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ABSTRACT: Bacterial bio�lm infections incur massive costs on
healthcare systems worldwide. Particularly worrisome are the
infections associated with pressure ulcers and prosthetic, plastic,
and reconstructive surgeries, where staphylococci are the major
bio�lm-forming pathogens. Non-leaching antimicrobial surfaces
o�er great promise for the design of bioactive coatings to be used
in medical devices. However, the vast majority are cationic, which
brings about undesirable toxicity. To circumvent this issue, we
have developed antimicrobial nanocellulose �lms by direct
functionalization of the surface with dehydroabietic acid
derivatives. Our conceptually unique design generates non-leaching anionic surfaces that reduce the number of viable staphylococci
in suspension, including drug-resistant Staphylococcus aureus, by an impressive 4�5 log units, upon contact. Moreover, the �lms
clearly prevent bacterial colonization of the surface in a model mimicking the physiological environment in chronic wounds. Their
activity is not hampered by high protein content, and they nurture �broblast growth at the surface without causing signi�cant
hemolysis. In this work, we have generated nanocellulose �lms with indisputable antimicrobial activity demonstrated using state-of-
the-art models that best depict an “in vivo scenario”. Our approach is to use fully renewable polymers and �nd suitable alternatives to
silver and cationic antimicrobials.
KEYWORDS: cellulose nano�bril, antimicrobial, surface, bio�lm, dehydroabietic acid

� INTRODUCTION
Bacterial attachment and subsequent bio�lm formation
signi�cantly hinder surface performance in a plethora of
circumstances including food packaging, sanitary and house-
hold materials, as well as military and medical items.1�4 As a
consequence, the colonization of surfaces by bacteria has been
under intensive research aiming at �nding guiding principles to
e�ciently manipulate bacteria�surface interactions for the
bene�t of humans.5�9 From a health perspective, the most
worrisome bio�lm-based infections are those associated with
implanted medical devices; chronic wounds (including
pressure ulcers); and prosthetic, plastic, and reconstructive
surgeries.10�13 Bio�lms are di�cult to treat once established as
microorganisms in bio�lms are inherently tolerant and resistant
to antimicrobial therapies. In addition, dispersal of bacterial
cells from bio�lms carries a very signi�cant risk of infection
dissemination within the host. Not surprisingly, bio�lm-based
infections and associated complications currently incur massive
�nancial costs on healthcare systems.1�4 Therefore, clinical and
economic bene�ts will surely accrue from improved anti-

microbial coatings that e�ciently limit bacterial attachment as
an alternative to treating mature bio�lms.

The design of antimicrobial surfaces comprises chemical
engineering of the surface to either leach biocides or kill
bacteria directly upon contact.3,4 Remarkable progress in this
�eld has led to antibacterial surfaces with varying degrees of
complexity14�20 based, for instance, on enzymes, antimicrobial
peptides, bacteriophages, polycations, graphene oxides, plasma
technology, and several metal antimicrobials of which silver,
despite its well-known toxicity to human cells and to the
environment, is the most widely used. One of the major
disadvantages of the leaching approach is that the surface
progressively becomes ine�ective as the antimicrobial species
leaves the material, thereby severely limiting the surface
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durability. In contrast, non-leaching contact-active surfaces are
envisioned to be longer-lasting and even susceptible to
reactivation by treatment with appropriate solvents, while
protecting the environment from contamination with anti-
microbials.

The tight electrostatic interactions that positively charged
nanomaterials establish upon contact with the negatively
charged functional groups at the surface of bacteria have been
extensively exploited in the design of contact-active anti-
bacterial surfaces, albeit the well-documented toxicity of
polycationic compounds.21�24 In contrast, anionic surfaces
circumvent this toxicity issue because they fail to induce the
strong membrane polarization that leads to cell lysis.
Nonetheless, they remain greatly unexplored. A few reports
document that nanoparticles with a negatively charged surface
interact extensively through hydrogen bonding with lip-
opolysaccharides and/or peptidoglycans at the surface of
bacteria that are responsible for structural integrity and
survival, thus causing cell death, while bypassing general
toxicity.25,26 Carboxylate-functionalized polystyrene nanopar-
ticles with a precise diameter have also been reported to
interfere with speci�c surface proteins of fungi that in�uence
key events in adhesion to abiotic surfaces and host tissues.27

