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Abstract: Surface fouling, i.e. the non-specific surface adhesion of proteins, bacteria and higher organisms, poses
a severe problem in many areas ranging from modern diagnostic and therapeutic medical devices to food pro-
cessing and food wrapping technology to corrosion prevention and marine technology. One approach to address
these problems is to coat surfaces with nonfouling polymers. The properties of a new class of nonfouling polymer
coatings made from poly(2-methyl-2-oxazoline) (PMOXA) were investigated here in comparison with the most
frequently used polymer in this context, poly(ethylene glycol) (PEG). Both polymers were side-chain grafted onto
a polycationic poly-L-lysine (PLL) backbone. The PMOXA graft copolymers spontaneously self-assembled to form
monolayers on negatively charged surfaces. PMOXA surface coatings were as efficient as PEG-based coatings in
suppressing protein and bacterial adsorption. The minimal number of side chain monomer units per surface area
that are needed to obtain fully resistant surfaces was lower though for PMOXA than for PEG graft copolymers as
a result of the higher molecular weight of the PMOXA monomer unit.
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sufficient density, they oppose non-specific
adsorption of proteins and other biological
molecules by entropic and osmotic repul-
sion.[6−8] Since protein adsorption is usu-
ally the first step in a cascade of biological
events, nonfouling polymers, depending on
the exact biological environment, can serve
for instance to lower the background noise
of biosensors,[5] to slow down the phago-
cytosis of drug delivery vehicles,[2] and to
prevent blood clot formation, triggering of
the foreign body response, and implant-
associated infections.[9]

Empirical design criteria for nonfoul-
ing polymers have been proposed.[10,11] Ac-
cordingly, they should be hydrophilic, elec-
trically neutral and should have hydrogen-
bond acceptor but no donor functionality.
While today, poly(ethylene glycol) (PEG)
is routinely used as nonfouling polymer,[12]

material scientists, motivated by certain
limitations in PEG stability (autoxida-
tion) and functionality,[13,14] have set out
to identify alternative polymers including
for instance polysaccharides,[15] zwitter-
ionic[16−18] and peptidomimetic polymers[19]

as a substitute for PEG. In the past decade,
poly(2-methyl-2-oxazoline) (PMOXA),
a very hydrophilic and nonionic poly-
mer, has attracted increasing interest for
use in biological applications and showed
very promising properties. For instance,
PMOXA-enzyme conjugates retained high

enzyme activity,[20] PMOXA-decorated li-
posomes showed long circulation times in
blood,[21,22] transmembrane receptors could
be reconstituted into supported lipid bilay-
er membranes assembled from PMOXA-
lipopolymers[23] and vesicles consisting
of amphiphilic PMOXA-terminal triblock
copolymers allowed for the incorporation
of functional channel-forming membrane
proteins[24] and were non-cytotoxic against
human monocytic THP-1 cells.[25]

The structure of PMOXA is composed
of a poly(ethylene imine) backbone and
amide-bonded acetyl groups (see Fig. 1 on
the right). Thus, on one hand, PMOXA re-
sembles PEG in having a heteroatom sepa-
rated by an ethylene unit in the backbone.
On the other hand, PMOXA is isomeric
to poly(homoalanine) and has a peptide-
like structure. PMOXA of well-controlled
molecular weight and polydispersity can
readily be synthesized by living cationic
polymerization of 2-methyl-2-oxazoline.
Moreover, functional initiators, terminat-
ing agents and in particular functional co-
monomers can readily be incorporated in a
controlled sequence to produce PMOXA
with well-defined functionality.

