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ABSTRACT: The immobilization of biomolecules onto
polymeric surfaces employed in the fabrication of biomedical
and biosensing devices is generally a challenging issue, as the
absence of functional groups in such materials does not allow
the use of common surface chemistries. Here we report the
use of modiﬁed poly-L-lysine (PLL) as an eﬀective method for
the selective modiﬁcation of polymeric materials with
biomolecules. Cyclic oleﬁn polymer (COP), Ormostamp,
and polydimethylsiloxane (PDMS) surfaces were patterned
with modiﬁed PLLs displaying either biotin or maleimide
functional groups. Diﬀerent patterning techniques were found
to provide faithful microscale pattern formation, including micromolding in capillaries (MIMIC) and a hydrogel-based stamping
device with micropores. The surface modiﬁcation and pattern stability were tested with ﬂuorescence microscopy, contact angle
and X-ray photoelectron spectroscopy (XPS), showing an eﬀective functionalization of substrates stable for over 20 days. By
exploiting the strong biotin−streptavidin interaction or the thiol−maleimide coupling, DNA and PNA probes were displayed
successfully on the surface of the materials, and these probes maintained the capability to speciﬁcally recognize complementary
DNA sequences from solution. The printing of three diﬀerent PNA-thiol probe molecules in a microarray fashion allowed
selective DNA detection from a mixture of DNA analytes, demonstrating that the modiﬁed PLL methodology can potentially be
used for multiplexed detection of DNA sequences.
KEYWORDS: polymer substrates, surface patterning, poly-L-lysine, biomolecule adhesion, PNA, microarrays, DNA recognition

■

INTRODUCTION
The interest in polymer materials for microfabrication and
biomedical applications has rapidly increased owing to their
moldability, optical clarity, and high solvent resistance.1,2
Especially in biotechnology and biosensing applications, the
use of plastic substrates has been intensively fueled by the need
for reliable, cost-eﬀective ways of producing simple-to-use
devices, such as microﬂuidic and optical chips, and lab-on-achip and disposable biosensing devices.3−5
Multiple examples of polymeric materials have been
described for biomedical and biosensing purposes. Polycarbonate (PC) substrates have been used for the detection of
DNA3 and in microarrays, poly(dimethylsiloxane) (PDMS)
has been used in microﬂuidic chips for digital PCR6 and DNA
detection in nanochannels,7 and cyclic oleﬁn (co)polymer
(COP/COC) platforms have been used for sandwich
immunoassays for antibodies5 and microelectromechanical
systems (MEMS).8 In particular, COP substrates are gaining
interest as materials in biotechnology and biosensing owing to
© 2019 American Chemical Society

their ideal properties such as optical transparency, good
chemical resistance and low water absorption.9 Similarly,
Ormostamp has been successfully investigated as a material for
biosensing applications owing to its excellent imprinting
capabilities.10,11 However, in general, all plastic materials
present a major drawback of lacking chemically reactive groups
to allow for stable, covalent surface functionalization. The
absence of functional groups therefore prohibits the direct use
of commonly applied surface functionalization protocols, such
as thiol adsorption on gold12,13 or silanization on SiO2
substrates.14,15
Alternative functionalization methods, comprising photografting,16,17 photochemical patterning,1 and APTES silanization after oxidative treatment,5,18 have been exploited to
anchor biomolecules to the initially unreactive polymeric
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Figure 1. Soft lithography methods used to pattern polymeric substrates with PLL. After oxygen plasma treatment, MIMIC with either (a) PLLOEG-biotin or (b) PLL-OEG-Mal deﬁnes modiﬁed PLL lines on COP or Ormostamp substrates, which are used to orthogonally anchor speciﬁc
probes as (a) biotinylated DNA or (b) thiol-PNA for cDNA detection. Alternatively, (c) a printing device loaded with three diﬀerent thiol-PNA
probes is used to form a microarray on an activated PDMS substrate, which is used to detect selectively the speciﬁc cDNA from a mixture of the
three complementary sequences. (d) Structures of the PLL polymers, modiﬁed with OEG, OEG-biotin, and OEG-Mal, employed for the surface
functionalization. x and y indicate the relative fractions of the modiﬁed lysine subunits. Structures of the dyes with linkers and oligonucleotide
sequences are shown in Figure S2 and Table S2, respectively.

ical43 patterning techniques. Saravia et al. used PLL grafted
with PEG (PLL-g-PEG) without additional functional groups
for the patterning of proteins on silicon oxide surfaces.38
Falconnet and co-workers used PLL-PEG end-functionalized
with biotin or RGD peptide (used to promote cell binding) to
form microarrays for cell−surface interactions studies.41 Duan
et al. reported silicon nano-BioFET biosensors covered by a
uniform layer of PLL cografted with short oligo(ethylene
glycol) (OEG4) and OEG4-biotin moieties, retaining the
antifouling properties and strong surface adhesion.44 Recently,
we have demonstrated that PLL polymers with customizable
fractions of OEG and maleimide moieties can be easily
adsorbed onto both gold and silicon dioxide surfaces, while
controlling the type and the density of probe molecules at the
interface in the preceding synthetic step.45
Here, we report two approaches to functionalize diﬀerent
types of plastic surfaces commonly used in biosensing
applications, such as COP, Ormostamp, and PDMS, by
exploiting the adsorption of PLL grafted with OEG4-biotin
or OEG4-maleimide for fast, eﬃcient, and selective immobilization of biomolecules. The aim of this work is to
demonstrate the versatility and stability of modiﬁed PLL
polymers for the binding of biomolecular sensing probes to
polymeric surfaces, in combination with diﬀerent patterning