In an era of increasing awareness of the need to replace
petroleum-based polymers for alternatives widely abundant
from natural sources, cellulose nano�brils (CNFs), a fully
renewable and biocompatible material, are an attractive starting
point for the design of bioactive coatings.28�32 Films made
from CNFs combine sustainability with outstanding mechan-
ical properties33 and are envisioned to be able to replace
synthetic polymer-based �lms in �exible electronics, medical
devices, or food packaging.28�32 Despite the fact that there are
several reports detailing both leaching and non-leaching
methods to make CNF antimicrobial,34�40 CNF �lms that
combine non-leaching and antimicrobial properties with good
biocompatibility, in a way to preserve the physico-chemical
properties needed for the envisioned applications, are currently
lacking. In fact, only a few reports37�39 detail the synthesis of

non-leaching antimicrobial CNF; however, these comprise
highly cationic compounds37 well known for their cyto- and
ecotoxicities or are likely to have limited chemical stability
because of the use of antimicrobial proteins38 and grafting
strategies based on reversible chemical reactions.39 In this
work, we present the �rst example of anionic CNF �lms
modi�ed with dehydroabietic acid derivatives that e�ciently
resist fouling by bacteria in an arti�cial dermis model
mimicking the wound environment. We determine details of
the chemical composition of the surface and discuss how these
relate to the e�cient antimicrobial activity observed. Recently,
a wound dressing based on wood-derived CNF (FibDex)41

was launched in the European market, showing the potential of
CNF for the design of medical devices for human use alongside
with bacterial cellulose and carboxymethyl cellulose (CMC).

� RESULTS AND DISCUSSION
For the synthesis of CNF-CMC-7a and CNF-CMC-7b (Figure
1), an attachment point at C12 of the dehydroabietic acid
derivative was designed, with a spacer length of three carbon
atoms. In order to achieve this, dehydroabietic acid 1 was
selected as the starting material for the synthesis of compounds
7a and 7b, by means of a six-step sequence (Figure 2).

Compound 7a is capped with a methyl ester at C18, whereas
compound 7b bears a cyclohexyl-L-alanine moiety, previously
reported to be relevant for the antimicrobial activity of
dehydroabietanes.42�45 For the synthesis of 7a, compound 1
was �rst converted into its methyl ester 2a to undergo Friedel�
Crafts acylation reaction and give 3a. Compound 2b was
prepared by N-(3-dimethylaminopropyl)-N�-ethylcarbodiimide
(EDC)-mediated coupling of �-cyclohexyl-L-alanine methyl
ester hydrochloride to 1. Peracetic acid-mediated oxidation of
3a/3b in acetic acid, followed by treatment with a base, gave
5a/5b, which was reacted with t-Bu-(3-bromopropyl)-
carbamate to give 6a/6b. Compounds 7a/7b were prepared
after deprotection of the amino group by treatment with
tri�uoroacetic acid (TFA). Each compound was reacted with
CNF �lms using carbodiimide chemistry after the surface was

Figure 1. Synthesis of CNF-CMC-7a and CNF-CMC-7b and chemical detail of the surface composition. Reagents and conditions: (i) CaCl2/
NaHCO3, Na-CMC, 80 °C, 4 h and (ii) EDC·HCl, DIPEA, HOBt, 7a or 7b, r.t., 24 h.
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enriched in free carboxyl groups by adsorption of CMC
(Figure 1).

X-ray photoelectron spectroscopy (XPS) was used to probe
the surface composition prior to and after functionalization
with compounds 7a and 7b (Table 1, Figure 3A,B).
Speci�cally, nitrogen content and the presence of the ester
groups were analyzed. Indeed, as expected, nitrogen was found
on the functionalized �lms CNF-CMC-7a and CNF-CMC-7b
only, and the content of C�C, that is, carbon atoms without
oxygen neighbours, increased after the functionalization
because of the presence of the dehydroabietic acid derivative
bound at the surface. In good agreement, the content of carbon
atoms with one bond to oxygen (C�O) was lower after the
functionalization, while the content of carbon atoms with one

single and one double bond to oxygen (O�C�O), derived
from carboxyl groups, increased. Using relative C�C or N
content, it was estimated that 7a covers no more than 20�30%
of the surface of CNF-CMC-7a, whereas 7b covers about 14�
25% of the of the surface of CNF-CMC-7b.

