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ABSTRACT 

 
Self-assembled monolayers (SAMs) of 4’-nitro-1,1’-

biphenol-4-thiol (NBPT) were cross-linked by exposure to 
low-energy electrons resulting in a mechanically and 
thermally stable monolayer. Simultaneously, the terminal 
nitro group of NBPT was converted to a reactive amine 
moiety to which epoxy functionalized poly (ethylene 
glycols) was coupled. When the thickness of the coupled 
PEG† film was greater than about 3 nm, the resulting 
bilayer became protein-resistant, without loosing this 
property after the separation from the substrate as a 
freestanding membrane. 

The degree of PEG coupling was monitored by X-ray 
photoelectron spectroscopy and ellipsometry. The 
membranes were characterized by atom force microscopy, 
scanning electron microscopy and transmission electron 
spectroscopy. Biocompatibility of the membranes was 
tested by fluorescence microscopy, using adsorption of 
fluorescence-labeled fibrinogen. 
 
Keywords: self-assembled monolayers, poly (ethylene 
glycol), nanomembrane, biocompatibility, protein repelling. 
 

1 INTRODUCTION 
 

Self-assembled monolayers (SAMs) represent an efficient 
means to control and modify the properties of surfaces and 
interfaces by covering them with a densely packed and 
chemically uniform monomolecular layer. The most 
frequently used SAM-building systems are organic thiols 
on gold. Since the intermolecular interaction within this 
monolayer is usually weak, such films cannot exist on their 
own without a substrate as support.1 However if the 
molecules comprising a SAM consist of an aromatic 
framework, they can be laterally cross-linked2 (e.g. by 
electron irradiation) and persist as a freestanding membrane 
with a thickness of 1-2 nm after the removal from the 
                                                           
† The term “PEG”  will be used to denote an oligo- or poly 
(ethylene glycol) regardless of its molar mass. The term 
“PEGx” means a polydisperse oligomer with number 
average molar mass x in g/mol whereas “EGn”  means a 
monodisperse oligomer with n ethylene glycol units. 

substrate.3 In addition, as far as not non-substituted but 
nitro- or nitrile-substituted bi- or terphenyls are used, the 
SAM constituents can be modified chemically by the 
irradiation treatment (e.g. reduction of nitro to reactive 
amine)4 and subsequently coupled to further species. As 
such species we used poly (ethylene glycol)-based 
molecules with a specific anchor group (epoxy- or NHS-
groups) providing a coupling to the modified end-groups of 
the substituted cross-linked SAMs.  

Thus we prepared an ultrathin, mechanical stable and 
protein-repelling membrane which can be used as highly 
transparent support for proteins and cells in transmission 
electron microscopy (TEM) experiments. Whereas the 
ultimate thinness (< 5 nm) of this support should guarantee 
a high imaging quality, protein-repelling ensures the lack of 
protein denaturing, which extent essentially the possibilities 
of current TEM experiments in their specific application to 
sensitive biological targets. 

 
2 EXPERIMENTAL 

 
The preparation of cross-linked SAMs is described in 

detail elsewhere.5 In short, gold-coated mica was immersed 
in a solution of NBPT in DMF for 72 h, resulting in the 
SAM formation. Cross-linking and tail-group-modification 
of the resulting SAMs was performed by electron 
irradiation with a flood gun.  
The amine-group bearing SAMs were spin-coated with a 
solution of epoxy-terminated poly (ethylene glycol) 
followed by heating (50°C for 8 h) to couple the PEG to the 

 

Scheme 1: Cross-linking of the NBPT SAMs and their 
subsequent PEGylation by “grafting-to”-method. 
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SAMs (Scheme 1). The resulting cross-linked SAMs were 
removed from their substrate following the standard 
procedure.6 In brief, the SAMs were protected by a poly 
(methyl methacrylate), PMMA, layer followed by an 
immersion in hydrofluoric acid to cleave the gold from 
mica. Then gold was dissolved in a solution of KI/I2. 
Finally the SAM/PMMA sheets were transferred to another 
support and the PMMA was removed with acetone. 
The fibrinogen adsorption experiments were performed 
following the standard procedure.7 
 