substrates. Likewise, the use of positively charged polymers on
negatively charged surfaces has been demonstrated to be an
eﬀective method to modify both metallic and metal oxide
substrates, introducing at the same time speciﬁc functional
moieties and antifouling properties.19−23 Particularly poly-Llysine (PLL) and modiﬁed versions thereof, which are
biocompatible and positively charged at physiological pH,
have been proven to adsorb strongly onto negatively charged
substrates such as inorganic (SiO2,24 TiO2,25 Nb2O5,26) and
polymeric ones, for example, polydimethylsiloxane
(PDMS),27,28 poly(methyl methacrylate) (PMMA),28 and
polystyrene (PS).29 Stable electrostatic interactions are
achieved upon activation of these surfaces, retaining high
stability and reliability over time.
Owing to the easy functionalization and fast self-assembly of
PLL, grafted antifouling poly(ethylene glycol) (PEG)
groups30,31 and binding moieties, such as biotin,32,28 nitrilotriacetic acid (NTA),33,34 catechol,35 and functional RGD
peptides36 or ﬂuorescein,37 were anchored onto fully covered
oxide or polymer substrates. At the same time, micropatterns
and microarrays containing PLL-PEG or PLL-PEG bearing
secondary functionalities for selective immobilization were
formed on multiple metal oxide surfaces in combination with
stamping,37−40 molecular self-assembly41,42 and electrochem3166
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Figure 2. Fluorescence microscopy images of SAv-F on (a,b) COP (1500 ms, ISO 200) and (c,d) Ormostamp (2000 ms, ISO 400) surfaces, upon
patterning (a,c) PLL-OEG-biotin or (b,d) PLL-OEG (antifouling) by MIMIC (scheme of Figure 1a). (e) Normalized ﬂuorescence intensity
proﬁles (average) of the COP sample patterned with PLL-OEG-biotin and SAv-F monitored after incubation in PBS solution with 1.0 mg/mL
BSA, at day 0 (black), 1 (red), 4 (blue), 8 (pink), and 20 (green). All experiments were performed using 0.1 mg/mL of modiﬁed PLL polymers
during MIMIC, and 0.1 mg/mL SAv-F in PBS at pH 7.4 during subsequent incubation.

maleimide (Figure 1d). The total degree of functionalization of
the PLL polymers has been determined by 1H NMR (see
Figure S1 and Table S1), and has been intentionally kept
between 20% and 40%, to maintain a balance between a stable
surface adhesion and antifouling properties.44−46
Subsequently, DNA probes were anchored on the surface in
order to selectively recognize complementary DNA sequences
in solution. PLL-OEG-biotin and PLL-OEG-Mal were used
either to anchor streptavidin conjugated with ﬂuorescein
isothiocyanate (SAv-F) and biotinylated DNA (biotin-DNA1)
by exploiting the noncovalent SAv-biotin interaction, or to
covalently bind PNA-thiol probes on the substrate by using the
speciﬁc Michael-type thiol−ene reaction, respectively (structure of dyes and probe sequences are given in Figure S2 and
Table S2). Fluorescently labeled cDNA was used to visualize
the resulting patterns using ﬂuorescence microscopy.
Alternatively, as shown in Figure 1c, modiﬁed PLL was
exploited in a hydrogel-ﬁlled stamping device with micropores
underneath each well.47 The device was loaded with three
diﬀerent thiol-PNA probes (PNA2, PNA3, and PNA4; Table
S2), to print proof-of-concept PNA microarrays onto PLLOEG-Mal-modiﬁed polymer substrates. The choice of these
speciﬁc PNA molecules has been endorsed by their pivotal role
in the early detection and monitoring of cancer (Table S2).
PNA was used as a probe because of its higher aﬃnity for
cDNA sequences, leading to an improved speciﬁcity compared
to DNA probes.48 Moreover, the higher stability of the PNA/
DNA duplex, with respect to DNA/DNA,49 and the resistance
of PNA toward enzymes such as nucleases and peptidases50 are
properties widely used to increase the sensitivity of DNA
biosensing devices.
After binding the probes to the substrates using the
stamping device, the DNA recognition and multiplexing
capabilities of the patterned substrates were studied by
ﬂuorescence microscopy upon incubation of the microarrays
with a solution mixture of three cDNA sequences (complementary to the PNA sequences used) labeled with a blue,
green, and red ﬂuorescent dye.
Surface Patterning by MIMIC. In order to investigate the
applicability of modiﬁed PLLs on diﬀerent polymeric materials,
we used the thermoplastic COP and the thermosetting