Additional con�rmation of the success of the coupling
reaction was gathered from the time-of-�ight secondary ion
mass spectrometry (ToF-SIMS) analysis of CNF, CNF-CMC,
CNF-CMC-7b, and single compound 7b (Figure 3C,D and
Figures S17, S18). A number of ions46,47 were observed in the
spectra of compound 7b, including a peak corresponding to
the protonated molecular ion [M + H]+ at m/z 541.5 in the
positive ion mass spectrum (Figure 3C). The corresponding
deprotonated molecular ion peak [M � H]� was weakly
observed in the negative ion spectrum at m/z 539.4 (Figure
3D). As expected, these peaks did not show up in either CNF
or CNF-CMC but were present in the spectra of CNF-CMC-
7b. Further evidence of the attachment of 7b to the surface
CMC was suggested by the peak at m/z 696.7 (Figure 3C),
which was proposed to correspond to a monomeric CMC
fragment bound to 7b with a cleavage at its ring A amide bond,
resulting in loss of the cyclohexylalanine group.

Electrokinetic (streaming current) measurements at varying
pH values of 1 mM KCl solutions revealed a negatively
charged interface for CNF-CMC-7b that can be attributed to
the ionization of carboxyl groups (Figure 4A).48,49 The
interface generated by both CNF-CMC and CNF-CMC-7b
showed a rather similar “electrokinetic �ngerprint”. The slight
di�erences can be assigned to di�erences in the density and
ionization of carboxyl groups as well as the impact of the
interfacial structure on the electrohydrodynamics in the
electrokinetic active region of the interface.49 The lack of
signi�cant di�erences between both �lms corroborates the
evidence collected from the XPS analysis, where it was
estimated that the amount of compound 7b that covers the
surface is indeed relatively low.

As the functionalization of the �lms occurred only at the
surface, no signi�cant changes in the FTIR spectra were seen
when comparing CNF, CNF-CMC, CNF-CMC-7a, and CNF-
CMC-7b (Figure 4B). Surface morphology also remained
unchanged (Figure S19). Nonetheless, as expected, the
hydrophobicity of both CNF-CMC-7a and CNF-CMC-7b
clearly increased in relation to CNF, as shown by the water
contact angle values changing from 31.4 to 86.1 and 75.3°,
respectively, due to the increased content of carbon and
hydrogen at the surface of the abietane-containing �lms
(Figure 4C). However, the static water contact angle
measurements at 5 and 30 s showed that both CNF-CMC-
7a and CNF-CMC-7b were still intrinsically hydrophilic (� <
90°).50

The activity of CNF-CMC-7b was evident against
planktonic Gram-positive staphylococci when compared to

Figure 2. Synthesis of compounds 7a and 7b. Reagents and
conditions: (i) CH3I, K2CO3, DMF, r.t. for 2a; (ii) EDC·HCl,
DIPEA, HOBt, �-cyclohexyl-L-alanine methyl ester hydrochloride,
DMF, r.t., 24 h for 2b; (iii) AcCl, CH2Cl2, 0 °C to r.t.; (iv) AcOOH/
AcOH, CH2Cl2, r.t; (v) K2CO3, MeOH, r.t.; (vi) t-Bu-(3-
bromopropyl)carbamate, Cs2CO3, DMF, r.t; and (vii) TFA,
CH2Cl2, 0 °C. aCrude yield. bYield after chromatographic puri�cation.

Table 1. High Resolution Numerical XPS Data for CNF, CNF-CMC-7a, and CNF-CMC-7b

wide scan atomic concentrations [%] (SD)c high resolution C 1s carbon �ts [%] (SD)c

sample C 1s O 1s N 1s Si 2p C�C C�O O�C�O O�C�O

CNF 60.7 (0.5) 39.3 (0.5) 0.0 (0.0) 0 (0.0) 4.4 (0.0) 74.5 (0.2) 19.2 (0.1) 1.9 (0.0)
CNF-CMC-7aa 63.6 (1.3) 35.5 (1.3) 1.0 (0.0) 0 (0.0) 16.7 (1.1) 63.3 (1.1) 17.4 (0.1) 2.6 (0.1)
CNF-CMC-7bb 62.8 (0.4) 35.3 (0.3) 1.2 (0.1) 0.5 (0.2) 13.0 (0.6) 66.2 (1.0) 17.9 (0.7) 2.7 (0.2)

