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ABSTRACT. Fluorous chemistry has unique features and high potential applicability, which are
distinct from those of nonfluorinated organic compounds. However, there are limited reports
detailing the applications of fluorous—fluorous interactions (fluorophilicity or fluorous affinity),
likely because these interactions are not found in nature. In the present study, we describe the
rewritable surface functionalization of a plastic substrate based on fluorous affinity. Plastic
substrates were dip-coated with a series of methacrylate-based fluoropolymers to generate fluorous
surfaces. Fluorous-tagged small molecule (perfluoroalkyl (Rf) amines) were immobilized on the

fluorous surfaces via fluorous—fluorous interactions, thereby introducing reactive functional



groups (amino moieties) on the surface. The amino groups displayed on the surface (accessible by
a reactant) were successfully quantified using a reactive fluorophore, which enabled quantitative
analysis of the Rf-amines immobilized on the fluorous surface that were available for the
subsequent reaction. The effect of the molecular structures of the fluoropolymers and Rf-amines
on the surface immobilization of Rf-amines were also investigated quantitatively. The surface
coated with a fluoropolymer containing —CsFi7 most effectively immobilized an Rf-amine
comprising two —Ce¢F13 chains. The adhered Rf-amines were easily removed by washing the
surface with methanol, and then, they could successfully be re-immobilized on the surface. Finally,
the presented approach enabled the rewritable micropatterning of an Rf-tagged biomolecule on a

plastic surface through microcontact printing.

1. INTRODUCTION

Surface functionalization of inexpensive bulk materials represents a rational approach for
producing multifunctional devices and adding value to inexpensive bulk materials because it
exploits the mechanical characteristics of the bulk materials and creates tailored functional
properties on the surfaces. A commodity plastic substrate comprises a wide variety of plastics that
exhibit properties that make them advantageous bulk materials, including plasticity, light-weight,
disposability, tunable transparency, and compatibility with other polymers. These characteristics
lead to safe and disposable diagnostic devices, portable analytical devices, and replaceable
separation/adsorption units. To date, numerous methods have been developed for functionalizing
the surfaces of plastic substrates."® For example, coating a plastic surface with a functional
polymer solution is one of the most practical and simple strategies. In many cases, a functional

polymer is more expensive than a commodity plastic. Coating with a functional polymer solution



can functionalize the surfaces of substrates with various shapes and sizes, and can minimize the
usage of the functional polymer, which does not affect the mechanical characteristics of a substrate.
Our group previously studied plastic substrates dip-coated with a functional polymer solution and
succeeded in introducing reactive groups on the outermost surface.”'® However, surface
functionalization based on the dip-coating approach is irreversible and not well suited for
micropatterning without lithography. Reversible surface functionalization is generally termed
“rewritable”,!'"!> and this process can enable erasable information storage and reduce plastic

wastes. Micropatterning without lithography allows for surface functionalization of designated

surface areas of objects with complicated structures.

Rewritable surface functionalization based on fluorous chemistry represents one potential way
to overcome these challenges. Perfluorinated organic compounds, especially those containing
perfluoroalkyl groups (Rf groups), seem to have attractive interactions with other perfluorinated
organic compounds in water and organic solvents due to the decreased interaction between
perfluorinated compounds and other (solvent) molecules. These interactions are known as
fluorophilicity,'® 7 fluorous affinity or fluorous—fluorous interactions, and they have been
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exploited for liquid phase separations using a fluorous phase, organic synthesis with facile

23, 24

product/catalyst separation,?" 2 fluorous affinity columns, and surface immobilization of

various fluorous-tagged molecules.?>3! In general, an Rf group is chemically stable, and a surface

functionalized with Rf groups exhibits inert and low-fouling properties.® 3% 33

Several studies have described the immobilization of fluorous-tagged molecules on fluorous
surfaces using fluorous—fluorous interactions as non-covalent linkages.?>-3! 3437 Interestingly, the
Spring and Clark groups demonstrated the facile removal of surface-bound fluorous-tagged

molecules via simple solvent washing.** 3> Most of these studies report the successful preparation



of glass-based microarrays using fluorous—fluorous interactions, which were evaluated for
qualitative assays. To our knowledge, quantitative investigations regarding the immobilization of

fluorous-tagged molecules on a fluorous surface have not yet been conducted.

In the present study, a plastic substrate was dip-coated with a fluoropolymer solution to prepare
a fluorous surface (Figure 1). A series of methacrylate-based fluoropolymers and Rf-amines were
synthesized for this purpose. Rf-amines were immobilized on the fluorous surface to introduce
reactive functional groups (amino groups) on an inert (fluorous) surface. The amino groups on the
surface were quantified using a reactive fluorophore, and the effects of the molecular structures of
the fluoropolymers and Rf-amines on the surface immobilization of Rf-amines were investigated.
Finally, rewritable micropatterning of an Rf-tagged biomolecule was successfully performed on a

fluorous surface using microcontact printing (LCP).
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Figure 1. a, b) Chemical structures of a random fluorocopolymer (PF8-(6:4)) synthesized and a
perfluoroalkyl (Rf) amine ((Rf6)2-NHz). ¢) Schematic illustration of a rewritable surface using

fluorous affinity.



2. EXPERIMENTAL

Materials

Materials, synthesis of Rf-amines and characterization results are provided in the Supporting

Information (Tables S1-S2; Figures S1-S15; Schemes S1-S3).

Polymerization of fluorocopolymers (PF8-(X:Y), PF6-(6:4), and PF4-(6:4)).

