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 Functionalization of Reactive Polymeric 
Coatings via Diels–Alder Reaction Using 
Microcontact Printing     

Tugce Nihal Gevrek, Rana Nur Ozdeslik, Gulcan Semra Sahin, Gulen Yesilbag, 
Senol Mutlu, Amitav Sanyal*
 The fabrication of polymeric thin fi lms amenable to facile functionalization by reactive  μ CP 
via a Diels–Alder reaction is described. Precursor copolymers containing FuMA, PEGMA, and 
TMSMA are prepared using ATRP. Surface-tethered thin fi lms of these polymers are obtained 
on oxidized silicon and glass substrates and patterned with 
maleimide-appended dye molecules by simple  μ CP to dem-
onstrate effi cient functionalization via Diels–Alder reaction. 
Printing of biotin-based ligands is carried out to demonstrate 
directed immobilization of the enzyme streptavidin. Due to 
the thermoreversible nature of the Diels–Alder reaction, these 
surfaces can be used as rewritable platforms. This is demon-
strated by sequential write–erase–rewrite protocols via  μ CP of 
a maleimide-containing fl uorescent dye.   
  1. Introduction 

 Reactive polymeric thin fi lms on solid surfaces continue to 
receive increasing attention due to their widespread appli-
cations in various areas involving biomolecular immobiliza-
tion. Effi cient and specifi c methodologies for biomolecular 
immobilization on polymer-modifi ed solid surfaces are at 
the heart of biosensor technologies such as the protein and 
gene chips. [  1  ]  Areas of research related to surface function-
alizations have greatly benefi ted since the advent “click” 
reactions. [  2  ]  Usually reactions on surfaces proceed with 
poor effi ciency due to the heterogeneity of the system. Var-
ious effi cient transformations from the arsenal of “click” 
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reactions have been utilized to date toward effi cient func-
tionalization of appropriately modifi ed solid substrates. 
The Cu-catalyzed Huisgen [3  +  2] reaction is perhaps the 
most utilized one, but other “click” reactions such as the 
thiol-ene and Diels–Alder reactions are drawing attention 
due to their metal-free nature. Among the later reactions, 
the Diels–Alder reaction provides an attractive alterna-
tive due to the following attributes: (1) appropriate choice 
of diene and dienophile provides products in good yields 
in a highly predictable manner, (2) the reaction could be 
conducted in aqueous medium or neat without harsh chem-
ical conditions, (3) most often no additional reagents or cat-
alysts are required, and (4) reaction is thermoreversible. [  3  ]  
As mentioned in the last point, this conjugation–
deconjugation reaction harbors several reaction systems 
which could be irreversible or reversible over different tem-
perature ranges based upon the molecular structure of the 
diene–dienophile pair. [  4  ]  Specifi cally, the maleimide-
furan-based systems have attracted immense attention 
because of the “self-healing” feature that allows the fabri-
cation of remendable materials. [  5  ]  

 To date, most of the efforts in the area of surface func-
tionalization using the Diels–Alder reaction have focused 
on the modifi cation of self-assembled monolayers on 
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solid surfaces such as gold or oxidized silicon. Mrksich and 
co-workers [  6  ]  demonstrated that the Diels–Alder reaction 
can be used to modify SAM surfaces in a spatially 
controlled manner. They reacted the quinone groups 
generated electrochemically on a self-assembled mono-
layer (SAM)-containing hydroquinone with cyclopen-
tadiene-appended biotin ligands. The thus obtained 
biotin-appended surface was used for attachment of 
the enzyme streptavidin. Thereafter, the same group 
extended this methodology to develop carbohydrate and 
peptide arrays to evaluate protein binding via carbohy-
drate–protein interactions and protein kinase activity, 
respectively. More recently, Waldmann and co-workers [  7  ]  
have demonstrated that diene-appended proteins can 
be directly immobilized onto maleimide functionalized 
glass slides. Interestingly, most of the research in this 
area has been focused upon surfaces that are decorated 
with a dienophile, while there are very few reports of 
functionalizations using diene modifi ed surfaces. In this 
context, recently, surface modifi cation of cyclopenta-
diene-appended cellulose was done via the hetero Diels–
Alder reaction with thiocarbonyl thio-capped polymers 
synthesized by reversible addition–fragmentation chain 
transfer (RAFT) polymerization. [  8  ]  

