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Easy Access to Functional Patterns on Cellulose Paper by Combining
Laser Printing and Material-Specific Peptide Adsorption
Steffi Grofse®, Patrick Wilke", and Hans G. Borner*

Abstract: Phage display biopanning is used to identify
peptides that show material-selective adsorption, effectively
distinguishing between the cellulose of paper and the printed
toner of standard office laser printers. These genetically
selected 12mer peptides can selectively coat either non-printed
cellulose or printed toner patterns. Furthermore, triazolindione
ligation chemistry is exploited to introduce, for example, dyes
or functional peptides selectively to the coatings. The strategy
offers an easy access towards the patterned functionalization of
paper-based materials, which potentially is of relevance for
low-cost diagnostics or biomedical devices.

Cellulose is one of the most abundant materials in nature
and widely exploited owing to its sustainability, biocompat-
ibility, biodegradability, and low cost.'! Within the last few
decades, cellulose-based materials have attracted a growing
interest. For instance, nanocellulose fibrils can strengthen
composite materials or form micro-cellulose scaffolds for
diagnostic sensors.’) Moreover, bulk cellulose was used for
protective coatings or size-exclusion ultrafiltration mem-
branes.’! Paper constitutes the most widely available cellu-
lose-derived material and paper-based applications, such as
paper microfluidics, electrodes, and sensors are rapidly
developing as low-cost devices.! Whitesides et al. reported
microfluidic analytical devices (WPADs) using paper as the
platform.”! Recently, Barner-Kowollik et al. applied photo-
patterning to spatially control the covalent attachment of
anti-fouling polymers or peptides on paper.’! Furthermore,
a set of highly effective ligation tools are available, enabling
the modification of hydroxy groups on cellulose.®!

A more straightforward strategy to introduce chemical
functions or physical properties in macro and micro patterns
on paper could use commercially available printing devices.
Standard inkjet printers allow for the precise deposition of
down to picolitre volumes onto different supports.”! This
technology platform was utilized for the development of new
low-cost materials, including printing of organic electronics,
polymer coatings or biomolecules addressing applications
from microfluidic systems and sensors to tissue engineering
scaffolds.’® Although inkjet printing is promising, the
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formulation of functional inks suitable for printing still
limits the diversity. An alternative approach can circumvent
those restrictions by combining top-down and bottom-up
processes, fusing laser printing with self-assembly (Figure 1).
Thereby, toner patterns printed by office laser printers and
non-printed cellulose paper surfaces are selectively recog-
nized and coated with either toner or cellulose binding
peptides, respectively.
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Figure 1. Schematic illustration of the process towards functional
patterns. Laser printing of paper is performed by a standard office
laser printer (i). A selective coating of printed patterns and non-printed
paper regions is achieved by the specific adsorption of peptides on
these areas (ii; CBP=cellulose binding peptide; TBP =toner binding
peptide). Subsequent functionalization of, for example, toner-binding
peptides occurs by regio-selective ligation of functional entities (iii).
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Recently, peptides and peptide-polymer conjugates
proved to constitute a capable platform to introduce functions
to surfaces of various inorganic or organic (nano)particles or
sensors.””) Biocombinatorial means of phage display biopan-
ning reveals peptide sequences, which possess material-
specific adsorption. These have been shown to selectively
bind onto conducting polymers,'” to distinguish poly(metha-
crylate)s with different tacticity,'!! or to recognize single
carbon variations among benzene derivatives.'””! Further-
more, peptides could be selected via phage display that
predominantly associate onto specific planes of inorganic
materials during the crystallization processes of, for example,
ZnO,™ Ag nanoparticles,' or Pt nanocrystals.””! Besides
these, peptides that adsorb to octyltrimethoxysilane printed
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on silicon substrates by micro contact printing were identi-
fied.['")

Herein we report on the selective coating of patterns
printed on cellulose paper with a commercial laser printer.
This approach relies on commercial toner to print patterned
surfaces. Functionalization of printed and non-printed paper
regions were realized by selectively coating toner and
cellulose with surface-specific 12mer peptides found by
phage display. The coatings could be stabilized by photo-
induced crosslinking and complex functionalities were intro-
duced subsequently by exploiting TAD-modified dyes or
functional peptides.