Free-radical polymerization was performed to synthesize random fluorocopolymers containing
Rf groups. For example, MMA, 2-(perfluorooctyl)ethyl acrylate (PFEAS), and AIBN (0.5 wt.%
relative to the total monomer weight) were dissolved in ethyl acetate and stirred at 70 °C overnight
in a glass vial to prepare (PF8-(X:Y) (Figure la), where X and Y represent the monomer
compositions. The quantities of each reagent used for the polymerization are summarized in Table
S1. Each reaction solution was poured into excess n-hexane to precipitate the copolymer, which
was then washed twice with excess n-hexane. The copolymer was then dried at 50 °C overnight
under vacuum. Poly(MMA-r-PFEA6) (PF6-(6:4)) and poly(MMA-r-PFEA4) (PF4-(6:4)) were
also synthesized in a similar manner, where PFEA4 and PFEAG6 represent 2-(perfluorobutyl)ethyl
acrylate and 2-(perfluorohexyl)ethyl acrylate, respectively. Table S2 summarizes the number-

averaged molecular weights (Mn) and polydispersity indices (Mw/Mn) of PFn-(6:4).

Characterization



Proton nuclear magnetic resonance ('"H-NMR) analysis was performed using an Avance-500
(Bruker BioSpin GmbH, Rheinstetten, Germany) in chloroform-d solvent containing 0.03 wt.%

tetramethylsilane as an internal standard. The 'H-NMR results are presented in Figures S1-S7.

The weight-averaged molecular weight (Mw) and number-average molecular weight (Mn) were
measured using a size exclusion chromatograph (SEC; LC-2000 plus, JASCO, Tokyo, Japan)
equipped with a 7.5 x 300 mm SEC column (GF510, Showa Denko K.K., Tokyo, Japan) and a
refractive index detector (RI-8031, JASCO, Tokyo, Japan) at 40 °C using tetrahydrofuran (THF)
as an eluent. Poly(methyl methacrylate) was used for the molecular weight standards. The
molecular weights and polydispersity of the synthesized copolymers are compiled in Table S1 in
the main text. The densities of the copolymers were measured using a sink-float density

determination method.

Dip-coating of PF8-(X:Y) on an acrylic (PMMA) substrate

PMMA substrates were dip-coated in a copolymer solution, and perfluoroalkyl (Rf) groups
were introduced on the outermost surface of the substrate using the following procedure. A PMMA
substrate (0.5-mm-thick) was cut into 1 cm x 1 cm pieces. PF8-(X:Y) was dissolved in ethyl acetate
to prepare a 1 wt.% copolymer solution. A PMMA substrate (1 cm X 1 cm) was immersed in the
copolymer solution for a few seconds and withdrawn from a solution over 3 s. The PMMA

substrate was then dried at room temperature overnight under vacuum.

Contact angle measurements using water and oil droplets were performed using a digital
automated contact angle goniometer DMs-401 (Kyowa Interface Science Co., Ltd., Niiza, Japan)

at room temperature. Water and oil (n-hexadecane) droplets were 5 pL.



X-ray photoelectron spectroscopy (XPS) measurements were performed using a PHI X-tool X-
ray photon spectrometer (ULVAC, Chigasaki, Japan) using an Al Ka source (15 kV, 48 W). To
obtain wide spectra, the photoelectron take-off angle was 45°, and the spot size was 199 um x 199
um. Survey scans were performed with a pass energy of 280 eV and a step size of 1.0 eV. Depth
profiling was performed using an Ar" source at 4.00 keV; the scanning range was 699.0-679.0 eV
(step size = 0.25 eV), and the sputtering was carried out in one-minute intervals for a total of 40

min.

Field-emission scanning electron microscopy (FE-SEM) observations were performed using a
JSM-7500F field-emission scanning electron microscope (JEOL, Tokyo, Japan) (Figure S8). All

SEM images were collected at an acceleration voltage of 7 kV and an emission current of 100 pA.

Immobilization of Rf-amines and quantification of surface-displayed amino groups

As an example, Rf8-NH2 was dissolved in a solvent mixture (DMSO:methanol:water = 2:2:1
volume ratio) to prepare a solution containing 1.0 mM Rf8-NHz. Dip-coated substrates were
immersed in 2 mL of the Rf8-NH:z solution, followed by gentle shaking for 1.5 h at room
temperature. The substrates were withdrawn from the solution and dried at 50 °C for 4 h under
vacuum. The substrates were washed with an excess amount of water and floated on a 0.75-mL
phosphate buffer solution (50 mM, pH 7.8) containing 0.1 mM sulfo-Cy5-NHS ester, followed by
gentle shaking for 4 h at room temperature. The substrates were washed with phosphate buffer (0.1
M, pH 7.8) three times and immersed in fresh phosphate buffer (2 mL), followed by gentle shaking
for 1 h. The substrates were then immersed in methanol (2 mL) and shaken for 1 h to liberate Cy5-

tagged Rf8-NH>2 from the substrate surfaces. The fluorescence intensity (excitation at 646 nm,



emission at 662 nm) of the methanol containing Cy5-tagged Rf8-NH2 was measured using a
fluorescence spectrophotometer (FP-8200, JASCO, Tokyo, Japan). The measurements were
repeated three times and the data were averaged and the results presented with error bars (standard

deviations).