techniques to form microstructures at these surfaces. By
exploiting the electrostatic interactions between the negatively
charged polymer surface and the positively charged modiﬁed
PLL, a self-assembled monolayer is formed on the surface,
bestowing the possibility of bio-orthogonally anchoring a wide
range of molecules of biological interest. In particular, COP
and Ormostamp surfaces were patterned by micromolding in
capillaries (MIMIC) with modiﬁed PLL, while microarrays
were made on PDMS substrates employing a stamping device.
Modiﬁed PLLs bearing biotin or maleimide as reactive
moieties were employed as adhesion layers, to which
biomolecules can be anchored speciﬁcally and selectively by
diﬀerent chemical coupling reactions. Engineered DNA and
peptide nucleic acid (PNA) probes, for the detection of
complementary DNA (cDNA) sequences in solution, were
immobilized on the substrates as a proof-of-concept of
successful substrate functionalization. Further sensing method
development, e.g., aimed at deﬁning the limit of detection or
the combination with ampliﬁcation strategies, is not addressed
here.

■

RESULTS AND DISCUSSION
Soft Lithography Strategies Based on Modiﬁed PLL.
Figure 1 shows a schematic overview of the two soft
lithography strategies used to pattern the surface of polymer
substrates (of COP, Ormostamp (as a thin layer on
poly(ethylene terephthalate)), PET, and PDMS) with
modiﬁed PLL, and their proof-of-principle application to
DNA detection. The formation of bioresponsive patterns was
achieved by MIMIC (Figure 1a,b). Upon oxygen plasma
activation, COP and Ormostamp substrates were functionalized with biotin or maleimide-modiﬁed PLL.
PLL polymers (15−30 kDa) were grafted with oligo(ethylene glycol) (OEG) spacers and either biotin or
maleimide (Mal) moieties, following reported procedures.44,45
All the modiﬁed PLLs synthesized, namely, PLL-OEG, PLLOEG-biotin, and PLL-OEG-Mal, present the OEG functionality to enhance the antifouling properties of the substrate,
providing concomitantly a secondary functional group for
further selective bio-orthogonal modiﬁcation, such as biotin or
3167
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Figure 3. Fluorescence microscopy images of COP (a−d) and Ormostamp (e,f) substrates. COP substrates were patterned (using MIMIC) with
PLL-OEG-biotin, followed by the consecutive deposition of SAv-F and biotin-DNA1. Ormostamp substrates, instead, were functionalized with
PLL-OEG-Mal and reacted with thiol-PNA2. Subsequently, COP substrates were incubated with cDNA1-RRED (a,b) or ncDNA1-RRED (c,d),
while Ormostamp substrates were incubated with cDNA2-RRED (e) or ncDNA2-RRED (f). Samples were imaged in the green (a,c, SAv-F) and red
(b,d−f, RRED) channels, where the image pairs a/b and c/d were measured at the same area of the same samples. All experiments were performed
using 0.1 mg/mL solutions of modiﬁed PLL polymers, 0.1 mg/mL SAv-F, and 1 μM DNA/PNA probes, cDNA and ncDNA in PBS at pH 7.4.
Fluorescence parameters used: (a,c) 1500 ms, ISO 200; (b,d) 2000 ms, ISO 200; (e,f) 2500 ms, ISO 200.

atom percentages are given in Table S4. The carbon data show
a decrease upon adsorption of PLL, caused by the larger
amount of heteroatoms in PLL compared to the polymer
substrate. The highly comparable carbon decrease and
concomitant N and O increase observed for PLL-OEG and
PLL-OEG-biotin compared to the unmodiﬁed substrate
indicate adsorption of the PLL variants with comparable
coverage.
Surface functionalization with modiﬁed PLL requires
stability for a considerable period of time in order to be
used in biosensing or biomedical applications. Contact angle
measurements showed only slightly increased contact angles
for PLL-modiﬁed surfaces over 10 days when leaving such
functionalized substrates in Milli-Q (Table S3), which
conﬁrmed long-term coverage of the substrates with PLL.
Additionally, the stability of a MIMIC-patterned substrate in
solution was tested both over time (Figures 2e and S4) and
upon ultrasonication (Figure S5). Figure 2e shows the
normalized intensity of ﬂuorescent SAv-F-patterned lines on
PLL-biotin-covered COP, monitored during 0, 1, 4, 8, and 20
days in PBS (pH 7.4) with 1.0 mg/mL bovine serum albumin
(BSA) to mimic biological samples. The ﬂuorescence intensity
slowly decreased over time with a total loss of 40% after 20
days (Figure 2e). The same eﬀect was observed by 10 min
sonication with an intensity loss of around 7% (Figure S5).
Some pattern inhomogeneities were observed as well, in
particular after 20 days (Figure S4j). These results contrast to
some extent the contact angle data described above. Possibly,
the loss of ﬂuorescence over time is caused by photobleaching
of the dye as well as detachment of SAv (by denaturation), but
some partial desorption of PLL cannot be excluded.
DNA Recognition at MIMIC-Patterned Substrates.
The ability of easily customizing patterned surfaces upon
self-assembly of modiﬁed PLL is highly appealing for the
detection of biomolecules such as proteins and DNA.
Therefore, we tested capability of two diﬀerently modiﬁed
PLL polymers, PLL-OEG-biotin and PLL-OEG-Mal, to detect
cDNA sequences from solution both on COP and Ormostamp
biochip surfaces (Figure 3). As described above, we used
MIMIC with either PLL-OEG-biotin or PLL-OEG-Mal

