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and their polymer brushes derivatives show lateral integrity, 
that these sheets are robust and therefore can be detached from 
their substrates. The freestanding fi lms are stable under harsh 
condition, such as a hydrogen fl uoride (HF) solution, during 
and after fi lm detachment. Cell adhesion tests show that PDA 
nanosheets promote cell growth and attachment, while a PDA-
based poly(3-sulfopropyl methacrylate) carpet exhibits non-
fouling properties. We expect that PDA nanosheets as a new 
platform of functional 2D material and their polymer carpet 
derivatives will fi nd numerous applications in surface coatings, 
biotechnology, and medicine. 

  Figure    1  a shows a schematic illustration of the prepara-
tion of a PDA nanosheet and its freestanding mussel-inspired 
polymer carpets. First, PDA was deposited on silicon (Si) sub-
strates using a method described previously. [ 1,12 ]  For our pur-
pose, a 12 nm thick as-grafted PDA layer was used. By etching 
the Si substrate with HF, the PDA layer can be detached from 
its substrate and a 2D PDA nanosheet can be formed and trans-
ferred to any other substrates. There are several reports on 
grafting polymer brushes on PDA-functionalized substrates, [ 13 ]  
however none have reported the utilization of PDA nanosheets 
as a functional surface for directly grafting polymer brushes.  

 Recently, many authors have reported the utilization of 
the SIPGP method for directly grafting polymer brushes on 
surfaces without using a catalyst during the polymerization 
itself. [ 14 ]  It has been demonstrated that by SIPGP, highly robust 
and well-defi ned polymer brushes can be directly grafted on 
various surfaces. [ 15,16 ]  Frechet and co-workers showed that the 
initiator-free SIPGP method relies on a radical abstraction 
mechanism during UV irradiation and uses the monomer 
itself as photosensitizer. [ 17 ]  As the PDA nanosheet bears amino 
and hydroxyl functional groups, the hydrogen from the amino 
and hydroxyl groups can be abstracted upon UV irradia-
tion, generating radicals that later initiate the polymerization. 
Thus, SIPGP is also a suitable method for grafting polymer 
brushes on 2D PDA nanosheets, leading to the fabrication of 
freestanding mussel-inspired polymer carpets. In Figure  1 b, 
an as-grafted PDA layer on SiO 2  and PDA nanosheets before 
and after SIPGP with poly(styrene) (PS) and poly( N , N -dimethy-
lamino)ethyl methacrylate (PDMAEMA) are shown. The color 
differences reveal not only different thicknesses but also dif-
ferent polymer grafts. A swollen 60 nm thick PDA nanosheet 
was obtained from detachment of a 12 nm thick as-grafted PDA 
layer. In Figure  1 b, the polymer carpets of PDA nanosheets after 
SIPGP with styrene for 18 h and DMAEMA for 2 h are shown. 
For our study, we have grafted not only PS and PDMAEMA, 

  Polydopamine (PDA), a mussel-inspired protein, has received 
great attention since the seminal work of Messersmith and co-
workers was published. [ 1 ]  Undoubtedly, that work has paved the 
way for a new strategy for surface modifi cation and function-
alization via simple chemistry. [ 2 ]  Due to its excellent adhesive 
properties, PDA can be grafted on various substrates; this has 
triggered further exploitation for its utilization in a wide range 
of applications in surface coatings, [ 3,4 ]  in biotechnology and 
medicine, [ 5,6 ]  in water purifi cation membranes, [ 7 ]  sensors, [ 8 ]  
and energy such as for organic conductive electrode and solar 
cells. [ 9 ]  

 It is well known that PDA is robust and has good mechan-
ical stability [ 10,11 ]  owing to its nature of self-crosslinking. Using 
this knowledge, we report in this communication on the 
preparation of 2D PDA nanosheets, with thicknesses of tens 
of nanometers and lateral sizes up to centimeters, as func-
tional surface for grafting various polymer brushes, leading to 
freestanding mussel-inspired polymer carpets. The polymer 
brushes can be simply grafted on PDA nanosheet via self-
initiated photografting and photopolymerization (SIPGP), while 
no catalyst is needed. We demonstrate that the PDA nanosheets 
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but also poly(methylmethacrylate) (PMMA), poly(4-vinylpyri-
dine) (P4VP), poly(3-sulfopropyl methacrylate) (PSPMA), and 
poly( tert -butyl acrylate) (P t BuA) (Figure S1, Supporting Infor-
mation). Ellipsometry measurements reveal that the thick-
nesses of PDA-based polymer carpets are 108 nm for PS, 80 nm 
for PDMAEMA, 127 nm for PMMA, 94 nm for P4VP, 83 nm 