While the above procedure employed 0.1 mM sulfo-Cy5-NHS ester, sulfo-Cy5-NHS ester at
higher concentrations (0.2 mM and 0.4 mM) was also used for the quantification of the surface-
displayed amino groups. There was no obvious difference in the quantification among these
concentrations of sulfo-Cy5-NHS ester, indicating that 0.1 mM sulfo-Cy5-NHS ester was

sufficient for the quantification.

Rewriting on a PF8-(6:4)-coated surface

The PF8-(6:4)-coated substrate was evaluated to test the rewritability of the system using
fluorous—fluorous interaction. The writing procedure (i.e., (Rf6)2-NH2 immobilization, Figure 1b)
and the removal procedure (i.e., washing out (Rf6)2-NHz, Figure 1¢) were repeated. The writing
procedure was carried out as follows. The PF8-(6:4)-coated substrate was immersed in 2 mL of
(Rf6)2-NH2 solution (1 mM, in a DMSO/methanol/water mixture) and shaken for 1.5 h at 25 °C.
The substrate was dried at 50 °C for 4 h. The substrate was washed with excess water and dried
under vacuum. The substrate was floated on 0.10 mM sulfo-Cy5-NHS ester solution (0.75 mL)
and shaken for 4 h at room temperature. The substrate was washed with phosphate buffer three

times and immersed in a fresh phosphate buffer solution (2 mL) and shaken for 1 h.

The removal procedure was carried out as follows. The substrate obtained by the procedure

described above was immersed in 2 mL of a methanol/water mixture (3:1 volume ratio) and shaken



for 1 h to cleave the fluorous—fluorous interactions. The substrate was then immersed in 2 mL of
an aqueous solution containing 1 wt.% sodium dodecyl sulfate (SDS) for 1 min, and then washed
with water and a methanol/water mixture three times. The substrate was finally immersed in 2 mL
of'a methanol/water mixture (3:1 volume ratio), shaken for 30 min at room temperature, and dried

under vacuum.

Microcontact printing of (Rf6):-biotin

To prepare a polydimethylsiloxane (PDMS) stamp, a SYLGARD™ 184 Silicone Elastomer Kit
(Dow Inc., Midland, MI) was employed. The base and curing agents were mixed in a 10:1 mass
ratio, and the mixture was added to an aluminum stamp mold. After degassing under vacuum, the
mixture and mold were heated to 80 °C in an oven. The PDMS stamp was removed from the mold

and cut into 1-cm squares (Figure S15).

(Rf6)2-biotin was dissolved in methanol to prepare a 10 mM solution. The (Rf6)2-biotin solution
(20 pL) was applied to the PDMS stamp and dried for 1 h at room temperature. The PDMS stamp
was placed on the PF8-(6:4)-coated surface, and a 50-g weight was placed on the PDMS stamp for
30 min. The stamped substrate was then washed with an excess amount of water three times and
dried under vacuum. A Streptavidin Fluor™ 488 conjugate solution (30 pL, 10 pg/mL, in 50 mM
phosphate buffer pH 7.4) was put on the stamped substrate surface and incubated for 5 min. The
substrate was washed with an excess amount of water three times. The substrate surface was
observed using a confocal laser scanning microscope (CLSM; Fluoroview FL3000, Olympus,
Tokyo, Japan). To remove the (Rf6)2-biotin/streptavidin complex, the substrate was immersed in

2 mL of an aqueous solution containing 1 wt.% SDS for 1 min, then washed with water and



immersed in 2 mL of a methanol/water solution (3:1 volume ratio) for 30 min at 25 °C three times.
After vacuum drying, the microcontact printing procedure followed by the removal using a

methanol/water solution was repeated twice more.

3. RESULTS & DISCUSSION
3.1 Contact angle measurements of dip-coated acrylic surfaces

Random fluorocopolymers, termed PF8-(X:Y), with various monomer compositions were
synthesized using methyl methacrylate (MMA) and 2-(perfluorooctyl)ethyl acrylate (PFEAS) as
monomers (Figure 1). The monomer ratio of X to Y (i.e., MMA:PFEAR) in the reaction ranged
from 10:0 to 5:5. "TH-NMR analysis revealed that the monomer ratios in the products were very
close to those in the reaction, as shown in Table 1. The number-averaged molecular weights (Mn)
and polydispersity indices (Mw/Mn) of the copolymers are also summarized in Table 1. Many
copolymers were successfully synthesized with Mn greater than 3 x 10*. However, the PF8-(5:5)
gave an Mn of only 1.9 x 10°. In general, a high content of Rf groups in a polymer decreases its
solubility in a non-halogenated solvent and also promote the self-folding of a polymer,**-*° which
resulted in the small molecular weight in the synthesis of PF8-(5:5). A PMMA substrate was dip-
coated with an ethyl acetate solution containing PF8-(X:Y) to introduce Rf groups on the
outermost surface. For example, the weight change of an acrylic substrate following dip-coating
in PF8-(6:4) indicated that the thickness of the dip-coated layer was approximately 0.4 um based

on the density of PF8-(6:4) (1.46 g/cm®) (see Supporting Information for details).