Phage display screening was used to select adhesive
domains specific for surfaces of either paper or laser printer
toner. Biopanning was executed on pre-melted original sub-
micrometer toner particles to imitate the fixation step within
the printing process. Moreover, pure microcrystalline cellu-
lose was applied instead of paper to avoid selection of peptide
binders to fillers, glues, or coatings. The applied phage library
was composed of M13 bacteriophages with inserted random-
ized 12mer adhesive domains and spanned a sequential space
of about 10° peptides. Up to four iterations of biopanning
cycles on both substrates were performed and standard
biopanning protocols were advanced by a negative selection
step on the opposing material to enhance surface specificity
(cf. Supporting Information p. S5-6). Out of the phage-pools
20 phage clones were selected after 3rd and 4th biopanning
cycles for each substrate. Sequencing led to 16 cellulose
binding peptides (CBP) and 4 toner-binding peptides (TBP;
cf. Table 1 and Table S1). It has to be noted, that a high

Table 1: Peptide sequences identified by phage display on respective
substrates and occurrence frequencies in analyzed phage clones (most
potent binding domains are highlighted bolt).

Sequence Substrate Frequency in Label
phage display
MHPNAGHGSLMR® Cellulose 3 CBP1
TPQSFWQKGSLVH Cellulose 1 CBP2
SGVYKVAYDWQH Toner 3 TBP1
LPVNGDAELWHS Toner 9 TBP2

[a] Consensus sequences with cellulose-binding domains from cellulose-
degrading bacteria are underlined (for detailed information see
Table S2).

occurrence frequency does not necessarily correlate with
increased material specificity. For a better understanding of
surface-specific binding motifs, a severely larger number of
sequenced phages would be required. Although the limited
number of sequences does neither allow for a direct statistical
evaluation nor guarantee a selection of material specific
peptide-based binders, two peptides for each of the substrates
where synthesized by solid-phase peptide synthesis (SPPS).
For ease of analysis a N-terminal extension with a (Gly),
spacer and carboxyfluorescein (FAM) label was added to
yield FAM-CBP,, and FAM-TBP,, (cf. Supporting Infor-
mation p.S11-16). A substrate-specific selection during
biopanning was confirmed by the noteworthy fact, that the
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selected cellulose binders exhibited strong sequence analo-
gies to cellulose-binding motifs present in cellulose-degrading
bacteria (cf. Table S2).

To investigate the binding behavior and binding selectivity
of FAM-CBP,y, and FAM-TBP,, to cellulose and toner
substrates, incubation/elution experiments were performed
using fluorescence spectroscopy for quantification (Figure 2).

0.3
a) [ JFAM-CBP1
_ [ FAM-CBP2
g = (I FAM-TBP1
g) Il FAM-TBP2
2 024
5 ==
E =
= e ™
2 (===
2 0.14 = =
©
: \ U
0.0H - Cellulose
incubation wash1 wash2 wash3 wash4 wash5
b) 4 adhesion to cellulose S
) [ FAMCBP1
_ ] FAM-CBP2
E 3l I FAM-TBP1
g, I FAM-TBP2
g 2 (=]
= 1 o
— =
g —_—— =
B = ==
(LI
\ L
0 S rra—

inoublation waslh1 waslh2 waslh3 was'h4 waéh5

adhesion to toner

Figure 2. Incubation/elution plots of CBPs and TBPs on cellulose (a)
and toner (b) showing initial adsorption, binding specificity, and final
coating stability after 5 washings. Conditions: Fluorescently marked
peptides (10 nmol) were dissolved in TBST buffer (0.5 mm, pH 7.5) for
adsorption on cellulose, or in citrate buffer (50 mm, pH 6.5) for
adsorption on toner. Peptide solutions were incubated with 50 mg of
corresponding substrates for 10 min. The isolated coated substrates
were washed with 1 mL of the corresponding buffer for 2 min each.

Aqueous solutions of respective peptides (10 nmol) were
incubated with 50 mg of either microcrystalline cellulose or
grinded toner particles. After centrifugation, the decrease of
peptide concentration in the supernatant directly corresponds
to the surface-adsorbed fraction (Figure 2, incubation). Sub-
sequently, peptide elution from coated substrates was per-
formed by five consecutive washing cycles. Measurement of
the amounts of eluted peptides in washing solutions shows the
stability of the resulting films (Figure 2).

Both FAM-CBPs showed under the given conditions
significant adsorption onto cellulose, forming stable coatings.
FAM-CBP, proved to be most effective, as only 10 % of the
initially adsorbed peptides eluted during washing, leading to
a stable coating of 0.27 mg FAM-CBP, per gram cellulose.
More importantly, however, is the cross-selectivity toward the
anti-substrate. Where FAM-CBP, lead to minor and fully
reversible adsorption to toner surfaces, FAM-CBP, showed
practically no specificity and adheres in substantial amounts
to toner. Both toner binding peptides reveal only minor and
reversible adsorption onto cellulose. Nonetheless, only FAM-
TBP, lead to a stable coating onto toner surfaces with 0.13 mg
peptide per gram toner. Apparently, TBP, belongs to the pool
of failure sequences, which are known to be found by
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biopanning. Those false hits exhibit low adhesive properties
but can be enriched during biopanning owing to superior
amplification rates of the phages in the E. coli host.'”! To
exclude a major influence of color pigments in the toner,
adsorption experiments for TBP, were conducted on black,
yellow, magenta, and cyan blue toner (cf. Supporting Infor-
mation p. S.26). Only minor differences were evident, indicat-
ing the adsorption of TBP, is dominated by binding to the
toner polymer.