 Recent years have seen an increasing interest in surface 
functionalization using the microcontact printing ( μ CP) 
technique. [  9  ]  This is due to the cost-effectiveness, sim-
plicity, and effectiveness of the technique to provide pat-
terned surfaces. In recent years, surface functionalization 
via  μ CP to obtain arrays using the Diels–Alder reaction 
has been explored, but to date efforts have been limited 
to reactions on self-assembled monolayers. Ravoo [  10  ]  has 
extensively explored the use of SAM surface functionali-
zation using various “click” reactions under  μ CP protocols. 
Carbohydrate microarrays were fabricated on glass and 
silicon surfaces modifi ed with a monolayer-containing 
maleimide group. [  11  ]  Carbohydrates modifi ed with dienes 
such as cyclopentadiene and furan were printed onto 
these maleimide-containing SAMs. The authors also 
reported a comparative study of reactivity of various 
dienes with surfaces bearing different dienophiles as well 
as their stability toward thermoreversion. [  12  ]  Studies initi-
ated in our laboratory are aimed toward the development 
of thin polymeric coatings using novel reactive polymers 
that can be effi ciently functionalized via Diels–Alder 
reaction. 

 Stimuli responsiveness of these polymeric surfaces can 
be a desirable attribute depending on the intended appli-
cation. To date, reversibility based on pH, ionic strength, 
acidity, and temperature have been explored. Polymeric 
surfaces fabricated with thermoresponsive polymers such 
as poly( N -isopropylacrylamide) (PNIPAAM) have been uti-
lized for controlled release of drugs, proteins, and cells. [  13  ]  
Rewritable surfaces offer the ability to refunctionalize 
Macromol. Chem.  Ph
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the same solid surface, which could be an electrode 
surface, glass surface in a sensor, and successfully reuse 
the same surface many times. Rewritable DNA microar-
rays were generated by immobilization of a thiol ter-
minated oligonucleotide on a pulsed plasma deposited 
poly(allylmercaptan) fi lm. [  14  ]  The oligonucleotides could 
be stripped off the surface via reduction of the disulfi de 
linkages. The study was recently extended to fabricate 
rewritable glycochips or carbohydrate arrays based upon 
the chemically reversible disulfi de or imine linkage. [  15  ]  
These thiol- or amine-containing polymeric surfaces 
were obtained by pulsed plasma deposition of allyl mer-
captan or vinylaniline. As an alternative, polymeric coat-
ings obtained via the utilization of well-defi ned polymers 
containing reactive groups that allow such reversible 
immobilization and that can be simultaneously attached 
onto intended surfaces would provide a desirable robust 
platform due to possible tailorability by design of the 
polymer. Poly(ethylene glycol) (PEG)-based polymers has 
been of interest as coating materials intended for biomed-
ical or biological applications. It is well established that 
PEG-based coatings renders the surfaces bioinert toward 
protein and cell adsorption. [  16  ]  Furthermore, recently it 
has been noted that these poly(ethylene glycol) monome-
thyl ether methacrylate (PEGMA)-based polymers exhibit 
a thermoresponsive behavior similar to PNIPAAM-based 
polymers. [  17  ]  In a recent study, Jaeger and co-workers [  18  ]  
demonstrated that such PEG-based polymeric coatings 
anchored to a gold substrate can be used for nondestruc-
tive detachment of cells adhered to the surface. 

 In this article, we explore the fabrication of polymeric 
coatings that can be easily functionalized at room temper-
ature and can be renewed by simple heating. In particular, 
we report the design and synthesis of a copolymer that 
contains furan side chains as reactive groups for function-
alization, a polyethylene glycol pendant side chains for 
providing bioinertness, and an alkoxy silane-based side 
chain for anchoring to oxidized silicon or glass surfaces. 
Thereafter, fabrication of reactive surfaces and their facile 
functionalization via  μ CP with maleimide-appended dye 
molecules is carried out. Successful immobilization of 
streptavidin directed by the patterned display of biotin 
ligands obtained via the Diels–Alder functionalization 
on polymer-coated surface is demonstrated. Finally, the 
ability to erase and rewrite on these thermoresponsive 
surfaces is demonstrated (Scheme  1 ).    