aSurface coverage for CNF-CMC-7a was estimated as 30% based on N content and 20% based on C�C content. bSurface coverage for CNF-
CMC-7b was estimated as 25% based on N content and 14% based on C�C content. cStandard deviation (n = 3).
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unmodi�ed CNF. CNF-CMC-7b �lms were able to produce
approximately 4 and 5 log reductions in viable Staphylococcus
aureus ATCC12598 cell counts and the methicillin-resistant
strain MRSA 14TK301 strains after 24 h of contact,
respectively (Figure 5A,B). Good activity was also observed
against Gram-negative Escherichia coli with a reduction in
bacterial counts of approximately 2 log units. CNF-CMC-7a
was overall less potent but still able to target both Gram-
positive and -negative bacteria. CNF-CMC-7b was selected for
further studies including assessment of cell proliferation at the
surface and toxicity toward blood cells (Figure 5C) as well as
the ability to resist to bacterial colonization in both a bio�lm
model and an arti�cial dermis model that simulates a chronic
wound environment51 (Figure 6). Human �broblasts prolif-
erated to a larger extent at the surface of CNF-CMC-7b than
they did at the surface of CNF, and only very minor
haemolysis (1.8%) was induced by the presence of the
modi�ed �lms (Figure 5C).

In addition, the ability of CNF-CMC-7b to resist fouling by
the virulent oxacillin-susceptible clinical isolate UAMS-1 was
noteworthy. CNF-CMC-7b caused an average reduction in
recovered CFU of 2.5 log units when compared to CNF in the
bio�lm model (Figure 6A). This result translated well into the
wound model where CNF-CMC-7b was placed on top of the
arti�cial dermis, and there was a clear reduction in the CFU
recovered (1.4 log units) when compared to CNF (Figure 6B).
As evidenced in the pictures, CNF-CMC-7b e�ciently resisted
colonization by UAMS-1. It should be noted that the arti�cial
dermis model uses high concentrations of plasma and horse
blood to moisten the dermis, so evidently the activity of CNF-
CMC-7b is not hampered by plasma protein binding. As
expected, as CNF-CMC-7b contacted only with the outer

surface of the arti�cial dermis which is roughly 1 cm thick,
there was no signi�cant di�erence in CFU recovery between
the arti�cial dermises contacted with either CNF-CMC-7b or
CNF after 24 h of bio�lm formation because of the non-
leaching, contact-active properties of CNF-CMC-7b (Figure
6C).

The mode of antimicrobial action of the CNF �lms designed
from compounds 7a and 7b does not necessarily have to
recapitulate the mode of action of the isolated compounds as
these do not leave the surface of the �lms and are therefore
unlikely to permeate the bacterial wall. Indeed, compound 7a
is devoid of signi�cant antimicrobial activity, whereas 7b is
active against Gram-positive strains only, including S. aureus
ATCC12598, UAMS-1, and the methicillin-resistant, vanco-
mycin (Van)-intermediate resistant S. aureus Mu50 (Table 2,
Figure 7). Treatment of S. aureus ATCC12598 with a 7×
minimum inhibitory concentrations (MIC) concentration of
7b for a short period of time does not seem to cause extensive
bacterial cell lysis, suggesting that it is a slow acting compound
(Figure 7A). In sharp contrast, both CNF-CMC-7a and CNF-
CMC-7b are active against Gram-positive and -negative
bacteria. CNF-CMC-7b in particular is active against Gram-
negative E. coli DH5� (Figure 5B), whereas compound 7b is
inactive even at a high concentration of 400 �M (Table 2).

Scanning electron micrographs of S. aureus ATCC12598
after exposure to CNF-CMC-7b showed extensive background
debris and bacteria with rough surfaces and bubble-like
protrusions, indicating severe damage to the cell wall (Figure
8). After treatment with 7b, a few intact bacteria could be
observed along with cell debris.

