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(Sub-) Microscale Structuring of Cellulose Thin Films using a 
Polymer Brush-Assisted Microcontact Printing (PolyBrushMiC) 
Routine
Nazim Pallab,ab Maurice Schmette,ab Sergio Kogikoski Jr.,a Kay Hettrich,b  Matthias Schenderlein,b 
and Martin Reifarth.* ab 

We present a method for directly (sub-) micropatterning cellulose 
thin films using microcontact printing with a polymer-brush stamp 
carrying reactive imidazole groups. These temporarily bind 
carboxylic-acid inks, enabling clean ester-forming transfer to 
cellulose without smearing, allowing high-resolution micro- or 
nanometre-scale chemical patterning for functional paper 
fabrication in a simple and efficient fabrication process.

Microcontact printing (µCP) is a soft lithography technique for 
(sub-) microscale surface patterning.[1] This cost-effective, 
quick, and simple technique can be used to transfer functional 
patterns of reactive chemical moieties onto a variety of 
substrates for fabrication of micro-structured surfaces with a 
high spatial resolution. µCP uses a patterned elastomeric stamp 
that is functionalized with small or macro-molecules in order to 
transfer the patterns from the stamp surface to the substrate 
by establishing direct contact between them.[2–4] Many 
application fields such as sensing,[5,6] microelectronics,[7] tissue 
engineering,[8,9] information storage,[10] etc. benefit from µCP, 
rendering this method a versatile and facile technique. 
Compared to other patterning techniques, such as 
photopatterning,[11] dip pen lithography,[12] electron beam (e-
beam) lithography,[13] and others, µCP does not rely on 
expensive instrumentation. Conventionally, µCP is conducted 
on plain smooth surfaces such as Au,[14,15] Si,[16] Cu,[17] Ag,[18] 
etc., where usually high printing resolutions are achieved. 
Capillary-active or hydrophilic substrates, however, are 
challenging. At these interfaces, the ink tends to smear, which 
drastically limits the printing resolution of the process.[19,20] To 
address this issue, we have recently demonstrated a 

PolyBrushMiC method to directly pattern oxide and soft 
hydrogel surfaces precisely.[20–23] 
In present day relevance, µCP method can be utilized for 
selective addition of functional features onto sophisticated and 
demanding biocompatible and biodegradable surfaces.[24–27] 
Cellulose, being the most abundant biomolecule, is currently at 
the forefront of building functional materials.[28] This 
polysaccharide is composed of D-glucose and 1,4-β-glycosidic 
bond, and useful due to its non-toxicity, renewability, high 
surface area, and adaptable physical, chemical, and mechanical 
properties, etc.[29] For chemical modification, the accessible 
hydroxy (-OH) groups of cellulose can be targeted for 
etherification,[30] esterification,[31–34] halogenation,[35] 
amination,[36] etc., which transfers cellulose into functional 
materials applicable in various fields such as water 
purification,[37] pharmaceuticals,[38] textiles,[39] coatings,[40] 
packaging[41] among many others. Among those, cellulose-
based papers have gained attention as they can be chemically 
modified for multifaceted applications in making sensors, 
energy/storage devices, green packaging, and many 
others.[42,43] Micro- or nano-patterning of such cellulose 
surfaces, therefore, would be valuable for generating 
structured and functionalized surfaces.[42,44] Surface patterning 
of cellulose has largely been carried out through different 
techniques such as embossing,[45] molding,[46] laser cutting,[47] 
as well as lithography techniques,[44,48–50] which are typically 
resolution-limited or require intensive equipment.[11] In 
contrast, facile method like µCP has also been employed to 
introduce grafted patterns of linear polyethyleneimine (PEI),[51] 
and gold (Au),[52] on cellulose film and cellulose paper 
respectively. However, direct chemical patterning to 
functionalize cellulose surfaces has not been achieved. In this 
study, we tackle this issue and present the PolyBrushMiC 
strategy for the direct microscale transfer of chemical patterns 
onto cellulose thin films. In the approach reported here, 
cellulose is functionalized with activated carboxylic acids 
serving as inks, which form carboxylic ester bonds with the 
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hydroxy functions present on the cellulose surface. Specifically, 
a patterned polydimethylsiloxane (PDMS) stamp is coated with 
a histamine-derived copolymer, within which the carboxylate 
inks are immobilized as N-acyl imidazoles. Subsequent transfer 
onto cellulose thin films occurs via imidazole-mediated 
esterification, producing well-defined microscale patterns on 
the cellulose surface. This technique offers a straightforward 
route to fabricating highly functional micropatterned cellulose 
materials.
Cellulose can be esterified using carboxylic acids. For their 
activation, the acids are first converted into N-acyl imidazole 
intermediates via reaction with imidazole derivatives, such as 
carbonyl diimidazole (CDI). These intermediates can then 
transfer the acyl group to cellulose, yielding the corresponding 
ester.[33,53] This chemistry is effectively harnessed in our 
described PolyBrushMiC routine (Scheme 1). In the present 
protocol, an imidazole-functionalized copolymer – poly(90% 
di(ethyleneglycol)methylether methacrylate-co-10% histamine 
methacrylamide), referred to as poly(DEGMA-co-HMAm), – is 
grafted from a patterned PDMS stamp to immobilize carboxylic 
acids serving as inks as N-acyl imidazoles. For this purpose, the 
acyl inks are introduced as acid chlorides to the stamp-bound 
polymers. These ink patterns are subsequently transferred onto 
cellulose thin films by direct contact in the presence of an 
organic solvent.