Ormostamp as substrates. After activation by oxygen plasma, a
PDMS mold (containing channels 100 μm wide and spaced
100 μm) was used to pattern PLL-OEG-biotin (0.1 mg/mL in
PBS, pH 7.4) by MIMIC. After removal of the stamp and
rinsing the substrate, ﬂuorescently labeled SAv-F (PBS, pH
7.4) was adsorbed.
Figure 2a and c shows clear ﬂuorescent lines obtained after
the functionalization of the substrates, owing to the successful
adsorption of SAv-F onto both patterned surfaces. The empty
areas in between the lines indicates that the SAv bound only to
the areas where PLL-biotin was deposited. The absence of
clear ﬂuorescent lines in the control experiments (Figure 2b,d),
where patterns were made with only PLL-OEG, i.e., without
biotin moieties prior to the SAv-F binding, conﬁrms the
absence of nonspeciﬁc adsorption of SAv. Therefore, also the
antifouling behavior of the locally self-assembled PLL on the
plastic surface was proven. The line edge irregularities along
the ﬂuorescent lines on the Ormostamp surface (Figure 2c) are
likely due to imperfections and roughness of the material itself.
Overall, PLL can be successfully adsorbed on both materials
owing to the electrostatic interactions between the positively
charged amino groups at the lysine side chains at physiological
pH25,51 and the negatively charged surfaces after oxygen
plasma treatment, and the subsequent molecular recognition is
speciﬁc.
To further conﬁrm the attachment of the PLL polymers to
the substrates, contact angle goniometry was performed on
COP and Ormostamp substrates fully covered with PLL-OEG.
The measurements (Table S3) indicate for both substrates a
similar value of approximately 31.5°, proving the adsorption of
the modiﬁed PLL. This value was measured homogeneously all
over the surface. In addition, X-ray photoelectron spectroscopy
(XPS) was performed on fully functionalized COP surfaces.
Figure S3a and b reports the N 1s and S 2p spectra,
respectively, for bare, PLL-OEG, and PLL-OEG-biotinfunctionalized surfaces. Nitrogen peaks were visible only on
substrates functionalized with PLL (both PLL-OEG and PLLOEG-biotin), while the presence of the S 2p peak of the sulfur
was observed only for the PLL-OEG-biotin modiﬁcation,
conﬁrming the desired functionalization of the substrates. All
3168
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Figure 4. Fluorescence microscopy images, all of the same area of a PNA-functionalized microarray on PDMS, after incubation with a mixture of
three complementary DNA sequences each functionalized with a diﬀerent ﬂuorescent dye, using (a) blue (1500 ms ISO 400), (b) green (2000 ms,
ISO 400), and (c) red (2000 ms, ISO 400) ﬁlters; panel (d) shows the composite image. The PDMS substrate was ﬁrst oxidized and then
functionalized with 0.1 mg/mL PLL-OEG-Mal. The microarray stamping device was inked with 1 μM solutions of the PNA-thiol sequences and
then put in contact with the substrate for 30 s. After stamp removal, the substrate was rinsed and incubated with a mixture containing 0.33 μM of
each of the corresponding cDNA sequences.

Figure 3e and f, employing the complementary and noncomplementary DNA sequences, respectively. These results
show not only the similar behavior and applicability for both
types of materials surfaces but also the possibility of using
diﬀerent engineered probes (DNA and PNA) on the polymer
surface. Moreover, the use of PLL-OEG-Mal presents the
additional advantage of functionalizing substrates with a probe
in a single step, avoiding the extra SAv addition used for the
functionalization with PLL-OEG-biotin.
To test the stability of the PNA2/cDNA2-RRED-patterned
Ormostamp, the substrate was sonicated for 10 min. Despite a
loss of ﬂuorescence intensity of about 10% after the treatment
(Figure S6), the line width and homogeneity were maintained,
indicating the strong, spatioselective adhesion of PLL on
Ormostamp and the subsequent formation of the cDNA/PNA
complex.
The DNA biorecognition of a probe-modiﬁed PLL-OEGMal layer on a polymer substrate was also tested in continuous
ﬂow by quartz crystal microbalance with dissipation (QCMD). A SiO2 chip, spin-coated and cured with a thin ﬁlm of
Ormostamp, was activated by oxygen plasma and then
subjected to a solution of either PLL-OEG-Mal or PLL-OEG
(as a control), followed by anchoring of the deprotected thiolPNA2. Figure S7 shows the QCM-D time traces (frequency
shifts, Δf, in blue) of the binding process for cDNA2-RRED
and ncDNA2-RRED sequences on the PLL-OEG-Mal and
antifouling PLL-OEG layers. A detectable frequency shift was
only observed for cDNA2 adsorbed on a PNA2-bound PLLOEG-Mal layer, conﬁrming the successful adhesion of PLL,
subsequent probe binding, and speciﬁc hybridization, as well as
its antifouling properties.
Multiplexed DNA Detection. Probe-modiﬁed PLL can be
also exploited to create bioresponsive microarrays that allow
multiplexed DNA detection. We used, as a proof-of-concept, a
hydrogel-ﬁlled stamping device (Figure S8)47 with an array of

