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A B S T R A C T   

The continuous rising of infections caused by multidrug-resistant pathogens is becoming a global healthcare 
concern. Developing new bio-based materials with unique chemical and structural features that allow efficient 
interaction with bacteria is thus important for fighting this phenomenon. To address this issue, we report an 
antimicrobial biomaterial that results from clustering local facial amphiphilicity from amino-modified cellulose 
on silk fibroin β-sheets, by simply blending the two components through casting technology. A simple but 
effective method for creating a membrane that is antibacterial and non-cytotoxic. Amino-modified cellulose 
nanocrystals (CNC-NH2) were mixed with proteinaceous silk fibroin (SF) which resulted in a material with 
improved crystallinity, higher β-sheet content, and exposed amino-groups at its surface features, proven by 
Fourier transform infrared (FTIR) spectroscopy and X-ray photoelectron spectroscopy (XPS), that does not occur 
when the components are individually assembled. The resulting material possesses important antibacterial ac-
tivity inducing >3 CFU log10 reduction of Escherichia coli and Staphylococcus epidermidis, while the pristine 
membranes show no antibacterial effect. The chemical interactions occurring between SF and CNC-NH2 during 
casting, exposing the amino moieties at the surface of the material, are proposed as the main reason for this 
antimicrobial activity. Importantly, the membranes are non-cytotoxic, showing their potential to be used as a 
new bioinspired material with intrinsic antibacterial activity for biomedical applications. Those may include 
coatings for medical devices for the control of healthcare-associated infections, with no need for including 
external antimicrobial agents in the material.   

1. Introduction 

Bacteria are essential for ecosystem preservation. However, the tiny 
number of bacteria capable of causing infections and diseases encom-
passes serious public health concerns [1]. Infections caused by drug- 
resistant bacteria are behind the increasing hospital mortality and 
morbidity, also inflicting a huge economic burden in clinical settings 
[2,3]. This phenomenon mostly results from the overuse and misuse of 
antibiotics which are losing their efficacy against an expanding range of 

pathogens [4]. 
Thus, strong efforts are being performed to tackle bacteria resistance 

by synthesizing new compounds which analogous to current antibiotics, 
but with slightly different structural and functional features. Neverthe-
less, this cannot be considered a long-term solution as the appearance of 
new resistant strains is predictable, requiring the continuous expendi-
ture of time and resources [5,6]. A viable long-term alternative is the 
development of novel therapeutic techniques and materials capable of 
controlling bacterial infections by repelling or preventing their fouling, 
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particularly required for clinical settings [7,8]. Standard antibacterial 
coatings and surfaces have been produced using known antimicrobial 
agents, such as silver compounds [9,10], zinc oxide [11], copper and 
copper alloys [9], or organic molecules with quaternary ammonium 
chemical groups [12]. However, the side effects due to the leaching of 
these materials, represent a strong concern given their ecotoxicity and 
cytotoxicity towards mammalian cells [12]. In this context, natural- 
based materials have been widely investigated as suitable materials 
able to effectively interact with bacteria and overcome toxicity com-
plications. In fact, natural compounds are in high demand due to their 
ability to minimize undesirable interactions between the material and 
the physiological environment while being environmentally friendly 
[13]. Antimicrobial peptides, natural quorum-sensing inhibitors, 
essential oils, or enzymes are some of the bioinspired compounds used so 
far to develop antibacterial coatings [14]. 

The use of natural polymers in the scope of sustainability of society 
and economy and to reduce environmental impact is also being explored 
[15]. In this sense, cellulose, as the most abundant natural polymer in 
the biosphere, emerges as an unbeatable candidate to fabricate natural 
multifunctional materials. This biopolymer can be easily modified with 
different functional groups to produce cellulose-derived materials with 
tailored applicability in diverse areas of technological and industrial 
relevance [16]. These applications include energy storage [17], sensing 
[16], water purification [18], tissue engineering [19], controlled drug 
release [20,21], anti-biofouling [22], and antibacterial coatings [23], 
among others. Cellulose nanocrystals (CNCs) in particular are cellulose 
derivatives obtained from the cell wall of cellulosic fiber and are typi-
cally regarded as isotropic polar nanoparticles with amphiphilic 
behavior in suspension [24]. 

CNCs have been incorporated into polymeric matrices and have been 
shown to significantly improve the mechanical and thermal properties 
of the hosting polymeric matrix when compared to other water-soluble 
cellulose derivatives [25]. This morphology, as rod-like and stiff nano-
sized particles, can also be easily dispersed into biopolymers due to their 
small size, ranging from 5 to 10 nm in diameter and up to 300 nm in 
length [25,26]. 

Regarding the antibacterial properties of cellulose-based derivatives, 
amino-modified cellulose (aminocellulose) has shown promising prop-
erties. The underlying mechanism is similar to that of chitosan and is 
based on the electrostatic interactions between the positively protonated 
amino group (NH3

+) of the biopolymer and negatively charged micro-
organism membranes [27,28]. The positive-negative interaction results 
in intracellular component leakage and the consequent cell death. 
Aminocellulose possesses chitosan-like reactive groups on its surface 
able to disrupt the bacterial membrane [29–31] showing, interestingly, 
a higher antimicrobial activity than chitosan [28]. Moreover, chitosan 
has a problematic translation on an industrial scale due to the significant 
amount of alkaline waste produced during its manufacturing 
[27,32,33]. Thus, the amination of CNCs offers a rarely explored 
approach to obtaining antibacterial materials with improved physico-
chemical properties, while preserving the inherent properties of 
cellulose. 