Scheme 1. a) Schematic illustration of the overall µCP process. b) Imidazole group 
containing grafted histamine polymer binds the acyl ink molecule in the first step 

and in the next step the ink transfers from the polymer to cellulose substrate 
forming cellulose ester patterns on the surface.

To provide a proof of principle of the transfer chemistry 
(Scheme 1), we started by investigating the imidazole-mediated 
acyl transfer to a saccharide. Specifically, we used N-acetyl 
imidazole (Figure S5) and selected it as a model compound 
resembling the histamine moiety of our grafted polymer. As a 
counterpart, phenyl-β-D-glucopyranoside was selected as a 
cellulose mimic, possessing free -OH groups and a protected 
anomeric carbon in its structure. An excess of N-acetyl 
imidazole was dissolved with the sugar in deuterated DMSO, 
and the reaction mixture was allowed to proceed. Reaction 
progress was monitored by NMR spectroscopy (Figure S5 and 
S6). After complete solvent removal, the residue was analysed 
by 1H and 13C NMR. In the 1H NMR spectrum, the appearance of 
singlet signals at approximately 2 ppm indicates the transfer of 
acetyl groups, which esterify the different hydroxy functions of 
the glucose molecule. However, full acetylation was not 
achieved, as seen in the Figures S5. 
After having demonstrated that the acetyl group is transferred 
from imidazole, we pursued the PolyBrushMiC technique. Our 
printing routine involves the fabrication of the brush stamps 
and thus starts with their preparation. Accordingly, we use 
elastomeric PDMS stamps bearing grooves with 4 µm 
dimension, which we aimed to functionalize with poly(DEGMA-
co-HMAm). HMAm is introduced as the monomeric unit that is 
used for immobilization of the ink enabling its reactive transfer, 
while DEGMA is employed to mediate solubility of the polymer 
without interfering in the inking process. HMAm monomer 
synthesis is carried out according to literature (Figure S1 and S7 
– S9 show the syntheses and the characteristic spectra).[54] For 
grafting, the stamps are first activated via plasma treatment 
and subsequently functionalized with 3-aminopropyl 
triethoxysilane (APTES) and the chain transfer agent (CTA) 4-
Cyano-4-[[(dodecylthio)carbonothioyl]thio]pentanoic acid, 
resulting in CTA immobilization on the stamp surface. In a next 
step, the polymer is grafted from the stamp’s surface through 
RAFT polymerization technique using a shuttled CTA approach, 
where additional CTA in solution usually facilitates controlled 
polymerization and chain transfer (Figure 1 a and b). 
Accordingly, during the polymerization process, excess shuttle 
CTA is present in solution, so that polymer chains formed 
simultaneously at the stamp surface as well as in solution. 
Assuming similar chain growth kinetics, we are able to 
characterize the solution-phase polymers, being representative 
for the brush polymer chains.[22,55] The polymers are 
characterized accordingly via 1H NMR and SEC (Figure 1 c), 
exhibiting an Mn of 101,000 g mol-1 (a degree of polymerization, 
DP, of 500 was targeted) with a dispersity index (Đ) value of 
1.94. Other representative SEC curves and related data of the 
polymer formed in the solution are included in Figure S10 and 
Table S1. Despite the high dispersity of the polymer, indicative 
of limited control over the polymerization process, the resulting 
brushes were nevertheless functional.
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Figure 1. Preparation of the stamp. a) schematic representation of stamp surface functionalization: CTA attached stamp was used to graft polymer brushes from the 
surface, followed by inking in three steps. b) and c) 1H NMR (DMSO-d6) spectra and SEC (THF as eluent, PS standard) plot of the formed polymer in the grafting solution 
of poly(DEGMA-co-HMAm) from the stamp surface (Mn = 101,000 g mol-1, (Đ) = 1.94).