To highlight the importance of a tailored sequence
originating from a selection process, two control peptides
were rationally designed for cellulose and toner binding.
Cationic functionalities are important for interactions with
cellulose as known from, for example, poly(ethylene imine)-
based retention aids for paper production.'¥! Thus, Arg,, was
tested as a cellulose binder. As an appropriate model binder
for toner, Phes, was tested, which could interact with the
poly(styrene-co-acrylate) matrix polymer of the toner. To
provide solubility in water, both Arg;, and Phes were
conjugated to a poly(ethylene oxide) block of M, =3.2x 10°
that proved in congener coatings to not significantly alter
peptide-surface interactions."” Incubation/elution experi-
ments showed the expected coating behavior for both
model binders to their target substrates (cf. Figure S16).
However, the cross-selectivity study revealed a significant
adsorption of both binders to their anti-substrates. These
results indicate the value of rational design strategies to
address primary functions, for example, adsorption. However,
the realization of complex functions, such as material specific
adsorption, requires sequences that are difficult to design with
the current rather limited structural insights into peptide—
substrate binding.

For a better understanding of the coating behavior of the
peptides, the maximum surface coverage was estimated. For
that purpose, incubation/elution experiments were performed
with increasing peptide concentrations until surface satura-
tion was achieved. Taking the BET surface area of 1.1 m*g ™!
for cellulose into account, theoretical surface coverages could
be calculated, assuming that the peptide adopts a conforma-
tion between an all-trans f-strand and a statistical coil (cf.
Table S4). The peptide in the statistical coil covers an
estimated surface area of 0.4nm” per chain, leading to
a cellulose surface coverage of approximately 40 %. For the
B-strand assumption, an interface of 2.1nm* could be
calculated, giving a surface coverage of about 200 %. As the
structure of the peptide on the cellulose surface is difficult to
determine, a slightly extended coil might be expected. In
solution, TBP, and CBP; adopt random coil structures,
showing typical negative cotton effects at 195 nm in circular
dichroism (CD) spectroscopy (cf. Supporting Information p.
S24). Accurate structure determination of the adsorbed
peptides, however, is not trivial and requires further inves-
tigation. Unfortunately, the grinded toner exhibits a surface
area too small to be analyzed by BET in a reliable means.

Incubation/elution experiments highlighted, that CBP,
and TBP, bind selectively to isolated cellulose and toner. To
prove a selective coating of laser-printed patterns, where both
surfaces occur next to each other, adsorption studies on
printed filter paper were performed. In contrast to office
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Figure 3. Analysis of the material-specific coatings of laser-printed
patterns on paper. a) Fluorescence microscopy micrographs of printed
paper after incubation with RhoB-TBP,, PICUP fixation, and incubation
with FAM-CBP, (corresponding light microscopy image (left) and
fluorescence images (right)). b) MALDI imaging analysis after incuba-
tion with TBP, (middle) and after incubation with TBP,, PICUP fixation,
and CBP; incubation (right) (light microscopy image of printed pat-
tern (left), ion flow intensity of TBP, (red) and CBP, (green)). Condi-
tions: Printed patterns were incubated with RhoB-TBP,/TBP,

(0.2 mgmL™", 50 mm citrate buffer (pH 6.5), 15 min). After PICUP
fixation, incubation with FAM-CBP,/CBP; (0.2 mgmL™"', 0.5 mm TBST
buffer (pH 7.5), 10 min) followed.

paper, filter paper exhibits no coatings or fillers and prevents
interference of non-specific binding to additives. Using
a standard office laser printer, patterns were printed onto
paper as shown in Figure 3. The applied system generally
allows a resolution in the scale of approximately 100 pm,
mainly limited by a decreased border sharpness of smaller
patterns. For ease of analysis, TBP, was labeled with
Rhodamine B (RhoB-TBP,) to distinguish it from FAM-
CBP, in fluorescence microscopy. The coating of printed
patterns was performed in a two-step manner by incubating
first with RhoB-TBP, in citrate buffer (50 mm, pH 6.5) for
toner coating followed by coating of cellulose with FAM-
CBP, in TBST buffer (0.5 mm, pH 7.5). Fluorescence micros-
copy indicated a selective coating of toner patterns during the
first coating step, but a minor migration of RhoB-TBP, from
toner to cellulose surface during the second coating step was
observed (Figure S14). This result might be explained by
a highly selective but weak binding of TBP; onto toner.