In this paper we investigated for the first
time the ability of PMOXA-modified solid
substrates to resist the adhesion of proteins
and bacteria in quantitative comparison to
the nonfouling properties of PEG. To this
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Introduction

So-called nonfouling, bioinert or ‘stealth’
polymers are increasingly being used for
the fabrication of bulk hydrogel materials
for application e.g. in tissue engineering,[1]

for the decoration of liposomes, particles
and capsules,[2.3] and for the modification of
biomedical implant[4] and biosensor surfac-
es.[5] Typically, these polymers are strongly
hydrated and once grafted to an interface at
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end, we designed PMOXA graft copoly-
mers by close analogy to the thoroughly
studied poly(L-lysine)-graft-poly(ethylene
glycol) (PLL-g-PEG) system (see Fig. 1),
both comprising a polycationic PLL back-
bone that serves as a multiple electrostatic
anchor.[26−30] The copolymers spontaneous-
ly self-assemble onto negatively charged
substrates such as glass, various metal
oxides and tissue culture polystyrene. The
side chains, depending on the length and
grafting density, form a polymer brush
since, during adsorption, one half-space
becomes inaccessible. PLL-g-PEG coat-
ings of optimized architecture have proved
very effective in reducing protein and bac-
teria fouling.[28,31]

Materials and Methods

PLL-g-PMOXA was synthesized
in three steps as previously described
(Scheme).[32] Briefly, the cationic ring
opening polymerization of 2-methyl-2-ox-
azoline was initiated with methyl triflate at
an initiator to monomer ratio of 1:50. The
living polymerization was terminated with
Na2CO3/water to yield hydroxyl-terminated
PMOXA.After purification by dialysis (mo-
lecular weight cut off, MWCO = 1000 Da)
and lyophilization, the polymer was azeo-
tropically dried in acetonitrile and directly
reacted with an excess of glutaric anhydride
in the presence of pyridine to convert the
terminal hydroxyl group into a carboxylic
acid function.[21,22] The carboxy-functional
PMOXA was again purified by dialysis and
lyophilization and characterized by 1H-
NMR. By comparison of the integrals from
the methylene group adjacent to the ester-
bonded oxygen and the methylene groups in
the backbone, the degree of polymerization
DP was found to be approximately 56, close
to the expected value of 50 and correspond-
ing to a number average molecular weight

of approximately 5000 g/mol. Finally, us-
ing water-soluble carbodiimide chemistry
(EDC/Sulfo-NHS), carboxy-terminated
PMOXA was grafted onto poly(L-lysine)
hydrobromide (PLL) in Hepes I buffer (10
mmol/l Hepes adjusted with NaOH to pH
= 7.4). By variation of the molar ratio of
PMOXA-COOH and PLL a set of PLL-g-
PMOXA with different densities of grafted
PMOXA side chains was prepared. To re-
move any low molecular weight coupling
agents and unreacted PMOXA, the graft co-
polymers were purified by dialysis through
12000−14000 Da MWCO tubing, followed
by lyophilization and 1H-NMR character-
ization. The signal originating from the
methylene unit adjacent to the lysine amine
group slightly shifts upon conversion of
the amine into an amide and was used to
determine the grafting density α defined as

the number of PMOXA-grafted lysine units
divided by the total number of lysine units.
α was varied between 0.05 and 0.77. The
grafting density of PLL-g-PEG is defined
analogously.

Optical waveguide lightmode spectros-
copy (OWLS 110 and OWLS 120, Micro-
vacuum Ltd., Budapest, Hungary) was used
to study polymer and serum surface adsorp-
tion in situ and in real time as previously
described.[28,32,33]

E. coli FimH-j96 K12 bacteria were used
to study microbial adhesion. The recombi-
nant strain was constructed as previously
described,[34−36] and is morphologically
identical to the E. coli K12 wild-type strain
but expresses fully functional type 1 fim-
briae at all times. The bacteria were grown
overnight at 37 °C in SB growth medium
containing 100 µg/ml ampicillin and 25 µg/
ml chloramphenicol to specifically select
for the recombinant bacteria. The bacteria
were collected by centrifugation, washed
twice in Hepes II buffer (10 mmol/l Hepes,
150 mmol/l NaCl, adjusted with NaOH
to pH = 7.4) and adjusted to a concentra-
tion of 109 cfu/ml in Hepes II. Microscopy
slides were sputter-coated with a 15-nm-
thick Nb2O5 layer (Leybold direct current
magnetron Z600 sputtering unit; PSI, Vil-
ligen, Switzerland) and cleaned in the same
way as the OWLS waveguides. For surface
modification, they were placed in a 0.1 mg/
ml solution of the respective polymer in
Hepes II for ≥2 h and subsequently rinsed
with deionized water and dried in a stream
of nitrogen. The sample surfaces were al-
lowed to rehydrate in Hepes II for 30 min
at room temperature before incubation with
bacteria for 20 min at 37 °C. After incuba-
tion, the surfaces were extensively washed