This finding aligns with our previous observations that surface-
grafted brushes remain effective in PolyBrushMiC procedures 
despite limited polymerization control during their 
preparation.[20,21]

As an ink, we deploy a fluorescent label possessing a 
carboxylate, that can be transferred into an acid chloride 
maintaining its integrity. The ink is based on a 7-nitrobenzo-2-
oxa-1,3-diazole (NBD) which is generally known for its 
fluorescent characteristics and used previously for labelling 
functional molecules.[56] To prepare the fluorescent carboxylate 
dye, NBD is first conjugated with sarcosine (Figure S2, and S11 
– S13), and its primary carboxylic acid group is next converted 
into an acyl chloride (i1, Figure S14, S15). In a subsequent step, 
the stamp is immersed in the inking solution (i1), to attach the 
ink to the imidazole moiety of HMAm (Figure 1 a).  The inked 
stamp is then washed to remove any excess dye, which 
potentially also accumulates within the PDMS stamp network. 
Note, that the stamp must be treated under strictly anhydrous 
conditions in sight of its hydrolysis instability.
In a next step, we aim to prepare a suitable cellulose surface 
acting as a substrate for µCP (Figure 2 a). Opting for the 
functionalization of papers, we use nanometre-thick cellulose 
thin films as a model substrate.[57] For this purpose, we start 
from cellulose pulps, which are first dissolved in a mixture of 
lithium chloride and N,N’-dimethyl acetamide (LiCl/DMAc) to 
prepare a dilute solution of cellulose.[58] Thin films of cellulose 
were prepared by sequential spin coating 1% aqueous solution 
of polyethyleneimine (PEI) followed by cellulose solution on 
clean Si wafers. The topology of the thin film surface is 
characterized via atomic force microscopy (AFM, Figure 2 b). In 
the corresponding images, clearly a fibrous morphology of the 