 2. Experimental Section  

 2.1. Materials 

 Furfuryl methacrylate (FuMA), poly(ethylene glycol) monome-
thyl ether methacrylate (PEGMA, molecular weight 300 Da), 
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    Scheme  1 .     Schematic illustration of reversible patterning on reactive 
polymeric thin fi lms by reactive  μ CP of maleimide-containing dye.  
 N , N , N , N , N -pentamethyldiethylenetriamine (PMDETA), ethyl-2-
bromoisobutyrate (EIBBr), and 3-(trimethoxysilyl)propyl meth-
acrylate 98% (TMSMA),  N -biotinoyl- N  ′ -(6-maleimidohexanoyl)
hydrazide (biotin-maleimide) were purchased from Aldrich. 
Boron-dipyrromethene (BODIPY)-maleimide was synthesized 
from BODIPY-bromide [  19  ]  with furan-protected maleimide, fol-
lowed by cycloreversion. Full details of the synthesis will be 
published elsewhere. Glass surfaces and silicon wafers were 
cleaned using nonchromix solution, water, acetone, and isopro-
panol, respectively. Dimethyl sulfoxide (DMSO), dimethylforma-
mide (DMF), and anisole were purchased from Merck. All organic 
solvents were used as received without further purifi cation. 
Nonchromix was purchased from Godax laboratories, Inc. Glass 
surfaces were purchased from Lamtek, and silicon wafers were 
purchased from University Wafers, USA.   

 2.2. Characterization  

 2.2.1. NMR Spectroscopy 

 For copolymer characterizations,  1 H NMR spectra were recorded 
on a Varian 400 MHz spectrometer was used. The spectra were 
acquired using deuterated chloroform as a solvent. Trimethylsi-
lane was used as an internal reference.   

 2.2.2. Gel Permeation Chromatography (GPC) 

 The molecular weights of the copolymers were estimated by GPC 
analysis using a Shimadzu PSS-SDV (length/ID 8  ×  300 mm, 10 mm 
particle size) mixed-C column caliberated with polystyrene 
standards (1–150 kDa) using a refractive-index detector. 
Macromol. Chem.  Phys
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Tetrahydrofuran (THF) was used as eluent at a fl ow rate of 1 mL 
min  − 1  at 30  ° C.   

 2.2.3. Elipsometry 

 The thicknesses of the monolayer fi lms were measured with 
a Rudolph manual ellipsometer at a 70 °  angle of incidence. A 
refractive index of 1.46 was used for all fi lms, and a three-phase 
model was used to calculate thicknesses.   

 2.2.4. Florescence Microscopy 

  μ CP images of dry samples on surfaces were recorded at room 
temperature on a Zeiss Observer Z1 fl uorescence microscope.   

 2.2.5. Goniometer 

 Static contact angle of a water droplet on spin-coated surfaces 
were measured under open-air condition. Approximately, 50  μ L 
of deionized water deposited on the surface and images were 
taken by an integrated digital camera. The software of the 
camera provides contact angle measurements once the liquid is 
dispensed. The contact angle for each sample was independently 
measured at fi ve different locations and average contact angle 
values were calculated.    

 2.3. Synthesis of Furan-Containing PEG Copolymers 

 PEGMA ( Mw   =  300 g mol  − 1 ) was fl owed through the aluminum 
oxide column in order to remove the inhibitor. Cu(I)Br were 
taken into a 10 mL round bottom fl ask with a stir bar and 
degassed for 20 min using N 2  gas stream. FuMA, PEGMA, ani-
sole, and PMDETA which were also degassed separately were 
added in the round bottom fl ask. After addition of TMSMA, 
round bottom fl ask was placed in 80  ° C oil bath. The initiator 
(EIBBr) was added and the mixture were allowed to stir at 80  ° C 
for 30 min. Polymer in anisole poured into hexane to remove 
anisole and unreacted monomers. After polymer was precipi-
tated, hexane was decanted. Polymer was dissolved in CH 2 Cl 2  
and fl owed through the aluminum oxide in order to remove 
copper salts. 