Field-emission scanning electron microscopy (FE-SEM) revealed that there was no appreciable
difference between the bare and PF8-(6:4)-coated surfaces, thus indicating the successful

preparation of a flat surface after dip-coating (Figure S8). The surface properties of bare and dip-
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coated substrates were evaluated according to the water contact angle (WCA) (Figure 2a,c) and oil
contact angle (OCA) (Figure 2b,d) analysis. The WCA on a bare PMMA surface was
approximately 66°, which was consistent with previous reports.® '© The WCA of PF8-(X:Y)-
coated surfaces increased according to the increase in the proportion of PFEA8 monomer in the
copolymer; WCAs of surfaces coated with PF8-(6:4) and PF8-(5:5) were both about 114°,
indicating that these surfaces were highly hydrophobic. The OCA measurements were also
performed on the substrates using n-hexadecane. The OCA of the bare PMMA surface was about
13°, which was typical for a PMMA surface,*" *? and the OCA of PF8-(X:Y)-coated surfaces also
increased according to the increase in the proportion of PFEAS in the copolymer. The OCAs of
surfaces coated with PF8-(6:4) and PF8-(5:5) were about 76°, meaning that the surfaces were oil-
repellent. These high WCAs and OCAs suggested that Rf groups were introduced on the outermost
surfaces of the substrates following the dip-coating process. In addition, as the monomer ratio of
PFEAS increased in the copolymer, the quantity of Rf groups present on the surface increased; the
large contact angles of water and oil droplets confirmed the high composition of Rf groups on the

outermost surface.

Table 1. Number-average molecular weights (Mn) and polydispersity indices (Mw/Mn) of PF8§-

(X:Y).*
Polymer Monomer ratio in a product Mn Mw/Mn
PF8-(9:1) 94:6 4.6% 10" 1.5
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PF8-(8:2) 85:15 6.9 x 10" 1.5

PF8-(7:3) 73:27 55x10° 1.4
PF8-(6:4) 58:42 3.1%10° 1.4
PF8-(5:5) 51:49 1.9%10° 1.2

*Mn and Mw/Mn were determined by size-exclusion chromatography.

a

S

PMMA PF8-(9:1) PF8-(8:2) PF8(7:3) PF8-(6:4) PF8-(5:5)
(Bare surface)
. 4 - r o 7 L bt [ )

e ——

PMMA PF8-(9:1) PF8-(8:2)  PF8-(7:3) PF8-(6:4) PF8-(5:5)
(Bare surface)

)
-
N
o
=2}
o

7 100 :
= 560 |
& 80 E
S 40 £
o 020 r
2 20 =
2 © o
0 AN N AN NS
>N D SN 6 2PN AL N SO
& o & &7 & & éé‘;go" RN G N
@ D (L n-
ToE & & & & C& € & &
@'b Surface N4 Surface

Figure 2. Optical images of (a) water and (b) oil contact angles on substrate surfaces, and charts

depicting the (c) water and (d) oil contact angles on substrate surfaces.
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3.2 X-ray photoelectron spectroscopy analysis of dip-coated PMMA surfaces

X-ray photoelectron spectroscopy (XPS) analysis of bare and PF8-(6:4)-coated surfaces was
performed (Figure 3a,b). The Ols and Cls peaks (at 531 eV and 285 eV, respectively) were
observed on the bare PMMA surface, whereas Ols, Cls, Fls (685 eV), and FkrL (832 eV) peaks
were observed on the PF8-(6:4)-dip-coated surface. These results confirmed that Rf groups were

displayed on the outermost surface of the PF8-(6:4)-coated substrate.

XPS depth analysis was performed for the Fls peak, and Figure 3c,d presents the XPS depth
profiles of bare PMMA and PF8-(6:4)-dip-coated substrates. No discernable peak was observed
around 685 eV on the bare PMMA surface, even after Ar" sputtering for 40 min. When the PF8-
(6:4)-coated surface was sputtered with Ar", an F1s peak was observed in the first minute, but no
peak was observed during the remaining sputtering time. These results suggested that Rf groups
were segregated to the outermost surface of the substrate, likely because the Rf groups

preferentially minimize the surface energy at the air-polymer interface.® -+
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Figure 3. XPS spectra of (a) bare PMMA and (b) PF8-(6:4)-coated PMMA substrate surfaces;

XPS depth profiles of (¢c) bare PMMA and (d) PMMA coated with PF8-(6:4).

3.3 Immobilization of an Rf-tagged small molecule on dip-coated surfaces via fluorous

affinity

To demonstrate a fluorous—fluorous interaction on the PF8-(6:4)-coated surface, an Rf-tagged
small molecule, CsF17-CH2-NH2 (Rf8-NH2), was immobilized on the PF8-(6:4)-coated surface.
Following the immobilization of Rf8-NHz, the surface-bound amino groups of Rf§-NH: were
conjugated with a reactive fluorophore (sulfo-Cy5 NHS ester), and the Cy5-tagged Rf8-NH2 was

then liberated into methanol. The amount of fluorophore liberated in methanol was quantified
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using a fluorescence spectrophotometer to deduce the amount of Rf8-NH2 immobilized on the
surfaces. In general, a reaction yield on a solid surface using a dissolved reactant does not reach
100% because of several factors (steric hindrance, repulsive interaction, surface-specific
microenvironment etc).*® In the present study, amino groups reacted on the surface represented the
amino groups that were accessible by a reactant in solution. The amount of the accessible amino
groups was regarded as the amount of the immobilized Rf-tagged small molecule that were
available for the subsequent reaction. A schematic diagram illustrating the immobilization of Rf8-

NH: and its quantification is presented in Figure 4a.