3 RESULTS AND DISCUSSION 
 

As mentioned above, the fabrication of freestanding 
nanosheets based on SAMs is a two-step process. The 
primary step is the formation of a monolayer with a tailored 
end-group, followed by the removal of monolayer’s 
substrate to create the membrane. Due to the harsh 
conditions during the membrane separation step 
(hydrofluoric acid, iodine) it was necessary to ensure that 
the PEG-layer survives the process and the membrane 
keeps the protein-repelling properties of the original 
PEGylated SAMs.  
 
3.1 PEGylated Nanolayers 
 

It is well known that SAMs become protein-resistant if 
their end-groups consist of poly (ethylene glycol). 
Generally, there are two ways of preparing PEG-terminated 
SAMs:  

First, the monomer already contains a thiol group. Often 
used examples are PEG-thiols in which the thiol- and the 
PEG-moieties are separated by an alkyl chain. The general 
structure with an undecanethiol as spacer is HS-(CH2)11-
(OCH2CH2)nOH (brief UDT-EGn), where the number of 
EG-units n usually ranges from one to eight. The alkyl 
spacer is necessary to ensures that the PEGylated SAMs 
exhibit the well known (√3 ×√3)R30° superstructure and 
thus a reasonable package density. These kinds of SAMs 
build an ideal reference system to investigate the influence 
of the EG chain length on protein-repelling properties 

because the PEG density is mostly determined by the alkyl 
linker and is independent of the number of the EG units. 

 Second, PEG is attached to the preliminary prepared 
SAM either via surface-initiated polymerization (grafting-
from method) or by direct coupling to an appropriate PEG 
oligomer (grafting-to method). 

In our work, we used the latter approach for the coupling 
of PEG to NBPT. Therefore, the molar mass and the chain 
length of the coupled PEG moieties were well known (at 
least the average values since polydispersed PEG was 
used). A drawback of the grafting-to method is the 
unknown coupling density (grafting density) due to 
increasing sterical hindrance with increasing molar mass of 
PEG and an incomplete attachment. For that reason, 
suitable reference systems were necessary to estimate the 
grafting density of the PEG-layer. As such systems, we 
used the UDT-EGn SAMs. 

 
We used epoxy-terminated PEGs with four different 

average molar masses (MN) of 350, 750, 2000 and 10000 
g/mol and coupled them to the cross-linked NBPT 
monolayers. The PEGylated SAMs were characterized by 
determining the ellipsometric thickness of the resulting 
PEG moiety. The investigation of protein-repelling 
properties was carried out by fibrinogen adsorption 
experiments and measuring the thickness of fibrinogen 
layer by ellipsometry (Table 1). The results were compared 
with the corresponding values obtained for the reference 
UDT-EGn SAMs, where n was varied from 1 to 6. These 
values are summarized in Table 2. As expected, there is a 
correlation between the number of EG units in the molecule 
and the ellipsometric layer thickness. Further, in agreement 
with literature data8, UDT-EGn SAMs were found to be 
protein-repelling if the PEG layer consisted of more than 4 
EG units. According to Table 2, this corresponds to a PEG 
thickness of approximately 11 Å. By comparison, 
NBPT+PEG350 has a similar number of EG units (~7) as 
UDT-EG6 and with a thickness of 13 Å a similar 
ellipsometric thickness too. However, this PEGylated SAM 
is not protein-repelling (the thickness of protein layer is 24 
Å). Also, NBPT coupled with PEG750 is not protein-

Label 
Ellipsometric 
thickness of 

the PEG-part / Å 

Ellipsometric 
thickness of 

fibrinogen / Å 
UDT-EG1 2 (±1) 12 (±1) 
UDT-EG2 4 (±1) 6 (±1) 
UDT-EG3 7 (±1) 4 (±1) 
UDT-EG4 9 (±1) 3 (±1) 
UDT-EG5 11 (±1) 1 (±1) 
UDT-EG6 13 (±1) 0 (±1) 

 
Table 2: Ellipsometric thickness of the PEG part in the 
UDT-EGn reference films (the total thickness was corrected 
for the thickness of the UDT part, 13.4 Å) and the thickness 
of protein layer after exposure of these films to fibrinogen. 
 

