
RESEARCH ARTICLE
www.mame-journal.de

The Use of Low-Quality Cotton-Derived Cellulose Films as
Templates for In Situ Conductive Polymer Synthesis as
Promising Biomaterials in Biomedical Applications

Sahin Demirci, Mehtap Sahiner, Shaida S. Rumi, Selin S. Suner, Noureddine Abidi,*
and Nurettin Sahiner*

Here, the use of cellulose films (CFs) produced from low-quality cotton is
reported as a template for in situ synthesis of well-known conductive
polymers, e.g., polyaniline (PANI) and polypyrrole (PPY) via oxidative
polymerization. Three successive monomer loading/polymerization cycles of
aniline (ANI) and pyrrole (PY) within CFs as PANI@CF or PPY@CF are carried
out to increase the amount of conductive polymer content. The contact angle
(CA) for three times ANI and PPY loaded and polymerized CFs as 3PANI@CF
and 3PPY@CF are determined as 26.3±2.8 and 42.3±0.6 degrees,
respectively. As the electrical conductivity is increased with increased number
of conductive polymer synthesis within CF, the higher conductivity values,
3×10−4±8.1×10−5 S.cm−1 and 2.1×10−3±5.8×10−4 S.cm−1, respectively are
measured for 3PANI@CF and 3PPY@CF composites. It is found that
PANI@CF composites are hemolytic, whereas PPY@CF composites are not
at 1 mg mL−1 concentrations. All PPY@CF composites exhibit better
biocompatibility than PANI@CF composites on L929 fibroblast cells with
more than 70±8% viability at 1 mg of CF-based conductive polymer
composites. Moreover, MIC and MBC values of 3PPY@CF composites for
Escherichia coli (ATCC8739) and Staphylococcus aureus (ATCC6538) are
determined as 2.5 and 5.0 mg.mL−1, whereas these values are estimated as 5
and 10 mg.mL−1 for Candida albicans (ATCC10231).
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1. Introduction

Fossil fuels dominate the materials cur-
rently used in various industries. The ur-
gent concerns about climate change and
plastic pollution have spurred the de-
velopment of a bioeconomy, which in-
volves substituting petroleum-based prod-
ucts with materials of biological origin or
bio-based materials and with biodegrad-
able alternatives.[1] An effective approach
to address this issue is to utilize eco-
friendly products. The benefits of ecologi-
cally friendly materials include non-toxicity,
capacity to be sustained over time, and in-
herent biodegradability.[2] The need to es-
tablish a sustainable consumption has ini-
tiated exploration into utilizing natural cel-
lulose as a substitute for non-renewable re-
sources in many applications.[3–5] Cellulose
has gained significant attention as a distinc-
tive material due to its several inherent char-
acteristics, including biodegradability, re-
newability, and widespread availability.[3,5,6]

Cellulose is progressively recognized as
a versatile source material for various
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applications, serving as a flexible biopolymer capable of pro-
ducing hydrogels for absorbents, aerogels for insulation, mem-
branes for filters, films for packaging, fibers for textiles and
reinforcements.[1] Cellulose and its derivatives are commonly uti-
lized in food packaging,[7] wound dressing,[8] and many other
biomedical applications,[9,10] as cellulose based materials are
readily biodegradable, and their degradation products are com-
patible with living organisms.

Some intriguing and remarkable organic materials, known
as conducting polymers (CPs), are thought to possess special
electrical and optical qualities analogous to those of inorganic
semiconductors and metals. It is possible to synthesize CPs in
an easy, adaptable, and economical manner.[11,12] Different ap-
proaches have been devised to adapt and adjust methods to pre-
pare CPs to enable their integration and interaction with bio-
logical environments in biomedical applications such as biosen-
sors and diagnostic devices.[13,14] These materials are continually
sought for a number of biomedical uses, including bioengineer-
ing, regenerative medicine, and biosensors.[15–17] Some examples
of common conductive polymers are polyacetylene (PA), polyani-
line (PANI), polypyrrole (PPY), polythiophene (PTH), poly(para-
phenylene) (PPP), poly(phenylenevinylene) (PPV), and polyfu-
ran (PF).[11,18,19] Amongst them, the two conductive polymers
most frequently employed are PANI,[20–22] and PPY.[23–25] Con-
ductive polymers and their composites have a wide range of appli-
cations, including photo-catalysis,[26] anti-corrosion coatings,[27]

biomedical tools,[10,21] energy storage materials,[28] and sensing
devices.[29]

Most of the studies about cellulose based conductive poly-
mer composite films generally involve bacterial cellulose and
are quite costly.[30–32] The fact that bacterial cellulose is natu-
ral but developed in a laboratory environment makes the proce-
dure quite costly. However, it is also very important to prepare
cost-effective forms of currently reported cellulose/conductive
polymer composites with similar or even superior properties at
a low cost. The value of the study is increased by using CFs
made from low-quality, unmarketable cotton fibers as a template
for in situ conductive polymer synthesis to create intriguing vi-
able biomaterials. Therefore, in this study, cellulose films (CFs)
produced using naturally occurring cotton were used as tem-
plates for the synthesis of conductive polymers. The CFs pre-
pared from low-quality cotton were used as templates for in situ
synthesis of PANI and PPY conductive polymers. Structural and
thermal characterization of the prepared CF-based conductive
polymer composites, referred to as PANI@CF and PPY@CF,
were performed to ascertain the relevant functional groups. The
change in wettability properties of CF-based conductive poly-
mer composites upon multiple ANI and PY monomer load-
ing/polymerization cycles was investigated. The effect of multi-
ple monomer loading/polymerization cycles on the conductiv-
ity of CF-based composites was also examined. Furthermore,
blood compatibility of the CF-based materials was evaluated
via hemolysis% and blood clotting index% (BCI) assays. More-
over, the cytotoxicity of CF-based composites on L929 fibrob-
last cells was investigated. The antimicrobial activity of CF-based
conductive polymer composites was also analyzed against Es-
cherichia coli ATCC8739 (E. coli), Staphylococcus aureus ATCC6538
(S. aureus), or Candida albicans ATCC10231 (C. albicans),
microorganisms.