Silk fibroin (SF) is another natural-based compound that has been 
increasingly used for biomedical applications. This protein displays 
several outstanding features that are useful not only for textile appli-
cations but also for the design and development of a wide range of 
biotechnological and biomedical devices [34,35]. Owing to its physi-
cochemical properties, including excellent biocompatibility, biode-
gradability, minimal inflammatory reactions, and tunable mechanical 
properties, several works have focused on its potential for fabricating 
cell attachment supports, such as scaffolds [35,36]. SF-based scaffolds 
offer higher mechanical strength than other natural scaffolds, such as 
collagen, chitosan, and hyaluronan, making them a better candidate for 
tissue engineering, particularly for bone tissue engineering. This mate-
rial has also been used as a surface coating on bone implants due to its 
high osteogenic activity in vitro and in vivo [37,38]. Furthermore, SF 

may be synergically combined with other materials to form SF-based 
materials with tailored properties. 

The development of a fully natural renewable membrane based on 
amino-modified CNCs blended with SF is suggested in this work for the 
first time in the literature, to engineer an antibacterial and non-cytotoxic 
material. The SF/CNC-NH2 blends are proposed to overcome bacterial 
infections by disrupting bacterial cell membranes – an antibacterial 
strategy to avoid resistance development – while increasing the efficacy 
of medical devices due to the presence of proteinaceous SF. Thus, the 
bactericidal activity of SF/CNC-NH2 materials against Staphylococcus 
epidermidis and Escherichia coli, as well as their biocompatibility to a 
mammalian cell line, were investigated. The materials described herein 
represent a relevant and needed advance of the state-of-the-art in the 
field of antibacterial materials with practical value for clinical applica-
tions. In fact, the use of biomaterials that are inherently antimicrobial 
without the need for anchoring chemical approaches such as antibiotics 
is a promising and sustainable way of preventing surface-associated 
infections. 

2. Materials and methods 

2.1. Materials 

Bombyx mori silkworm cocoons were supplied by APPACDM from 
Castelo Branco (Portugal). Cellulose nanocrystals, CNC, at 8 wt% in an 
aqueous suspension were provided by Blue Goose Biorefineries Inc. 
under the name BGB Ultra™. Sodium carbonate (Na2CO3), formic acid 
(FA, CH2O2), calcium chloride (CaCl2), isopropanol (anhydrous, 99.5 
%), N,N-Dimethylacetamide (DMA) (anhydrous, 99.8 %), p-Toluene-
sulfonyl chloride (TosCl) (≥99 %), lithium chloride (LiCl) (anhydrous, 
99 %), triethylamine (Et3N) (≥99.5 %) and ninhydrin reagent were 
purchased from Sigma-Aldrich. Distilled water was prepared in our 
laboratory. All reagents and solvents were used as received. 

2.2. Synthesis of the pristine and blend membranes 

2.2.1. Synthesis of the amino-modified CNCs 
The amination of CNC to obtain CNC-NH2 was carried out by the 

tosylation of the CNC and the subsequent nucleophilic displacement of 
p-toluenesulfonate with ethylenediamine (Fig. 1). The process used to 
synthesize tosyl-cellulose was described by Rahn et al [39]. First, 500 
mg of CNC from an aqueous solution at 8 wt% were transferred to 20 mL 
of N,N-dimethylacetamide (DMA), followed by the dissolution of 1 g of 
LiCl. Then, 1.06 g of p-toluenesulfonyl chloride (TosCl) in the presence 
of 1.55 mL of triethylamine (Et3N) was added and allowed to react at 
8 ◦C for 24 h. After the tosylation, chemo- and regioselective nucleo-
philic substitution reaction take place by the addition of 20 Equiv. of the 
ethylenediamine dropwise, where the temperature of the reaction 
mixture was increased to 100 ◦C and stirred for 3 h [40]. The product 
was isolated by precipitation in 200 mL of water. The precipitate was 
filtered off and washed four times with 150 mL of isopropanol, four 
times with 150 mL water and finally dispersed in water. This solution 
was dried at room temperature over polyethylene Petri dishes obtaining 
a solid CNC-NH2 suitable to produce pristine and blend membranes. 

2.2.2. Extraction of silk fibroin 
The degumming method was used for the extraction of silk fibroin 

(SF) from Bombyx mori silkworm cocoons [41]. Cocoons were selected, 
cleaned, cut into 2 cm2 pieces, and boiled in a 0.05 wt% Na2CO3 solution 
for 30 min in silk to water solution ratio (w/v) of 1:40. The fibers of SF 
were washed with distilled water and dried at room temperature 24 h. 
Then, the fibers were dissolved in a 0.17 M solution of CaCl2-formic acid 
with a ratio of 12:1 v/w (formic acid:SF). The solution was centrifuged at 
6000 rpm for 10 min, to eliminate impurities. The supernatant SF/ 
CaCl2-formic acid solution was then cast on a glass Petri dish and left to 
dry at room temperature for 24 h, allowing the formic acid to evaporate. 
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The resulting membrane was again washed in a distilled water bath to 
remove CaCl2 and dried at room temperature, leading to a whitish solid 
SF. In the final step, SF was dissolved in neat formic acid (5:1 v/w formic 
acid:SF) to produce an SF/formic acid solution suitable for the prepa-
ration of pristine SF (Fig. 2) and blends. 

