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Multi-Analyte Sensitive Fluorophore Cross-Linked
Nanofibers Based Antimicrobial Surface Enabling Bacterial
Detection and Their Usage as Crystal Growth Template

Zeynep Dikmen* and Vural Biitiin

In situ preparation of bifunctional thiazolo[5,4-d]thiazole (TTz)-based
fluorophore cross-linked nanofibers is successfully performed. These
multifunctional nanofibers are used as both crystal growth template and
antibacterial substrate that makes bacterial detection possible simultaneously.
These highly fluorescent nanofibers act as optical sensors toward many
analytes. The acid, base, and metal cation-sensitive nature of the
2,5-bis(4-hydroxyphenyl)thiazolo[5,4-d]thiazole (HPhTT) dye makes the
prepared PVA nanofibers sensitive against these chemicals. Metal
nanoparticles (MNPs) or metal oxide crystal formation occurs on the surface
of nanofibers without any reducing agent. The strong interaction between
metal cations and fluorophores results in crystal formation on the surface,
which is named for the first time as “complexation-triggered crystalization.”
These dye cross-linked and metal-interacted nanofibers exhibit antibacterial
effect against E. coli (ATCC 25922), S. aureus (ATCC 25923), P. aeruginosa
(ATCC 27853), and E. faecalis (ATCC 25922) strains. Also, the emission
wavelength change of nanofibers in bacterial contamination makes it possible
to use smart nanofiber films for optical bacteria detection. These novel

1. Introduction

Nanofibers (NFs) are intriguing materials
due to their high porosity, specific surface,
and excellent mechanical properties and
thus NFs have found use in drug release,
sensors, tissue engineering scaffolds, filtra-
tion, metal ion adsorption, and battery sep-
arators for environmental applications.(!]
The functionalization of NFs with metal
oxides or metal nanoparticles makes
them great candidates for a wide variety
of practical applications thanks to their
improved mechanical strength, ductility,
and electrical conductivity.?* These metal
nanoparticle-decorated films and NFs have
been generally utilized to perform the
detection of various chemicals via surface-
enhanced Raman spectroscopy (SERS) as
also reported in our previous studies.>>
The sensor design using photolumines-

materials pave the way for new applications such as smart wound bands,
optical sensors, and one-step preparation of surface-enhanced Raman

spectroscopy substrate.
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cent NFs is also an emerging approach
because of the fast, cheap, and sensitive
nature of photoluminescent sensors. Such
light-emitting electrospun NFs get atten-
tion as they have the potential to be used
in optical sensors, and photonic appli-
cations such as miniature light sources,
detectors, and waveguides.I”) Photoluminescent NFs can be pro-
duced by two approaches. The most common one is based on
the use of transparent or optically inert polymers that can be
doped with luminescent materials (inorganic quantum dots,
organic chromophores, polymers, and bio-chromophores),[-131
and the other one is the usage of self-luminous conjugated
polymers.['*1>] These materials have variability in solubility, rhe-
ological and optical properties, uniform morphology, and fluo-
rescence properties. A successful synthesis of fluorescent NFs by
doping with CdSe@ZnS quantum dots and improvement of their
thermal, and optical properties was reported.['®) However, the
biomedical applications of such NFs are limited in practical use
because of their heavy metal release over time. Instead of heavy
metal containing quantum dots, carbon dot (CD) doped pho-
toluminescent NF was used for drug release.['”] Photolumines-
cent dye-modified NFs are also promising candidates for practi-
cal applications thanks to their biocompatibility. Benzimidazole-
containing aramid NFs enable naked-eye detection of heavy metal
ions with recyclable and high detection efficiency.['®! Selective
and sensitive mercury sensors made of rhodamine-fullerene
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doped polyurethane NFs,1 arsenic sensors, 2% rapid detection
of ethanol,[?!] and optical detection of trifluoroacetic acid 122! are
also reported as sensing applications of photoluminescent NFs.
Such photoluminescent NFs are used in photonic devices,[?*] op-
tical sensors for various materials such as; nerve gas,!**! explosive
molecules,!?] inorganic metal cations, and biological structures
(26-29] Furthermore, such fluorescent NFs are being explored for
their emerging applications in bioimaging, design of bacteria-
sensitive smart band-aid and pH sensitivity.3%31]