Label 
Ellipsometric 
thickness of 

PEG-layer / Å 

Ellipsometric 
thickness of 

Fibrinogen / Å 
NBPT+PEG350 13 (±2) 24 (±2) 
NBPT+PEG750 19 (±2) 18 (±2) 
NBPT+PEG2k 29 (±3) 0 (±1) 
NBPT+PEG10k 41 (±3) 0 (±1) 
NBPT (pristine) - 43 (±2) 

 
Table 1: Ellipsometric thickness of the PEG-layer in 
NBPT+PEGx films after PEGx coupling and the thickness 
of protein layer after adsorption of fibrinogen on these 
films. 
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resistant (the thickness of fibrinogen layer is still 18 Å). 
The minimum requirement to avoid firbinogen adsorption is 
a PEG layer with an approximate molar mass of 2000 g/mol 
(corresponds to ~45 EG units) and a resulting PEG 
thickness of 29 Å. Summarizing, to achieve protein-
repelling, the PEG layer thickness in the NBPT-PEG 
bilayers should be is three times larger and PEG chain 
length is even six times longer than those in the densely 
packed UDT-PEG SAMs.  

One hint for the explanation of this difference is the trend 
of PEG chain length and the resulting thickness of the PEG 
layer. As mentioned, there is an obvious relationship for 
UDT-EGn: double amount of the EG units give almost 
double layer thickness (as expected for the length-
independent PEG density). The same relationship is not 
valid for the PEGylated SAMs prepared by grafting-to 
method. The increase in PEG layer’s thickness is distinctly 
lower when using PEGs with higher molar masses. 

The different PEG grafting densities of both systems are 
also visible in X-ray photoelectron spectroscopy (XPS) 
data. The respective C1s spectra exhibit two main peaks. 
The first peak at 284 eV arises from the carbon species of 
the SAM moiety. The second emission at 286 eV originates 
from carbon species of the PEG layer. Note that the 
intensity of an XPS peak depends on the quantity of the 
species associated with this peaks and the thickness of an 
overlayer as far as these species are covered. The packing 
densities and the number of carbon atoms in the SAM 
moieties of NBPT and UDT SAMs are similar, resulting in 
similar carbon signals at 284 eV. Since this signal is 
attenuated by the overlying EG or PEG layer, the intensity 
ratio of the C1s(EG/PEG) to C1s(SAM) peaks is suitable 
for estimating the density and thickness of the PEG layer. 
By comparing these ratios for the NBPT-PEG SAMs (Table 
3), one can see that they correlate rather with the protein-
repelling results than with the ellipsometric thicknesses. 
The limit for fibrinogen repelling in the case of UDT-EG is 
a chain length of 5-6 EG units corresponding to a carbon 
ratio of 2.7. For NBPT this limit is about at PEG2k 
corresponding to a ratio of 3.0. In contrast the ellipsometric 
thicknesses are 12 Å for UDT-EG6 and 29 Å for 
NBPT+PEG2k. As mentioned above, these results can be 
explained by the assumption of distinctly different densities 

of the EG/PEG layer in the UDT-EG and NBPT-PEG films. 
In case of NBPT-PEG SAMs, the low grafting density of 
the PEG layer must be compensated by the PEG chains 
with higher molar masses to get the same protein- repelling 
properties like the reference UDT-EG6 SAM. 
 
3.2 PEGylated Nanomembranes 
 

There are three main requirements for potential organic 
membranes to be used as a suitable biocompatible support 
in TEM experiments, viz. nanometer-scale thicknesses, 
free-standing over areas of at least 5 µm2, and protein-
repelling properties to avoid protein denaturing. 