2.2.3. Processing of the pristine and blend membranes 
Pristine one-constituent membranes composed of SF or CNC-NH2, 

with a thickness of 20–40 μm, were obtained by casting the solutions 
over two different polyethylene Petri dishes and dried at room 
temperature. 

Blend membranes composed of SF and CNC-NH2 were prepared to 
contain 5, 10, and 20 wt% of CNC-NH2 and named SF/5CNC-NH2, SF/ 
10CNC-NH2 and SF/20CNC-NH2, respectively. These membranes were 
prepared by mixing the SF/formic acid solution, described above, with 
different ratios of CNC-NH2. Once both polymers were completely dis-
solved under magnetic stirring, the solution was cast overnight in 
polyethylene Petri dishes and dried at room temperature to remove all 
the formic acid. 

2.3. Physicochemical characterization of the membranes 

The SF/CNC-NH2 membranes were characterized in terms of 
morphology and physicochemical properties. For morphological char-
acterization, the samples were analyzed on the surface (top view) and in 
cross-section using a HitachiS-4800 field-emission scanning electron 
microscope (FESEM) at an acceleration voltage of 5 kV. The cross- 
sections were obtained by immersing the membranes in liquid nitro-
gen for a few seconds and then cutting them transversally. Before im-
aging, samples were sputtered with a 10 nm-thin gold layer. 

The surface wettability was assessed by contact angle measurements. 
The measurements were performed in a Neurtek OCA15EC Data Physics 
instrument with ultrapure water (3 μL droplets) as the test liquid. For 
each sample, at least three measurements were conducted in various 
sample locations, and the average contact angle was computed using the 
digital image. 

Fourier transform infrared (FTIR) spectroscopy was performed at 
room temperature from 4000 to 600 cm− 1 using a Spectrum Two 
spectrometer (PerkinElmer) linked with an attenuated total reflectance 
(ATR) (single reflection diamond, PerkinElmer) accessory. After 64 

scans with a resolution of 4 cm− 1, spectra were recorded. The decon-
volution of the spectral region corresponding to amide I was performed 
with OriginPro 8.1 software (OriginLab, Northampton), to assess the 
relative content of the secondary structures present in each sample. This 
region was fitted by linear baseline correction and 15 points with the 
Savitzky-Golay method were applied. The number of components and 
peak positions identified by the second derivative were used as starting 
parameters for curve fitting iteratively (R2 > 0.999) with a Gaussian 
function using the Levenberg-Marquardt algorithm [42]. Curve fitting 
was performed with the same set of parameters across samples to ach-
ieve comparable secondary structure assignment. The contribution of 
each fitted component to the amide I band was calculated from the 
relative area of the hidden bands by integrating the area under the curve 
and normalizing for the total area of amide I. 

The presence of amino groups on the surface of the developed ma-
terials was visually determined using the ninhydrin reaction test. For 
this, sample pieces were placed in a tube containing 2 mL of a 2 % w/v 
ninhydrin solution and immersed in a 100 ◦C water bath for 5 min. 

X-ray photoelectron spectroscopy (XPS) spectra were acquired using 
a system Versaprobe III Physical Electronics (ULVAC) equipped with a 
monochromated Al Kα X-ray source (1486.6 eV). An initial analysis was 
carried out to determine the elements present (wide scan: step energy 
0.2 eV, pass energy 224 eV) and a detailed analysis of the detected el-
ements was carried out (detail scan: step energy 0.05 eV, pass energy 27 
eV, time per step 20 ms). The spectrometer was previously calibrated 
with Ag (Ag 3d5/2, 368.26 eV). Peak fitting of the measured spectra was 
performed by the CasaXPS software using Shirley background and 
Gaussian/Lorentzian line shapes (GL(30), 70 % Gaussian/30 % Lor-
entzian) without fixing peak parameters (binding energies (BE), full 
width at half maximum (FWHM) and area/intensity). Binding energies 
(BE) of photoelectron lines were determined with an accuracy of ±0.1 
eV. Concentrations were calculated by correcting the values with rela-
tive atomic sensitivity factors (Scofield). 

2.4. Antibacterial activity and cytotoxicity assessments 

2.4.1. Antibacterial activity assessment 
A Gram-positive Staphylococcus epidermidis (ATCC® 14990™) and a 

Gram-negative Escherichia coli (ATCC® 8739™), both acquired from 
American Type Culture Collection (LGC Standards S.L.U.), were used in 
the antibacterial experiments. A single colony from the corresponding 
stock bacterial culture was used to produce the bacterial pre-inoculum, 
which was then resuspended in nutrient broth (NB) and incubated 
overnight at 37 ◦C and 110 rpm. The optical density (OD) of E. coli and 
S. epidermidis cultures was evaluated at 600 nm after 16 to 20 h and 
adjusted in both cases, yielding a working inoculum of about 1 × 106 

colony-forming units (CFU) per mL. 