The key to understanding the potential mode of action of
surfaces generated from CNF �lms and dehydroabietic acid

Figure 3. (A) XPS wide scan of CNF and CNF-CMC-7b with close-up of the N 1s signal. (B) High resolution C 1s spectra of CNF and CNF-
CMC-7b. (C) Positive ion ToF-SIMS mass spectrum and (D) negative ion ToF-SIMS mass spectrum of CNF, CNF-CMC, CNF-CMC-7b, and
compound 7b.
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derivatives such as compounds 7a or 7b resides in close
inspection of the details of the chemistry generated at the
surface (Figure 1). This highly heterogeneous �lm surface
comprises unreacted carboxyl groups from the adsorbed CMC
(pKa 3.6)52 that will be ionized at pH 7 and a small number of
nonionizable, amide-bonded 7a/7b �ngers, unevenly distrib-
uted throughout the CMC backbone. The overall surface is
likely to be perceived by bacteria as a complex anionic sugar-
based polymeric matrix unevenly branched with the com-
pound, where hydrophilic and hydrophobic regions are not
clearly separated but instead have a mosaic distribution of
polarity, that is, CNF-CMC-7a and CNF-CMC-7b bear
“imperfect amphipathicity”.53 This property has been
described in biosurfactants produced by microorganisms,
such as glycolipids, lipopeptides or saponins, and is responsible
for their ability to intercalate into bacterial membranes, bind to
surface proteins, and extract lipopolysaccharides to modulate
bio�lm formation below their critical micellar concentration.54

The mosaic distribution of polarity in biosurfactants is an
essential property that distinguishes them from chemical
surfactants with clearly separated distribution of polarity

because the former cannot bind so strongly to positively
charged groups in proteins and do not solubilize membranes.
For CNF-CMC-7b, it may help to explain why �broblasts grow
well at its surface and why it does not induce signi�cant
haemolysis of red blood cells, unlike the nonionic chemical
surfactant Triton-X (Figure 5C).

The anionic net charge is reported as yet another essential
feature for the interactions of biosurfactants with surface
proteins.54 In this context, we tried to rule out whether CNF-
CMC-7b signi�cantly a�ected autolysins, which are the key
enzymes at the surface of bacteria, responsible for cell

Figure 4. (A) Streaming current vs pressure gradient measurements
for CNF, CNF-CMC, and CNF-CMC-7b; (B) Fourier-transform
infrared (FTIR) spectra of CNF, CNF-CMC, CNF-CMC-7a, and
CNF-CMC-7b with graphics normalized by the 1159 cm�1 band; (C)
water contact angle measurements at 5 and 30 s for CNF, CNF-
CMC-7a, and CNF-CMC-7b. CNF-CMC is very hydrophilic and
does not allow accurate water contact angle determination.

Figure 5. (A) Amount of viable MRSA 14TK301 from 10% of �105

colony forming units (CFU)/mL cell suspensions, after 24 h of
incubation with CNF or CNF-CMC-7b. CNF-CMC was devoid of
signi�cant antimicrobial activity as previously reported;57 (B)
antimicrobial activity of CNF, CNF-CMC-7a, and CNF-CMC-7b.
�; = not tested. Statistical analysis was made using a 2-tailed
independent t-test where, CNF-CMC-7a and CNF-CMC-7b were
compared to CNF, *p < 0.05. (C) Human �broblast viability
(measured in terms of percent of viable �broblasts placed on top of
each material compared to the percent of viable �broblasts grown on a
sterile tissue culture-treated 24-well control plate) and haemolysis
testing (measured in terms of percent of haemolyzed erythrocytes
from the 2% Triton X-100 solution) for CNF and CNF-CMC-7b.
Statistical analysis was made by one-way ANOVA, followed by a
Dunnett’s multiple comparison test. All data sets were compared with
CNF, and the levels of signi�cance were set at probabilities of *p <
0.05, **p < 0.01, and ***p < 0.001, (n = 4), n.s.= not signi�cant.
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separation and cell wall turnover. Autolysins exist attached to
the cell surface but can be released by high salt treatment and
are well known to mediate cell-to-cell adherence and bio�lm
formation through binding to vitronectin and �bronectin.55

Cell wall active antibiotics can interfere with autolysins, but
this is usually considered a post-mortem event as they will
cause killing �rst by inhibiting peptidoglycan synthesis.56

Investigations in small molecules or vaccines that can modulate
the activity of these autolysins are still at their infancy but have
the potential to generate a new class of antimicrobial agents.57