Figure 4b shows the amount of fluorophore immobilized on the analyzed substrate surfaces. A
negligible amount of the fluorophore was adsorbed on the bare and dip-coated surfaces without
Rf8-NH:, and a relatively small amount of the fluorophore was observed on the bare PMMA
surface with Rf8-NHz. However, significant amounts of fluorophore were detected on the dip-
coated surfaces with immobilized Rf8-NHz2. As the monomer ratio of MMA:PFEAS8 increased
from 9:1 to 6:4, the amount of immobilized fluorophore also increased, but a monomer ratio of 5:5
resulted in a slightly decreased amount of immobilized fluorophore. The largest amount of

fluorophore (= the amount of Rf§-NH2) was immobilized on the surface coated with PF8-(6:4).

To clarify the importance of fluorous—fluorous interactions for the immobilization on the PF8§-
(6:4)-coated surface, 1-octylamine was used as an alternative to Rf8-NHz. Sulfo-Cy5-NHS-ester
was conjugated to 1-octylamine immobilized on the surface. Fluorescence measurements revealed
that there was a negligible amount (<0.3 pmol/cm?) of the fluorophore immobilized on the PF8-
(6:4)-coated surface. These results indicated that the fluorous—fluorous interactions were essential
for the immobilization of an Rf-tagged small molecule on a fluorous surface, and furthermore,

PF8-(6:4) was an optimal coating polymer for the immobilization of Rf-tagged small molecules.
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Figure 4. (a) Schematic illustration of the immobilization of Rf8-NH2 on a fluorous surface and
the quantification of surface-bound Rf8-NH3; (b) quantities of sulfo-Cy5-NHS-ester immobilized

on PF8-(X:Y)-coated surfaces with and without Rf§8-NHo.

3.4 Effect of the Rf-amine’s molecular structure on its surface immeobilization

To effectively immobilize Rf-amines on the dip-coated surface, Rf-amines with various
molecular structures were investigated. Four distinct Rf-amines were prepared to evaluate the

interactions between Rf-amines and the PF8-(6:4)-dip-coated surface (Figure 5a). Specifically,
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Rf6-NH> had a single Rf chain and a carbon chain length of six; Rf8-NH2 had a single Rf chain
and a carbon chain length of eight; (Rf4)2-NH2 had two Rf chains, each with a carbon chain length
of four; (Rf6)2-NH:2 had two Rf chains, each with a carbon chain length of six. These Rf-amines
were immobilized on the PF8-(6:4)-coated surface via fluorous—fluorous interactions, and the
immobilized Rf-amines were quantified using a reactive fluorophore following the procedure
described above. The quantity of the immobilized fluorophore was considered to represent the

amount of Rf-amines in the experiments discussed below.

Figure 5b shows the amounts of Rf-amines immobilized on the studied surfaces. A bare PMMA
surface immobilized a relatively small amount of Rf-amines except for (Rf6):-NH2; the
considerable amount of (Rf6)2-NH2 was likely immobilized on the bare PMMA surface through
nonspecific adsorption, probably because of its high hydrophobicity and its low solubility in water.
There were negligible quantities of the fluorophores adsorbed on the PF8-(6:4)-coated substrate
without an Rf-amine, thus highlighting the low-fouling properties of the PF8-(6:4)-coated surface.
Several reports have demonstrated that fluorinated surfaces exhibit low-fouling properties.” 47 48
The fluorinated surface prepared in the present study also showed low adsorption of organic
compounds. However, remarkable amounts of the Rf-amines were immobilized on the PF8-(6:4)-
coated surface. In particular, (Rf4):-NH2 and (Rf6)2-NH2 were immobilized at greater than 6
pmol/cm?. The presence of two Rf chains in these compounds seemed to enhance their interactions
with the fluorinated surface, while the amide bonds in the (Rf4)-NH2 and (Rf6)2-NH2 reduced
their water solubility, which might also help the immobilization. (Rf6)2-NH2 was immobilized in

the largest amount on the PF8-(6:4)-coated surface. These results suggest that Rf6- was more

effective than Rf4- in terms of immobilization on the fluorous surface. Overall, it was concluded

17



that the number and length of Rf chains played a significant role in their surface immobilization

49, 50

based on fluorous affinity.
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Figure 5. (a) Chemical structures of Rf-amines used in this study; (b) amounts of sulfo-Cy5-NHS-

ester immobilized on PF8-(6:4)-coated surfaces with and without Rf-amines.

XPS Nls (~400 eV) depth analysis was performed for the PF8-(6:4)-coated surfaces with
immobilized Rf-amines (Figure 6). The Nls peaks were ambiguous on the PF8-(6:4)-coated

surfaces with immobilized Rf6-NH2, Rf8-NH2, and (Rf4)>-NH: (Figure 6a, 6b, and 6c,
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respectively) although the investigations described above using the fluorophore indicated the
presence of these amino groups on the substrate surfaces. In general, the XPS detection sensitivity
for N1s is relatively lower than for F1s.” The N1s peak was clearly observed on the outermost
surface of the PF8-(6:4)-coated substrate with immobilized (Rf6)2-NHa. The possible reasons why
the high intensity of N1s was observed only on the PF8-(6:4)-coated substrate were the relatively
large amount of (Rf6)2-NH2 molecules immobilized on the surface and their molecular orientation
on the surface. The amino groups of the immobilized (Rf6)2-NH2 molecules might point toward
the bulk substrate due to fluorous—fluorous interaction; therefore, the amino groups might be
oriented outward, enhancing the intensity of N1s. However, there are still uncertainties on the

control of molecular orientation on the surface.
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Figure 6. XPS N1s depth profiles of PF8-(6:4)-coated surfaces that immobilized Rf-amines: (a)

Rf6-NH2; (b) Rf8-NHz; (¢) (Rf4)2-NHz; (d) (Rf6)2-NHa.
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3.5. Effect of the Rf groups in the fluoropolymer on the immobilization of Rf-amines

The effect of the chain length of the Rf groups in the fluoropolymer on the immobilization of
Rf-amines was investigated. Fluoropolymers with various Rf group chain lengths were synthesized
for this purpose (PF#; Figure 7a, Table S2). The monomer composition (MMA:Rf-acrylate) was
set at 6:4, and PMMA substrates were dip-coated with the copolymers (e.g., PF8-(6:4), PF6-(6:4),
and PF4-(6:4)) before immobilizing Rf-amines on the surfaces. Again, the Rf-amines immobilized

on the surfaces were quantified using a reactive fluorophore.