pH change in the case of infected wounds in tissues or skin
is a well-known phenomenon.?>* The pH change is associated
with the increased amount of microorganisms, and the critical
colonization threshold is decisive for wound treatment.** The
critical colonization threshold is generally considered to be the
point where clinical intervention is required. It is essential to
treat and diagnose the wound before it reaches this stage.**! Op-
tical detection of bacterial growth via photoluminescent sensors
in the near-infrared region by using functionalized single-walled
carbon nanotubes is reported.3°] Because infectious diseases are
a significant cause of morbidity and mortality worldwide, wear-
able sensors for bacterial growth detection are crucial. Fluores-
cence imaging, as the highly sensitive, simple, and rapid method,
has been recently reported as a talented way for bacteria detection
(36-39]

Herein, cost-effective, easy-to-produce, and multi-functional
smart NFs were successfully prepared. These photolumines-
cent NFs exhibit unique properties thanks to the multi-analyte
sensitive HPhTT fluorophore and its dynamic covalent chem-
istry (DCC) with PVA polymer.[4-#2] The strong interaction of
metal cations with HPhTT and modified PVA enables the growth
of metal nanoparticles on the surface. Such metal nanoparti-
cle formation on the NFs without any reducing agent and ad-
ditives facilitated by the molecular interactions and dynamic
covalent chemistry explained with a new phenomenon named
“complexation-triggered crystalization”. HPhTT cross-linked and
metal nanoparticle decorated NFs exhibited antibacterial effects
both on Gram-negative and positive strains (i.e., E. coli (ATCC
25922), S. aureus (ATCC 25923), P. aeruginosa (ATCC 27 853),
and E. faecalis (ATCC 25 922)). Moreover, highly photolumines-
cent HPhTT cross-linked NFs were sensitive towards bacterial
strains, acid—base/pH change, and metal cations. The analytes
are detected optically via emission wavelength shift.

2. Experimental Section

2.1. Materials

All the following reagents were obtained from Sigma-Aldrich:
Trifluoroacetic acid (TFA, 99%), sodium hydroxide (NaOH, 98%,
anhydrous, pellets), gold (III) chloride hydrate (HAuCl,.xH,O,
99.999% trace metals basis), dithioxamide (97%), potassium
tetrachloroplatinate (II) (K,PtCl,, 99.99% base metals), silver ni-
trate (AgNO;, >99.0%), poly(vinyl alcohol) (PVA, 89 000-98 000,
99%) +hydrolyzed), cadmium chloride (CdCl,, >99.0%), lead (II)
acetate trihydrate ((Pb (CH,;CO,),-3H,0), >99.0%). Poly(vinyl al-
cohol) (PVA, 89 000-98 000, 98% + hydrolyzed) was purchased
from Alfa Aesar. Cobalt (II) chloride (CoCl,), pyridine (ACS
Reag.), and cyclohexanone (ACS Reag.) were purchased from
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Merck and used as received. 4-Hydroxy benzaldehyde (98%) from
Abcr, ammonia solution (NH,OH, 25%) from VWR Chemicals,
and hydrochloric acid (HCl, 37%) from Honeywell were pur-
chased.

2.2. Characterization

Scanning electron microscopy (SEM) analysis was performed
with a Hitachi Regulus 8230 at 1-10 kV acceleration voltages.
Samples were coated with Au-Pd before analysis with Leica EM
ACEG600. A powder diffractometer (Empyrean, Panalytical) with
CuKa radiation scanned at 260 angles between 10° and 90° was
used for X-ray diffraction (XRD) measurements. 'H NMR spec-
troscopy experiments were performed with a Jeol ECZ 500R spec-
trometer at 80 °C. Confocal images were captured with a Zeiss
LSM 800 microscope..