2.4.2. Antibacterial activity of the amino-modified CNCs at suspension 
The antibacterial activity of the developed CNC-NH2 at suspension 

was evaluated using the microdilution antimicrobial technique. Briefly, 

Fig. 1. Synthesis pathway of the amino-modified CNC-NH2.  

Fig. 2. Chemical structure of SF, depicting the amino acids serine (Ser), alanine 
(Ala), and glycine (Gly). 
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different concentrations of CNC-NH2 were generated by serial dilutions 
of a 50 % (v/v) CNC-NH2 stock solution in sterile NB, using a 96-well 
microtiter plate. Then, each well was filled with an equal volume of 
bacterial inoculum, corresponding to approximately 1 × 106 CFU.mL− 1. 
Two different controls were performed: one with simply the bacterial 
inoculum and NB medium (control), and the other with only CNC-NH2 
and NB medium and no bacterial inoculum. The plates were further 
incubated at 37 ◦C for 24 h. Bacterial growth was measured using a 
microplate reader at 600 nm immediately after the microdilution pro-
cedure (T0h) and after 24 h of incubation (T24h). Cell viability was 
assessed using Eq. 1: 

Bacterial cell viability (%) =
Abssample T24h − Abssample T0h

Abscontrol T24h − Abscontrol T0h
× 100 (1)  

2.4.3. Antibacterial activity of the developed membranes 
The bacteriostatic activity of the developed materials was assessed 

according to the standard shake flask method (ASTM-E2149–01). After 
approximately 20 h, the bacterial suspension of the pre-inoculum was 
harvested twice by centrifugation at 5000 rpm for 5 min and resus-
pended in a buffer solution of NaCl 0.9 % (w/v). At 600 nm, the OD of 
bacterial cultures was measured and corrected to 0.36 ± 0.01 for E. coli 
and 0.28 ± 0.01 for S. epidermidis, yielding a working inoculum of 1 ×
107 CFU.mL− 1. 1 cm × 1 cm segments of the samples were cut and 
sterilized with UV light before being placed in contact with 2 mL of 
bacterial suspension at 37 ◦C and 200 rpm for 2 h. Then, to determine 
the number of surviving bacteria, the suspensions were serially diluted 
in sterile buffer solution, plated on plate count NB agar, and incubated at 
37 ◦C for 24 h. 

This approach offers quantitative data for calculating the rate of 
decrease in the number of colonies formed, which is converted to the 
average colony forming units per milliliter of buffer solution in the flask 
(CFU.mL− 1). The results are expressed in percent log reduction, which is 
calculated as the ratio between the number of surviving bacteria with 
and without contact with the samples, according to Eq. 2. 

Log reduction = log10(A) − log10(B) (2)  

where A and B are the average numbers of viable bacteria before and 
after contact with the samples, respectively. All antibacterial data 
represent mean values ± SD (n = 3). 

2.4.4. Cytotoxicity assessment 
The fibroblast L929 cell line was used for the cytotoxicity study, as 

indicated by the ISO10993-5 standard test procedure. In a 75 cm2 cell 
culture flask, L929 fibroblasts were cultured in culture media (Dulbec-
co’s Modified Eagle’s Medium (DMEM, Gibco)) containing 4.5 g.L− 1 

glucose and supplemented with 10 % Fetal Bovine Serum (FBS, Bio-
chrom) and 1 % Penicillin/Streptomycin (P/S, Biochrom). The culture 
flask was incubated at 37 ◦C and 5 % CO2 in a humidified atmosphere. 
The culture medium was changed every two days till the confluence 
reached 60–70 %. The cells were then collected using trypsin-EDTA 
(Biochrom). The indirect cytotoxicity of the different processed mate-
rials was next examined. Similarly to the bacteriostatic activity evalu-
ation, samples with 1 cm × 1 cm were cut and sterilized with UV light 
before being washed twice with a Phosphate-Buffered Saline (PBS) so-
lution. Then, an extraction media was prepared by immersing the in-
dividual samples in a 24-well tissue culture polystyrene plate with 
culture media and incubating them for 24 h at 37 ◦C in humified air 
containing 5 % CO2. Likewise, L929 fibroblasts were seeded at a density 
of 3 × 104 cells.mL− 1 in a 96-well tissue culture and cultured under the 
conditions indicated above. After 24 h, the culture medium was with-
drawn from the 96-well tissue culture polystyrene plate and the as- 
produced extraction medium was applied to the wells. Cell viability 
was evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) assay after 72 h of incubation. Thus, the 
media in each well was removed and 100 μL of 10 % MTT solution in 

DMEM (stock solution of 5 mg.mL− 1 MTT in PBS) was added. After 2 h of 
incubation, viable cells convert MTT into a purple-colored formazan 
product, which may be quantified by dissolving the produced MTT 
crystals within the cells in dimethyl sulfoxide (DMSO, Sigma Aldrich). 
The OD at 570 nm was measured using a spectrophotometric plate 
reader (Biotech Synergy HT). All quantitative results from five replicate 
samples and controls were obtained and analyzed using Eq. 3: 