  1 H NMR (400 MHz, CDCl 3 ,   δ  ): 7.42 (s, 1H furan), 6.38 (s, 1H 
furan), 6.33 (br s, 1H furan), 4.92 (br s, 2H, —OC H  2  —furan), 4.05 
(br s, 2H, —COOCH 2  —PEG), 3.64 (m, 12H–OCH 2 CH 2 O–), 3.35 
(s, 3H, OCH 3 ), 2.00–1.60 (br m), 1.08–0.56 (br m).   

 2.4. Reactive Surface Preparation 

 Silicon (Si/SiO 2  wafers) and glass surfaces were cleaned using 
noncromix solution in H 2 SO 4 . Before coating they were cleaned 
using in sequence: detergent, acetone, isopropanol, and N 2  gas 
stream. Glass or silicone surfaces were placed on spin coater 
and 10 mg mL  − 1  polymer solution in DMSO was dropped on the 
middle of the surfaces. The substrates were then spin-coated 
at 500 rpm for 10 s and at 4000 rpm for 30 s, respectively. The 
resulting fi lms were heated to 60  ° C under vacuum for 1 h in 
order to allow crosslinking between polymer and silicon or glass 
surfaces.   
. 2012,  213,  166−172

bH &  Co.  KGaA, Weinheim www.MaterialsViews.com



Functionalization  of  Reactive  Polymeric  Coatings . . .

www.mcp-journal.de

Macromolecular
Chemistry and Physics
 2.5. Polydimethylsiloxane Stamp Fabrication 

 The polydimethylsiloxane (PDMS) stamp with patterned struc-
ture was obtained by using mold which is prepared by standard 
transparency-based photolithography. To prepare the photoresist 
mold, negative photoresist SU-8 was spin-coated on the silicon 
wafer at 500 rpm for 10 s and at 2000 rpm for 30 s. After spinning 
process the photoresist was dried via a soft baking at 90  ° C for 
1 min. After cooling to room temperature, substrate was exposed 
to UV light (365 nm) through a transparency mask for 2 min. 
The photoresist was developed and rinsed with isopropanol and 
dried under vacuum. The PDMS stamp was prepared by pouring 
PDMS and hardener (9/1 v/v) into the photoresist mold and left 
to cure. Then PDMS was peeled off from the mold and was ready 
for the patterning process.   

 2.6. Printing Procedure  

 2.6.1. Microcontact Printing on Polymer-Coated Surfaces 

 First, a solution is prepared by dissolving biotin-maleimide in 
THF (1 mg mL  − 1 ); 50  μ L of this solution was dropped on top of a 
1  ×  1 cm 2  PDMS stamp. PDMS stamps were left to dry for 10 min. 
The stamps were held briefl y under a gentle N 2  gas stream. The 
PDMS stamps were placed onto the polymer-coated surfaces for 
specifi ed time. Patterned surfaces were washed by sonication 
for a few minutes in THF. Similar procedure was followed for 
obtaining the dye printed surfaces.   

 2.6.2. Microcontact Printing of Biotin-Maleimide on 
Coated Surfaces and Bioimmobilization of Streptavidin 

 About 20–30  μ L of 0.1 mg mL  − 1  enzyme (FITC-streptavidin) solu-
tion was dropped on the Biotin-maleimide printed polymer 
surface and covered with a thin glass slide to make the enzyme 
solution spread homogenously all over the surface. It was left for 
15 min in the dark and then washed with ample water to remove 
unbound enzyme.     

 3. Results and Discussion 

 Furan-containing reactive copolymers, poly(FuMA-
TMSMA-PEGMA) were synthesized using Cu(I)-catalyzed 
Macromol. Chem.  Phys
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    Figure  1 .     Synthesis of furan-containing reactive random copolymers
atom-transfer radical polymerization (ATRP) (Figure  1 ) to 
obtain polymers with good control over molecular weights 
and polydispersities. Furfuryl methacrylate has been 
utilized extensively to synthesize copolymers via ATRP 
that are tailor made to furnish remendable materials. [  20  ]  
In these copolymers, furfuryl methacrylate (FuMA) was 
chosen as reactive diene moiety, TMSMA was incorpo-
rated to ensure attachment to oxidized silicon and glass 
surfaces, and PEGMA was used in provide bioinertness, 
that is, reduce nonspecifi c adsorption of biomolecules. 
Changing the amount of reactive monomer in the polymer 
is expected to provide control over the extent of function-
alization on these surfaces. Toward that end, two different 
random copolymers P1 and P2 which have 10 and 30% 
FuMA, respectively, were synthesized. The alkoxysilane-
containing monomer was kept to 5%, suffi cient enough to 
anchor the polymer onto silicon or glass effi ciently. In addi-
tion, copolymer P3 devoid of any reactive furfuryl group 
was synthesized for control experiments.  