Fig. 1. General schematic illustration of the interfacial architecture of PLL-
g-PMOXA or PLL-g-PEG comb copolymers self-assembled on negatively
charged surfaces. Variables in the molecular design are indicated. Note
that the stretching of the side-chains is exaggerated.

Scheme. Synthetic strategy for the preparation of PLL-g-PMOXA
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with Hepes II to remove planktonic cells.
Adhering bacteria were analyzed by phase
contrast light microscopy (Nikon TE2000E
microscope, Nikon AG). Each sample was
prepared in triplicate and ten images at 40×
magnification were taken from each sample
for statistical analysis. Data acquisition and
analysis was carried out using SimplePCI
(Hamamatsu Corporation) and MetaMorph
(Universal Imaging Corporation) software.

Results and Discussion

First, we studied the surface self-assem-
bly of PLL-g-PMOXA graft copolymers
and the resistance of the modified surfaces
to the adsorption of serum proteins in situ
and in real time by OWLS. Typical mea-
surements for PLL-g-PMOXA of different
grafting densities are shown in Fig. 2. To
this end, niobium oxide coated waveguides
were equilibrated with Hepes II buffer un-
til a stable baseline was obtained. Then, a
0.1 mg/ml solution of PLL-g-PMOXA in
Hepes II was injected in stop flow mode.
For grafting densities up to α = 0.59, a
steep rise in the adsorbed mass followed
by a further slow increase for up to about
2 h was observed (Fig. 2, left panel). The
polymer solution was replenished to ensure
that polymer depletion close to the surface
did not limit the adsorption process. Sub-
sequent rinsing with buffer did not result
in any mass loss, indicating that the PLL-
g-PMOXA monolayer was stably and, on
an experimentally accessible timescale,
irreversibly adsorbed. At this point the ad-
sorbed polymer mass was determined as ex-
emplarily indicated in Fig. 2 for α = 0.59.
Then, the PMOXA-modified surface was
incubated with full human serum (Control
serum, Precinorm® U, LOT: 171 074-01,
reconstituted in ultrapure water) for 15 min
and subsequently rinsed with buffer again
(Fig. 2, right panel). The steep rise in the
curve upon exposure to serum originates
from the dramatic increase in the solution
refractive index due to the high protein
concentration and does not reflect a true
increase in mass. The serum adsorbed mass
was determined as indicated in Fig. 2, right
panel, by comparison of the adsorbed mass
in buffer solution before and after the poly-
mer monolayer had been exposed to serum.
The highest polymer adsorbed mass of >200
ng/cm2 was found for PLL-g-PMOXA of
medium grafting density (see the curve
for α = 0.22). The corresponding serum
adsorbed mass was below the detection
limit of the instrument (~1−2 ng/cm2).[33]

Both at low and high grafting densities (see
the curves for α = 0.10 and α = 0.59), less
graft copolymer was deposited and signifi-
cant amounts of serum proteins adsorbed.
Strikingly, at very high grafting densities
(see the curve for α = 0.77), when almost

every lysine unit carries a PMOXA side
chain, polymer binding to the negatively
charged surface was completely suppressed
while, subsequently, a monolayer of serum
proteins with a mass >200 ng/cm2 adsorbed
onto the surface, similar to the case of a
blank niobium oxide surface.