surface can be observed, possessing a layer thickness of approx. 
70 nm (Figure S16). 
Further characterization of the cellulose thin films was 
conducted with Fourier-transform infrared (FTIR) spectroscopy. 
The characteristic functional group signals, namely O-H 
stretching (~3400 cm-1), C-H stretching (2900 cm-1), O-H bending 
from water absorption (1647 cm-1), and C-O-C pyranose ring 
vibration (1050 cm-1) bands, were observed, being indicative for 
cellulose (Figure 2 c) as described in literature.[59] At the same 
time, FTIR was conducted on the cellulose pulp, where the same 
set of signals were found (FTIR signals measured for background 
and a clean Si wafer as control is shown in Figure S17). Overall, 
these findings clearly indicate that a cellulose film is successfully 
added to the Si wafer.  
After substrate fabrication, we carried out the printing 
experiments. Supporting spectra characterising additional 
synthesis products are given in Figures S18 – S27. Note that it is 
essential during the printing process to ensure the absence of 
moisture in the substrate. To avoid hydrolysis as a severe 
competing reaction to the esterification, excessive drying of the 
substrate is mandatory. For the subsequent printing process, 
we first inked the stamp. Accordingly, we take a grafted stamp 
and exposed it to the NBD-sarcosine acid chloride (i1). In search 
of an appropriate aprotic solvent for the inking reaction that 
does not interfere with acyl imidazole, we utilize 
dichloromethane (DCM). The inked stamp is next used to 
transfer i1 fluorescent dye to cellulose substrate. The stamp and 
the substrate, for this purpose, are both immersed in dry DMSO 
in a custom-made printing chamber, avoiding thereby exposure 
with moisture. The printing chamber was prepared by Fused 
Deposition Modelling (FDM) 3D printing (Figure S28).
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Figure 2. Substrate preparation. a) Illustration of cellulose thin film formation 
procedures on Si wafer. Cleaned Si wafer was spin coated with polyethyleneimine 
(PEI) and cellulose solution respectively. The wafer was then washed and dried. b) 
AFM topography image of a cellulose film on Si wafer. c) FTIR spectra of cellulose 
pulp and cellulose thin film showing the presence functional groups of native 
cellulose. 

After a printing time of 40 minutes, the substrate is 
investigated. As shown in Figure 3 a, the substrate clearly shows 
the signature of the stamp, i.e. regular stripe patterns with a 
size of 4 µm, that have been transferred as fluorescent areas to 
the cellulose thin film.
To highlight the necessity of the PolyBrushMiC strategy, we 
conducted negative control experiments using an unmodified 
(bare) stamp. As the ink, a solution of the N-acyl imidazole 
derivative of NBD-sarcosine was prepared, which was 
generated in situ by adding imidazole to the acid chloride, since 
the imidazole derivatives possess a controlled reactivity. For the 
inking step, the stamp was immersed in this solution overnight. 
As shown in Figure 3 b, smeared and low-resolution patterns 
were transferred onto the substrate, which can be explained by 
significant diffusive distribution of the ink molecules at the 
substrate using low molecular-weight ink, i.e. ink smearing 
undermining a good printing resolution. This result indicates 
that the PolyBrushMiC strategy is indispensable to achieve a 
printing resolution that is sufficient. As an additional 

experiment, we also performed printing with a bare stamp 
using the acid chloride directly as the ink. No patterns were 
observed (Figure 3 c), likely due to the excessive reactivity of 
the acid chloride, which may have led to compound 
degradation. Adsorbing dye molecules, being transferred by this 
process, could efficiently be removed by subsequent washing 
steps.
Having pointed out the necessity for the imidazole-mediated 
PolyBrushMiC strategy, we next wanted to examine this process 
in more detail. In order to obtain an insight into the kinetics of 
the transfer process, printing was carried out for different 
durations (10, 20, 40, 60, 120 min, Figure S29 a). A plot of the 
normalized fluorescence intensity against pattern distance 
(Figure S29 b) indicates that accurate and precise transfer 
occurred after 40 min. Varying the printing time, whether 
shorter or longer, resulted in reduced pattern resolution. While 
at shorter printing times, too few ink molecules were 
transferred to the surface, leading to weak pattern formation, 
the reduced printing quality observed at longer durations 
appears at a first glance surprising. However, we explain the 
reduced pattern quality at higher printing duration by increased 
cellulose functionalization over time. Greater functionalization 
enhances the solubility of the cellulose surface layer in DMSO, 
which is used as the solvent during transfer. As a result, the 
highly functionalized upper layer becomes more prone to 
dissolution, resulting in partial removal. In this context, 
acetonitrile (ACN), another polar aprotic solvent, was also 
successfully employed for the printing process. While well-
defined patterns could be obtained in the presence of ACN, the 
accuracy was slightly decreased compared to that achieved 
using DMSO (Figure S30). As indicated in Scheme 1, the 
polymer-bound imidazole is regenerated after ink transfer, 
theoretically allowing for multiple uses. Based on this concept, 
we anticipated that the stamp would be re-usable. To test this, 
a single stamp was deployed for multiple printing cycles – up to 
four – on cellulose films. As shown in Figure S31, the stamp 
could indeed be reused for several printing processes. However, 
the resolution of the printed patterns noticeably declined after 
the third and fourth uses, suggesting a gradual loss of polymer 
integrity. 