2. Results and Discussion

2.1. Structural Characterization of Conductive Polymer@CF
Composites

Previously, Rumi et al. reported successful preparation of trans-
parent and strong cellulose films (CFs) from low quality cotton
fiber through dissolution, casting, regeneration, plasticization,
and hot-pressing.[33] They exhibited improved stretchability, ho-
mogeneity, flexibility, and deformation recovery upon glycerol
plasticization. According to the findings, plasticizing films con-
taining 30% aqueous glycerol (w:v) had the highest deformation
recovery, whereas adding more glycerol resulted in even weaker
and more fragile films.[33] Therefore, in this investigation, cellu-
lose film (CF) plasticized with 30% glycerol was used as a matrix
for the in situ synthesis of conductive polymer. The schematic
presentation of in situ conductive polymer synthesis within CF
is given in Figure 1a,b.

It was noticed that the transparent CFs (size: 1.5 × 1.5 cm2)
changed colors upon placing into aniline (ANI) (slight yellow)
and pyrrole (PY) (brownish) monomers. Upon polymerization
of loaded ANI and PY monomers within CFs via oxidative poly-
merization technique,[34–36] as shown in Figure 1, a dark black
coloration within CFs was observed for both composites. The in
situ polymerization of ANI within CF pieces was carried out in
APS/HCl solution.[37] In contrast, in situ polymerization of PPY
within CF pieces was carried out in aqueous FeCl3 solution.[38]

Several studies have reported that the radical coupling mecha-
nism occurs in the chemical polymerization of both ANI and
PY.[39–43] Thus, the visual dark black appearance (Figure 1) of
the resultant composite confirmed successful synthesis of con-
ductive polymer within CF matrixes. Furthermore, the in situ
synthesis of PANI and PPY conductive polymers was repeated
up to three times in order to enhance the amount of conduc-
tive polymer within CF matrices. Therefore, to increase the
amount of conductive polymer within CFs matrices, the in situ
synthesis of PANI and PPY conductive polymers within CF
pieces were carried out up to three times, repetitively. For this
purpose, the prepared 1PANI@CF and 1PPY@CF pieces were
placed in ANI and PY monomers to load more of the related
monomers into corresponding CFs by mixing at 250 rpm for
12 h again. Next, the excess amount of monomer from the sur-
face of ANI and PY loaded 1PANI@CF and 1PPY@CF pieces
were gently removed with a paper tissue. Then, the ANI and PY
loaded 1PANI@CF and 1PPY@CF pieces were placed into ini-
tiators solutions, which is APS:HCl solution for polymerization
of ANI, and aqueous FeCl3 solution for polymerization of PY
within 1PANI@CF and 1PPY@CF pieces, respectively. For the
third loading/polymerization cycles of ANI and PY within CFs,
the same procedure was applied to 2PANI@CF and 2PPY@CF
pieces, as mentioned above. The mechanical properties of bare
CFs have been studied in detail by Rumi et al.[33] It was reported
that the tensile strength values of glycerol-free CFs were much
higher than the glycerol-containing CF forms, and their elon-
gation values were lower. However, it was stated that glycerol-
free CFs had higher young modulus values than the glycerol-
containing forms. As the mechanical properties of the PANI@CF
and PPY@CF composites prepared in this study were compared
with bare CF, it was observed that the CF composites containing
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Figure 1. The schematic depiction of in situ conductive polymers a) PANI, and b) PPY within CFs as PANI@CF and PPY@CF.

conductive polymer were found much more brittle than bare CF
when dried at 24 h at 50 °C but kept their elastic properties when
kept moist.

FT−IR spectra of CFs, PANI@CFs, and PPY@CFs were col-
lected to confirm the in situ synthesis of the conductive poly-
mer in the matrix. Also, the FT-IR spectra after the multiple
monomers loading and then in situ conductive polymer synthe-
sis within CFs, for PANI@CFs, and PPY@CFs were recorded
and shown in Figure 2. The most noticeable standing out peaks
in FT-IR spectra of CFs were broad −OH stretching vibrations
at 3287 cm−1, −OH bending at 1655 cm−1, and −CH2 scis-
soring at 1459 cm−1, C−H bending at 1314 cm−1, asymmetric
ring stretching at 1112 cm−1, C−O stretching at 1032 cm−1, and
beta linkage of cellulose at 853 cm−1, respectively.[33] On the
other hand, the peaks at 2994 and 2881 cm−1 assigned to −CH
stretching from glycerol were also observed.[33] The FT-IR spec-
trum of 1PANI@CF composite exhibited the distinctive peak for
PANI at 1580 cm−1 associated with benzenoic–quinonic nitro-
gen vibration[44,45] along with CF peaks (Figure 2a). In the FT-
IR spectra of 2PANI@CF and 3PANI@CF composites, all of

the peaks found for neat CFs almost disappeared, with the ex-
ception of the peaks arising from cellulose between 1100−800
cm−1. Nevertheless, the intensity of the peak at 1580 cm−1 in-
creased as the number of in situ PANI synthesis increased. The
spectra also showed the appearance of additional vibration bands
that were characteristics of PANI, including aromatic C–C peaks
at 1478 cm−1, aromatic amine peaks at 1285 cm−1, and C–N–C
peaks at 1146 cm−1.[44–46] Besides, the FT-IR spectra of PPY@CFs
displayed in Figure 2b revealed the disappearance of almost all
peaks observed in the FT-IR spectra of neat CFs, such as the
peaks originating from cellulose in the range of 1100−800 cm−1,
even after the first synthesis of PPY within CFs. Consequently,
there newly appeared peaks with higher intensity as the num-
ber of polymerization cycles increased. These included −C = C
peak at 1701 cm−1, fundamental PPY ring vibration at 1539 cm−1,
N–C stretching vibrations at 1288 cm−1, and out-of-plane bend-
ing of C−H at 976 cm−1, deriving from PPY.[46] These spectro-
scopic changes related to respective conductive polymers con-
firmed their effective synthesis within the matrix and the increase
of their quantity with each synthesis cycle.
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Figure 2. The FT-IR spectra of a) PANI@CF, b) PPY@CF, and TGA thermograms of c) PANI@CF and d) PPY@CF composites.