We found that CNF-CMC-7b was only 10-fold less active
against a mutant strain of the Gram-positive Lactococcus lactis
(LAC471) devoid of the AcmA autolysin than against the
original L. lactis LAC460 strain (data not shown), suggesting
that it is unlikely that release of autolysins from bacteria
surfaces can be regarded as the sole mechanism of action of the
�lms. Instead, the activity of multiple surface proteins with
relevance to the integrity and bio�lm-forming ability of
bacteria is bound to be a�ected by CNF-CMC-7b. As an
anionic surface with sugar units, CNF-CMC-7b could easily
bind to positively charged residues and/or carbohydrate
recognition sites of speci�c surface proteins or even indirectly
modulate their activity through ion chelation in a similar
fashion to what has been described for nanoparticles.22,23,25�27

A potential suppressor of potency for CNF-CMC-7b in Gram-
negative E. coli is the ability of the O-antigen to systematically
hamper adhesion onto cells by completely neutralizing the
negative charge carried by the supporting cell envelope.26

Despite these general considerations, there is yet another
feature of CNF �lms functionalized with dehydroabietic acid
derivatives that is highly relevant when discussing their
potential mode of action. In line with our previous
observations,58 charge, hydrophobicity, and surface topography

Figure 6. (A) CFU count after 24 h of UAMS-1 bio�lm formation on CNF and CNF-CMC-7b. Statistical analysis was done using a 2-tailed
independent t-test. CNF-CMC-7b showed an average reduction in recovered CFU of 2.5 log (95% CI: 1.7�3.4, p < 0.05, n = 11) compared to
CNF. The dotted line indicates the detection limit; (B) CFU count from CNF and CNF-CMC-7b placed on infected (UAMS-1) arti�cial dermis.
Statistical analysis was done using a 2-tailed independent t-test. CNF-CMC-7b showed an average reduction in recovered CFU of 1.4 log (95% CI:
0.9�1.9, p < 0.05, n = 9) compared to CNF. The pictures show bacterial colonization of CNF and CNF-CMC-7b of the material placed on top of
infected arti�cial dermis after 24 h; (C) CFU count from arti�cial dermis after 24 h of UAMS-1 bio�lm formation. Statistical analysis was done
using a one-way ANOVA Bonferroni analysis. There was no signi�cant di�erence for recovered CFU between the arti�cial dermises (n = 9).

Table 2. Antimicrobial Activity of Compounds 7a and 7ba

MIC (�M)

compound S. aureus ATCC12598 UAMS-1 Mu50 E. coli DH5�

7a 60 N.D.c N.D. 130
7b 15 7.4 7.4 N.A.b

aMIC = minimum inhibitory concentration. bN.A. = not active at the
maximum concentration tested (400 �M). cN.D. = not determined.

Figure 7. (A) Release of ATP from S. aureus ATCC12598 after
incubation with compounds 7a or 7b (100 �M) or Van (100 �M).
NT = untreated cells; (B) �uorescence images depict S. aureus
ATCC12598 or E. coli DH5� counts with/without treatment with
compounds 7a or 7b, at 100 �M, for 1 h.
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alone do not account for the bioactivity of the functionalized
CNF �lms. However, changes in the compound bound at the
surface of the �lm seem to be determinant. This is clearly
evidenced by the fact that CNF-CMC-7a is weakly
antimicrobial, whereas CNF-CMC-7b, where a �-cyclohexyl-
L-alanine side chain was introduced in place of the simple
methyl ester using the exact same spacer unit to CMC, is much
more potent. It is therefore reasonable to speculate that the
spatial orientation and binding distance of the abietane to the
CMC backbone play a crucial role not only in the mosaic
distribution of polarity and changes to the hydrophobicity but
also in targeting speci�c chemical space/structures at the
surface of the bacteria that trigger the antimicrobial action. The
ability to fully elucidate details of the chemical space/
structures will depend on future advances in techniques that
are able to probe and/or model the processes occurring in the
contact region between the surface and bacteria at the atomic
scale. Understanding the exact nature of the interactions of
surfaces based on dehydroabietic acid derivatives and CNF will
undoubtedly pave the way for the development of more
e�cient and biocompatible antimicrobial surfaces.