Figure 7b shows the amount of fluorophore immobilized on the investigated surfaces with and
without Rf-amines (or octylamine). Small amounts of the fluorophore were adsorbed on bare and
dip-coated substrates without Rf§-NH3, and in the presence of Rf§-NH>, a relatively small amount
of the fluorophore was detected on the bare PMMA substrate. Large amounts of the fluorophore
were immobilized on the dip-coated surfaces with Rf8-NH>, although the amount varied according
to the type of dip-coated copolymer. In particular, the PF4-(6:4)-coated surface immobilized the
fluorophore at approximately 5 pmol/cm? in the presence of Rf8-NH>, which was the largest

among the surfaces.
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Figure 7. (a) Chemical structures of synthesized fluoropolymers; (b) amounts of sulfo-Cy5-NHS-

ester immobilized on the fluoropolymer-coated surfaces with and without Rf-amines or octylamine.

In addition, (Rf6)2-NH2 was immobilized on bare and dip-coated surfaces. Significant amounts
of the fluorophore were observed on the dip-coated surfaces in the presence of (Rf6)2-NHz, which
were superior to those of Rf§-NHz. The amount of fluorophore immobilized depended on the
properties of the dip-coating copolymer. Unlike the results obtained with Rf8-NH3, the PF8-(6:4)-
coated surface immobilized the largest amount of fluorophore in this case (~8.2 pmol/cm?). (Rf6)2-

NH:2 had two Rf groups and two amide bonds, which made (Rf6)2-NH:2 highly hydrophobic. The
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high hydrophobicity would also increase hydrophobic interaction in aqueous solution, probably
resulting in the nonspecific adsorption of (Rf6)2-NH2 on a bare substrate. These results indicated
that a large amount of (Rf6)2-NH2 was immobilized on the PF8-(6:4)-coated surface, and the amino
groups of (Rf6)2-NH2 were effectively oriented toward the outermost surface, which made them

available for the subsequent reaction.

A small molecule on a solid surface often migrate in the dry state. We then immobilized (Rf6)2-
NH2 on the PF8-(6:4)-coated surface and left it for 1 and 5 days in the dry state. There was,
however, no significant difference in the amount of amino groups displayed on the surfaces
between 1 and 5 days. These results suggest that, if the migration of (Rf6)2-NH2 was, it did not

affect the amount of the amino groups displayed on the surface.

Finally, n-octylamine was tested as an alternative to Rf8-NHz. However, significant amounts
of the fluorophore were not observed on bare or dip-coated surfaces in the presence of n-
octylamine, indicating that n-octylamine did not have sufficient interactions with the surfaces (i.e.,
no immobilization). Fluorous—fluorous interactions derived from Rf groups therefore played an

important role in the immobilization of Rf-tagged molecules on a fluorous surface.

3.6 Rewriting the function on the dip-coated surface

Fluorous—fluorous interactions can easily be cleaved using an appropriate solution (e.g.,
methanol or halogenated solvents).** 3 In this study, the removal of immobilized Rf-amines from
a dip-coated surfaces was performed using methanol, and the re-immobilization of Rf-amines on
the surface was evaluated. Immobilization of (Rf6)2-NH2 on the PF8-(6:4)-coated surface was

carried out as described above. Then, the substrate was washed with a methanol/water mixture to
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remove (Rf6)2-NHz from the surface, and the procedure of (Rf6).-NH2 immobilization was
conducted again. Figure 8 shows the amounts of fluorophore immobilized on the PF8-(6:4)-coated
surface when the (Rf6)2-NH2 immobilization and removal were repeated for three cycles. After
the first immobilization and subsequent washing, only a small amount of the fluorophore (<0.9
pmol/cm?) was immobilized on the surface, indicating the successful removal of (Rf6)2-NHz. The
second immobilization of (Rf6)2-NH: led to approximately 8 pmol/cm? of the fluorophore on the
surface, and the second washing again resulted in a small amount of immobilized fluorophore. The
third immobilization of (Rf6)2-NH2 successfully immobilized a comparable amount of fluorophore
as in the previous cycles. These results demonstrate the repeatability of Rf-amine immobilization
and removal on a fluorous surface based on fluorous—fluorous interactions. There observed a slight
increase in the immobilization of (Rf6)2-NH: as the immobilization and washing procedures were
repeated. This increase might be explained by the further surface-segregation induced by the
repetition of the procedures. The repetition of the procedures (immobilization and washing)
possibly induced the further surface-segregation of Rf groups in PF8-(6:4) on the outermost

surface, which rendered the surface more appropriate for the immobilization of (Rf6)2-NHo.
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Figure 8. Repeated immobilization and removal of (Rf6)2-NH2 and quantification of amino groups

on the PF8-(6:4)-coated surface.