Cell viability (%) =
Abs570nm sample

Abs570nm negative control
× 100 (3)  

3. Results and discussion 

3.1. Morphological and physicochemical characterization 

The surface topography and morphology of the samples were 
assessed using SEM. The representative micrographs of Fig. 3 demon-
strate a dense and pore-free morphology with a similarly smooth, uni-
form, and neat surface for all the studied samples. The cross-section 
micrographs of the blends (inset Fig. 3c, d, and e), demonstrate a com-
plete mixing between SF and CNC-NH2 with no island-sea structure 
characteristic of a phase separation where a minor phase remains 
dispersed in a major continuous phase [43]. Overall, the inclusion of 
CNC-NH2 does not influence the overall structure in terms of topography 
and morphology. Controlling colonization with antiadhesive surfaces 
which prevent bacteria fouling is an added benefit in the engineering 
and design of antimicrobial surfaces. Since the topography of the 
membranes is similar among all obtained samples, one can infer that it 
will not influence the bactericidal activity of the material. On the con-
trary, other factors will govern any possible antiadhesion or antimi-
crobial properties. In fact, bacterial adhesion and biofilm formation at a 
surface is a complex process regulated by several factors including 
roughness [44] and porosity [45]: smooth surfaces, such as those, are 
preferred to reduce the nonspecific protein binding and thus provide 
antiadhesion properties [46,47]. 

The contact angle was then measured to evaluate the surface 
wettability of the samples and the results are presented in Fig. 3f. Sur-
face wettability is critically related to the antiadhesion properties of 
surfaces, in a similar way to topography. Superhydrophobic surfaces are 
usually associated with non-fouling properties while hydrophilic is 
commonly associated with facilitated protein and/or bacterial adhesion 
[48]. It is widely accepted that hydrophilic surfaces have contact angles 
with water <90◦ while hydrophobic surfaces show angles >90◦. As 
originating from CNCs, the CNC-NH2 is a cellulose derivative with a high 
water affinity that can be readily dispersed in water [49]. In fact, the 
membranes solely consisting of CNC-NH2 display absolute wetting 
properties and consequently, no contact angle could be measured. On 
the other hand, the contact angle of pristine SF membranes shows the 
opposite behavior, being near 90◦ (89 ± 5). The blends containing 5, 10, 
and 20 wt% CNC-NH2 present contact angles of 85◦ ± 4, 74◦ ± 2, and 
71◦ ± 2, respectively. As the CNC-NH2 content increases, the water 
contact angle of the blends decreases, proving that the hydrophilicity of 
the membranes can be properly tailored. 

Besides the primary structure of SF, the secondary structure also 
determines many of its material properties. The hydrophobic domains of 
SF chains are formed by repeating amino acid sequences (Gly-Ala-Gly- 
Ala-Gly-Ser) that are organized into nanocrystals (β-sheet). The amor-
phous part of the secondary structure is formed by the hydrophilic 
linkages between these hydrophobic domains, which are made up of 
bulky and polar side chains [50]. These characteristics are indicative 
that the introduction of CNC-NH2 may interfere with the crystalline 
arrangement of the blends. Thus, the molecular structure of the pro-
duced membranes was evaluated using FTIR, and the obtained results 
are plotted in Fig. 4. 

Fig. 4a shows that the main absorption bands of the samples remain 
constant across the whole range of FTIR measurements. Amide A ~ 
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3300 cm− 1, Amide I ~ 1620 cm− 1, Amide II ~ 1517 cm− 1, and Amide III 
~ 1235 cm− 1 are highlighted (Fig. 4a), as they are the most prominent 
absorption bands in the FTIR spectra of SF compounds [41,51,52]. 

Observing the CNC-NH2 spectrum, the ranges corresponding to am-
ides do not present relevant peaks, as expected. There are two absorp-
tion bands at 2900 and 1320 cm− 1 caused by the C––O stretching and 
O–H bending vibrations typical of cellulose [29]. At 3334 and 3278 
cm− 1 (indicated with arrows), the CNC-NH2 sample exhibits absorption 
bands corresponding to the cellulose O–H stretch and the secondary 
NH2 amine group stretch, respectively [41,53]. The amine group 
vibrational mode at 3278 cm− 1 is shared by all samples, while the hy-
droxyl peak at 3334 cm− 1 is much less expressive in the remaining 
spectra (SF and blends). This absence in the blends may indicate the 
interaction of -OH from CNC-NH2 with amino groups of SF, for the 
stabilization of the membrane material, which leaves the NH3

+ available 
on the blends (Fig. 5c). This conclusion is supported by the analysis of 
the membranes with ninhydrin reagent, which reacts with primary and 
secondary amines at the surface of the materials. The formation of a 
deep blue color, frequently termed Ruhemann’s purple, reveals the 
presence of amino groups [54]. There is a clear presence of amino 
groups at the surface of the material with increasing concentrations of 
CNC-NH2 in the blend (Fig. 4c). It is noticed that the CNC-NH2 alone 
does not show a blue color. Altogether these results suggest that when 
only CNC-NH2 is present, the amino groups are used to stabilize the 
material thus being capped and not available at their surface (Fig. 5b). 
With the introduction of the SF, the stabilization is achieved with the 
amino groups from the amide groups of SF, thus leading the NH3