Furthermore, the thermal degradation profiles of bare CF,
PANI@CF, and PPY@CF are illustrated in Figure 2c,d, respec-
tively. A significant weight loss was observed for CF between 150–
240 °C, accounting for an 80.3% reduction, attributed to glycerol
decomposition.[33] Additionally, the observed cumulative weight
loss of 92.8% between 270–315 °C was related to the decompo-
sition of cellulose.[33] The weight of 1PANI@CF decreased by
12.7% between 165–195 °C (Figure 2c), an indication of a lesser
amount of glycerol content in the composite due to the presence
of PANI. In addition, the weight loss in the range of 200–460 °C
and 465–650 °C, corresponding to 45.3% and 95.3% reduction,
could be ascribed to the decomposition of cellulose and PANI,

respectively. The 3PANI@CFd exhibited a similar thermal degra-
dation profile to the 1PANI@CF, the cumulative weight losses
values at 180–195, 200–465, 470–650 °C were determined as 2.9,
39.6, and 91.5%, respectively.

Also, the thermal degradation behavior of CFs and its’ situ pre-
pared PPY composites were compared, and the corresponding
results were illustrated in Figure 2d. It was also noted that the
in situ preparation of PPY within CFs caused removal of glycerol
from structure pertaining to decrease in weight losses at 160–
230 °C range with 22.7, and 8.4% weight losses for 1PPY@CF,
and 3PPY@CF respectively. The weight loss in 200–460 °C
range was determined as 42.2, and 30.9% for 1PPY@CF, and
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Table 1. The amount of in situ synthesized conductive polymers within CFs upon multiple monomer loading/polymerization cycles.

Weight of bare
CF [mg] *

CF-based composites Amount of in situ synthesized conductive polymers within CFs [mg g−1] / (mmoles)**

Numbers of conductive polymer loading

1 2 3

23.2±1.9 PANI 176.6±10.2 / 1.9±0.1 355.7±26.8 / 3.8±0.3 724.8±99.7 / 7.8±1.1

PPY 231.1±39.6 / 3.4±0.6 595.1±62.7 / 8.9±0.9 833.8±25.3 / 12.4±0.4

∗The weight of CFs was measured after washing in water for 24 h. ∗∗mmoles were calculated according to repeating units of related conductive polymers.

3PPY@CF, respectively. The cumulative weight loss at 700 °C
was >99, and 94.7% for 1PPY@CF, and 3PPY@CF correspond-
ingly. It can be presumed that after three loading/polymerization
cycles of PANI and PPY within CFs, the amount of glycerol is de-
creased due the replacement of it with ANI and/or PY because
of the increased amount of PANI and PPY within CF upon their
individual polymerizations were observed. These findings indi-
cated that PANI@CF and PPY@CF composites exhibited greater
thermal stability compared to CF, as the presence of PANI and
PPYs in the CFs cellulose afforded excellent thermal degrada-
tion profile due to the interactions between the guest polymers
(PANI or PP) and the host, CF.[47] The thermal stability of bare
CF was much less upon comparison to PANI@CF and PPY@CF
composites. This can be attributed to the increased inter- and
intra-molecular interaction of CF with PANI and PPY synthe-
sized within CF.[48] Consequently, a higher extent of energy is
necessary to break down the interaction of PANI and PPY with
CF chains in comparison to the bare CF.[49,50]

The amounts of PANI and PPY synthesized within CF pieces
upon in situ polymerizations were determined gravimetrically
following each loading/polymerization cycle, and the corre-
sponding results are summarized in Table 1. The FT-IR analysis
indicated the replacement of glycerol from the CF structure even
during the initial monomer loading/polymerization procedure.
To quantify the amount of PANI and PPY synthesized with or
in situ in CFs, five pieces of CF (1.5 × 1.5 cm2) were washed in
50 mL of water for 24 h, and after drying, their weight was mea-
sured as the control. The digital camera images of washed and
dried CF and conductive polymer@CF composites are shown in
Figure S1 (Supporting Information). It was noticed that the CFs
wrinkled, visibly hardened, and became more brittle after wash-
ing and drying.

The average weight of five pieces of CF was 93.2±8.1 mg,
which decreased to 23.2±1.9 mg after 24 h of washing in
water. This reduction indicated the removal of 75.1±2.0% of
glycerol from the structure, a finding consistent with the TGA
results presented in Figure 2b. The quantities of PANI in CF af-
ter 1, 2, and 3 cycles of monomer loading/polymerization were
measured as 176.6±10.2, 355.7±26.8, and 724.8±99.7 mg g−1, re-
spectively, illustrating an increase in polymer content within the
CF with each successive cycle. Likewise, the quantities of PPY
in 1PPY@CF, 2PPY@CF, and 3PPY@CF were determined to
be 231.1±39.6, 595.1±62.7, and 833.8±25.3 mg g−1, respectively.
This demonstrated that the amount of in situ synthesized PANI
increased from 1.9±0.1 to 7.8±1.1 mmoles (based on repeating
unit of PANI) through successive monomer loading and poly-
merization cycles, while the amount of in situ synthesized PPYs

within CFs increased from 3.4±0.6 to 12.4±04 mmoles (based on
repeating unit of PPY).

2.2. The Wettability Properties of Conductive Polymer@CF
Composites

The wetting ability of CFs and conductive polymer@CF compos-
ites were assessed through contact angle (CA) measurements.
A droplet of 10 μL of DI water was deposited on the samples.
As per our previous study, the contact angle of water on plasti-
cized CFs was <15°, while for non-plasticized CF was >80°. The
decrease in CA was attributed to the inherent hydrophilicity of
glycerol.[33] The CA value of 11.6±0.4 ° for CF was determined
in this study after washing and drying whereas the contact an-
gle value was measured as 90.6±3.7° before washing and drying
and corresponding values compared in Figure 3a. The CA values
were determined in two different states. The first state, referred
to as “as is”, involved measuring the contact angles of compos-
ites immediately after the completion of the in situ conductive
polymer synthesis process. Water from the sample surface was
wiped off before taking the measurement. In the second state,
the composites were in their dried forms. Bare CF (“as is”) was
washed and dried to make a comparison of CA with composites
in the second state. The CA of dried CF increased to 90.6±3.7°

from 11.6±0.4° due to the loss of hydrophilic glycerol. The mea-
sured CA values (“as is” state) for 1PANI@CF, 2PANI@CF, and
3PANI@CF composites were calculated as 42.9±0.6, 39.5±1.9,
and 26.3±2.8°, respectively, which were at least 2-fold higher
than bare CF (11.6±0.4°). The CA of PANI@CF composites af-
ter washing and drying, increased as well to 86.5±1.6, 65.5±1.3,
and 38.7±08 ° for consecutive cycle of polymerization, although
remaining lower than bare CF. The images of water droplets on
CF and PANI@CF composites in both states were given in Figure
S2 (Supporting Information). In both instances, it was observed
that wettability of the composites CFs was increased with the in-
crease in PANI content. This phenomenon can be attributed to
emeraldine salt form of PANI which was transformed into dur-
ing polymerization in the presence of HCl. PANI is relatively hy-
drophobic in emeraldine base form, and its water CA value is be-
tween 94–84°.[51,52] Also, the emeraldine salt form of PANI can
occurred in the presence of other acids such as HNO3, etc. shows
lower contact angles.[53,54] Another parameter surface free en-
ergy (SFE) values for CF based composites were also calculated.
There are various SFE calculation methods and techniques.[55]

