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these methods limited with respect to 
generating low nanometer pore sizes, 
there is also a high cost associated with 
production. Recently, a drive to develop 
new approaches for membrane prepara-
tions provided ultra-thin membranes com-
pletely based on self-assembly. [ 4,5 ]  These 
membranes rely on the use of either nano-
particles, [ 6,7 ]  proteins, [ 8,9 ]  small molecular 
species [ 10,11 ]  or block-copolymers. [ 12,13 ]  
Although, these membrane structures 
display high fl ux, good selectivity or thick-
nesses in the low nanometer regime: 
permeation area is limited. Moreover, 
self-assembly of hybrid protein-polymer 
structures allows for advanced control 
over membrane properties such as pore-
size and responsiveness towards external 
stimuli, creating smart ultra-thin hybrid 
membranes. In the past, the insertion of 
trans-membrane protein channels into 

the walls of polymersomes were used to produce interesting 
switchable nano-containers. [ 14,15 ]  The number of pores in the 
polymersomes was adjusted by changing the polymer-channel 
ratio and up to 25 protein channels per polymer vesicle could be 
achieved. [ 16 ]  In terms of membrane based separation processes, 
higher chemical selectivity through controlled pore-size and 
shape or alteration of the permeability by an external stimulus 
are desirable for drug delivery, [ 17,18 ]  (bio-)reactive membrane 
systems [ 19 ]  and enantio-selective separations. [ 20,21 ]  In addition, 
the reduction of the membrane thickness is essential to achieve 
higher throughput at lower applied pressures and to increase 
the membrane performance. However, membrane thicknesses 
of a few nanometers are diffi cult to achieve with proper mechan-
ical robustness and controlled pore-sizes. It has to be noted 
that mechanically robust membranes in the lower nanometer 
regime ranging from 10 nm to 150 nm with better defi ned 
pore-diameters have been developed based on lithography. [ 22,23 ]  
This is a time and energy ineffi cient approach and achieving 
the same characteristic using a self-assembly approach would 
be desirable but is still highly challenging. Here we present an 
approach which enables large area ultra-thin, yet robust, mem-
branes to be formed. The membrane is composed of a ferritin-
polymer core-shell microgel-like structure which self-assembles 
at polar-apolar interfaces. [ 24 ]  Core-shell microgel structures are 
excellent soft particles for the formation of macroscopic struc-
tures in a controlled fashion, incorporating stimuli-responsive 
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  1.     Introduction 

 Self-assembled membranes are a promising alternative for 
those produced via high resolution methods such as X-ray, 
electron beam and interference lithography. [ 1–3 ]  Not only are 
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properties. [ 25,26 ]  Ferritin (Horse spleen ferritin, HSF) is an iron 
storage protein in mammals and consists of a dodecameric 
protein cage of 12 nm in diameter with a 6 nm central cavity 
containing a phosphate ferrihydrite core. [ 27 ]  The protein cage is 
stable over a large pH range and temperatures up to 60 °C in 
water and can tolerate organic co-solvents. Located externally 
are 72 chemically addressable primary amino-groups which 
were heretofore used for bioconjugation of dyes as well as poly-
mers. [ 28,29 ]  Due to the multi-component nature of ferritin, dena-
turation will induce a more open channel compared to when a 
single component protein structure is used. The formed mem-
brane was tested with respect to stability and permeability and 
showed remarkable elasticity and mechanical robustness with a 
size selectivity preference for nanoparticles below 20 nm.  

  2.     Results and Discussion 

 The conjugate, when self-assembled at polar-apolar interfaces, 
provides a monolayer of proteins which are surrounded by 
a polymer matrix consisting of a random copolymer of the 
thermo-responsive  N -isopropylacrylamide (NIPAAm) and 
the UV-cross-linkable  2 -(dimethyl maleinimido)- N -ethyl-acryla-
mide (DMIAAm) ( Scheme    1  ). Because both the protein and 
the polymer are deformable structures, upon assembly and 
subsequent cross-linking, a fl exible and hence resilient mem-
brane is formed. The protein is used as a sacrifi cial template 
and structural integrity is lost upon applying denaturing con-
ditions such as high concentrations of urea or guanidinium 
chloride at elevated temperature. The loss of protein integrity 
induces pore-formation and the pore diameter depends on the 
size of the protein. Using an air-water interface for assembly 
followed by UV-cross-linking and slow evaporation of the 
aqueous phase, a 5 nm thin membrane will be formed. After 
protein denaturation, individual pores are created without com-
promising the overall membrane integrity. This method allows 
for an effective fi ltration area of ≈5 cm 2  to be formed and fi ltra-
tion parameters with regard to trans-membrane mass transport 
and size-selectivity can be conveniently manipulated using the 

temperature responsiveness of the polyNIPAAm component. 
These membranes have been tested in an in-house developed 
fl ow station allowing the system to be controlled via hydrostatic 
pressure (trans-membrane pressure (TMP) 3–50 mbar) with 
the trans-membrane pressure measured in situ. Size selectivity 
was determined using various sizes of gold nanoparticles and 
the collected filtrate was analyzed using spectrophotometry and 
transmission electron microscopy (TEM).  