There are several methods to characterize the potential 
membranes regarding their thickness, chemical 
composition, mechanical stability, and protein-repelling 
properties. To compare the thickness of the precursor layer 
and the corresponding membrane, a NBPT+PEG10k 
membrane was transferred to a silicon substrate. A height 
profile of the membrane’s edge was recorded by atomic 
force microscopy (AFM) in the tapping mode. The resulting 
height difference between the substrate and membrane was 
found to be approximately 5(±2) nm which correlates well 
to the respective layer thickness (4.1 nm from PEG layer 
plus 1 nm from NBPT layer). Additionally, the AFM 
showed no domain formation within the membrane. 

It was also possible to estimate the thickness of the 
membranes by secondary electron microscopy (SEM) after 
stretching the membrane over a supporting TEM grid. Since 
the membranes were exceptionally thin, the energy of the 
SEM electron beam had to be turned to values around 500 
eV for getting a sufficient surface contrast. Areas where the 
membrane covers the holes of the TEM grid were clearly 
visible and distinguishable from the areas where the 
membrane was broken. When increasing energy of the 
SEM electron beam to values of about 3 keV (using an in-
lens detector), the membrane became gradually transparent. 
From 10 keV and higher the membrane was entirely 
transparent and it was even possible to focus thought the 
membrane and make the surface of the underlying sample 
holder visible. Note that the commercially available carbon 
supports (thickness ~10 nm) become not transparent even if 
the electron beam energy is 20 keV and secondary electron 
detector (SE2 detector) is used. 

In the same manner, the mechanical properties of the 
membranes were qualitatively investigated by stretching 
them over a TEM grid and examining them by SEM. The 
size of the free-standing area was then given by the mesh 
size of the grid. The NBPT membranes without a PEG layer 
could cover grids with up to 400 meshes per inch (squared 
holes with an edge length of ~50 µm), whereas the PEG- 
NBPT nanosheets could only be stretched over grids with 
1500 or more meshes (edge length of ~10µm). But this area 
is still sufficient for the most purposes. 

For a qualitative evidence that the membranes are still 
protein-repelling after their separation from the substrate, a 
gold slice was partly covered by the PEGylated membrane 

Label 
C1s(EG/PEG)/C1s(SAM) 

ratio 
NBPT+PEG350 0.9 (±0.1) 
NBPT+PEG750 1.5 (±0.2) 
NBPT+Peg2k 3.0 (±0.3) 
NBPT+PEG10k 6.8 (±0.5) 
UDT-EG3 1.6 (±0.2) 
UDT-EG6 2.7 (±0.2) 

 
Table 3: Intensity ratio for the C 1s XPS peaks related to 
the EG/PEG and UDT/NBPT parts of the reference and 
target films.  
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and immersed in a solution of fluorescence-labeled 
fibrinogen. Under the florescence microscope, the pristine 
gold areas appeared bright due to the adsorption of 
fibrinogen. In contrast, the areas covered by the PEGylated 
membrane remained dark. An experiment with opposite 
setup (a NBPT membrane without PEG layer lying on a 
gold slice covered by UDT-EG6 SAM) showed the 
expected, opposite adsorption behavior. 
 

4 CONCLUSIONS 
 
We have demonstrated the possibility of coupling poly 
(ethylene glycols) by grafting-to method to cross-linked 
SAMs in such a way that the resulting PEGylated films 
become protein-repelling. Further, we have shown that such 
PEGylated SAMs can be removed from their substrate as a 
free-standing membrane and transferred to a TEM grid to 
serve as a gentle and non-disruptive support for biological 
samples such as cells.   
 Both supported and free-standing films have been tested by 
fibrinogen adsorption experiments and the results were 
compared with the behavior of a series of the well-known 
reference protein-repelling SAMs. Despite the 
comparatively low package density of the PEG layer after 
the coupling process, the SAM became protein-repelling as 
far as long-chain PEGs (Mn < 2000 g/mol, ~45 EG-units) 
were used. The resulting PEGylated SAMs and the 
respective membranes had a thickness of about 4-5 nm. 

 The presented membranes are promising candidates for a 
biocompatible support in transmissions electron microscopy 
and spectroscopy experiments.  
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