Here, Owen-Wendt-Rabel-Kaelble (OWRK) model (Equation 1)
was employed to calculate the SFE of prepared materials us-
ing water and diiodomethane as hydrophilic and hydrophobic
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Figure 3. Changes on a) CA, and b) surface free energy values for PANI@CF and the changes on c) CA, and d) surface free energy values for PPY@CF
composites after multiple monomer loading/polymerization cycles.

solvents, respectively.[56] The surface free energy is calculated us-
ing the material’s dispersive and polar force components.

(
𝛾d

sv𝛾
d
lv

)1∕2 +
(
𝛾p

sv𝛾
p
lv

)1∕2 = 0.5 + 𝛾lv

(
1 + cos

(
𝜃𝛾
))

(1)

where 𝛾s𝜈 and 𝛾 l𝜈 are the surface tensions of the solids and liq-
uids, respectively; superscripts “d” and “p” are the dispersive
and polar force components; and, finally, 𝜃𝛾 is the contact an-
gle of the liquid. Previously, it was shown that utilizing water
and diiodomethane yields accurate results.[57] Therefore, DI wa-
ter and diiodomethane were utilized to calculate the dispersive
and polar force components of CF-based composites. The SFE
values for CF in “as is” form was 71.1±0.1 mN m−1 (CA is
11.6±0.4°), whereas it was 56.9±0.5, 59.8±1.3, 66.2±1.4 mN m−1

for PANI@CF 1PANI@CF, 2PANI@CF, and 3PANI@CF, re-
spectively, as given in Figure 3b. On the other hand, the surface
free energy (SFE) for washed and dried CF was 34.2±0.6 mN m−1,
while SFE was 35.8±0.5, 43.1±1.8, 65.4±1.1 mN m−1 for dried
PANI@CF 1PANI@CF, 2PANI@CF, and 3PANI@CF, respec-
tively. The calculated SFE values agree with the calculated CA
values for each related CF-based structure prepared in this study.

In contrast, it was found that monomer loading/
polymerization cycle had a positive impact on increasing CA of
PPY@CF composites as illustrated in Figure 3c. The CA values
for 1PPY@CF, 2PPY@CF, and 3PPY@CF composites increased
to 57.6±1.4, 60.7±1.2, and 66.8±1.0° in the second state from

24.9±0.2, 25.3±1.1, and 42.3±0.6°, respectively. The photographs
of water droplet on PPY@CF composites are given in Figure S3
(Supporting Information). The CA of composites increased with
the increased amount of PPY in the matrix. Similarly, a study by
Fraser and van Zyl also reported the increase of CA from 35.8°

to 48.5° with an increase of polymerization time from 50 min to
20 h for the bacterial cellulose-PPY composites.[58] It was also re-
ported that covering individual cellulose fibers with a continuous
PPY coating led to decreased capillary forces, thereby enhancing
the contact angle between water and the composite fibers.[59]

Additionally, the presence of PPY hindered the formation of
hydrogen bonds between the individual fibers while they were
in a dry state.[59] The SFE values for PPY@CF composites were
found to decrease with the increasing value of CA after multiple
PPY loading/polymerization cycles (Figure 3d). The “as is” SFE
value for 1PPY@CF, 2PPY@CF, and 3PPY@CF composites
were calculated as 68.7±0.7, 66.3±0.5, and 60.4±1.1 mN m−1,
respectively. These values decreased to 8.1±0.9, 47.4±0.5, and
46.2±1.1 mN m−1, respectively, in the subsequent state.

In summary, the in situ synthesis of conductive polymer
within CFs directly affected their wettability properties. The
presence of conductive polymers provided tunable hydrophilic-
ity of the composites depending on the specific monomers
used and the quantity of polymer present in the substrate. Var-
ious studies have documented the ability to manipulate the
wetting properties through applied voltages.[60–65] The prepared
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conductive polymer@CF composites could be potentially used
not only in sensors but also in providing controlled hydrophilic-
ity/hydrophobicity to render additional functionalities.

2.3. Electrical Conductivity Comparisons of Conductive
Polymer@CF Composites

Commercial application of conductive polymers presents several
challenges because of their high cost, poor processability, and
lack of repeatability. However, these materials are appealing ow-
ing to their unconventional properties, such as the ability for
chemical modification, optical capabilities, and potential use in
energy and sensor applications. They are considered cutting-edge
materials with a variety of potential uses.[11,12,19,66,67] The unique
electrical conductivity of these organic polymers is due to the exis-
tence of conjugated bonds and linkages and/or heteroatoms with
unshared electron pairs. During polymerization, the oxidation of
monomers, either chemically or electrochemically, generates the
conjugated backbone of conductive polymers. The conjugation
process occurs in two distinct phases: first, the monomers un-
dergo oxidation, followed by the polymerization and the oxida-
tion of the polymers. This oxidation creates a space for the incor-
poration of negatively charged dopants or counter ions, such as
chloride.[68] The dopant concentration in polymers is usually be-
low one per polymer unit, often ranging from 0.3 to 0.5. This con-
centration is strongly influenced by the proximity of the polymer
units along the polymer chain. In supercapacitor devices, PANI
and PPY are commonly utilized as conductive polymers.[69] Po-
larons and bipolarons play a crucial role in realizing the conduc-
tivity and electrical conduction along the polymer backbone in the
presence of an electric field. The widely recognized conduction
process entails the movement of electric charge along the chains
of conductive electroactive polymers, as well as the transfer of car-
riers across chains through hopping. In this study, the electrical
conductivities of prepared conductive polymer@CF composites
were also studied. The details and the depiction of the experimen-
tal arrangement used to test the conductivity of CF, PANI@CF,
and PPY@CF composites using I-V curves were conducted in ac-
cordance with the literature.[46,70] The electrodes of the electrom-
eter were in contact with the CFs, with conductive carbon tapes
connected to both the top and bottom sides. The I-V curves were
recorded via a computer. Figure 4a,b depict the comparisons of
I-V curves of bare CFs with PANI@CFs and PPY@CFs compos-
ites, respectively. The conductivities of the bare CF, PANI@CF,
and PPY@CF composites were calculated using Equation 1 and 2
and are summarized in Figure 4c.