Figure 3. Microcontact printing results. a) Fluorescence microscopy image of the NBD-sarcosine acyl chloride (i1) printed substrate from a grafted stamp showing 
accurate patterns, b) printed substrate with a bare stamp, using the ink-functionalized N-acyl imidazole. The printing process results smeared patterns. c) Printed 
substrate with a bare stamp, using the mere ink carboxylic acid chloride. The process does not result in the formation of visible patterns. Scale bars are 20 µm.
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We attribute this degradation to the aggressive nature of the 
acid chloride, which releases HCl and likely causes partial 
disintegration of both the PDMS stamp and the polymer brush. 
Hydrolysis reactions can generate non-reactive dye species that 
may still physically adsorb onto the printed areas. However, 
since no patterns were observed after washing, these adsorbed 
dyes were likely removed during the washing step. In contrast, 
the printed areas that remained intact after washing indicate 
that the dyes were covalently attached and therefore could not 
be removed. 
Although the synthesis of acyl chlorides is relatively 
straightforward and cheap, their high reactivity can impose 
practical limitations, such as degradation or swelling of the 
PDMS stamp due to their harsh chemical nature. To overcome 
these constraints, less aggressive acid anhydrides were also 
explored as alternative ink molecules. In this context, 
fluorescent NBD-sarcosine anhydride (i1a) was synthesized in 
situ and employed for inking. Fluorescence microscopy revealed 
well-defined pattern formation, confirming successful transfer 
using the acid anhydride ink (Figure S32). 
To broaden the application range of PolyBrushMiC for 
patterning cellulose surfaces that, a series of additional printing 
experiments was conducted. Accordingly, the rough side of a 
silicon wafer was coated with a thin cellulose film, resulting in a 
substrate with a mean roughness of approx. 220 nm 
(Figure S33a, b). This substrate served as a model system to 
mimic highly surface-rough papers. Due to the pronounced 
surface roughness and waviness of the substrate, the resulting 
patterns appeared faded (Figure S33c), as the stamp was unable 
to fully conform to the surface topography.
To estimate the resolution limit of the method, printing was 
performed using a monolayer of polymer brush-functionalized 
microspheres as microstamps that are pressed against a 
cellulose film (Figure 34a). Specifically, the particles are first 
aligned in a PDMS support possessing grooves that match the 
particle size (Figure 34b) and subsequently grafted with 
poly(DEGMA-co-HMAm). The resulting printed features, 
originating from the contact areas between the polymer brush-
functionalized microparticles and the cellulose surface, 
exhibited submicroscale dimensions with an average feature 
size of ca. 550 nm (Figure S34c, d). Given the relatively large 
particle diameters employed in this simplified experiment, 
these dimensions suggest that ink transfer occurs 
predominantly within the actual contact area between the 
microstamp and the cellulose film, rather than being driven by 
diffusive spreading. A further explanation is provided in Figure 
S35 and in the subsequent discussion.
This approach was further extended to replicate nanoscale 
patterns (ca. 250–750 nm) from the polycarbonate layer of a 
Digital versatile/video disc (DVD, Figure S36a–d, AFM and 
optical microscopy images). These patterns were transferred 
onto the cellulose substrate using the PolyBrushMiC strategy 
(Figure S37). While complete pattern transfer was not achieved, 
optimization of the stamp material and processing parameters 
may enable more accurate and comprehensive replication in 