+ groups 

from CNC-NH2 available (Fig. 5c). 
Regarding the other spectra, the relevant bands are amide A, I, II, and 

III, showing that the primary structure of SF is conserved (Fig. 5a). The 
secondary structure of SF was studied through an analysis of the amide I 
region at 1700–1580 cm− 1 (Fig. 4b). This region corresponds to the most 
prominent and sensitive vibrational bands of the protein backbone, 
being related to C––O stretching vibration, CCN deformation, out of 
phase CN stretching vibration, and NH in plane bending [55]. A typical 
amide I deconvolution was applied to determine the relative amount of 
secondary structures, by fitting (hidden) peaks from the original spectra 
(Fig. 4d, as an example). The disclosed structures are β-sheets 
(1703–1697 and 1628–1615 cm− 1), random coils (1655–1628 cm− 1), 
α-helices (1662–1656 cm− 1), and turns (1696–1663 cm− 1) [55,56]. 
Hidden bands corresponding to the four structures appear in all data 
after peak fitting (Fig. 4e). β-sheet conformation is the most abundant, 
comprising >60 % of the total amide I peak area in all materials. Thus, 
according to the degree of crystallinity formula [57] for SF compounds, 
all membranes present crystallinity values exceeding 60 %. Fig. 4e also 
shows that as the CNC-NH2 concentration in the blends increases, the 
preferred configuration corresponds to the β-sheet and turns motifs. On 
the other hand, the profile of α-helices and random coils – amorphous 
domains – exhibits the opposite behavior. The random coil conformation 
presents the highest drop, from 14 % to almost 0 %. Those findings 
corroborate that strong interactions (such as hydrogen bonds) between 
SF and CNC-NH2 during the blending process trigger the conformational 
transition from amorphous to crystalline domains, due to the insertion of 
facial amphiphilic clusters of CNC-NH2 on silk fibroin β-sheets, resulting 

Fig. 3. Representative SEM images of the surface of pristine (a) SF and (b) CNC-NH2 and blends (c) SF/5CNC-NH2, (d) SF/10CNC-NH2 and (e) SF/20CNC-NH2, as 
well as (f) the respective measurements of the contact angles with water. The corresponding cross-section images are presented as insets. 
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in the proposed chemical structure depicted in Fig. 5c [58,59]. The 
design of antimicrobial agents, e.g. antimicrobial peptides, based on 
clustering local facial amphiphilicity from repeating units, as herein 
reported, to obtain an enhanced interaction with bacterial membranes 
has been recently reported [60]. 

The chemical composition of the samples was confirmed by XPS 
measurements. Fig. 6a shows the wide scan XPS spectra which demon-
strate the presence of C, O, and N elements. The C1s, O1s, and N1s spectra 
were resolved into the different chemical bounds and the results can be 
analyzed in Table 1. The analysis of the carbonic region reveals three 
components in all samples, with this region having the highest atomic 
concentration, as predictable. Concerning the specific regions O1s and 
N1s, it becomes clear that these atomic concentrations increase as the 
CNC-NH2 concentration increases in blends (Table 1). This fact high-
lights that blends present more O and N chemical bonds on the surface as 
previously observed by FTIR measurements in Fig. 4a. Moreover, the 
deconvolution of N1s (Fig. 6b) XPS core level peaks recorded on the 
different samples displayed different characteristics. Comparing pristine 
samples with blends (Fig. 6b), it is possible to observe that only blends 
show an NH3

+ peak (indicated with an arrow). According to the litera-
ture, peaks centered between 398 and 400 eV and 401 and 402 eV 
correspond to amine bonds and protonated cationic amine, respectively 
[61,62]. Knowing this, CNC-NH2 acts as a deprotonating agent on the 
surface of SF, which also supports the FTIR analysis hypothesis: the 
interaction of -OH from CNC-NH2 with amino groups of SF tends to leave 
the NH3

+ available on the blends. 

3.2. Antibacterial activity and cytotoxicity assessments 

The antibacterial activity of a material is mainly determined by its 
intrinsic physicochemical properties. Amine cellulose derivatives have 
been reported as an antibacterial agent due to their positive charges that 
interact with negatively charged bacterial membranes inducing the 
disruption of the bacterial membrane [31,63]. Thus, to determine the 
extent of such action, the bactericidal effect of stand-alone CNC-NH2 
was initially evaluated (Fig. 7a). 

The graph presented in Fig. 7a shows that the CNC-NH2 suspension 
solution is characterized by a significant bactericidal effect in both 
Gram-positive and Gram-negative bacteria. S. epidermidis requires about 
1 mg.mL− 1 to suppress cell growth by half when compared to the con-
trol, whereas E. coli demands twice the concentration to inhibit growth 
by only 30 %. This behavior is consistent throughout the tested con-
centrations, as E. coli always outperforms S. epidermidis in terms of 
cellular growth. In suspension, CNC-NH2 appears to be more toxic 
against S. epidermidis than to E. coli, which could be correlated with the 
structural arrangement of their cellular membrane. Gram-positive 
S. epidermidis has a tick cell wall with an exposed peptidoglycan layer, 
while Gram-negative E. coli is characterized by a relatively thin cell 
covered by another protective outer membrane. These variations in the 
cell membrane impart distinct features to the cell, most notably in 
response to the external environment [64]. 