 The drying-mediated membrane formation is based on the 
interfacial self-assembly properties of the protein-polymer par-
ticles, that is, the Pickering effect. This has been demonstrated 
by pendant-drop tensiometry analysis for air-water interfaces 
and the effect has been recently used for creating proto-cell 
structures. [ 30,31 ]  By placing a drop of highly diluted protein-pol-
ymer particle solution (≈10 µg mL −1 ) onto a solid support either 
porous or non-porous a membrane is formed via self-assembly 
at the water-air interface. At this concentration the particles 
assemble at the interface almost instantaneously to minimize 
air-water interaction energies (Scheme  1 ) and it was experi-
mentally found that this concentration provides a monolayer 
arrangement and a complete surface coverage. [ 3,29,33 ]  The 
particles at the interface are then irradiated with UV-light in 
order to induce inter-particle cross-linking. During irradiation, 
the sample is cooled on ice in order to keep the temperature 
below the lower critical solution temperature (LCST, 32–35 °C) 
of the polyNIPAAm. By cooling and irradiation over a period 
of 3 hours, the water slowly evaporates leaving behind the 
dry cross-linked protein-polymer membrane. In the case of a 
porous support, it was placed on a hydrophobic surface in order 
to minimize possible capillary forces which potentially draw the 
solution into the pores. 

  2.1.     Membrane Formation 

 Self-assembly of the protein-polymer particles at the interface 
and the subsequent stabilization via inter-particle cross-linking 
by UV-irradiation was visualized using a benzotrifl uoride-
water interface. Benzotrifl uoride was used because of the 
higher density compared to water which facilitates addition of 
the particles and washing of the top-phase, thereby removing 
any non-assembled particles. The particles were added to the 
aqueous top-phase and allowed to assemble overnight. After 
the assembly, 75% of the aqueous phase was removed and 
replaced with pure water. This procedure was repeated 3 times 
to remove residual particles not bound to the interface. UV-
irradiation induced inter-particle cross-linking and stabilizes 
the formed protein-polymer particle layer. Subsequently, a ben-
zotrifl uoride droplet (colored with Nile Red) was placed onto 
the self-assembled cross-linked or non-cross-linked protein-
polymer membrane to visualize the enhanced stability upon 
cross-linking. The droplet was put onto the non-cross-linked 
membrane and fell through the interface ( Figure    1  , non-cross-
linked; inset) while the cross-linked membrane kept the droplet 
on the interface without recombining with the benzotrifl uoride 
sub-phase (Figure  1 , cross-linked). The membrane was able to 
endure mechanical stress without rupturing as the droplet can 
even be pushed onto the membrane resulting in deformation 
of the droplet instead of passing through the particle-stabilized 
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 Scheme 1.    Schematic overview of the formation of the protein-polymer 
hybrid membrane.
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interface (Figure  1 , cross-linked; inset). To visualize the mem-
brane, a fl uorescent comonomer (fl uorescein-acrylate) was 
introduced during the protein-polymer particle preparation [ 32 ]  
and the interface was transferred onto a glass substrate. Fluo-
rescence microscopy shows the presence of the membrane (S1, 
Supporting Information).  

 As shown in Figure  1 , the membrane was easily formed at 
a polar-apolar interface which can be oil-water as well as air-
water. To prevent potential damage during membrane transfer 
after formation, the preferred approach for formation is directly 
on the supporting material as described in Scheme  1 . The pro-
cess was performed on bare silicon oxide to characterize the 
formed layer produced via the drying-mediated self-assembly 

method which was also used to cover the 
porous support needed for the trans-mem-
brane measurements. 