V = I x R (2)

𝜎 =
( 1

R

)
x
( I

A

)
(3)

where, “V” is voltage, “I” is current, “R” is the bulk resistance,
“𝜎” is conductivity, “1/R” is resistivity, “l” is the thickness and
“A” is the cross-sectional area of the sample. The conductiv-
ity of bare CFs, as shown in Figure 4c, was determined to be
7.0×10−8±1.0×10−8 S.cm−1. On the other hand, the conductiv-
ity value of bare CF increased to 3.2×10−6±9.4×10−7 S.cm−1 with
the presence of in situ prepared PANI for once which is equal to

almost 50-fold increase in conductivity with respect to bare CFs.
Moreover, the multiple ANI loading/polymerization cycles to in-
crease amount of in situ prepared PANI within CF resulted in a
significant increase in conductivity.

Accordingly, the conductivity values for 2PANI@CF and
3PANI@CF composites were calculated as 7.6 × 10−5±9.3 × 10−6

S.cm−1 and 2.3 × 10−4±8.1 × 10−5 S.cm−1, respectively. The cal-
culated conductivity values for 2PANI@CF and 3PANI@CF
composites were 1.1K (K = 1000) and 3.3K times higher than
the conductivity value of bare CFs, respectively. On the other
hand, the conductivity of 1PPY@CF composites was determined
as 1.3 × 10−3±7.9 × 10−4 S.cm−1 which is almost 20K times
higher than conductivity of bare CFs. Similarly, the conductiv-
ity of PP@CF composites was increased with multiple pyrrole
loading/polymerization cycles to 1.7 × 10−3±7.0 × 10−4, and 2.1
× 10−3±5.8 × 10−4 S.cm−1 for 2PPY@CF, and 3PPY@CF com-
posites, respectively. This shows that the calculated conductiv-
ity values for 2PPY@CF and 3PPY@CF composites are 24K
and 30K higher than the conductivity of bare CF, respectively.
The increase on conductivity via multiple monomer (ANI or PY)
loading/polymerization cycles can be explained with increased
amount of in situ synthesized conductive polymers, as given
in Table 1. The significant improvements in the conductivity
of conductive polymers in CF as conductive polymer@CF com-
posites explicitly demonstrates the successful synthesis of con-
ductive polymers within bare CF matrix by means of multiple
monomer loading/polymerization cycles of ANI and PY to CFs
resulted in higher conductivity values. The reported conductiv-
ities range for PANI systems is between 10−10–101,[71] whereas
it is 10−7–103 for PPY systems.[72] The observing lower con-
ductivities than bare forms of related conductive polymers can
be explained with the effect of CF templates. The conductivity
values for 3PANI@CF and 3PPY@CF composites are compa-
rable to conductive polymer composites with similar architec-
tures reported in different other studies.[58,73–77] For instance,
carboxymethyl cellulose-conductive polymer composite cryogels,
CMC-PANI, and CMC-PPY, exhibited conductivities of 4.6 × 10−4

and 5.0 × 10−5 S cm−1, respectively.[73] Additionally, bacterial cel-
lulose, methyl cellulose, hydroxypropyl methyl cellulose, and car-
boxymethyl cellulose PANI composite fabrics displayed conduc-
tivities of 199 × 10−2, 2.84 × 10−2, 2.08 × 10−2, and 0.96 × 10−2 S
cm−1 respectively.[75] The cellulose nanofiber-PPY composite had
a conductivity of 2× 10−2 S cm−1.[74] Moreover, bacterial cellulose-
PANI blend showed a conductivity of 1.4 × 10−1 S cm−1,[76] while
another study reported a remarkably high conductivity of 1.94 ×
100 S cm−1 for bacterial cellulose-PPY composite.[58] Various for-
mulation of cellulose are reported for conductive material prepa-
ration, e.g., the coating of cellulosic paper with PANI/cellulose
nanocrystal composites also afforded very high conductivity,
4 × 100 S cm−1.[77]

2.4. Biocompatibilities of Conductive Polymer@CF Composites

Hemocompatibility and biocompatibility of materials are the
most essential requirements for determining their potential use
in biomedical applications. Therefore, the hemocompatibility of
prepared PANI@CF and PPY@CF composites was investigated
via hemolysis and BCI assays. In Figure 5a, the hemolysis%
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Figure 4. The ohmic region of I–V curves for a) PANI@CF, b) PANI@CF composites, and c) the comparison of the conductivity values of PANI@CF
and PANI@CF composites.

results for bare CF, PANI@CF, and PPY@CF composites are
compared. According to the American Society for Testing and
Materials (ASTM), hemolysis below 5% is referred to as non-
toxic, up to 10% is regarded as minor, and more than 10% is
considered significant.[78] Hemolysis is defined as the rupture
or alteration of the red blood cell membrane, leading to the re-
lease of hemoglobin.[79] The hemolysis% values for bare CF were

found to be 0.13±0.12% at 1 mg mL−1 concentrations, which in-
dicated that bare CFs are nonhemolytic. However, the hemoly-
sis ratio increased due to the in situ synthesis of PANI, and at
1 mg mL−1 concentrations, the 1PANI@CF, 2PANI@CF, and
3PANI@CF composites showed significant hemolysis with val-
ues of 37.6±2.8, 29.2±4.2, and 19.7±2.9%, respectively. Con-
versely, the hemolysis% values of the 1PPY@CF, 2PPY@CF, and

Macromol. Mater. Eng. 2025, 310, 2400246 2400246 (8 of 13) © 2024 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 5. Blood compatibility of CF-based conductive polymer composites via a) hemolysis% assay, b) blood coagulation assay at 1 mg mL−1 concen-
tration, and c) cytotoxicity of conductive polymer@CF composites on L929 fibroblast cell.

