G4.

Figure 8. Fibrinogen adsorption from plasma: effect of surface modification with PEG and dendronization with aliphatic polyester dendrons G1-
G4.
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