3.7 Microcontact printing (uCP) of (Rf6),-biotin on a dip-coated surface

Finally, the pCP of biomolecules on a dip-coated surface using fluorous—fluorous interaction was
investigated.’'->* Rf-tagged biotin ((Rf6)2-biotin), which had two Rf chains (Figure 9a, Scheme
S3) was synthesized and used to immobilize biomolecules. A polydimethylsiloxane (PDMS)
stamp (1 cm x 1 cm) was prepared with 16 small round islands (300 pm in diameter and 50 pm in
height) on the surface (Figure S15), and a methanol solution containing 10 mM (Rf6)2-biotin was
used as ink for this stamp. After drying, the stamp was put in contact with the PF8-(6:4)-coated
surface. Following washing and drying, an aqueous solution containing streptavidin Fluor™ 488
conjugate was placed on the substrate to allow the formation of the fluorescence-labeled

streptavidin-biotin complex on the surface. After washing again, the surface was observed using a
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confocal laser scanning microscope (CLSM). Figure 9b shows the fluorescent microscope images
of the repeated nCP with (Rf6)2-biotin. Each pCP process emitted green fluorescence based on the
geometry of the PDMS stamp, thus indicating the successful micropatterning of (Rf6)2-biotin. The
nCP quality was improved with the repetition of the uCP and washing procedures, which would

be the same with Figure 8.

(Rf6)2-biotin had a relatively large non-fluorinated and relatively hydrophilic group (biotin),
and streptavidin was successfully immobilized on the stamped area via biotin. These make us
deduce that a biotin group in (Rf6)2-NH2 was oriented outward when it was immobilized on the
fluorous surface. There was a small amount of green fluorescence from areas other than the
stamped sites after each uCP step, which means that nonspecific adsorption of streptavidin was
suppressed. The micropatterning was clearly removed after washing with methanol, and the

repetition of pCP successfully gave the micropatterning of (Rf6)2-biotin again.
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Figure 9. Microcontact printing of (Rf6)2-biotin via fluorous affinity. (a) Schematic illustration of
the pCP of (Rf6)2-biotin using fluorous affinity and biotin-streptavidin affinity. (b) CLSM images

of repeated nCP of (Rf6)2-biotin followed by staining using fluorescence-labeled streptavidin.

4. CONCLUSIONS

In the present study, rewritable surface functionalization of a plastic substrate was achieved by
taking advantage of fluorous affinity. The surface of a plastic substrate was dip-coated with a series
of methacrylate-based fluoropolymers containing Rf groups. Then, Rf-amines were successfully
immobilized on the fluorous surfaces through fluorous—fluorous interactions, thereby introducing
reactive functional groups (amino moieties) on the fluorous surface. Quantification of the surface-
displayed amino groups using a reactive fluorophore enabled quantitative evaluations of Rf-amines
immobilized on each substrate surface. These investigations revealed that a surface coated with a
fluoropolymer containing —CsF17 most effectively immobilized an Rf-amine having two chains of
—CeF13. The immobilized Rf-amines were easily removed from the surface by washing with
methanol, and they could then successfully be re-immobilized on the surface. Finally, the
developed approach allowed for rewritable micropatterning of a biomolecule on a plastic surface
using uCP. The fluorous chemistry on a fluorous surface has a high potential in the reversible
control of surface properties of plastic objects, which will open the application of fluorous

chemistry to analytical device and an information storage technology.
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Experimental details

Materials

The acrylic (poly(methyl methacrylate); PMMA) substrate (0.5-mm-thick) was purchased from Nitto

Jushi Kogyo Co., Ltd. (Tokyo, Japan). Methyl methacrylate (MMA), 2,2-azobisisobutyronitrile

(AIBN) and 2-(perfluorohexyl)ethyl acrylate (PFEA6) were purchased from Wako Pure Chemical

Industries, Inc. (Osaka, Japan). 2-(Perfluorooctyl)ethyl acrylate (PFEAS8) was provided by DIC Corp.

(Tokyo, Japan). 1H,1H-Perfluorononylamine (Rf8-NH2) was purchased from Sigma Aldrich (St.

Louis, MO). Sulfo-Cy5-NHS ester was purchased from Lumiprobe Corporation (Hunt Valley, MD).

Boc-Glu-OH was purchased from Watanabe Chemical Co., Ltd. (Hiroshima, Japan). 1H,1H-

Perfluoroheptylamine (Rf6-NH2) was purchased from Combi-Blocks, Inc (San Diego, CA). 4-(4,6-

Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM), biotin, and 2-

(perfluorobutyl)ethyl acrylate (PFEA4) were purchased from Tokyo Chemical Industry Co., Ltd.

(Tokyo, Japan). 1H,1H-Perfluoropentylamine (Rf4-NHz) was purchased from Fluoro Chem

(Derbyshire, UK). Acrylate monomers and fluorous acrylate monomers were distilled under reduced

pressure before use or a polymerization inhibitor was removed using an inhibitor-removing column.

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide, hydrochloride (WSC) was purchased from

Dojindo Molecular Technologies Inc. (Kumamoto, Japan). Streptavidin Fluor™ 488 conjugate was

provided by Thermo Fisher Scientific (Waltham, MA). All other chemicals were purchased from

Wako Pure Chemical Industries and were used as received. The water used was high-quality
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deionized water (Milli-Q water, >15 MQ cm), produced using a Milli-Q Integral 3 system (Millipore,

Molsheim, France).