� CONCLUSIONS
We have successfully developed, for the �rst time, non-
leaching, anionic, and biocompatible CNF �lms with the ability
to resist colonization by bacteria that would lead to the
undesirable establishment of a bio�lm, when tested in a model
that mimics the physiological conditions present in chronic
wounds. By covalently coupling the dehydroabietic acid
derivatives 7a or 7b at the surface of premade activated
CNF �lms, we have created an interface with bacteria where
the �lm is most likely perceived as an anionic sugar-based
polymeric matrix unevenly branched with the compound,
where hydrophilic and hydrophobic regions are not clearly
separated. This uneven distribution of polarity combined with
the spatial orientation and the binding distance of the
compound to the CMC backbone at the surface of the �lms
are likely to be the key contributors to the observed bioactivity.
The activity of the �lms made from compound 7b was
particularly good and more relevant in Gram-positive bacteria,
remaining una�ected by the presence of high protein content.
This �nding together with the remarkable biocompatibility of
the �lms suggests that there is a great potential for using them

as integral parts of advanced biomaterials for human health
including prosthetic implants or vascular stents, where S.
aureus is a prevalent bio�lm-forming pathogen.

� EXPERIMENTAL SECTION
Compound and Film Synthesis. Dehydroabietic acid (90%

purity) was purchased from Pfaltz & Bauer Inc. Acetyl chloride,
iodomethane, aluminium chloride, N,N-diisopropylethylamine
(DIPEA), 1-hydroxybenzotriazole hydrate (HOBt), di-t-butyl dicar-
bonate, cesium carbonate, sodium CMC (DS 0.70�0.85, MW �
250,000), N,N-dimethylformamide (DMF), cyclohexane, ethyl
acetate, hexane, heptane, methanol, and dichloromethane were
acquired from Sigma-Aldrich Co. t-Butyl (3-bromopropyl)carbamate
was acquired from Ega-Chemie. N-(3-Dimethylaminopropyl)-N�-
ethylcarbodiimide hydrochloride (EDC·HCl), (S)-methyl 2-amino-
3-cyclohexylpropanoate hydrochloride, and TFA were purchased from
Fluorochem Ltd. Calcium chloride and potassium chloride were
purchased from Merck & Co. Sodium bicarbonate was purchased
from VWR International Oy and ethanol (Etax A, 94%) was
purchased from Altia Oyj. All reagents were used without puri�cation.
Silica gel 60 F254 was used for thin layer chromatograph. Flash
column chromatography was made using a Biotage high-performance
�ash chromatography SP4-system (Uppsala, Sweden) with a 0.1 mm
path length �ow cell UV detector/recorder module (�xed wavelength:
254 nm) and SNAP cartridges (25, 50 or 100 g) at 25�100 mL/min
�ow rate. A Vertex 70 (Bruker Optics Inc., MA, USA) instrument was
used to record FTIR spectra of the compounds and �lms using a
horizontal attenuated total re�ectance (ATR) accessory (MIRacle,
Pike Technology, Inc., WI, USA). Transmittance was recorded at 4
cm�1 resolution, between 4000 and 600 cm�1, using OPUS 5.5
software (Bruker Optics Inc., MA, USA). The FTIR graphics of the
�lms are normalized by the 1159 cm�1 band. Nuclear magnetic
resonance (NMR) spectra of compounds were recorded on a Bruker
Ascend 400 spectrometer using CDCl3 with tetramethylsilane (TMS)
as the internal standard. Chemical shifts are reported in parts per
million (ppm) on the � scale from TMS as an internal standard, and
the coupling constants J are quoted in hertz (Hz). Exact mass analyses
of the compounds were made with a Waters UPLC-ESI/QTOF-MS
using a Synapt G2 HDMS (Waters, MA, USA) instrument.
Compounds 3b, 4b, 5b, 6a, 6b, 7a, and 7b are novel and have not
been reported before.

Methyl Dehydroabietate (2a). Dehydroabietic acid 1 (0.500 g,
1.50 mmol) was dissolved in DMF (4 mL) at room temperature, and
K2CO3 (573 mg, 4.15 mmol) and iodomethane (0.20 mL, 3.32
mmol) were added. The reaction was left under magnetic stirring for
3 h and 15 min after which it was diluted with 1 M hydrochloric acid
(50 mL) and extracted with diethyl ether (3 × 75 mL). The resulting

Figure 8. SEM of S. aureus ATCC12598 (�108 CFU/mL) after treatment with CNF and CNF-CMC-7b and 7b, for 24 h. Left panel magni�cation
3000× and right panel magni�cation: 50,000×.
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