followed by the anchoring of the probes (Figure 1a,b). In the
case of PLL-OEG-biotin, the consecutive immobilization of
SAv-F (0.1 mg/mL) and biotin-DNA1 (1 μM) formed the
biorecognition pattern on the surface of COP. In the case of
PLL-OEG-Mal, the thiolated probe PNA2 (activated by TCEP
treatment just before coupling)45 was reacted onto the
Ormostamp surface.
As a proof-of-concept, upon immobilization of the probes
(biotin-DNA1 or PNA2) onto the surfaces, solutions of
corresponding ﬂuorescent dye-functionalized cDNA-Rhodamine Red (RRED) sequences were put onto the substrates.
Figure 3b and e shows the ﬂuorescence images of the COP and
Ormostamp substrates after the cDNA-RRED additions. In the
case of the COP substrates, functionalized with PLL-OEGbiotin and ﬂuorescent SAv, the presence of clear and bright red
patterns shows that the hybridization of the cDNA with the
DNA probe had occurred successfully. Moreover, the
colocalization of the green lines (Figure 3a), indicating the
presence of SAv, with the red ones (Figure 3b), due to the
presence of cDNA1-RRED, conﬁrms the selective hybridization
of the cDNA to the areas covered with the biotin-DNA1 probe,
indicating the absence of nonspeciﬁc interactions. When, in a
similar experiment, the same type of biorecognition surface was
treated with a noncomplementary DNA grafted with the
RRED dye (ncDNA1-RRED), the concomitant presence of
green (Figure 3c) and the absence of red ﬂuorescence (Figure
3d) conﬁrmed the binding selectivity of cDNA. Moreover, the
absence of ﬂuorescence in the case of ncDNA conﬁrmed the
beneﬁcial antifouling eﬀect of OEG chains anchored to the
PLL backbone, which prevented also the purely electrostatic,
nonspeciﬁc adsorption of negatively charged DNA strains onto
the surface-adsorbed, positively charged PLL.
Analogously, the PNA2 molecule grafted to the PLL-OEGMal polymer on Ormostamp exhibited a similarly selective and
speciﬁc response as evidenced by the comparison between
3169
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5 × 5 wells that were individually loaded with diﬀerent PNAthiol sequences to create the microarrays, yielding dotpatterned ﬁelds of 12 × 12 dots, with each dot being 5 μm
wide. Each ﬁeld was addressed by a single well of the stamp,
and ﬁelds were separated by 350 μm. PDMS was chosen as the
substrate material because of its conformal contact with the
stamping device. After oxygen plasma activation, the PDMS
surface was covered with PLL-OEG-Mal, and then the inked
stamp was put in contact with the substrate for approximately
10 min to allow the probe attachment to occur (Figure 1c).
Three diﬀerent PNA thiol sequences were used, here indicated
as PNA2, PNA3 and PNA4 (Table S2). Subsequently, the DNA
recognition ability of the PNA array was tested by depositing a
solution containing one or three complementary DNA probes,
each equipped with a diﬀerent ﬂuorescent dye (cDNA2DY415, cDNA3-F, and cDNA4-RRED).
Figure 4 shows the ﬂuorescence microscopy images after
incubation of a printed dot array with a mixture containing all
three cDNA sequences, taken at the same substrate area using
blue (Figure 4a), green (Figure 4b), and red (Figure 4c) ﬁlters,
while Figure 4d shows the composite image. From Figure 4,
several aspects can be noted. First of all, each ﬁeld of dots is
visualized only with the proper ﬁlter, and each color occurs at a
diﬀerent position, conﬁrming that the cDNA sequences were
selectively and orthogonally assembled from the mixture. No
cross contamination is observed on the array, demonstrating
the excellent selectivity of the PNA probes to recognize their
corresponding cDNA sequences. In addition, the absence of
ﬂuorescence in the nonprinted areas conﬁrms the antifouling
properties provided by the OEG groups bound to the PLL
backbone.
The selectivity of the PNA microarrays for a speciﬁc cDNA
sequence was further investigated by hybridization of the same
PNA arrays with a solution containing only one ﬂuorescent
cDNA sequence at a time. Figures S9−S11 reveal the
ﬂuorescent dot arrays corresponding solely to the hybridized
cDNA-dye used, retaining the antifouling behavior outside the
printed areas. These results demonstrate that the modiﬁed PLL
methodology is compatible with microarray printing techniques and multiplexed DNA analysis.

customized responsive (bio)interfaces in medical devices,
environment-friendly biosensors, and versatile coatings.