 The protein-polymer layer formed via 
drying-mediated self-assembly was ana-
lyzed using ellipsometry and scanning force 
microscopy (SFM). According to ellipsometry 
measurements, the protein-polymer mem-
brane was on average approximately 7.5 nm 
(±1.3 nm) thick in the dry state. The meas-
ured thickness was composed of protein and 
polymer and while the protein is 12 nm in 
diameter, the polymer layer should therefore 
be thinner. This was confi rmed by SFM anal-
ysis. The protein-polymer membrane dis-
played a homogeneous coverage of the sub-
strate with some agglomeration ( Figure    2  A). 
The proteins are shown as bright spots in the 

height profi le analysis, indicating that indeed they rise above 
the surrounding polymer matrix. The membrane was partially 
removed by scratching with a cannula in order to determine 
the actual thickness of the cross-linked polymer matrix. The 
transition between membrane covered silicon substrate and 
non-covered substrate was investigated by SFM analysis, and 
the height profi le indicated a polymer-layer thickness of about 
5 nm (Figure  2 B,C). This was in good agreement with the layer 
thickness found by ellipsometry. The presence of ferritin in the 
polymer matrix was also confi rmed by transmission electron 
microscopy (TEM) analysis by applying the same method as 
for the silicon substrate but using a TEM-grid. The iron core 
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 Figure 1.    The strength and fl exibility of the self-assembled membrane is shown by introducing 
an oil droplet (benzotrifl uoride, containing Nile Red as a fl uorescent dye) onto it which is 
formed in between oil (benzotrifl uoride; bottom) and water (top). The non-cross-linked and 
cross-linked case displays a signifi cant difference in stability.

 Figure 2.    SFM analysis of the drying-mediated self-assembled protein-polymer membrane. A) Proteins surrounded by the cross-linked polymer matrix 
on a silicon wafer. B,C) The protein-polymer membrane is about 5 nm thick as illustrated by height analysis of a scratched substrate. D) The protein is 
selectively denatured by treatment with 8  M  urea solution at elevated temperature, leaving behind an open pore-like structure. E) The depth was shown 
to be approximately 2 nm, determined by SFM height analysis (line in inset indicates position of profi le). F) This membrane formation technique was 
also used in combination with a porous support (PC-membrane, pore-size 100 nm) to make it suitable for trans-membrane fl ow experiments. For 
membrane characterization, protein structures were found also to span across the membrane support pores (inset).
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inside the ferritin cage is clearly visible by TEM (S2, Supporting 
Information).  

 To create hydrophilic pores, the ferritin was denatured in 
order to remove all secondary and tertiary protein structure. 
The removal of the secondary and tertiary structure is expected 
to create a pore but without removal of the actual cage frag-
ments because these are covalently connected to the polymer 
matrix. Denaturation of ferritin is conventionally done using 
highly concentrated aqueous urea solutions in combination 
with SDS (sodium dodecylsulfonate) at elevated temperatures 
or using guanidinium chloride at high temperatures. In order 
to investigate the minimum requirements for denaturing the 
ferritin, the native ferritin and protein-polymer conjugate were 
both subjected to various denaturing conditions to monitor 
the secondary structure using gel electrophoresis and circular 
dichroism (S3, S4, Supporting Information). From gel electro-
phoresis analysis it was shown that both guanidinium chloride 
at pH 4.4 as well as urea (8  M ) at 90 °C for 3 h were satisfac-
tory conditions for denaturing the cage structure of the ferritin 
in a 1 mg mL -1  solution, indicated by the loss of signal of the 
native mass of ferritin (440 kD). Urea was not used in combi-
nation with SDS, as is often the case in protein denaturation, 
because this could eventually interfere with the membrane, for 
example, detachment from the support surface or accumula-
tion inside the pores due to coordination of SDS to the protein 
fragments. In order to investigate the protein-polymer conju-
gate, gel electrophoresis was not appropriate due to aggregation 
upon denaturation and hence did not run in the gel. Therefore 
Circular Dichroism (CD) measurements were used to monitor 
changes in the ferritin structure. Both native ferritin and fer-
ritin-polymer conjugate displayed the same loss in CD signal 
after treatment with urea at 90 °C. The CD-signal which cor-
responds to the α-helix structural motif is abundantly present 
in ferritin. [ 33 ]  With increasing denaturation time, it was found 
that a 3 h treatment was suffi cient for complete denaturation, 
displaying a complete loss of the α-helix signal and appearance 
of random coil conformation. 

 The same procedure for denaturation was applied to the self-
assembled membrane as shown in Figure  2 A. Denaturation was 
achieved by covering the substrate holding the membrane with 
the urea solution and placing it in an oven at 90 °C. Although, 
for denaturation in solution 3 h was considered optimal, for pore 
formation inside the thin fi lm, 45 min was suffi cient which was 
determined experimentally. The reason can be that the amount 
of ferritin is many at least 100 times lower than the solution 
measured with circular dichroism and therefore less denatura-
tion time is needed. As shown in Figure  2 D, pore-like structures 
appear while the protein structures as observed in Figure  2 A are 
no longer present. From the height profi le across the pores, the 
depth could be determined to be approximately 1–2 nm (Figure 
 2 E). This seems less than the thickness of the polymer layer and 
can be explained by the fact that the SFM tip used (with a diam-
eter of typically 20 nm) is not expected to tap through the whole 
pore. Also the pore diameter in the SFM images is not exactly 
the same size as the protein but larger than anticipated. This can 
be explained by the pore-formation mechanism: ferritin is com-
posed of 24 subunits held together via non-covalent interactions. 
Upon denaturation, the subunits are detached from each other 
inducing local loss of integrity within the membrane where the 