2.3. Preparation of HPhTT Cross-Linked Fluorescent Nanofibers

10% PVA (M, : 135 000) solution was prepared by dissolving 10 g
of PVA in 90 mL of water at 95 °C by stirring for 6 h. HPhTT
solution (10 mm) was prepared by dissolving 0.0326 g HPhTT in
0.1 M 10 mL NaOH solution. Nanofiber pre-solutions were pre-
pared by adding 1 mL HPhTT, 3 mL distilled water, and 100 pL
CTAB solution (1 g/2 mL in distilled water) into 5 mL PVA so-
lution (10%), respectively. 0.5 mL HPhTT solution was used to
prepare blue emissive NFs. NFs were prepared at a distance of
10 cm at 29 kV and 17 kV voltages. The resulting NFs were char-
acterized by SEM and ATR-IR studies.

2.4. Metal Nanoparticle Decorated Nanofiber Preparation

Gold nanoparticles (AuNPs), silver nanoparticles (AgNPs), and
lead oxide (PbOx) crystals decorated NFs were prepared by
immersing the NFs into 10 mwm metal salt solutions (i.e.,
KAuCl,-3H,0, AgNO;, Pb(OAc),) in distilled water without any
additional chemicals.

2.5. Optic Sensitivity Studies of Fluorescent Nanofibers
2.5.1. Metal Cations

NFs prepared with 10 mm HPhTT (in 0.1 M NaOH) were used to
determine the sensitivity of the fibers against metal cations. The
NF films were cut into 1 cm? pieces for further immersion pro-
cess. 10 mm HAuCl,-xH, O (0.170 g, 0.5 mmol), K,PtCl, (0.21 g,
0.5 mmol), AgNO, (0.085 g, 5 mmol), Pb(CH,COO), (0.190 g,
5 mmol), CoCl, (0.065 g, 5 mmol), CdCl, (0.092 g, 5 mmol) so-
lutions were prepared by dissolving the related salts in 50 mL of
distilled water. The NFs were immersed into 5 mL metal salt solu-
tions for 10 min and dried at room temperature for optical mea-
surements. Spectroscopic and spectrofluorometric analyses were
performed to detect the change in the optical properties of these
NFs due to their interaction with metals. Changes in surface mor-
phology and possible nanoparticle formations were determined
by SEM and XRD analysis.
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2.5.2. Acid and Base

Since the HPhTT fluorophore is acid and base-sensitive, the opti-
cal responses of the obtained NFs to NH; and TFA solutions were
examined by immersing the NFs into acid and base solutions pre-
pared at different concentrations in the range of 0.2 pm—2.0 M to
observe the limitation of the optical sensitivities. The NFs pre-
pared with 10 mm HPhTT (in 0.1 m NaOH) were put in these
solutions for 10 s, and their fluorescence spectra were recorded.
TFA-sensitive films were cut into 1-2 cm? sizes and thrown di-
rectly into TFA solutions of different concentrations. The result-
ing film did not need to be activated with TFA before NH, sensi-
tivity studies.