■

EXPERIMENTAL SECTION

Materials. Poly-L-lysine hydrobromide (MW = 15−30 kDa by
viscosity), EDC, NHS, tablets for 10 mM PBS solution (pH 7.4), 3trichlorosilylpropyl methacrylate, 2-hydroxyethyl methacrylate
(HEMA), ethylene glycoldimethacrylate (EGDMA), tridecaﬂuoro(1,1,2,2)-tetrahydrooctyl-trichlorosilane, bovine serum albumin,
ammonium persulfate (APS), and NaCl salt were purchased from
Sigma-Aldrich. Methyl-OEG4-NHS ester, biotin-OEG4-NHS ester,
Mal-OEG4-NHS ester, the Zeba spin desalting columns (7 kDa
MWCO, 5 mL), the immobilized TCEP disulﬁde reducing gel (tris[2carboxyethyl] phospine hydrochloride immobilized onto 4%crosslinked beaded agarose), and the streptavidin-Fluorescein conjugate
were obtained from ThermoFisher Scientiﬁc. Oligonucleotides were
purchased from Euroﬁns Genomics and used as received. SiO2 QCM
chips (with fundamental frequency of 5 MHz) were purchased from
Biolin Scientiﬁc. Poly(dimethylsiloxane) Sylgard 184 and curing agent
were used as received from Dow Corning. Ormostamp material and
MA-T1050 were purchased from Microresist. The PNA probes were
synthesized using the materials and the procedure previously
described for PNA2,52 as brieﬂy reported in the Supporting
Information together with the characterization of the newly
synthesized PNA3 and PNA4.
Synthesis of Modiﬁed PLLs. All modiﬁed PLLs were synthesized
according to previously reported procedures.44,45 1H NMR of PLLOEG(26.1)-biotin(5.7) (400 MHz D2O) δ [ppm] = 1.26−1.58
(lysine γ CH2), 1.63 1.85 (lysine β,δ CH2), 2.25 (biotin linker, CH2−
C(O)−NH−), 2.49 (ethylene glycol CH2 from both OEG and
biotin coupled, CH2−C(O)−NH), 2.75 (biotin, −S−CH2−), 2.98
(free lysine, H2N−CH2−), 3.15 (ethylene glycol CH2 of coupled
lysine from both OEG and biotin, C(O)−NH−CH2), 3.35 (OEG
methoxy, O−CH3), 3.53−3.78 (oligo ethylene glycol from both OEG
and biotin, CH2−O−), 4.26 (lysine backbone, NH−CH−C(O)−),
4.40 (biotin, −CH−NH−C(O)−NH−), 4.59 (biotin, −CH−
NH−C(O)−NH−).
1
H NMR of PLL-OEG(20.3)-Mal(4.5) (400 MHz D2O) δ [ppm]
= 1.26−1.56 (lysine γ CH2), 1.61 1.82 (lysine β,δ CH2), 2.49
(ethylene glycol CH2 from both OEG and Mal coupled, CH2 C(O)
NH), 2.99 (free lysine, H2N CH2), 3.16 (ethylene glycol CH2 of
coupled lysine from both OEG and Mal, C(O)−NH−CH2), 3.35
(OEG methoxy, −O−CH3), 3.58−3.79 (oligo ethylene glycol from
both OEG and Mal, CH2−O), 4.29 (lysine backbone, NH−CH−
C(O)−), 6.85 (maleimide from coupled Mal, −C(O)−CH−CH−
C(O)−).
Preparation of PDMS Substrates. Poly(dimethylsiloxane)
(PDMS) substrates (for use of the stamping device) and molds for
MIMIC were prepared as reported previously.47,53,54 In short, a 10:1
(v/v) mixture of PDMS and curing agent Sylgard 184 was casted
against either a ﬂat Petri dish or a silicon master with etched
structures (100 × 100 μm2) prepared by lithography. After overnight
curing at 60 °C, the PDMS in the Petri dish was stored as is, while the
PDMS on the silicon master was cut in small MIMIC molds, and their
edges were opened with a scalpel before storing.
MIMIC on COP/Ormostamp. MIMIC was performed following
previously reported procedures.47,54 Both PDMS mold and either
COP or Ormostamp substrates (approximately 1.5 × 1 cm2) were
cleaned by sonication in a mixture of Milli-Q water and EtOH (1:1),
dried by a stream of nitrogen, and activated by oxygen plasma for 1
min (Plasma Prep II, SPI Supplies; 200−230 mTorr, 40 mA).
Thereafter, the mold was placed on top of the activated polymeric
material to form the network of channels, owing to the conformal
contact. A drop (10−20 μL) of desired modiﬁed PLL solution (0.1
mg/mL in PBS, pH 7.4) was placed at the open edge of the PDMS
mold and the liquid ﬁlled the channels as a result of capillary forces.
The mold was peeled oﬀ, and the patterned PLL lines were rinsed
copiously with Milli-Q water.