for PSPMA, and 88 nm for P t BuA (Table S1, Supporting Infor-
mation). The simplicity of preparing diverse polymer brushes 
on PDA nanosheets demonstrates the easiness and novelty of 
SIPGP for polymerization. Furthermore, atomic force micros-
copy (AFM) was performed to determine the surface rough-
ness of the samples (Figure  1 c); water static contact angle 
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 Figure 1.    a) Schematic illustration of preparation of a PDA nanosheet and its freestanding polymer carpets. b) As-grafted PDA layer and PDA nanosheet 
before and after SIPGP with poly(styrene) (PS) for 18 h and PDMAEMA for 2 h. c) AFM height scan image of (b). d) Water contact angle of (b). 
e) Thickness evolution of polymer brushes grafted on PDA nanosheets as function of polymerization time for a PS carpet and a PDMAEMA carpet.
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(CA) measurements (Figure  1 d) were per-
formed on PDA nanosheets, before and 
after polymerization to obtain information 
on the wettability of the samples. As shown 
in Figure  1 c, an as-grafted PDA layer has a 
root-mean-square (rms) surface roughness of 
1.8 nm as revealed by AFM with contact 
angle of 45°, which is in good agreement 
with the literature. [ 1,4,18 ]  Interestingly, after 
detachment, a PDA nanosheet becomes more 
hydrophilic with a contact angle = 35°, lower 
than that of an as-grafted PDA layer. This 
may be attributed to the hygroscopic nature 
of PDA. The morphology of PDA nanosheet, 
as revealed by AFM, is smooth with a  surface 
roughness of 1.6 nm. After poly merization 
with styrene for 18 h, the surface becomes 
hydrophobic with a contact angle = 105°. This 
value is higher than reported in  literature. [ 19 ]  
However, this can be explained by the rougher 
morphology as revealed by AFM: a surface 
roughness of 3.8 nm was found for the PS 
carpet. For PDMAEMA, the surface rough-
ness is 2.5 nm, lower than that of a PS carpet. 
A contact angle of 78° was found, which is in 
agreement with the  literature. [ 20 ]  For PMMA, 
P4VP, PSPMA, and P t BuA carpets, the water 
contact angles are 62°, 54°, 12°, and 90°, 
respectively (Table S2, Supporting Informa-
tion). The change in wettability before and 
after SIPGP indicates the successful grafting of the polymer 
brushes on PDA nanosheets. Furthermore, infrared spectro-
scopic ellipsometry [ 21 ]  was performed as an additional confi r-
mation to prove the success of grafting of polymer brushes on 
PDA nanosheets, as discussed in the Supporting Information. 

 Next, for both PS and PDMAEMA, height dependency on 
polymerization time was investigated. Interestingly, we observed 
different grafting behavior for PS and PDMAEMA carpets. As 
shown in Figure  1 e, for PS, at the beginning of polymerization 
time (shorter than 3 h) a steep increase in polymer brush thick-
ness and higher growth rate were observed ( m  1  = 9.06 nm h −1 ). 
However, after 3 h, polymerization slows down and the growth 
rate is more than 20-fold lower ( m  2  = 0.48 nm h −1 ). We assume 
that this different grafting behavior is due to a strong mis-
match or similar wettability between the monomer used and 
PDA. PDA is very hydrophilic and when a water-insoluble 
hydrophobic monomer such as styrene is used, it is plausible 
that a strong hydrophobic–hydrophilic mismatch interaction 
will occur during polymerization. As SIPGP utilizes UV light 
for photopolymerization, the longer the polymerization, the 
more homopolymer, in this case, PS, is created in solution. 
As PS is hydrophobic and water-insoluble, it creates a bad sol-
vent condition and PDA collapses. Once the homopolymer 
dominates the system, a kinetic barrier will be formed and 
polymerization slows down. The condition is different when a 
water-soluble hydrophilic monomer such as DMAEMA is used. 
For PDMAEMA, a linear relationship between thickness and 
polymerization time with a high growth rate 13.54 nm h −1  is 
observed. Due to similar wettability of PDA and DMAEMA, the 

molecules of DMAEMA monomer can probably diffuse into the 
PDA layer and the polymerization starts not only on the sur-
face, but also within the layer. This leads to a linear relationship 
between polymerization time and brush thickness. 