3PPY@CF composites were 3.0±0.6%, 5.5±0.7, and 2.6±0.4, re-
spectively, implying a non-hemolytic nature. As PPY was intro-
duced into an animal’s body, no carcinogenic effects, allergies, or
hemolysis of red blood cells were reported.[80] It was also reported
that PPY-polyvinyl alcohol composites showed great hemocom-
patibility with non-hemolytic nature.[81] So, it is apparent that
PPY-based composites are non-hemolytic materials. Another test
that is widely used to evaluate the compatibility of materials with
blood is the blood clotting index (BCI). Clotting agents play a cru-
cial role in controlling bleeding, thus making them vital com-
ponents of wound dressing materials. BCI is particularly impor-
tant in assessing the efficacy of any clotting agents, with lower
values indicating superior coagulation effects. The effect of bare
CF, PANI@CF, and PPY@CF composites on the blood coagu-
lation process is shown in Figure 5b. It was observed that the
bare CFs had no effect on coagulation, while PANI@CF and
PPY@CF composites exerted a modest impact with 90% BCI.
Depending on the specific needs, such as excessive bleeding or
the need to prevent blood loss, clotting agents may be necessary
to stop bleeding in certain applications including surgery or ac-
cidents. These agents can also be valuable for wound dressing
materials. However, it is often imperative to avoid any disrup-
tion to the blood coagulation systems when using materials in
biological applications. In general, BCI is around 100% consid-

ered no interaction with the blood clothing mechanisms. It was
observed that the bare CFs did not affect the blood clotting mech-
anism with 100.2±0.7% BCI value. On the other hand, the pre-
pared PANI@CF and PPY@CF composites exhibit slight effect
on blood coagulation mechanism about 90% BCI values.

Furthermore, the cytotoxicity of PANI@CF and PPY@CF
composites was compared with neat CF on L929 fibroblast cells,
and the results are shown in Figure 5c. The cell viability% at
1 mg of CF was determined as 103±2%, while the cell viability
of 1PANI@CF, 2PANI@CF, and 3PANI@CF composites was
determined as 61.2, 52.1, and 53.1%, respectively. The toxicity of
PANI@CF composites increased due to the increased PANI con-
tent in CFs. However, the results for 1 mg PPY@CF composites
showed moderate toxicity on L929 fibroblast cell.[82] Neverthe-
less, the cell viability% of 1PPY@CF, 2PPY@CF, and 3PPY@CF
composites against L929 fibroblast cells at the same concentra-
tion was found to be 81±9, 71±8, and 70±8%, respectively. While
1PPY@CF composites were within the limit of non-toxicity, both
2PPY@CF and 3PPY@CF composites revealed modest toxicity
toward L929 fibroblast cells. It is apparent that the types of poly-
mers (PANI versus PPY) have some impact on the cytotoxicity
of the composite materials. However, other parameters such as
the addition of different oxidizing agents, e.g., whether of chem-
ical or biological origin, or the amounts of doping agents, or
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Table 2. Antimicrobial activities of CF-based conductive polymer composites against gram-negative E. coli, gram-positive S. aureus, and a fungus, C.
albicans.

Materials E. coli S. aureus C. albicans

MIC [mg mL−1] MBC [mg mL−1] MIC [mg mL−1] MBC [mg mL−1] MIC [mg mL−1] MBC [mg mL−1]

CF *N.D. N.D. N.D. N.D. N.D. N.D.

3PANI@CF N.D. N.D. N.D. N.D. N.D. N.D.

3PANI@CF+ 10 N.D. 10 N.D. 10 N.D.

3PPY@CF 2.5 10 2.5 10 5 10

3PPY@CF+ 2.5 10 2.5 10 5 10

even or type of cell lines, should be taken into consideration.
The cytotoxic effects of PANI-based composites on various cell
lines vary depending on factors such as PANIs’s size, shape, ox-
idation state, and impurity level.[21] PANI exhibits higher cyto-
toxicity in its emeraldine salt form compared to its emeraldine
base form.[83] However, a mouse embryonic fibroblast cell line
(NIH/3T3) or embryonic stem cells (ES R1 (ESc)) did not show
any cytotoxicity when the concentration of emeraldine salt was
kept below 2.5 μg mL−1.[84] Nevertheless, the cytotoxicity of PANI
on mouse embryonic fibroblast cells can be influenced by an
acid dopant. Zhang et al. demonstrated that the cytotoxicity in-
creased in the following order: PANI-phosphoric acid < PANI-
hydrochloric acid < PANI-sulfuric acid < PANI-methanesulfonic
acid < PANI-nitric acid. Even at 20 ppm doses, the most com-
mon HCl-doped PANI did not appear to be cytotoxic.[85] A differ-
ent investigation indicated that PPY nanoparticles demonstrated
non-toxic behavior at a concentration of 100 μg mL−1 when
tested on fibroblast (L929), colorectal adenocarcinoma (HT29),
and pancreatic acinar (266−6) cells.[86] Conversely, PPY parti-
cles synthesized via oxidative polymerization in the presence
of sodium dodecyl sulfate (SDS) exhibited cytotoxic effects at
concentrations exceeding 19.4 μg mL−1 on primary mouse em-
bryonic fibroblasts (MEF), mouse hepatoma (MH-22A) cells,
and human T lymphocyte Jurkat cells.[87] Therefore, it is essen-
tial to consider various parameters when utilizing conductive
polymer-containing composite materials for in vivo biomedical
applications.

2.5. Antimicrobial Activities of Conductive Polymer@CF
Composites

Two of the important applications of cellulose-based materials are
in packaging,[88–90] and wound dressing.[91–93] Given this, it is cru-
cial for cellulose based materials to possess some level of antimi-
crobial properties against various microorganisms. Therefore,
the antimicrobial effectiveness of the conductive polymer@CF
composites was evaluated against gram-negative E. coli, gram-
positive S. aureus, and a fungus, C. albicans, and the results are
summarized in Table 2.