ferritin resides. Due to tension building-up on the polymer-
ferritin bonds during denaturation at elevated temperatures the 
subunits will be pulled away from one another and the pore is 
formed. Since the peptide strand still resides inside the pore due 
to the covalent bond, the actual pore is probably smaller than 
observed by SFM which will become apparent from the size cut-
off experiments as shown later. When a shorter polymer chain 
attached to the ferritin is used, the pore density increases but 
with it also the chance of pore recombination, forming larger 
pores (Figure S5, Supporting Information). The formation of 
the pores under the denaturing conditions also indicates a high 
stability of the membrane since 90 °C is well above the oper-
ating temperature and the LCST. The polymer matrix remains 
stable which also became clear from procedures followed using 
a ferritin-polymer conjugate with shorter chains which were 
due to the high pore density not suitable for use as a membrane 
but clearly show control over pore density and polymer matrix 
stability (S5). In order to test the membrane, the same proce-
dure was repeated but instead of a planar silicon oxide support, 
a polycarbonate (PC) membrane with pore diameter of 100 nm 
was used. SFM analysis of the porous support with the formed 
self-assembled membrane on top via the same method as for 
the formation on silicon oxide displayed ferritin molecules with 
some directly over the pore, indicating a successful formation of 
the protein-polymer membrane (Figure  2 F).  

  2.2.     Membrane Characterization and Selectivity 

 The protein-polymer membrane was tested in a specially 
designed fl ow-station which operates on hydrostatic pressure 
(S6, Supporting Information). The fl ow-cell was designed in 
such a way that trans-membrane pressures could be measured 
and that the analytes for separation could be injected close to 
the membrane to minimize amounts of analyte. The protein-
polymer membrane was tested for water-fl ux across the mem-
brane before and after protein denaturation at 20 °C and 40 °C. 
The polyNIPAAm matrix exhibits a LCST of about 32–35 °C, 
above this temperature the polymer matrix becomes dehydrated 
and therefore less permeable to water as well as analytes. In the 
hydrated state, the polymer-gel layer was permeable [ 34 ]  and hence 
switching temperature would allow for easy membrane cleaning. 

  2.2.1.     Membrane Flux Determination 

 In order to test the membrane formation as well as the mem-
brane’s stability, fl ux measurements (water transport) were 
conducted at varying trans-membrane pressures (TMP) for 
the non-denatured protein-polymer membrane. The measure-
ment consisted of a cyclic measurement going from low TMP 
to higher TMP and back again ( Figure    3  ). Both the porous 
support and the support covered with the protein-polymer 
membrane were analyzed. The measured membrane area was 
≈5 cm 2  which is a large area relative to the thickness of the pro-
tein-polymer membrane and usually areas much smaller are 
used. [ 35,36 ]  The protein-polymer membrane was formed directly 
on the porous support by using an “O”-ring as a barrier with 
a thin layer of grease to prevent any solution escaping during 
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membrane formation and cross-linking. The preparation was 
performed with the support placed on a fl at Tefl on sheet as a 
hydrophobic barrier to prevent water leaking away through the 
membrane during preparation. The water fl ux increased with 
increasing TMP (Figure  3 ) which was controlled hydrostati-
cally. The TMP was changed from 0–50 mbar and subsequently 
lowered to prove stability. For the support, the fl ux increased 
steadily until ≈1400 L 1 m −2 h −1  at 50 mbar and upon lowering to 
10.6 mbar, the fl ux provided a similar value as before indicating 
a stable membrane. The same experiment was repeated for the 
support with the self-assembled protein-polymer membrane. 
The fl ux again displayed a steady increase with increasing TMP 
to approximately 700 L 1 m −2 h −1  at 50 mbar. Upon reducing the 
pressure to 9.7 mbar, the fl ux displayed a similar value as found 
for the initial measurement. The recovery of the same value 
indicates that the membrane remains intact and is stable during 
the course of the measurement. The thin protein-polymer 

membrane reduces the fl ux but not to a great extent, that is, the 
water is able to fl ow without excessive inhibition but enough 
to be detected. This is expected of an ultra-thin membrane 
and is an attractive feature for membrane-based purifi cation 
systems. The permeation development against the TMP is not 
completely linear and levels of to some extent. As observed in 
Figure  3 , the support with the protein-polymer membrane devi-
ated more from linearity than the support alone. This effect can 
be explained by compressibility, compression of the membrane 
induces a lowered permeation which is more pronounced for 
the support with the protein-polymer membrane indicating the 
presence of a soft polymeric hydrogel-like layer.   