Similarly, a set of nine PLL-g-PMOXA
of different grafting densities and pure PLL
were investigated and each experiment was
repeated three times. In Fig. 3 we compare
the polymer and serum adsorbed masses
with previously published data for analo-
gous experiments where PLL-g-PEG of dif-
ferent grafting densities and with three dif-
ferent PEG side chain lengths, PEG(1kDa),
PEG(2kDa) and PEG(5kDa), were em-
ployed.[28] Sinceboth the interfacialmolecu-
lar architecture and the analytical technique
were the same, this study allows for a direct
and quantitative comparison of the nonfoul-
ing properties of PEG and PMOXA. In Fig.
3a and b the polymer and serum adsorbed
masses for PLL-g-PMOXA(5kDa), PLL-g-
PEG(1kDa), PLL-g-PEG(2kDa) and PLL-
g-PEG(5kDa) are plotted as a function of
the grafting density, respectively. The ad-
sorbed copolymer mass linearly increases
with grafting density for PLL-g-PEG(1kDa)
(Fig. 3a). A similar behavior is found for all
other polymers at low to medium grafting

densities up to α ~0.25−0.3. At the highest
grafting density of PLL-g-PEG(2kDa) and
PLL-g-PEG(5kDa), however, a decrease in
adsorbed polymer mass is observed. This
effect is even more pronounced for PLL-
g-PMOXA(5kDa) where the adsorbed
polymer mass as a function of the grafting
density clearly passes through a maximum
and at extremely high grafting density (α
= 0.77) becomes zero. The adsorbed serum
mass (Fig. 3b) shows an inverse behavior:
In the low grafting density regime, serum
adsorption decreases with increasing graft-
ing density and increasing polymer mass.
At the highest polymer coverages, at me-
dium grafting densities, serum adsorption
is essentially zero. At high grafting densi-
ties, where PLL-g-PEG(5kDa) and PLL-g-
PMOXA(5kDa) yield significantly lower
adsorbed polymer masses, serum adsorp-
tion is restored. Fortunately, the observed
minimum in serum adsorbed mass is rather
broad, thus, the exact grafting density is not
crucial to obtain highly protein-repelling
surfaces.

To get a better understanding of the
interfacial architecture leading to these
trends, we have calculated the number of
lysine monomer units per surface area, nLys,
and the number of PEG or PMOXA side
chains per surface area, nPEG or nPMOXA, by
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Fig. 2. Exemplary in situ optical waveguide lightmode spectroscopy
(OWLS) measurements for PLL-g-PMOXA of grafting densities α = 0.10,
0.22, 0.59 and 0.77: First, negatively charged niobium oxide coated
waveguides are incubated with PLL-g-PMOXA in physiological buffer. The
increase in adsorbed mass due to the graft copolymer self-assembly is
recorded as a function of time (left panel). After rinsing with buffer, the
polymer-modified surfaces are incubated with full human serum for 15 min
(right panel). The steep rise in mass after serum injection is mostly due to
a dramatic increase in refractive index and cannot be assigned to a mass
value. Only after rinsing with buffer again, the serum adsorbed mass can
be determined by comparing the mass before and after serum injection.
The reading of the polymer and serum adsorbed mass is exemplarily
shown for PLL-g-PMOXA of grafting density α = 0.59.
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using the adsorbed polymer mass mpol, the
grafting ratio g, and the side chain number
average molecular weight MPEG or MPMOXA
according to

(1)

(2)

with the molecular weight of the lysine
monomer unit MLys and Avogadro’s num-
ber NA. Fig. 3c and d show nLys and nPMOXA
with nPEG, respectively, as a function of the
grafting density. With the exception of pure
PLL,[37] nLys more or less stays constant
up to α ~ 0.2 for all graft copolymers. In
this regime, nPMOXA, nPEG and mcopolymer
for all copolymers increase approximately
linearly with grafting density since at con-
stant backbone coverage essentially every
added side chain equally contributes to the
adsorbed mass. For PLL-g-PEG(1kDa)
this regime extents up to the highest graft-
ing density studied since the rather short 1
kDa PEG side chains do not impose suf-
ficient crowding to significantly reduce the
lysine surface density. In contrast, for PLL-