Table S1. Amounts of reagents used for the polymerization of PF8-(X:Y), PF6-(6:4), and PF4-(6:4).

Polymer MMA (g) Rf-acrylate (g) AIBN (mg) Ethyl acetate (mL) Vial size (mL)

PF8-(9:1) 3.0 1.8 23 20 50
PF8-(8:2) 2.5 3.2 29 20 50
PF8-(7:3) 3.5 7.8 51 25 50
PF8-(6:4) 1.5 5.3 34 20 50
PF8-(5:5) 1.0 5.2 31 20 50
PF6-(6:4) 1.0 2.8 20 15 50
PF4-(6:4) 1.0 2.1 16 7 20

Synthesis of (Rf6)-NH;

Scheme S1. Synthesis of (Rf6)2-NHa.

HO

FF

Boc-Glu-OH  1H,1H-Perfluoroheptylamine (Rf6),-NH,
(Rf6-NH,)

Boc-Glu-OH (0.18 mmol) was dissolved in 2 mL methanol. 1H,1H-Perfluoroheptylamine (Rf6-NH2)

(0.36 mmol) was dissolved in 2 mL methanol. These solutions were mixed in a 20-mL vial. DMT-

MM (0.39 mmol) was added to the mixture and gently stirred at room temperature overnight,



followed by solvent evaporation at 60 °C. The resulting dry residue was dissolved in THF and the
remaining DMT-MM was removed by filtration. The solvent was then evaporated at 60 °C, and the
dry residue was dissolved in 6 mL dichloromethane. The dichloromethane solution (6 mL), a 2 wt.%
Na2COs3 aqueous solution (3 mL), and methanol (1.5 mL) were added to a separating funnel and
mixed well. The dichloromethane phase was collected and evaporated. The precipitate in the vial was
dissolved in 0.6 mL methanol at 60 °C. The solution was cooled on ice, and the precipitate was
collected. The precipitate was dissolved in 2 mL dichloromethane, and 150 pL trifluoroacetic acid
(TFA) was added to deprotect the tert-butoxycarbonyl groups. The dichloromethane phase was
evaporated, and the product ((Rf6)2-NH2) was freeze dried. This product was analyzed by 'H-NMR
and matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI TOF-MS)
using an ultrafleXtreme mass spectrometer (Bruker, Billerica, MA). The 'H-NMR and MALDI TOF-

MS results are shown in Figure S9 and S10. Yield: 73%.

Synthesis of (Rf4),-NH;

Scheme S2. Synthesis of (Rf4)2-NHa.
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(Rf4-NH,)



(Rf4),-NH2 was synthesized in a similar manner to (Rf6)2-NH2; Yield = 34%; 'H-NMR and MALDI

TOF-MS results are shown in Figure S11 and S12.

Synthesis of (Rf6):-biotin

Scheme S3. Synthesis of (Rf6)2-biotin.

FF

Biotin (Rf6),-NH, (Rf6),-biotin

Biotin (30.5 mmol), (Rf6)2-NH2 (31.5 mmol), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide,
hydrochloride (WSC; 33.4 mmol), and 4-dimethylaminopyridine (DMAP; 33.4 mmol) were
dissolved in 1.8 mL N, N-dimethylformamide (DMF) and mixed overnight at 37 °C, followed by
evaporation of the DMF. The residue was washed with water three times, and the product was

obtained as a white powder after lyophilization of the residue. The product was analyzed by 'H-

NMR and MALDI-TOF MS (Figure S13 and S14); Yield = 39%.



Results

Table S2. Number-averaged molecular weights, polydispersity indices, and exact copolymerization

ratio of PFn-(6:4).

Polymer Monomer ratio in a product Mn Mw/Mn
PF8-(6:4) 58:42 3.1 %10 1.4
PF6-(6:4) 62:38 58x10" 1.3
PF4-(6:4) 64:36 78 x 10" 1.1
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Figure S1. '"H-NMR spectrum of PF8-(9:1).
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Figure S2. '"H-NMR spectrum of PF8-(8:2).
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Figure S3. '"H-NMR spectrum of PF8-(7:3).
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Figure S4. '"H-NMR spectrum of PF8-(6:4).
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Figure S5. '"H-NMR spectrum of PF8-(5:5).
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Figure S6. '"H-NMR spectrum of PF6-(6:4).
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Figure S7. '"H-NMR spectrum of PF4-(6:4).




Figure S8. FE-SEM images of (a) a bare PMMA surface and (b) a PF8-(6:4)-coated surface.
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Figure S9. '"H-NMR spectrum of (Rf6)2-NHoa.
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Figure S10. MALDI-TOF MS chart of (Rf6)2-NHa.

MAIDI-TOF MS (m/z): [M + H]" calcd for C19H14F26N302 = 810.1; found = 810.1.
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Figure S11. 'H-NMR spectrum of (Rf4)2-NHoa.
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Figure S12. MALDI-TOF MS chart of (Rf4)2-NHo.

MAIDI-TOF MS (m/z): [M + H]" caled for C1sH14F18N302 = 610.1; found = 610.7.
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Figure S13. "H-NMR spectrum of (Rf6)2-biotin.
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Figure S14. MALDI-TOF MS chart of (Rf6)2-biotin.

MAIDI-TOF MS (m/z): [M + Na]" calcd for C20H27F26N504SNa = 1058.1; found = 1058.3.
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Figure S15. a) Optical image of a PDMS stamp; b) illustration of the geometry of a PDMS stamp.
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