  2.2.2.     Membrane Selectivity Towards PEG 

 In order to test size selectivity, the support, as well as the 
protein-polymer membrane before and after denaturation 
was used in combination with a mixture of linear polyethyl-
eneglycols (PEG) (solution composition: 1:1 volume ratios 
of 1 g 1 L −1  containing PEG: 200, 1000, 4000, and 20 000 Da). 
The measurement was performed at constant TMP of 9 mbar 
over a period of 120 min for both 20 °C and 40 °C, tempera-
tures below and above the LCST of polyNIPAAm respectively 
( Figure    4  A/B). In all cases, a constant fl ux was measured for 
120 min (conventionally this is performed for less than 1 min) 
meaning that the membranes remained stable and that there 
was no signifi cant fouling or damage to the membrane using 
the aqueous PEG solution. At 20 °C, the highest fl ux was found 
for the support (≈3.0 × 10 4  L 1 m −2 h −1 bar −1 ) and decreased for 
the protein-polymer membrane (≈2.1 × 10 4  L 1 m −2 h −1 bar −1 ). The 
fl ux for the denatured and non-denatured membrane was the 
same within the error margin meaning that the created pores 
did not signifi cantly increase the permeability of the system. 
This can be explained by the fact that at 20 °C the polymer 
matrix is highly swollen and permeable for the water and that 
therefore in all cases the transport mainly takes place through 
the polymer matrix. However, this changes when increasing 
the temperature above the LCST which expels the water 
from the polymer matrix and lead to its collapse, fi nally sealing 
the matrix. Although, complete sealing of the matrix and hence 
completely expelling water cannot be stated since the matrix is 

Adv. Funct. Mater. 2014, 24, 6762–6770

www.afm-journal.de
www.MaterialsViews.com

 Figure 3.    The protein-polymer membrane was assembled on top of a 
porous support as shown in Scheme  1 . Both the porous support and the 
support with the non-denatured protein-polymer membrane were char-
acterized with respect to water-fl ux depending on the trans-membrane 
pressures (TMP) which was increased from 0 to 50 mbar. Subsequently, 
the pressure was reduced to 10.6 and 9.7 mbar for the porous support 
and support+protein-polymer membrane to verify membrane integrity 
and performance.

 Figure 4.    Water fl ux over time using the PEG-mixture was determined for the support, the support with protein-polymer membrane and the support 
with protein-polymer membrane after denaturation at a TMP of 9 mbar. Measurements were performed at 20 °C (below LCST) and 40 °C (above LCST). 
Plots represent an average of three separate fl ux over time measurement and errors are derived as the deviation from the average.
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very thin and polymer agglomeration can occur which would 
open the matrix for water to pass while larger structures are 
repelled. This would explain why still high fl ux is observed at 
elevated temperatures. As a result, above the LCST the fl ux for 
the denatured membrane increases compared to the non-dena-
tured membrane. This indicates that after the collapse of the 
polymer matrix the water transport can only take place through 
the pores created via denaturation of the ferritin. In addition, 
since the denatured protein can no longer act as a cross-linking 
point between the matrix, the peptide fragments which are left 
after denaturation are being pulled apart during the collapse of 
the polymer matrix creating a more open structure leading to a 
facilitated transport. The fl ux found here is much higher and is 
associated to pressures signifi cantly lower than for other mem-
brane systems which are considered ultra-thin (in the range of 
20–50 nm). [ 37–39 ]  Upon analysis of the collected permeate, no 
selectivity was found towards the different molecular weight 
PEG. Most likely, the polymers are too small and too fl exible 
and therefore able to penetrate the protein-polymer membrane 
both before and after denaturation of the ferritin. However, the 
fl ux analysis provides important insights into the membrane 
behavior and stability at different temperatures.   

  2.2.3.     Membrane Selectivity Towards Nanoparticles 

 For further testing of the protein-polymer membrane, gold 
nanoparticles were chosen as a more rigid analyte. In earlier 
studies this proved a suitable method to determine selectivity 
using TEM and spectrophotometry. [ 11,40 ]  For this a single stock 
solution of a mixture of gold nanoparticles in the range of 
2–30 nm was used in all experiments. The fi ltration was per-
formed in the same setup as was described before at 40 °C 
since above the LCST the most signifi cant difference in perme-
ation was observed. The feed was analyzed by TEM and spectro-
photometry and compared with the permeate collected through 
the denatured and non-denatured protein-polymer membrane. 
A difference was immediately detected between the denatured 
and the non-denatured membrane with respect to the color of 
the permeate and the color of the membrane surface. In the 
case of the non-denatured protein-polymer membrane, the 
permeate was colorless and no absorption using spectropho-
tometry could be detected even after extensively concentrating 