 Scanning electron microscopy (SEM) cross-section images 
are presented in  Figure    2  a. From the cross-section, the thick-
ness of PDA carpet is calculated to be about 54 nm, which 
corroborates the data from the IR spectroscopic ellipsometry 
(56 nm). Interestingly, for a PS carpet, the cross-section SEM 
image reveals a two-layer composition with a total thickness 
of 105 nm, which is similar to the thickness obtained from IR 
ellipsometry (108 nm). The observation of two distinct layers on 
PDA-based PS carpet supports our assumption that a mismatch 
in wettability occurs during deposition of a water-insoluble 
hydrophobic monomer such as styrene on a hygroscopic–hydro-
philic surface such as a PDA nanosheet, leading to the forma-
tion of a two-layer composition. The cross-section SEM image 
of a PS carpet clearly distinguishes the lower PDA nanosheet 
from the upper PS layer. The thickness of PDA nanosheet is 
about 25 nm, supporting our assumption that PDA collapses 
(from 60 to 25 nm) during SIPGP of styrene, as styrene or poly-
styrene are bad solvents for PDA.  

 As shown in Figure  2 a for PS carpet, PS layer really mimics 
macro-brushes, with a thickness of about 80 nm. As the upper 
PS layer is hydrophobic and the lower PDA nanosheet is hydro-
philic, our PDA-based PS carpet can be considered as Janus 
polymeric membrane. For a PDMAEMA carpet, as revealed 
by the SEM cross-section image, the total thickness is about 
80 nm. However, unlike in the PS carpet, the PDMAEMA brush 

Adv. Mater. 2016, 28, 1489–1494

www.advmat.de
www.MaterialsViews.com

 Figure 2.    a) SEM cross-section image of PDA nanosheet, PS carpet and PDMAEMA carpet. 
b) Optical images of freestanding PDA (left), freestanding PS carpet (middle), and freestanding 
PDMAEMA carpet (right) suspended on TEM grid. c) Schematic illustration of fabrication of 
patterned PDMAEMA carpet on PDA nanosheet.
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composition has been observed, forming a PDA–PDMAEMA 
carpet composite. This, again, supports our assumption that, 
due to a similar wettability of a DMAEMA monomer and a 
PDA nanosheet, the monomers can diffuse within the PDA 
layer during SIPGP and start the polymerization not only on 
the surface but also within the layer, leading to indistinguish-
able one-layer composition. This fi nding on PDA nanosheet 
and PDA-based polymer carpets might help to fabricate Janus 
polymer carpets, an alternative route from a recently published 
one on Janus polymeric membranes. [ 22 ]  

 As both PDA nanosheet and the polymer carpets are robust, 
the entire nanosheet and the carpets can be easily re-detached 
from their substrates by etching the SiO 2  substrate with 
HF [ 15,23 ]  and suspended on a transmission electron microscopy 
(TEM) grid, as shown in Figure  2 b. We observed no defects on 
a PDA nanosheet and its polymer carpet derivatives after con-
tact with HF. The strong color contrasts are observed for the 
freestanding carpets due to light diffraction, revealing different 
thicknesses. The freestanding nanosheet and the polymer car-
pets exhibit lateral integrity and relatively smooth surfaces. The 
processes of preparation of freestanding carpets demonstrated 
that both PDA nanosheet and polymer carpets are robust and 
stable against a harsh environment such as an HF solution. Fur-
thermore, mechanical properties measurements on the fi lms 
were performed by AFM indentation. The Young’s modulus, 
 E , of the fi lms as determined by AFM for as-grafted PDA was 
4.2 ± 0.2 GPa. This value is in agreement with that obtained by 
Buehler and co-workers, [ 11 ]  who reported a value of 4.1–4.4 GPa 
for grafted PDA layer. For transferred PDA nanosheet, a slight 
decrease of  E  = 3.9 ± 0.2 GPa was found. The slight lower  E  
value for PDA nanosheet may explain the reason we obtained 
lower surface roughness and contact angle for transferred 
PDA nanosheet as compared to PDA as-grafted. Interestingly, 
we have lower  E  after grafted with PS ( E  = 2.5 ± 0.3 GPa) and 
higher  E  after grafting with PDMAEMA ( E  = 5.8 ± 0.5 GPa) 
as compared to that for PDA nanosheet and as-grafted PDA. 
These fi ndings correlate to the model of polymerization that 
we proposed. As seen in the cross-section SEM images in 
Figure  2 , the polymerization with hydrophobic PS results in 
a two-layer system, consisting of the PDA nanosheet and the 
grafted PS brushes. When using the hydrophilic DMAEMA 
monomer, a swelling of the PDA nanosheet occurs and during 
UV photopolymerization, the entrapped DMAEMA monomers 
polymerize within the PDA layer, leading to an interpenetrated 
network. The indenting tip probes a composite structure with 
enhanced  E  for PDMAEMA, whereas for the PS, the inden-
tion occurs on a brush system, which results in lower  E . The 
latter is confi rmed by which the  E  value is in agreement with 
our previous result with PS brushes grown on rigid crosslinked 
nanosheets. [ 15 ]  