After proving the antibacterial effectiveness of the developed CNC- 
NH2 in solution, the capability of the produced membranes to inactivate 
or kill bacteria by direct contact was also tested using the conventional 

Fig. 4. (a) Full range FTIR spectra and (b) 
range corresponding to the amide I region 
for the different samples. (c) Photographs 
of pristine and blended sample pieces, 
before and after incubation with ninhydrin 
solution. (d) Representative amide I 
deconvolution spectrum for neat SF and (e) 
area fraction of the distinct components 
resolved in this spectral region. β-sheet 
(green), random coils (blue), α-helix (red), 
and turns (yellow) are the various contri-
butions to the amide I structure. (For 
interpretation of the references to color in 
this figure legend, the reader is referred to 
the web version of this article.)   
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shake flask method (AST E2149–01). According to the results shown in 
Fig. 7b, the relative number of inactivated bacteria, expressed using 
CFUs log10 reduction, are inexpressive when bacteria are in contact with 
membranes containing only one component: SF or CNC-NH2. Both Gram 
bacteria present the same behavior in the presence of these materials. On 
the other hand, all the blends show the exact opposite response, 
exhibiting a strong antimicrobial effect and statistically significant when 
compared to pristine SF and CNC-NH2. The SF/5CNC-NH2 blend induces 
approximately a 2 log10 reduction on both bacteria, while blends with 

10 and 20 wt% CNC-NH2, the log10 reduction is approximately 2.5 and 
3.5, respectively. These findings imply that as CNC-NH2 concentration 
increases, so does the ability of the blends to kill both bacteria. Ac-
cording to the literature, amino groups are responsible for antimicrobial 
activity, thus the higher the number of these groups, the strong the 
antimicrobial activity [65]. In the case of membranes prepared solely of 
CNC-NH2, they do not influence bacterial growth, corroborating the 
findings from FTIR and ninhydrin test, which indicate that the amino 
groups may be capped as depicted in Fig. 5b, rather than on the surface 

Fig. 5. Chemical structures of (a) pristine SF membranes in antiparallel β-sheet crystallites arrangement, (b) pristine CNC-NH2 membranes, and (c) blends of SF/ 
CNC-NH2 showing the clusters of amphiphilic CNC-NH2 with exposed amino groups in yellow. Hydrogen bonds are represented with a dashed red line. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. XPS survey of (a) all samples with C1s, O1s, and N1s peaks highlighted and (b) deconvolution of N1s for CNC-NH2, SF, and SF/20CNC-NH2 samples, as an 
example. The intensity is plotted in the y-axis as (a) arbitrary units (a.u.) and (b) counts per second (CPS). 
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of the membrane, available for interaction with bacteria as depicted in 
Fig. 5c [26]. 

The absence of cytotoxicity is a critical factor to consider when 
developing materials for biomedical purposes. Thus, the produced 
membranes were placed in contact with the cell culture media for 24 h, 
before being placed in contact with a cell culture of L929 fibroblasts for 
72 h. 

The data shown in Fig. 8 demonstrates that none of the samples are 
cytotoxic. All materials exhibit cell viability values above 70 %, which is 
the threshold according to ISO 10993-5. Membranes containing solely 
SF and CNC-NH2 exhibit superior cell viability than the negative control, 
implying a possible ability to support cell proliferation [37]. Regarding 
blend membranes, cell viability remained nearly constant, even when 
the concentration of CNC-NH2 in the blends was raised. 

It is noteworthy that, despite the high antibacterial capacity of the 
blends, as evidenced by the 2 and 3 log10 reductions against the 
analyzed bacterial strains (Fig. 7b), these are completely biocompatible 
towards fibroblasts, which is a remarkable breakthrough. 

4. Conclusion 

Combating bacterial resistance is an urgent need, as well as pro-
moting sustainability and decreasing the environmental impact of cur-
rent materials and technologies. This investigation successfully proposes 
an entirely natural antibacterial and non-cytotoxic polymer blend with 
application in several fields and with good alignment with the circular 
economy. The putative advantages of the proteinaceous SF and CNC- 
NH2 were herein considered and studied. In FTIR analysis, the CNC-NH2 
3334 cm− 1 peak assigned to the hydroxyl group (-OH) vanishes in 

blends, indicating the reaction of -OH from CNC-NH2 with SF amino 
groups (from the amide functional group) and thus the availability of 
NH3

+ groups in blends’ surface. This assumption is also supported by 

Table 1 
Binding energy (BE) and atomic concentration (AC) for fitted components of the samples.   