■

CONCLUSIONS
In summary, we have demonstrated the versatile formation of
micropatterns on three diﬀerent polymeric materials (COP,
Ormostamp, PDMS) by exploiting modiﬁed poly-L-lysine
polymers for orthogonal adhesion and selective recognition
of biomolecules. As a proof-of-concept, DNA and PNA probes
were anchored onto the polymeric substrates, and the formed
biorecognition surfaces showed excellent selectivity for
complementary DNA sequences. We further extended the
patterning and recognition to a multiplexed analysis by
printing three diﬀerent PNA-thiol molecules, demonstrating
that the modiﬁed PLL methodology is compatible with the
delivery of engineered probes in microarray fashion.
All in all, these results underline the versatility of modiﬁed
PLL in combination with patterning techniques for biorecognition and future biosensing applications on a large
variety of substrate materials. The strategy outlined here to
attach modiﬁed PLL with customized appending groups is
promising for the speciﬁc and stable anchoring of biomolecules
onto virtually any polymeric substrate that presents negative
charges. This work may contribute to the development of
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Scanning Electron Microcopy (SEM). High resolution SEM
(JEOL Field Emission JSM-6330F, JEOL Benelux, The Netherlands)
with 3 keV electron acceleration was used to image the printing device
before and after the hydrogel formation (see below). The hydrogelﬁlled device was dried overnight at 60 °C prior mounting in the SEM
chamber.
Stamping Device Preparation, Loading and Printing on
PLL-OEG-Mal Covered Surfaces. The stamping device with
hydrogel wells was fabricated according to a previously reported
procedure.47 The hydrogel-ﬁlled printing device was removed from
the Milli-Q water storage solution and gently tapped on both reservoir
and printing sides with clean room paper to remove the excess of
water. Zooming on the well array (reservoir side) with the help of an
optical microscope, each well was individually ﬁlled with 0.25−0.5 μL
of the desired 1 μM PNA-thiol solution (PNA2, PNA3, and PNA4,
freshly deprotected using the TCEP reducing gel)45 using a syringe
and allowed to ink for 30 min. The ﬂat PDMS substrate (cut with a
scalpel to approximately 1.5 × 1 cm2) was activated following the
same procedure as COP and Ormostamp (see the section Fully
Covered COP/Ormostamp Substrates for Contact Angle and XPS
Measurements) and then functionalized with 80−100 μL of PLLOEG-Mal solution (0.1 mg/mL in PBS, pH7.4) for 5 min, followed
by washing with Milli-Q water and blow drying in a stream of
nitrogen. Thereafter, the inked stamping device was gently pressed on
top of the PLL-OEG-Mal-functionalized PDMS substrate to obtain
conformal contact. A ﬁrst print on a dummy piece of cleaned PDMS
was performed to allow the ink to reach the printing side. After 10
min, the stamping device was demolded from the substrate, which was
gently rinsed with Milli-Q water and dried with nitrogen. Then 80−
100 μL of solution containing a mixture of correspondent cDNA-dye
sequences (cDNA2-DY415, cDNA3-F, and cDNA4-RRED) or only
one of them at 0.33 μM (per DNA molecule) in PBS (pH 7.4) was
placed on top for 30 min. The excess of DNA solution was washed
away with Milli-Q water, and the PDMS substrate was immediately
dried under nitrogen ﬂow before the analysis at the ﬂuorescence
microscope.
Fluorescence Microscopy. Fluorescence microscopy images
were taken in air using an Olympus inverted research microscope
IX71 equipped with a mercury burner U-RFL-T as light source and a
digital Olympus DP70 camera. A combination of DAPI and Olympus
cubes were used to have blue (λex = 430 nm; λem = 470 nm), green
(460 nm ≤ λex ≤ 490 nm; λem = 525 nm), and red (510 nm ≤ λex ≤
550 nm; λem ≥ 590 nm) ﬁlters. The linear (average) and 3D intensity
proﬁles were obtained by taking a rectangular selection over the whole
picture, elaborated with ImageJ software.