To prevent this side reaction, RhoB-TBP,/toner coatings
were immobilized prior to FAM-CBP, incubation by applying
the PICUP strategy (photo-induced cross-linking of unmodi-
fied proteins).”” Photo-induced radical cross-linking was
performed with [Ru(bipy);] as the sensitizer by irradiation
with visible light for 10s and effectively immobilized the
toner coating. Subsequent incubation with an aqueous
solution of FAM-CBP, leads to a selective coating of the
residual cellulose surfaces. Fluorescence microscopy con-
firmed that the stepwise coating proceeds in a controlled
manner. After the cross-linking step RhoB-TBP; is selectively
present on the printed surfaces and no fluorescence occurred
on cellulose (Figure 3a). The fixation prevents RhoB-TBP,
migration during FAM-CBP, incubation, as indicated by
a sharp boundary between RhoB-TBP,; coated toner and
FAM-CBP; coated cellulose surface.
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The effect of the fluorescence markers (RhoB, FAM) on
the binding selectivity and coating stability of both adhesive
domains was investigated. Further analysis of non-labeled
TBP, and CBP; was enabled by MALDI imaging. For that
purpose, coatings were prepared under conditions compara-
ble to those described above. MALDI imaging confirmed the
specific localization of both peptides on the respective
substrates of a laser-printed pattern on filter paper (Fig-
ure 3b). Moreover, the absence of TBP, mass signals in
MALDI imaging after PICUP fixation showed an effective
cross-linkage of the coating.

Although a material specific adsorption of two different
coatings was realized, the process remains delicate as
interference with other functional segments might occur. To
introduce further functionalities and functions to the specific
coatings, a versatile post-coating functionalization was real-
ized. This was implemented via chemo-selective ligation of
tyrosine side-chain functionalities with 4-phenyl-1,2,4-triazo-
line-3,5-dione (PTAD), which has been previously de-
scribed.”!! TBP,; presents two tyrosine residues (Tyr4 and
Tyr8), whereas CBP; is tyrosine-free. Hence, the ligation
reaction can be used for selective covalent attachment of
functional moieties to the toner coating on printed patterns.
Figure 4 shows the introduction of PTAD functional peptide
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Figure 4. Triazolindione ligation of PTAD-peptide-Rhodamine B to tyro-
sine moieties present in the TBP, toner coating (top). Fluorescence
microscopy before (left) and after (right) ligation demonstrated a selec-
tive functionalization of printed patterns (bottom). Conditions: Printed
patterns were coated with TBP;, crosslinked by PICUP and coated with
CBP,. PTAD-GGG-RhoB ligation in MeCN/H,O/DMF (19:76:5) for

3 min using 0.34 nmol of the active linker.

Gly;-Rhodamine B to the selective coating of a printed toner
pattern. The RhoB-labeled peptide was coupled to a 4-
aminophenyl-1,2,4-triazolidine-3,5-dione  (APTAD-precur-
sor) via active ester amidation (cf. Supporting Information
p- S9). After activation to the corresponding triazolindione by
N-bromsuccinimide oxidation, ligation to the immobilized
TBP, took place within 3 min under aqueous conditions. No
side-reactions with cellulose or CBP, coatings were evident as
indicated by fluorescence microscopy. To demonstrate the
versatility of this approach, the APTAD-precursor including
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a Gly; spacer was conjugated to a model carbonate-binding
peptide Pif, (DDRK), originating from the aragonite binding
protein Pif80 of the mollusk shell.?” This sequence includes
basic amino acids Arg/Lys that might interact with cellulose as
well as cellulose-CBP; coatings."®! The peptide was N-
terminally extended with RhoB-GG for fluorescent detec-
tion. Subsequent functionalization of precoated, printed
patterns was performed and fluorescence microscopy con-
firmed the highly selective modification of toner surface (cf.
Supporting Information p. S23-24).

In conclusion, an advanced coating exploiting material-
specific adsorption of peptides was realized, enabling the
selective functionalization of laser-printed patterns and non-
printed paper regions. Phage display biopanning identified
12mer peptides specifically adhering to either cellulose or
toner, effectively discriminating the respective anti-sub-
strates. Selective coating of printed patterns was shown by
both fluorescence microscopy and MALDI imaging. The
coatings could be fixated by photo induced radical cross-
linking with a [Ru(bipy);] sensitizer. Subsequently, introduc-
tion of complex functionalities or functional segments was
demonstrated. Post-coating modification introduced triazo-
lindione-carrying functional peptides selectively to toner
coatings leaving cellulose coatings unmodified. This approach
might offer easy means toward low-cost materials. Selective
coating of printouts of standard office laser printers can be
performed on a large scale. Subsequent modification with
specific functionalities is possible on-demand within less than
5 min prior to application. Hence, we have shown a novel
approach for the design of highly diverse cellulose-based
functional materials.
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