g-PEG(2kDa) and in particular for PLL-g-
PEG(5kDa) and PLL-g-PMOXA(5kDa),
nLys monotonously decreases at higher
grafting densities. At least for the latter two
copolymers, this eventually leads to a de-
crease in nPMOXA and nPEG and, concomi-
tantly, to a decrease in mcopolymer. Several
factors limit the graft copolymer adsorption
at high grafting densities: First, upon ad-
sorption, one half space becomes inacces-
sible for the copolymer molecules, leading,
at sufficiently high grafting density, to side
chain stretching and a loss in conformation-
al entropy. Second, the adsorption enthalpy
associated with the multiple electrostatic
attractions between polymer backbone and
surface declines with increasing grafting
density since positive backbone charges are
consumed by converting the amine into an
amide during the grafting reaction. Third,
the copolymer surface adsorption and side
chain brush formation is a self-limiting
‘grafting to’process that becomes more and
more kinetically hindered due to an increas-
ing diffusion barrier imposed by already
adsorbed copolymer molecules.[38,39] This
effect will be more pronounced at higher
densities of grafted side chains. Finally,
with increasing grafting density and length
of the side chains, the copolymer backbone
becomes less and less flexible, impeding
surface rearrangement of the backbone
segments.[30,40] This may lead to inhomoge-
neously and incompletely covered surfaces.

At the highest grafting density of PLL-g-
PMOXA(5kDa), at α = 0.77, the graft copo-
lymer molecules form a molecular brush in
solution and adsorption is fully inhibited.

The extent of serum adsorption not only
depends on the density of grafted copoly-
mer side chains, but also on their length and
type of chemistry (see Fig. 3b). For PLL-g-
PEG, it has been found that the longer the
PEG chains, the lower the grafting density
needed to achieve resistance to serum ad-
sorption.[28] Therefore, it is of interest to
plot the serum adsorbed mass as a function
of the monomer surface density, that is,
the number of ethylene glycol or methyl-
oxazoline monomer units per surface area,
nEG or nMOXA. This quantity increases with
both, density and length of grafted chains,
and can be readily calculated from nPEG or
nPMOXA and the molecular weight of the
monomer unit MEG or MMOXA according
to:[28]

(3)

The corresponding graph is shown in
Fig. 4. Irrespective of the PEG chain length,
all PEG-based copolymers fall on a master
curve, illustrating that indeed the combi-
nation of PEG chain grafting density and
length, as reflected in the monomer surface
density, controls in a predictive manner the
nonfouling behavior. In contrast, the curve
for the PMOXA-based copolymers has a
very similar shape but it is shifted to lower
monomer surface densities. Whereas full
protein resistance is obtained at a critical
monomer surface density of approximately
nEG ≥20 units/nm2 in the case of PLL-g-
PEG, a critical density of nMOXA ≈ 10−12
units/nm2 was found to be sufficient in the
case of PLL-g-PMOXA. We attribute this
difference to the fact that the molecular
weights of the two monomer units differ by
almost a factor of two (85 vs. 44 g/mol).
Hence, the contribution of a MOXA mono-
mer unit to the entropic and osmotic penalty
opposing polymer brush compression upon
protein adsorption will be higher than the
contribution of an EG monomer unit.