Functionalization of Substrates Patterned by MIMIC. PLLOEG-biotin patterned substrates were functionalized by consecutively
depositing 80 μL of 0.1 mg/mL SAv-F solution in PBS (pH 7.4) for 5
min and 1 μM of biotin-DNA in the same buﬀer for 10 min. The
substrates patterned with PLL-OEG-Mal were covered for 10 min
with an 80 μL solution of PNA-thiol probe (1 μM in PBS, pH 7.4),
freshly deprotected from the disulﬁde group (SPDP = 3-(2pyridyldithio)propionyl) using the TCEP reducing gel following the
procedure described in our previous work.45 Hybridization experiments were performed by placing on top of both patterned
recognition surfaces (COP and Ormostmap) 80−100 μL of
corresponding ncDNA-RRED or cDNA-RRED solutions (1 μM in
PBS, pH 7.4) for 10 min. After every deposition step, substrates were
rinsed with Milli-Q water and blown dry in a stream of nitrogen.
Fully Covered COP/Ormostamp Substrates for Contact
Angle and XPS Measurements. COP and Ormostamp substrates
(1.5 × 1.0 cm) were activated as previously described, immersed in a
solution of PLL-OEG (0.1 mg/mL in PBS, pH 7.4) for 30 min and
then rinsed with Milli-Q water. Control samples were immersed in
PBS (pH 7.4) solution, without PLL. Contact angle measurements
were recorded before and after the activation, and after the
functionalization. Thereafter, the substrates were stored in Milli-Q
water, and the contact angle was monitored for 10 days. COP
substrates for XPS were prepared following the same procedure, and
were fully dipped in the solutions of pure PBS, without or with PLLOEG or PLL-OEG-biotin (0.1 mg/mL, pH 7.4).
Spin-Coating of Ormostamp on SiO2 QCM and PET
Substrates. For all regular Ormostamp substrates described above,
using an adapted procedure previously reported,55 a drop of
Ormostamp solution was manually dispensed on a PET substrate.
By using a laboratory customized imprinting setup, a ﬂat glass wafer
previously coated with the antiadhesion coating tridecaﬂuoro(1,1,2,2)-tetrahydrooctyl-trichlorosilane was pressed against uncured
Ormostamp. UV-light from an OmniCure LX400 with 365 nm LED
source was exposed through the glass wafer acting as an imprint tool.
After being released from the mold, a ﬂat layer of approximately 30
μm of cured Ormostamp was formed on the PET substrate.
Prior to coating, the QCM chips were treated by oxygen plasma
(Pico, Diener Electronic GmbH) for 30 s. The Ormostamp material
was diluted in Ma-T1050 (1:10,v/v) and spin-coated at 3000 rpm for
60 s. After the spinning, the Ma-T1050 thinner was evaporated out at
130 °C for 10 min on a hot plate. To UV-cure the Ormostamp layer,
QCM chips were placed in a vacuum chamber (Pico, Diener
Electronic GmbH) and UV-light from OmniCure LX400 with a 365
nm LED source was exposed through a window, forming a 200 nm
thin layer of Ormostamp.
Quartz Crystal Microbalance with Dissipation Monitoring
(QCM-D). Silica-coated (50 nm, QSX303) QCM-D sensors from
LOT-Quantum were spin-coated with Ormostamp, and then washed
with Milli-Q water and EtOH, sonicated in EtOH for 5 min, dried in a
stream of nitrogen and ﬁnally oxidized in oxygen plasma (Plasma Prep
II, SPI Supplies; 200−230 mTorr, 40 mA) for 1 min. Activated chips
were fully immersed in a solution of either PLL-OEG or PLL-OEGMal (0.1 mg/mL in PBS, pH 7.4) for 30 min, followed by incubation
in 1 μM of activated PNA2 thiol solution (PBS, pH 7.4) for 30 min.
After each modiﬁcation step, the Ormostamp-coated chips were
gently rinsed with Milli-Q water and dried in a stream of nitrogen.
QCM-D measurements were performed using a Q-Sense E4 4channel quartz crystal microbalance with a peristaltic pump (Biolin
Scientiﬁc), monitoring the ﬁfth fundamental overtone. All experiments were performed in PBS buﬀer (pH 7.4) with a ﬂow rate of 80
μL/min at 22 °C.
X-ray Photoelectron Spectroscopy (XPS). XPS measurements
were performed using a Quantera SXM machine (scanning XPS
microprobe) from Physical Electronics equipped with a monochromatic Al Kα X-ray source (1486.6 eV). During the analyses, the
ﬁlament current was kept at 2.6 mA and the power was 50 W. The
working chamber pressure was maintained at 3 × 10−8 Torr. The size
of the X-ray beam used in the analysis was 200 μm.
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Use of PLL-g-PEG in Micro-Fluidic Devices for Localizing Selective
and Specific Protein Binding. Langmuir 2006, 22, 10103−10108.
(29) Sun, K.; Xie, Y.; Ye, D.; Zhao, Y.; Cui, Y.; Long, F.; Zhang, W.;
Jiang, X. Mussel-Inspired Anchoring for Patterning Cells Using
Polydopamine. Langmuir 2012, 28, 2131−2136.
(30) Elbert, D. L.; Hubbell, J. A. Reduction of Fibrous Adhesion
Formation by a Copolymer Possessing an Affinity for Anionic
Surfaces. J. Biomed. Mater. Res. 1998, 42, 55−65.
(31) Lussi, J. W.; Falconnet, D.; Hubbell, J. A.; Textor, M.; Csucs, G.
Pattern Stability under Cell Culture Conditions A Comparative
Study of Patterning Methods Based on PLL-g-PEG Background
Passivation. Biomaterials 2006, 27, 2534−2541.
(32) Huang, N.; Vörös, J.; De Paul, S. M.; Textor, M.; Spencer, N.
D. Biotin-Derivatized Poly(L-Lysine)-g-Poly(Ethylene Glycol): A
Novel Polymeric Interface for Bioaffinity Sensing. Langmuir 2002,
18, 220−230.
(33) Zhen, G.; Falconnet, D.; Kuennemann, E.; Vörös, J.; Spencer,
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