As anticipated, bare CF displayed no antimicrobial effect
up to a concentration of 10 mg mL−1, consistent with prior
studies.[94–96] Similarly, no antimicrobial activity was observed
for the 3PANI@CF composites at the same concentration. How-
ever, the 3PPY@CF composites exhibited some antibacterial ac-
tivity against three microorganisms. Specifically, the MIC value

for E. coli and S. aureus bacteria was 2.5 mg mL−1, with MBC
values of 10 mg mL−1. Conversely, the MIC and MBC values
against C. albicans were 5 mg mL−1 and 10 mg mL−1, respec-
tively. To assess the potential enhancement of antimicrobial ac-
tivity following the protonation of amine-containing polymers,
the conductive polymer@CF composites were treated with 25 mL
of 1 M HCl. For the 3PANI@CF+ composites, the MIC value
against E. coli, S. aureus bacteria, and C. albicans fungus was de-
termined to be 10 mg mL−1. In contrast, there were no changes
observed in the antimicrobial effect of the 3PPY@CF compos-
ites after protonation. The MIC value remained at 2.5 mg mL−1

for E. coli and S. aureus bacteria, and 5 mg mL−1 for C. albi-
cans, with corresponding MBC values of 10 mg mL−1. Accord-
ingly, for 3PPY@CF composites, the MIC value against E. coli
and S. aureus bacteria was found to be 2.5 mg mL−1, and the
MBC values were found to be 10 mg mL−1. On the other hand,
MIC, and MBC values for 3PPY@CF composites against C. albi-
cans were determined as 5 and 10 mg mL−1, respectively. These
results are comparable with some previously reported in differ-
ent literature.[94–100] For instance, PANI/Cell composite displayed
slight antimicrobial activity at 10 mg mL−1 concentrations with
27.7±0.5, 32.9±0.7, and 39.1±0.6% inhibitions against E. coli,
B.subtilis, and C. albicans, respectively.[96] Another study reported
MIC values of 2.5 mg mL−1 and 1.25 mg mL−1 for cellulose/PANI
composites against E. coli and S. aureus, respectively[99] Although
PANI may be considered a good antibacterial material, it has
also been stated that cellulose/PANI composites have significant
potency to eliminate pathogens, but are only capable of signif-
icantly reducing bacterial loads,[101] due to the presence of cel-
lulose that does not possess any antibacterial properties. How-
ever, it has also been reported that ternary nanofillers such as sil-
ver nanoparticles significantly enhance the antibacterial activities
of cellulose/PANI-based nanocomposites.[99,101–103] Likewise, a
composite composed of PPY (cellulose nanopaper/chitosan/PPY:
1 inch x1 inch) demonstrated a bacterial reduction of 95.59%
against E. coli and 99.28% against S. aureus.[97] It is suggested
that the antibacterial efficacy of conductive composites may in-
crease at higher concentrations (e.g.,100 mg).[98] The antimi-
crobial properties of conductive polymer composites can be at-
tributed to either (a) the release of acidic dopant ions from the
conducting polymers, which interact with the bacterial cell wall
and/or membrane, leading to its destruction and subsequent
death, or (b) the electrostatic adhesion between the bacteria and
conductive polymers, facilitated by their opposite charges, which
results in the rupture of the bacterial cell wall and/or membrane
and ultimately causing death.[94,96,98,100]
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3. Conclusion

In this study, it was demonstrated that the synthesis of PANI
and PPY within CFs, made from low-quality cotton, through a
chemical oxidative polymerization process yields highly versatile
conductive polymer@CF composites. The amount of conductive
polymers within CF was increased by repeatedly loading ANI and
PY monomers into CF structures and then conducting in situ ox-
idative polymerization cycles. The resulting conductive polymer-
containing composites exhibited excellent thermal stability com-
pared to pure cellulose due to interactions between PANI and
PPY chains with cellulose molecules. Multiple cycles of ANI load-
ing/polymerization led to decreased CA values for PANI@CF
composites, while multiple PY loading/polymerization cycles re-
sulted in increased CA values for PPY@CF composites. The de-
crease in CA values of PANI@CF could be attributed to the con-
version of PANI structures formed in the previous polymeriza-
tion process into the emeraldine salt form induced by the pres-
ence of HCl. Conversely, the increase in CA of PPY@CF could
be ascribed to the heightened amount of in situ synthesized
PPY within CFs. The electrical conductivity of the PANI@CF
and PPY@CF composites also increased with the multiple cycles
of monomer loading/polymerization. The highest electrical con-
ductivity was attained for 3PANI@CF and 3PPY@CF compos-
ites and was calculated to be 3.3K and 30K times higher than the
conductivity of neat CF, respectively. Additionally, it was found
that PANI@CF composites were very hemolytic at 1 mg mL−1

concentration, resulting in damage to red blood cells. In con-
trast, PPY@CF composites at the same concentration showed no
hemolytic activity and did not cause damage to red blood cells.
Moreover, the cytotoxicity of the conductive polymer@CF com-
posites was evaluated on L929 fibroblast cells, demonstrating that
at a concentration of 1 mg, the PPY@CF composites exhibited
greater biocompatibility compared to PANI@CF composites. In
addition, 3PPY@CF composites displayed notable antibacterial
properties against both gram-negative and gram-positive bacte-
ria, including E. coli and S. aureus, as well as against the fungus
C. albicans.

Cellulose, with special attributes of high purity, crystallinity,
strong mechanical properties, and biocompatibility, has ex-
panded its usage beyond its traditional application in the food and
beverage industry. Electroactive cellulose films hold great poten-
tial as adaptable functional materials suitable for many biomedi-
cal applications. The results of this study demonstrate the use of
cellulose based conductive polymer composites for a wide range
of potential applications in biotechnological domains.

4. Experimental Section
Materials: Extra pure DMAc (N, N-Dimethylacetamide, 99%,

A0403006) and anhydrous LiCl (Lithium chloride, 99%, A0386841) were
purchased from Acros Organics (NJ, USA). Glycerol (202 397, certified
ACS) was purchased from Fisher Scientific (MA, USA). Low-quality cotton
was collected from the Fiber and Biopolymer Research Institute (FBRI,
Texas Tech University Lubbock, TX, USA). Ammonium persulfate (APS,
98%, Sigma-Aldrich) was employed as an oxidation agent in hydrochloric
acid (HCl, 36%–38%, Sigma Aldrich) for the oxidative polymerization
of aniline (ANI, 98%, Sigma Aldrich) for the in situ production of con-
ductive polymer within CFs. Also, pyrrole (PY, 98%, Aldrich) was used