 Patterned polymer carpets on PDA nanosheets can be 
achieved by direct photopatterning, by placing a mask on the 
top of PDA nanosheet during photografting. [ 24 ]  DMAEMA is 
used to realize the patterned polymer carpet, while a TEM grid 
with hexagonal openings of 8 µm was used as a mask. This 
one-step patterning is schematically illustrated in Figure  2 c. As 
shown by the optical images in Figure  2 c, polymer brushes only 
grafted on the areas where the PDA nanosheet was exposed to 

UV light, as a different contrast is observed between the area 
with and without polymer. This demonstrates not only the sim-
plicity of the direct patterning but also proves selectivity during 
photopolymerization. 

 Next, the PDA nanosheet and its polymer carpet derivatives 
were used for cell adhesion studies. Cell adhesion plays an 
important role in determining the success or failure of implan-
tation. Anchorage-dependent cells such as fi broblasts and 
osteoblasts need to adhere to survive. [ 25 ]  Fibroblast cells have 
negative charge [ 26 ]  and play a role in the production of various 
essential components of connective tissues such as glucoami-
noglycans and collagen in fi brous tissue. [ 27 ]  As a model system 
in our study, mouse embryonic fi broblasts (MEFs) were used 
and prepared as previously described. [ 28 ]  MEFs easily grow and 
stick to common substrates such as glass. Compared to other 
primary explant cultures, MEFs are easy to establish and to 
maintain, proliferate rapidly to produce large numbers of cells 
from a single embryo within several days following explanation. 
For our purpose, PDA nanosheets and PSPMA carpets were 
transferred on transparent microslide glass substrates and used 
for adhesion cells test. As-grafted PDA layer grown directly 
on microslide glass was used as control. For each sample, cell 
density was calculated from three different areas and average 
values were calculated. Representative images for each sample 
are presented in  Figure    3  .  

 As shown in Figure  3 a, cells have grown and spread over the 
as-grafted PDA layer. Interestingly, as observed in Figure  3 b, 
about 44% more cells have grown, attached and spread on a 
PDA nanosheet as compared to as-grafted PDA layer. This indi-
cates that PDA nanosheet is promoting more cells growth and 
attachment. The better cells growth on PDA nanosheet can be 
explained by the lower Young’s modulus, thus softer surface, 
for PDA nanosheet as cells prefer to grow and attach on softer 
surfaces. [ 29 ]  Furthermore, after grafting negatively charged 
polymer brush such as PSPMA on a PDA nanosheet, the carpet 
inhibits cell growth and attachment, consequently, signifi cantly 
75% fewer cells grown on PSPMA carpet. Moreover, it is also 
worth noticing that, while most of the cells observed on PDA 
nanosheet have a spreading shape, on a PSPMA carpet the cells 
have a round shape, demonstrating that on a PSPMA carpet 
not only fewer cells have grown but also that the attached cells 
are mostly repelled from the surface, forming the round shape 
which indicates the cells are dead, which can be easily washed 
away. This shows the effectiveness of PSPMA carpets as a non-
fouling surface. 

 To summarize, we have reported the exploitation of PDA 
nanosheets as a functional 2D nanosheet for directly grafting 
polymer carpets. We have shown that, via SIPGP, diverse 
polymer carpets can be prepared. SIPGP offers simplicity, since 
no initiator is needed and tedious multistep polymerizations 
such as surface-initiated pretreatment can be avoided. When 
hydrophobic polymer brushes are grafted on a hydrophilic PDA 
nanosheet, a distinct two-layer Janus-like membranes is formed 
while indistinguishable layer with enhanced Young’s modulus is 
formed when a hydrophilic polymer brush is grafted on hydro-
philic PDA nanosheet. Furthermore, we demonstrated that the 
PDA nanosheet and its freestanding polymer carpet derivatives 
show lateral integrity; they are robust and stable against harsh 
conditions such as an HF solution and the transfer process 
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itself. Patterned carpets can be realized by direct photografting 
when a photomask is placed on the top of the PDA nanosheet. 
Cell adhesion tests show that a PDA nanosheet promotes cell 
growth and attachment, while a PDA-based PSPMA carpet 
exhibits nonfouling properties. We hope these results add a new 
method for utilization of the PDA nanosheets and their polymer 
carpet derivatives and may fi nd their application in surface coat-
ings, biotechnology, and medicine.  
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