future studies. Overall, these results demonstrate the feasibility 
of reproducing submicroscale features and potentially storing 
such information on cellulose-based substrates such as paper. 
It is noteworthy that previous work from our group determined 
the polymer brush thickness to be approximately 20 nm,[21] a 
dimension unlikely to significantly compromise edge definition 
or induce substantial lateral ink diffusion at such nanoscale 
securing the pattern resolution when printed from the stamp. 
Having demonstrated the possibility to introduce micro- and 
nanoscale patterns to the cellulose substrates, we opted to 
elucidate the chemical nature of the binding in more detail. In 
order to obtain quantitative information about the printing 
process, we characterized the printing areas using X-ray 
photoelectron spectroscopy (XPS). As a probe, we used a 
fluorinated compound as ink (i2), as fluorine represents a 
chemical element with a characteristic XPS signature along with 
a suitable sensitivity.[60,61] In this respect, we synthesized 6-
(2,2,2-trifluoroacetamido)hexanoyl chloride (i2) from its 
respective acid to act as a fluorescent probe. The synthesis and 
all the NMR and mass spectra of the corresponding acid and 
acid chloride are shown in Figure S3 and S18 – S23. For analysis, 
a flat, non-structured stamp was inked in the aforementioned 
acyl chloride (i2) and washed with dry DCM. After a careful 
drying of the stamp, the ink is transferred onto cellulose thin 
films. XPS confirmed successful transfer of ink by the presence 
of a distinct F 1s signal at 688–689 eV (Figure 4 a), attributable 
to the organic fluorine of the acyl chloride ink. The atomic 
concentration value obtained from XPS (Figure 4 b) revealed 
fluorine content of 0.8 ±  0.4%. Furthermore, the carbon region 
exhibited a C–F signal at ~293 eV (Figure S38a), being 
characteristic of a –CF₃ chemical environment.[60] The fluorine 
quantity can be compared with the carbon content to estimate 
the degree of functionalization (DF) of the cellulose unit. 
Approximately 40% out of the 60% measured carbon content 
can be attributed to cellulose, while most of the remaining 
carbon (%) likely originates from environmental contamination 
as indicated by pronounced C-C and C-H regions (~285 eV) 
observed in the C 1s spectra (Figure S38b). Based on this 
estimation, a DF value of 1.4% per anhydro-glucose unit (AGU, 
representing the monomeric repeating unit) of cellulose has 
been calculated (details are shown in SI along with Figure S38). 
For comparison, we conducted a negative experiment with a 
bare stamp (non-grafted, i2-inked) as well. µCP performed in 
such a way showed almost no transfer (Figure S38b and c) in 
contrast to the printing with a grafted stamp. 
To evaluate the binding chemistry of the acid-based ink more 
specifically, we characterized the resulting printing patterns 
using vibrational spectroscopy. For functionalization, lipoic acid 
was employed as an ink, enabling the anchoring of gold 
nanoparticles (AuNPs). For this purpose, we first synthesized α-
lipoyl chloride (i3), which was subsequently used as an ink in the 
PolyBrushMiC process. The synthesis of i3 followed established 
procedures from the literature (characterizations in Figures S4 
and S24).[62] 
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Figure 4. a) Illustration of 6-(2,2,2-trifluoroacetamido)hexanoyl chloride (i2) functionalized cellulose substrate. b) Atomic concentrations (%) calculated from XPS spectra 
along with c) high resolution F 1s XPS spectrum of i2 printed substrate. The inset of b) shows zoomed in atomic concentrations (%) of N and F content. The presence of 
fluorine and other elements (Positive control: C = 60  ±  6.28%, O = 39  ±  6.24%, N = 1.22  ±  0.05%, F = 0.8  ±  0.4%; negative control: C = 53  ±  6.51%, O = 47  ±  
6.84%, N = 0.22  ±  0.09%, F = 0.07  ±  0.1%) indicate printing with a grafted stamp transfers i2 more effectively than printing with a bare stamp. d) schematic 
representation of i3 patterned cellulose substrate and Au NPs deposition (0.05 mg ml-1, 40 nm) on the surface. e) Representative SERS spectra of AuNPs-deposited 
patterned cellulose substrates. Different areas of the patterned substrate were analysed to observe the presence and absence of lipoic acid signals. 