To test the biological relevance of our
findings, we finally compared the resistance
of PEG and PMOXA-modified surfaces to
bacterial adhesion. To this end, microscopy
slides with a thin niobium oxide coating
were treated with PLL-g-PEG(2kDa) and
PLL-g-PMOXA(5kDa) of optimal grafting
densities (α = 0.29 and 0.22, respectively),
and subsequently incubated for 20 min with
109 cfu/ml E. coli K12 bacteria in physi-
ological buffer at 37 °C. After the bacterial
suspension was thoroughly exchanged for
pure buffer, optical phase contrast micro-
graphs were taken from the hydrated sam-
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Fig. 3. Comparison of the adsorbed polymer mass (a), the adsorbed serum mass (b), the surface
density of lysine monomer units (c) and the surface density of PEG or PMOXA side chains (d) as
a function of the grafting density α for PLL-g-PMOXA(5kDa) (�), PLL-g-PEG(1kDa) ( ), PLL-g-
PEG(2kDa) ({), and PLL-g-PEG(5kDa) (�). α = 0 corresponds to pure PLL. Values for PLL-g-PEG are
taken from Pasche et al.[28]
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ples and the number of adherent bacteria was
counted. In Fig. 5a, typical micrographs for
the blank niobium oxide substrate, the bare
PLL backbone coated substrate, and for
the two graft copolymer-modified surfaces
are depicted. Fig. 5b shows the quantita-
tive evaluation of the micrographs. A large
number of bacteria adsorbed onto the blank
substrate even though both, E. coli bacte-
ria and the niobium oxide substrate, carry a
net negative charge. Most likely this attrac-
tion predominantly resulted from hydro-
phobic interactions.[41] When the substrate
was modified with the bare PLL backbone,
bacterial adhesion increased by more than
a factor of two due to additional electro-
static attraction. In contrast, coating of the
surface with either PLL-g-PEG or PLL-g-
PMOXA leads to a tremendous reduction
in bacterial adhesion by >99% compared to
the blank substrate. This demonstrates that
bacterial surface colonization can be pre-
vented by both PEG and PMOXA-based
surface coatings, to a similar extent. The
few bacteria that were still visible in these
cases did not firmly stick to the surface but
were (partially) still mobile and originated
from the edges of the wells where bacteria,
even by excessive washing, could not be
fully removed. We regard this reduction of
bacterial adhesion by 2−3 orders of mag-
nitude as the resolution limit of the assay.
Higher log-reductions, as they are typically
obtained by plating of planktonic bacteria,
were not accessible.

Conclusions

We have fabricated graft copolymers
comprising a polycationic backbone and

two chemically distinctively different non-
fouling side chains: poly(ethylene glycol)
(PEG) and poly(2-methyl-2-oxazoline)
(PMOXA). By choosing the analogous mo-
lecular architecture and by employing the
same analytical methods we quantitatively
compared the nonfouling properties of the

two side chain polymers with regard to pro-
teins and bacteria. Using optical waveguide
lightmode spectroscopy we found that both
types of graft copolymers similarly self-
assemble onto negatively charged metal
oxide surfaces to form stable monolayers
with the maximal PMOXA or PEG surface
density being obtained for copolymers of
medium density of grafted side chains. At
higher densities, steric, energetic and kinet-
ic effects along with the reduced copolymer
flexibility increasingly opposed polymer
adsorption. At very high grafting densities,
when about three out of four backbone seg-
ments carry a PMOXA side chain, polymer
adsorption was fully inhibited. At optimal
grafting densities, serum adsorption, with-
in the resolution limit of OWLS (~1−2 ng/
cm2), could be fully suppressed by both
types of copolymers. The minimal number
of side chain monomer units per surface
area needed to obtain fully resistant sur-
faces was lower for PMOXA than for PEG
graft copolymers as a result of the higher
molecular weight of the PMOXA monomer
unit. PMOXA and PEG based copolymers
also showed an equally high capability to
prevent bacterial surface adhesion. In both
cases, E. coli adhesion was reduced to <1%
compared to the blank substrate, thus ap-
proaching the detection limit of the optical
microscopy assay. In view of the well-con-
trolled and versatile polymerization chemis-
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Fig. 5. a) Exemplary optical phase contrast micrographs of blank, PLL, PLL-g-PEG (α = 0.29) and
PLL-g-PMOXA (α = 0.22) modified Nb2O5-coated microscopy slides after a 20 min exposure to 109

cfu/ml E. coli K12 at 37 °C in physiological buffer. b) Quantitative evaluation of the micrographs
reveals a >99% reduction in bacterial adhesion for both PLL-g-PEG and PLL-g-PMOXA modified
surfaces in comparison to the blank niobium oxide substrate.
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try of 2-oxazolines, that allows for the facile
synthesis of functional polyoxazolines, and
the herein reported excellent nonfouling
properties of PMOXA, we believe that the
PMOXA technology holds great promise
for the fabrication of sophisticated nonfoul-
ing surface coatings with defined molecular
architecture and functionality for the use in
biointerphase science and the development
of novel therapeutic and diagnostic medical
devices.
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