the volume. Furthermore, the surface of the membrane was 
more discolored ( Figure    5  A) as compared to the surface of 
the denatured protein-polymer membrane. For the denatured 
membrane, the absorption spectrum of the permeate displayed 
a shift of 12 nm towards lower wavelengths for the maximum 
absorption intensity in comparison to the absorption of the 
stock solution. As larger particles display the plasmon absorp-
tion band at higher wavelengths, this shift indicates that larger 
particles do not pass through the membrane as readily as the 
smaller particles (Figure  5 B). This was confi rmed by TEM 
analysis where the amount of particles of a specifi c size were 
compared before and after fi ltration. As listed in  Table    1  , the 
composition changes and the relative amount of particles in 
the range between 20–30 nm was reduced by 56%, 7–12 nm 
reduced by 8% and 2–5 nm increased by 8%. Even though, 
there is no absolute cut-off in size, there is a selectivity towards 
smaller particles to permeate which results in an accumulation 
of smaller particles and a depletion of larger particles. Qualita-
tive investigations on the membrane after fi ltration displayed 
indeed that predominantly the larger particle remain on the 
membrane surface (Figure S8, Supporting Information).      

  3.     Conclusion 

 We have demonstrated a new concept for the preparation of 
ultra-thin, large area, highly fl exible membranes in which a 
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 Figure 5.    A) photograph of the membrane used in gold nanoparticle fi ltration experiments at 40 °C without denaturation (left) and with denaturation 
(right) of the ferritin. B) Absorption spectra of the gold nanoparticle stock solution before and after fi ltration experiments. The low concentration of 
particles in the permeate gives rise to a lower signal-to-noise ratio.

  Table 1.    Change in gold nanoparticle composition upon fi ltration across 
the denatured protein-polymer membrane at 40 °C. Used TEM images 
shown in S7. Average size and Standard Deviation (S.D.) based on 
absolute particle counts. Substantial lowering of S.D. indicates signifi -
cant reduction of number of particles with larger diameter.  

 Stock solution  Permeate denatured 
prot.-polym. 

membrane (40 °C) 

 Relative difference 

Au-NP size [nm] Size fraction [%] Size fraction [%] Size fraction [%]

2–5 78 84 +8

7–12 13 12 −8

20–30 9 4 −56

Average/

Standard Dev.

5.3 nm/4.4 nm 4.3 nm/3.0 nm 32% lowering S.D.
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protein structure is used as a sacrifi cial template which pro-
viding a porous membrane after denaturation. The conditions 
for removal of protein templates are milder than conventional 
inorganic templates which use highly corrosive solutions. 
Additionally the size control of the sacrifi cial template is prede-
termined and impeccably reproducible compared to synthetic 
(in)organic particle templates. In this case ferritin was used 
as a model protein, however, this approach holds the poten-
tial that in principle any protein with varying size and shape 
could be employed. The membrane produced after denatura-
tion of the ferritin displays different permeation properties 
below and above the LCST of the used polymer matrix. Such 
type of permeation control via external stimuli has previously 
also been observed using polymeric and polymeric-nanopar-
ticle based membranes. [ 48,49 ]  In this particular case an opening 
of the pore was induced but it can also be imagined that this 
may also facilitate membrane cleaning simply by lowering the 
temperature and therefore completely opening the structure 
and removing any selectivity. Denaturation is performed under 
relatively “harsh” chemical conditions and in order to make it 
more applicable, membranes are developed which will omit 
the denaturing step, for example, by using a channel protein, 
which has previously been used in polymersome systems and 
lipid membranes. [ 41–43 ]  In addition, this approach also pro-
vides the possibility to incorporate various innovations like 
pore-stoppers and catalysts which introduces additional func-
tionality to the membrane. The low pressure needed for these 
membrane would allow applications in e.g. pathogen removal 
from aqueous environments especially in combination with 
peptide strands and or proteins residing inside the membrane 
matrix. Particularly, in a cross-fl ow membrane setup which 
operate at low pressures. Although, future approaches would 
also include the preparation of more impermeable polymer 
matrices towards water which would allow higher pressures to 
be used.  