 Polymerizations were carried out using ATRP as the 
living radical polymerization technique to obtain the two 
polymers with commensurate molecular weights and only 
differing in the ratio of the reactive furfuryl groups to the 
PEG chains. Polymerizations were carried out in anisole 
at 60  ° C under nitrogen atmosphere, using the CuBr(I)/
PMDETA complex. Pure copolymers were obtained by pre-
cipitation in cold dry diethyl ether, as evident from their 
 1 H NMR spectra (Figure  2 ). The  1 H NMR spectra of the poly-
mers clearly show the protons on the furan side chains 
at 7.40 and 6.31 ppm. The ratio of the furan comonomer 
and the PEG-based comonomer can be easily calculated by 
comparing the integration of proton resonances at   δ    =  7.42 
belonging to the furan protons and the peak at   δ    =  3.35 
belonging to the methoxy group at the terminus of PEG 
side chains. The actual FuMA content in each copolymer 
was close to the expected content based upon the feed 
ratio. The molecular weights of three copolymers utilized 
in this study were comparable (25–27 kDa) with a polydis-
persity index (PDI) of between 1.3 and 1.4, as measured by 
GPC using monodisperse polystyrene standards.  

 The reactive polymeric thin fi lms were prepared by 
. 2012,  213,  166−172
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spin coating on Si/SiO 2  wafers or glass 
slides. Then, these coated surfaces were 
cured at vacuum oven at 60  ° C for 1 h to 
ensure silyletheral bonding via dehydra-
tion between the siloxane groups of the 
copolymer and the hydroxyl groups of 
the substrate. After cooling to the room 
temperature, surfaces were rinsed with 
CH 2 Cl 2  to wash off unattached poly mer 
from solid surfaces. Ellipsometric 
measurements revealed thus obtained 
reactive thin fi lms on silicon surface 
had an average thickness of 2–3 nm. 
169eim
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    Figure  2 .      1 H NMR spectrum of reactive furan- and PEG-containing copolymer P2.  
Contact angle goniometry was used to probe the relative 
hydrophilicity of the reactive polymeric surfaces obtained. 
Measurements were conducted on static water droplet at 
ambient temperature. Contact angles were found to be 
57.2, 74.1, and 52.3 °  for surfaces coated with the copoly-
mers P1, P2, and P3, respectively. As expected the contact 
angle increased with increasing amount of the relatively 
hydrophobic furfuryl methacrylate-based side chains. 

 Initial functionalizations of these polymer modifi ed 
surfaces were examined via micro patterning of the fl u-
orescent dye molecule (BODIPY-maleimide) via the  μ CP 
technique using a PDMS stamp (Figure  3 ). Clean glass 
surfaces coated with the reactive polymers were brought 
in conformal contact with a PDMS stamp inked with the 
maleimide-containing dye. Optimum contact time was 
explored by printing for 5, 15, 30, 60, and 120 min onto 
the glass surfaces coated with the copolymer P1 con-
taining 10% furan moieties. Thereafter, the surfaces were 
rinsed with and sonicated in CH 2 Cl 2  for 3 min to remove 
any unbound dye, and dried under nitrogen stream. The 
Macromol. Chem.  Phys. 2012,  213,  166−172
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    Figure  3 .     Surface functionalization via DA reaction. Fluorescence microscopy images of 
BODIPY-maleimide patterns on different polymer surfaces: (a) P1, (b) P2, and (c) P3 sur-
faces and their normalized relative fl uorescence intensities.  
surfaces were visualized under a fl uo-
rescence microscope to reveal that the 
functionalization reaches a constant 
value after 30 min of printing time. Sim-
ilar studies were carried out for the pol-
ymeric surface P2 to realize that 30 min 
was suffi cient to achieve saturation of 
functionalization. Control experiments 
were carried out in a similar fashion on 
a surface coated with the copolymer P3, 
to reveal no residual fl uorescent pat-
terns after the rinsing step. Also,  μ CP 
with BODIPY-dye devoid of the male-
imide group on P1-coated surfaces did 
not lead to any patterns. Hence, it can be 
inferred that the attachment of the fl u-
orescent dyes on the polymeric surface 
is due to the Diels–Alder cycloaddition 
reaction. More importantly, the fl uores-
cence intensity of the patterns on surface P2 was higher 
than on surface P1 (Figure  3 ). This is expected because the 
copolymer P2 contains more of the reactive furan groups 
compared to the copolymer P1, hence leading to higher 
level of functionalization.  