2.5.3. Antimicrobial Activity and Bacterial Detection

E. coli (ATCC 25922), S. aureus (ATCC 259), P. aeruginosa (ATCC
27853), and E. faecalis (ATCC 25 922) strains were used for an-
timicrobial activity studies and bacterial sensing. The antimi-
crobial activities of fiber films were investigated in-vitro against
the strains mentioned above using a disk diffusion method.[**!
Briefly, the cultured bacterial stocks (3 x 10° CFU mL™') were
swabbed on an agar plate surface, and the NF films were placed
on agar for further incubation for 24 h at 37 °C. After 24 h incuba-
tion, zone of inhibition (ZOI) values were measured. E. coli, S. au-
reus, P. aeruginosa, and E. faecalis microorganisms were cultured
by incubating at 37 °C in Mueller-Hinton Broth solution to per-
form naked-eye bacterial sensing under UV-ligth excitation. The
cultured microorganisms were adjusted to 3 x 10° CFU mL™! in
Mueller-Hinton Broth solution for further biofilm studies. The
Dbacterial stocks were swabbed on MHB — agar plate surface and
incubated for 18-24 h at 37 °C temperature. After 24 h incuba-
tion, fluorescent NF films were placed onto the biofilms, and pho-
toluminescence response was observed under UV light illumina-
tion, and digital images were recorded.

3. Results and Discussion

HPhTT fluorophore renowned for its distinct characteristics
such as excellent cross-linking ability, non-release into the en-
vironment, and remarkable interactions with metal cations has
been used to prepare fluorescent NFs.[®l However, NF synthesis
by cross-linking of the electrospinning precursor is a challenging
route because of the increasing viscosity of the precursor in time.
We demonstrated in situ cross-linking of PVA NFs by using the
HPhTT cross-linker as a highly photoluminescent fluorophore.
Furthermore, these photoluminescent NFs act as a crystal growth
template by facilitating AgNPs, AuNPs, and PbO crystal forma-
tion via dynamic covalent chemistry on the NF surfaces.
Various strategies for preparing metal nanoparticle decorated
NFs are based on the addition of synthesized nanoparticles to
the polymer precursor before electrospinning,!*}l reduction of
metal cations embedded into NFs by heat and reductive agent
treatment,[**] or assembly of the metal nanoparticles on the sur-
face of NFs [ after electrospinning. We improved a new ap-
proach to prepare reductant and stabilizer-free metal/metal ox-
ide nanoparticle decorated NFs via complexation-triggered crys-
tallization. Since, this crystallization process is post-modification
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of NFs by in-situ nanoparticle formation, NFs and the anchor
sites required for crystallization—dye in the concept—need to
be cross-linked or chemically bounded. Herein, cross-linking of
the NF precursor was performed with dye precursor in an alkali
medium before the electrospinning process, so the fibers were
obtained at —a high— potential (29 kV). SEM and confocal micro-
graphs of the prepared fibers are given in Figure 1a—c, respec-
tively.

While the thickness of the fibers obtained at 29 kV was in the
range of 70-250 nm, their overall diameter was determined to
be ~200 nm. The production of such NFs prepared from a vis-
cous precursor without any additives results in a very limited
amount of collected fiber because of the increasing viscosity of
the polymer solution in time, and thus flow rate changes during
the process, and spraying may not occur in time, as shown in
Figure S1 (Supporting Information). Even if NaCl was added to
increase the conductivity, fiber production in a large amount was
not achieved (see Figure S2, Supporting Information). However,
a high amount of NFs were obtained by using hexadecyl trimethy-
lammonium bromide (CTAB) surfactant at 17 kV potential and
10 cm distance. NF preparation in a large amount and lower po-
tential was achieved via CTAB surfactant addition, which facili-
tates fiber formation by decreasing surface tension. Thus, fiber
films with an average diameter of 300-400 nm were prepared, as
shown in Figure 2a.

These NFs were used to prepare nanoparticle (NP) decorated
NF preparation by immersing 1 cm? NF films in metal salt so-
lutions. It has been observed that the NF film colors, which
are opaque yellow, immediately become transparent yellow (like
films) in the solution medium. Although the NFs did not dis-
solve, their fiber forms were not protected in the solution. SEM
images of deformed NFs, which turned into films after treatment
with metal cation solutions, are given in Figure S3 (Supporting
Information). These prepared NF films were kept at 100 °C for
24 h to prevent deformation. So the fiber form was preserved by
increasing the interactions between PVA-HPhTT and the chains
of PVA via thermal curing. After thermal curing, 1-2 cm? of NF
films were cut and immersed into metal salt solutions.