  4.     Experimental Section 
 Horse Spleen ferritin was purchased from Fluka.  2 -Bromoisobutyric acid 
(BIBA) (99%, Aldrich),  N -hydroxysuccinimide (NHS) (Aldrich, 98%), 
 1,3 -dicyclohexal carbodiimide (DCC) (Aldrich, 99%) and DMF (peptide 
grade, Biotech) were used as purchased. NIPAAm (99%, Aldrich) was 
purifi ed by two successive recrystallizations in a mixture of n-hexane and 
benzene (4:1 v:v). CuBr (98%, Aldrich) was purifi ed by stirring in acetic 
acid overnight. After fi ltration, it was washed with ethanol and ether and 
then dried in vacuum, CuBr 2  (99%, Aldrich) was used as purchased. 
Me 6 TREN was prepared as described by Ciampolini. [ 44 ]  The photo-
cross-linker monomer  2 -(dimethyl maleinimido)- N -ethyl-acrylamide 
(DMIAAm) was synthesized according to the procedure reported 
by Kuckling et al. [ 45 ]  Gold nanoparticles used in the size-exclusion 
experiments were synthesized according to literature procedure using 
cetyltrimethylammonium bromide as the stabilizing agent. [ 46 ]  For 
scanning force microscopy (SFM) a Veeco Instruments SFM was used 
operating on Nanoscope software. Measurement were performed in 
tapping mode in air using a SiN-tip at slow scan-rates (1.05 Hz) at 
room temperature. Circular dichroism experiments were performed on 
a dichrograph On-Line Instrument System Inc. CD measurements were 
performed on ferritin and ferritin-polymer conjugates in solution at room 
temperature. An OLIS 17 ellipsometer optical analytic MM-SPEL-VIS was 
used for layer thickness determination. For analysis the Visu EL program 
was used using standardized settings of organic layer (Refractive index: 

1.45) on SiO 2  (n, k) on Si. Gel electrophoresis was performed using a 
BIORAD PROTEAN system. Inter-particle cross-linking was performed 
with a 400 W UV-Lamp Panacol 400 F. TEM-visualization was performed 
using a Zeiss Libra plus transmission electron microscope. Samples for 
TEM were prepared by placing a drop of solution onto a carbon-coated 
Cu-grid and blotting away excess liquid after a minute. TEM imaging 
did not display any aggregate formation and it can be assumed that 
therefor this also does not occur in solution. UV-Vis measurements 
were performed on an EVOLUTION 300 UV–Visible spectrometer. For 
fl uorescence microscopy imaging a Keyence instrument BZ-8100E was 
used. 

  Conjugate Synthesis : The synthesis of the ferritin macro-initiator 
was performed as reported by Zeng et al. [ 47 ]  The quantity of 
 N -hydroxysuccinimidyl  2 -bromo-isobutyrate (NHS-BIBA) needed for 
the reaction amounts 7200 molar equivalent with respect to ferritin. 
The 100-fold excess of NHS-BIBA with respect to the 72 amino groups 
per ferritin was chosen to obtain good conversion. NHS-BIBA was 
mixed with the corresponding amount of a ferritin stock-solution 
with an estimated concentration of 50 mg mL −1 . The concentration 
of ferritin was determined from the UV absorption in high purity 
water at  λ  = 280 nm (ε280 = 4.8 × 105  M  −1  cm −1 ). First, NHS-BIBA 
was dissolved in a 5:1 mixture of phosphate buffer (PBS, pH 8.5) and 
dimethylformamide (DMF). The ferritin stock-solution was added 
subsequently. The reaction mixture was shaken over night at 4 °C. 
After the reaction the mixture was dialyzed (cut-off value 3 kDa) in PBS 
at pH 8.5 to remove excess initiator. In the subsequent reaction step 
the ATRP of NIPAAm and DMIAAm was conducted with a molar ratio 
of NIPAAm/DMIAAm/Ferritin-BIBA (macro-initiator)/Cu(I)/Cu(II)/
ligand = 5.3/0.27/0.0012/0.32/0.16/0.6. The amount of the individual 
reagents used for each reaction 20 mL of a 1 mg/mL ferritin-BIBA 
solution, NIPAAm 600 mg, DMIAAm 60 mg, Cu(I)Br 46 mg, Cu(II)
Br 2  36 mg, Me 6 TREN 160 µL. Cu(I)Br, Cu(II)Br2 and Me6TREN were 
dissolved in high purity water. NIPAAm and DMIAAm were mixed into 
the ferritin-BIBA macro-initiator solution. Both solutions were degassed 
under nitrogen fl ow for 60 min under cooling at 0 °C. Afterwards, the 
corresponding volume of the copper-ligand solution was added to the 
monomer/macro-initiator solution. The reaction mixture was allowed to 
react for 24 h at 4 °C under continuous shaking. To remove the catalyst 
the solution was dialyzed (cut-off value 3 kDa) against PBS with pH 7.4. 
In the case of the fl uorescently labeled polymer, the same procedure 
was followed in combination with fl uorescein-acrylate 1% w/w with 
respect to NIPAAm. For the membrane experiments, the conjugate 
solution was further dialyzed against MilliQ water to circumvent salt 
crystal formation during drying. 