as received for the synthesis of poly(pyrrole) (PPY). Iron (III) chloride
anhydrous (FeCl3, 99%, Acros) solution in water was employed as an
initiating system. Diiodomethane (99%, Alfa Aesar) was used for SFE
calculations. In the cytotoxicity analysis, L929 fibroblast cells (Mouse
C3 and connective tissue) were obtained from SAP Institute, Ankara,
Turkey. Trypsin (0.25%, EDTA 0.02% in PBS), Dulbecco’s Modified Eagle’s
Medium (DMEM, with 4.5 g L−1 glucose, 3.7 g L−1 sodium pyruvate,
L-Glutamine 0.5 g mL−1), fetal bovine serum (FBS, heat-inactivated),
and penicillin/streptomycin (10000 U mL−1 penicillin, 10 mg mL−1

streptomycin) were products of Pan Biotech GmbH. Dimethyl sulfoxide
(DMSO, 99.9%, Carlo Erba), trypan blue (0.5% solution, Biological
Industries), and 3-(4,5-dimethylthiazol-2-yl)−2,5-diphenyltetrazolium
bromide (MTT agent, BioFroxx) were used as received. Gram-negative
bacteria Escherichia coli ((E. coli, ATCC8739), Gram-positive bacteria
Staphylococcus aureus (S. aureus, ATCC6538), and yeast Candida albicans
(C. albicans, ATCC10231) were acquired from KWIK-STIK Microbiologics
(St. Cloud, Minnesota, USA) for antibacterial activity tests. Nutrient agar
(NA, Difco), and potato dextrose agar (Difco) as solid growth media and
nutrient broth (NB, RPI, Merck, Darmstadt, Germany) as a liquid medium
were used as received.

Purification of Cotton Fibers: Raw cotton (micronaire = 2.4) was
cleaned three times using a Microdust and Trash Monitor (MTM). Then,
cotton fibers were scoured and bleached in order to obtain purified cotton
cellulose. For the scouring process, cotton fibers were boiled in an alkaline
scouring solution (liquor ratio 1:10) containing a non-ionic wetting agent-
Triton-X 100 (1 g L−1) and high concentration of NaOH (8 g L−1) at 90 °C
for 1 h. After that, the solution was poured off and cotton was rinsed with
fresh water. The scoured fibers were boiled in a bleaching solution (liquor
ratio 1:10) containing wetting agent – Triton-X 100 (0.25 g L−1), NaOH
(0.35 g L−1), sodium silicate (3 g L−1), sodium carbonate (0.7 g L−1), and
sodium hypochlorite (6 g L−1) at 90 °C for 90 min. Purified cotton fibers
were then boiled in fresh water at 90 °C for 20 min and neutralized with
0.25 g L−1 acetic acid. Finally, the purified cotton was air-dried for the next
use. The air-dried cotton fibers were opened twice using the Microdust
and Trash Monitor (MTM).

Dissolution of Cotton Fibers and Cellulose Film Preparation: Scoured and
bleached cotton fibers were dissolved in DMAc/LiCl solvent system. Ini-
tially, oven-dried cotton fibers (105 °C, 24 h) were added to a hot DMAc
solution at 80 °C (1% w:v) and stirred for 30 min. Subsequently, oven dried
LiCl (8% w: v) was added to the solution, and stirring was continued for
another 3 h at 80 °C. Following that, the temperature was lowered to 50
°C, and the dissolution was carried out overnight. Afterward, the solution
was transferred to an oven (105 °C) for 12 h. Then, the solution was taken
out of the oven and allowed to reach room temperature. Cellulose solution
was poured into glass molds and left inside a fume hood for 24 h. Deion-
ized (DI) water was used to regenerate the gelated films for five days. After
two days of plasticization with a 30% aqueous glycerol (w:v) solution, the
regenerated cellulose films were hot-pressed for 15 min at 120 °C.

In Situ Conductive Polymer Synthesis Within Cellulose Films: For the
preparation of conductive polymer containing cellulose films as compos-
ites, a previous protocol from this research group was followed with some
modifications.[46,70] For this purpose, the cellulose films (CFs) were cut
into several pieces with a size of 1.5 × 1.5 cm, and each piece was placed
into 5 mL of aniline (ANI) and pyrrole (PY), separately, and stirred at
250 rpm for 12 h to load the relevant monomers into CFs. Then, the ANI
and PY loaded CFs were polymerized in situ as conductive polymer@CF
composites, as given below.

Preparation of PANI@CF Composites: The ANI loaded CF pieces were
placed into 10 mL of DI water and decanted after stirring for 1 min to re-
move un-adsorbed ANI molecules, and this washing procedure was re-
peated three times. Next, 20 mL of solutions of APS in 1 M HCl were
freshly prepared by dissolving 1 g of APS in 20 mL 1 M HCl solution,
and the ANI loaded CF pieces were placed into these solutions sepa-
rately. The in situ polymerization reactions of ANI monomers within CF
pieces were carried out for 12 h under constant stirring at 250 rpm at
room temperature. Finally, the prepared 1PANI@CF composites were sep-
arated from the solution via decantation of supernatant and were washed
via stirring in 10 mL of fresh DI water (x3), and ethanol (x1) each for

Macromol. Mater. Eng. 2025, 310, 2400246 2400246 (11 of 13) © 2024 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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1 min. The washed 1PANI@CF composites were dried in an oven at 50 °C,
and the ANI monomer loading/polymerization step was employed two
more times to prepare 2PANI@CF, and 3PANI@CF composites. The pre-
pared 1PANI@CF, 2PANI@CF, and 3PANI@CF composites were stored
in closed tubes for characterization and further use.

Preparation of PPY@CF Composites: First, the CF pieces loaded with
PY were rinsed according to the previously described method to eliminate
any remaining unloaded PY monomers from the CFs, repeating the pro-
cess three times with DI water. Subsequently, each PY-loaded CF piece was
submerged in freshly prepared 20 mL of 0.5 M FeCl3 solution and stirred
at 250 rpm for 12 h at room temperature to facilitate the in situ polymeriza-
tion of the loaded PY monomers within the CFs. The prepared 1PPY@CF
composites were then separated from the supernatant and washed us-
ing the same process mentioned above. Similarly, the washed and dried
1PPY@CF composites were used to prepare 2PPY@CF and 3PPY@CF
composites through repeated cycles of PY monomer loading and polymer-
ization, as detailed above. These composites, 1PPY@CF, 2PPY@CF, and
3PPY@CF were stored in sealed containers for subsequent use.

Biomedical Properties of PANI@CF and PPY@CF Composites: The de-
tails of the biomedical properties of conductive polymer containing CF
composites were evaluated via hemocompatibility, biocompatibility, and
antimicrobial assays, and the relevant details were provided in Supporting
Information.
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