Chemical bonds   

C-C/C-H C-O/C-N O-C=O/N-C=O C=O C-OH/O-H C-NH-C/NH2 NH3
+

SF BE 284.61 285.91 287.94 531.72 533.16 399.68 – 
AC % 56.29 13.13 8.79 11.63 2.65 7.52 – 

78.21 14.28 7.52 
CNC-NH2 BE 284.6 286.19 287.72 – 532.5 399.86 – 

AC % 20.35 33.65 10.66 – 32.92 2.42 – 
64.66 32.92 2.42 

SF5 BE 284.61 285.9 287.9 531.67 533.08 399.75 – 
CNC-NH2 AC % 68.99 9.92 6.26 7.57 1.99 5.28 – 

85.17 9.56 5.28 
SF10 BE 284.6 285.95 287.95 531.57 532.95 399.81 401.01 
CNC-NH2 AC % 45.84 17.57 10.95 12.13 3.49 8.59 1.43 

74.36 15.62 10.02 
SF20 BE 284.62 285.98 287.98 531.63 533.05 399.89 401.11 
CNC-NH2 AC % 31.69 22.31 14.23 14.47 5.20 10.62 1.49 

68.23 19.67 12.11  

Fig. 7. (a) Dose-dependent effect of 
CNC-NH2 in bacteria suspension culture 
and (b) bacterial cell reduction of both 
bacteria with respect to the control of 
freely growing bacteria. All results are 
the average of three or four independent 
assays. *P < 0.001 and αP < 0.001 vs 
“SF” and “CNC-NH2”, respectively, 
against E. coli; #P < 0.001 and ϕP <
0.001 vs “SF” and “CNC-NH2”, respec-
tively, against S. epidermidis; λP < 0.001 
and εP < 0.001 vs “SF/5CNC-NH2”, and 
“SF/10CNC-NH2”, respectively, against 
E. coli; κP < 0.001 and πP < 0.001 vs 
“SF/5CNC-NH2”, and “SF/10CNC-NH2”, 
respectively, against S. epidermidis.   

Fig. 8. Cytotoxicity assay results of the L929 fibroblast cells in contact with the 
media previously exposed to the developed membranes after 72 h. The dotted 
line denotes the 70 % threshold for cellular cytotoxicity. All results are the 
average of three or four independent assays. 
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ninhydrin reagent analysis and XPS measurements. Moreover, the amino 
groups from the amide groups of SF are thought to ensure the stable 
conformation of the blends, thus inducing a higher crystallinity of the 
blend, when compared with SF membranes. Observing the antibacterial 
activity of the samples against S. epidermidis and E. coli, the bactericidal 
effect of the blends is confirmed. When both Gram bacteria are exposed 
to blends containing different ratios of CNC-NH2, they experience 
different log reductions. The antibacterial activities increase as the 
surface amino groups also increase, with higher levels in blends con-
taining 20 % wt. CNC-NH2. Furthermore, this study disclosed that bac-
terial growth can only be inhibited by combining SF with CNC-NH2. 
Ultimately, the synergy between these two environmentally friendly 
materials proves to be effective as an antibacterial without interfering 
with mammalian cell growth. 

This work effectively addresses first-instance issues: decreasing 
global dependence on fossil fuel sources by replacing synthetic polymers 
and combating drug-resistant bacteria with alternative membrane 
disruption mechanisms. This blend may thus be transversally applied in 
different areas, from medical to food packaging or environmental ap-
plications, with no need for including external antimicrobial agents in 
the material. In a healthcare setting specifically, this strategy may pave 
the way for the prevention of nosocomial infections through the surface 
coating of indwelling medical devices or medically relevant surfaces. 
These types of antimicrobial materials, made of biopolymers that are 
intrinsically antibacterial, represent a promising and novel approach for 
reducing drug-resistant bacteria. The likelihood of such materials 
developing resistance is very low since they bind to the bacterial cell 
wall and form pores in the membrane, which is a completely different 
target for bacteria. Membranes with improved antimicrobial properties 
and biocompatible fit the current needs of industrial and academic 
research that focus on the circular economy and target the development 
of safe materials that are environmentally friendly and reusable, with 
long-lasting and antimicrobial properties. Overall, designing bio-based 
membranes that naturally expose antimicrobial amino groups through 
the clustering of amino-modified cellulose nanocrystals on silk fibroin 
β-sheets resulted in a highly antimicrobial material when compared to 
their individually assembled counterparts, which is valuable from the 
materials’ point of view but also from the sustainability point of view. 
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[6] A. Boulangé, J. Parraga, A. Galán, N. Cabedo, S. Leleu, M.J. Sanz, D. Cortes, 
X. Franck, Synthesis and antibacterial activities of cadiolides a, B and C and 
analogues, Bioorganic and Medicinal Chemistry 23 (13) (2015) 3618–3628. 

[7] D. Campoccia, L. Montanaro, C.R. Arciola, A review of the biomaterials 
technologies for infection-resistant surfaces, Biomaterials 34 (34) (2013) 
8533–8554. 

[8] L. Wang, C. Hu, L. Shao, The antimicrobial activity of nanoparticles: present 
situation and prospects for the future, Int. J. Nanomedicine 12 (2017) 1227–1249. 

[9] N. Ciacotich, R.U. Din, J.J. Sloth, P. Møller, L. Gram, An electroplated 
copper–silver alloy as antibacterial coating on stainless steel, Surf. Coat. Technol. 
345 (2018) 96–104. 

[10] C. Liao, Y. Li, S.C. Tjong, Bactericidal and cytotoxic properties of silver 
nanoparticles, Int. J. Mol. Sci. 20 (2) (2019). 

[11] M. Fiedot-Toboła, M. Ciesielska, I. Maliszewska, O. Rac-Rumijowska, P. Suchorska- 
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