  Drying-mediated Self-Assembly : For drying-mediated self-assembly, 
a drop of the ferritin-polymer conjugate solution, diluted with high 
purity water, was placed onto a support. Silica wafers, TEM grids and 
porous polycarbonate supports (pore-size 100 nm) and polyethersulfone 
supports (pore-size 200 nm) were used. The silica wafers were cut 
into 1 cm × 1 cm large pieces and stored in toluene to remove organic 
impurities. Before use, the wafers were cleaned with a snow-jet. Porous 
supports (hydrophilized polyethersulfone) were placed onto a tefl on 
sheet which was used to prevent the conjugate solution from running 
into the pores. 2 mL of MilliQ-water was placed inside the “O”-ring 
( Ø  = 25 mm) which was placed on top of the porous support with a 
thin layer of grease between the contact to prevent solution escaping 
from the center of the “O”-ring. Subsequently, 20 µL of a 1 mg/mL 
solution of ferritin-polymer conjugate was spread on top of the MilliQ-
water. The system was irradiated with UV-light while cooling at 0 °C until 
the water was completely evaporated (approx. 3 h). For the permeation 
experiments, a polyethersulfone membrane (pore size 200 nm) was 
used. 

  Denaturation of Ferritin : Denaturing ferritin inside the membranes 
was achieved with aqueous solutions of guanidinium chloride (7  M , pH 
4.4) or urea (8  M ). The substrate holding the self-assembled protein-
polymer membrane was covered with 2 mL of a solution containing 
the denaturing agent. The samples were heated in an oven at 90 °C 
for 3 h. Afterwards, the surface was gently yet thoroughly washed with 
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MilliQ-water. Denaturation experiments to obtain optimal conditions as 
was determined by CD were performed in solution and extrapolated to 
suitable for surface confi ned denaturation. 

  Permeation Experiments : To test the performance and fl ow rates of 
the membranes, permeation experiments were carried out using an in 
house-designed fl ow station specifi cally designed for the experiments. 
The membrane holder had three inlets on each side of the membrane-
housing: one for feed/permeate at the top/bottom to maintain a straight 
fl ow pattern, one for pressure sensors, and one for adding analytes 
into the housing. The membrane was fi xed between two metal meshes 
with two “O”-rings for sealing. A magnetic bar was placed in the top 
chamber (feed side) and stirred at 500 rpm to prevent concentration 
polarization. Four screws were used to connect the two chambers 
and provide a suffi cient contact pressure for the “O”-rings to seal the 
system. Because the fi ltration active membrane was a very thin layer, 
only hydrostatic pressure was applied in the permeation experiments. 
A cylindrical container made of polytetrafl uoroethylene with a diameter 
of 120 mm and an attached tube contained the feed solution. The 
hydrostatic pressure was adjusted via the height of the feed solution 
in the container until the desired trans-membrane pressure (TMP) 
was achieved; for the higher pressures, lifting platforms were available 
to elevate the container, creating trans-membrane pressures up to 
51 mbar. Attached to the permeate side of the housing was a container 
on a balance measuring the mass of permeate. A computer running a 
self-written data acquisition software (DASYlab, National Instruments, 
Austin, TX, USA) was used to collect data such as permeate mass, 
pressure on feed and permeate side and room temperature. Different 
types of permeation experiments were carried out to examine different 
characteristics of the membrane. Pure water was used as feed solution 
for permeation experiments to determine the fl ux of the membrane 
at different pressures. Support membranes without coating and 
protein-polymer coated membranes were measured for 15 minutes 
at each given trans-membrane pressure. For the determination of the 
size selectivity of the membrane, permeation experiments with PEG 
solution and gold nanoparticles (AuNP) were carried out at a constant 
TMP of 9 mbar, afterwards a permeate sample was taken for analysis. 
Due to the phase transition of polyNIPAAm above temperatures of 
32–35 °C experiments for fi ltration were carried out at feed solution 
temperatures of 20 °C and 40 °C. For the permeation experiments with 
gold nanoparticles, a TMP of 9 mbar and a feed temperature of 40 °C 
was used. The permeation rates were then compared to those of the 
previous permeation tests with ultrapure water to ensure the correct 
operation of the membrane. The gold nanoparticles, which existed in 
size classes of 2–5 nm, 7–12 nm and 20–30 nm were mixed and used 
as the feed solution. To create a feed solution with approximately the 
same number of small, medium and large particles, the volume of the 
solution containing the large particles was larger than that of the small 
particles (3 parts small, 4 parts medium, and 5 parts large particles). 
1 mL of this mixture was then injected directly into the feed side of 
the membrane housing. Then the experiment was carried on for 20 mL 
of fl ow volume, the permeate was collected for analysis by absorption 
spectroscopy and TEM.  
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