In the next step, the printed substrate was immersed in an 
aqueous dispersion of AuNPs (0.05 mg mL-1, 40 nm diameter), 
which selectively bound to the patterned regions through thiol-
Au covalent bonding. Due to the presence of nanoparticles in 
the patterned areas, we expect that Raman signals from 
molecules in the vicinity of the AuNP surface will be enhanced, 
giving rise to surface-enhanced Raman spectroscopy (SERS). 
We mapped a distinct patterned region exhibiting SERS 
enhanced Raman signals, which are attributed to lipoic acid in 
proximity to the AuNP (Figure 4 e). The obtained spectra show 
characteristic vibrational bands of lipoic acid,[63] including C-C 
stretching at 1116 cm-1, C-H twist and C-H wagging at 1185 and 
1240 cm-1, C-H scissoring at 1460 and 1600 cm-1; the latter being 
very enhanced and most likely correlated to C-H closer to the 
nanoparticle surface. A small band at 1770 cm-1 is assigned to 
the C-O stretching. Additionally, a set of bands in the region 
near 3000 cm-1 are associated with different coupled C-H 
stretches. These findings clearly demonstrate the attachment of 
i3 to the cellulose surface. In contrast, non-patterned regions 
showed no such signals (Figure S39), as expected for mere 
cellulose samples. To further validate the covalent interaction 
between the NPs and the patterned area, SERS spectra were 
recorded for a pristine cellulose-coated substrate and for a 
cellulose-coated substrate deposited with AuNPs, and these 
were compared to the spectrum of the particle-deposited 
printed surface. The lipoic acid-modified substrate exhibited 
signals corresponding to those regions observed in the 
patterned area, whereas the two control substrates showed no 
significant characteristic peaks (Figure S40). This indicates 
AuNPs deposited bare cellulose wafer show no covalent 
attachment of NPs, unlike the lipoic acid functionalized 
substrate. Note that minor shifts or slight deviations in the 
characteristic lipoic acid bands can likely be attributed to the 

ultrathin film thickness and the relatively low surface 
concentration of lipoic acid.
In summary, we introduce a polymer-assisted µCP strategy for 
the direct patterning of cellulose surfaces. Well-defined 
cellulose ester patterns were generated by transferring acyl 
groups from an imidazole-containing poly(DEGMA-co-HMAm) 
brush to cellulose thin films. Three types of acyl chlorides were 
employed as inks: a fluorescent dye for microscopy 
visualization, a fluorinated acid as an XPS probe, and a disulfide-
containing acid enabling SERS detection. These inks were 
immobilized on polymer chains grafted from elastomeric PDMS 
stamps and subsequently transferred to cellulose films through 
imidazole-mediated esterification. Ink transfer was validated by 
complementary analytical techniques, with fluorescence 
microscopy in particular confirming the precise deposition of a 
fluorescent dye in stripe patterns. This approach is broadly 
applicable, as both the grafted polymer and the substrate can 
be tailored, establishing µCP as a versatile platform for direct 
patterning and selective functionalization of cellulose surfaces, 
with potential extension to cellulose-based papers.
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