 To examine the feasibility of these reactive polymeric 
surfaces for the purpose of bioimmobilizations, FITC-
labeled streptavidin was chosen as a model enzyme 
(Figure  4 ). In the fi rst step, biotin ligands were immobi-
lized onto the surface by contact-printing a maleimide-
appended biotin for 60 min onto the copolymer P2-coated 
surfaces. After rinsing off any unbound biotin, the surface 
was exposed to an FITC-labeled streptavidin solution for 
30 min. Thereafter, the surface was washed with ample 
water to eliminate any unbound streptavidin adhering via 
nonspecifi c physiabsorbtion. Nice arrays of streptavidin 
patterns were generated on copolymer P2-coated surfaces 
as revealed by the fl uorescence images (Figure  4 ).  

 The choice of the furan-maleimide dyad as a diene–
dienophile pair offers a handle to thermoreversibility at 
elevated temperatures. Thus these thin 
polymeric platforms should be ame-
nable to write–erase–rewrite process. 
In order to test that, the thermorevers-
ibility of the patterns obtained via the 
Diels–Alder reaction on surfaces was 
investigated. Various printed patterns 
were erased by heating the surfaces 
to 125  ° C for 2 h in DMF. Patterns were 
reprinted via the  μ CP technique. This 
protocol was repeated for many surfaces 
for fi ve times. The surfaces subjected to 
print, erased, and reprint protocols were 
examined with fl uorescence micro-
scope. As expected, complete loss of 
eim www.MaterialsViews.com
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    Figure  4 .     Immobilization of streptavidin directed by printed biotin patterns on surfaces 
coated with copolymer.  
patterns were observed after heating cycles. Furthermore, 
the reprinted patterns exhibited comparable fl uorescence 
intensities, thus ensuring minimal loss of effi ciency of 
conjugation during the process. As a particular example, 
a PDMS stamp was fabricated bearing the letters MCP in 
two different sizes and fonts. Initially, the letters with 
round corners were printed onto the thin fi lm obtained 
from copolymer P1. Thereafter, the contact printed sur-
faces were heated to 125  ° C for 3 h. As expected, the pat-
terns were completely erased. Recontact printing was 
performed on the same surface using a different PDMS 
stamp that possessed the reliefs “MCP” with a different 
font to successfully refunctionalize the surface (Figure  5 ). 
This cycle was repeated four times to demonstrate the 
robustness of this platform.    

 4. Conclusion 

 In conclusion, reactive copolymers containing furan-
based side chains were synthesized we have reported 
rewritable surfaces utilizing Diels–Alder/retro Diels–
Alder strategy. We synthesized surface attachable reac-
tive polymers which has furan functionality and coated 
Macromol. Chem.  Phys. 2012,  213,  166−172
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      Figure  5 .     Reversible reactive microcontact printing on the 
polymer-coated surfaces.   
on the glass surface. Using maleimide-
containing dye molecules we performed 
 μ CP on the polymer and showed that 
patterns can be obtained. We also gen-
erate biomolecule immobilization on 
the biotin-maleimide patterned surface. 
Furthermore, these polymeric platforms 
were thermoresponsive and thus present 
write–erase–rewrite ability. Choice of 
diene–dienophile combinations that 
will allow the retro Diels–Alder reaction 
to proceed under lower temperatures 
will further expand the scope of this 

approach of surface functionalization.  
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