The changes in the surface morphology and possible metal
nanoparticle formations on the NF films after treatment with
metal salt solutions for two hours were determined by SEM analy-
sis and EDS mapping (Figure S4, Supporting Information). SEM
images of Au** treated NFs are given in Figure 2b. The 150-
200 nm-sized crystalline AuNP formation was observed on the
surface of the NFs. The fact that most of the surfaces of NFs are
coated makes it possible to use these AuNP-NF composites for
various applications. The gold metal nanoparticle formation ca-
pability of NFs is much higher than the HPhTT cross-linked films
when considering the AuNP-coated films that is reported in our
previous study.®

The increased AuNPs formation on the NF surface can be at-
tributed to the larger surface area of the NFs. This leads to in-
creased concentration of the HPhTT molecules assembled close
to the surface resulting in improved chelate formation by inter-
acting with metal cations easily. Similarly, AgNP formation is ob-
served as a result of the treatment of these NF films with Ag*
(Figure 2¢). It is seen that the resulting AgNPs are much smaller
when compared to AuNPs. 10-60 nm AgNP was obtained with-
out any reducing and stabilizing agents by using these NF films.
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Figure 1. SEM images (a,b) and confocal microscopy image (c) of NFs prepared at 29 kV potential.

It can be argued that AgNP nucleation is much slower than AuNP
nucleation on the surface of the NFs.

A small number of nanoparticles were observed after treat-
ment with 0.01 M Pb?* (Figure S5, Supporting Information).
Afterward, the NF film was treated with a more concentrated
(0.1 M) Pb?* solution for further crystallization maintained from
the seeds formed on the surface of the NFs. Thereby, rose-thorn-
like PbOy, crystal formation on the NFs surfaces was observed
as given in SEM images (Figure 2d). Hexagonal PbO, crystals as
platelet on the hydrogel films were reported in our previous study
and similar crystal formations were also formed on these NFs.[¢]
The crystal growth on the NFs begins from the interior of the NFs
and moves to the surface as in the hydrogel films. But the crystals
formed on the NFs, 100-150 nm in size, are much smaller than
the crystals formed on the film.

Cubic NaCl crystals also occurred in situ during the prepa-
ration of NFs in which NaCl is added to increase conductivity
(Figure S2, Supporting Information). This proves that HPhTT
fluorophore is a trigger for crystal formation. All these particle
formations can be explained by “Complexation Triggered Crys-
tallization (CTC)” phenomena as illustrated in Figure 3a. The
molecules with active functional groups that can form chelates
with metal cations trigger the reduction of the metal cations into
nanoparticles depending on the conditions of the medium. Seed
formation occurs on these active sites when these chelates are
in an electron-rich medium supplied by chemical species in the
environment. The crystal growth is the following step after seed
formation which is dependent on the concentration of the metal
cations in the medium. If the medium is concentrated enough,
the crystal growth continues until the sizes are big enough to
get unstable on the surface. We observed this phenomenon in
our previous study with gold nanoparticle formation on polymer
microparticles composed of poly(methacryloxy quinoline) for the
first time.[*8) This phenomenon is also reported in our previ-
ous studies with different molecules that can interact with metal
cations.[#8-50]

The deformations of the Pb?* treated NFs may occur due to
the interaction of metal cations with the fluorophores located in
different fiber chains and crystal growth process.*!! Such defor-
mation like sticking of the NFs into each other is seen in the
SEM images of the Pb?*, Pt>*, and Cd?* treated NFs (Figures S5-
S8, Supporting Information). Any crystal formation was not ob-
served after the treatment of NF films with Pt**, Cd?* as shown
in the SEM image (Figure S6-S8, Supporting Information).
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Metal cation interaction of the polymer chain is depicted in
Figure 3a—c as to be one chain interaction with one metal cation.
However, one metal cation can interact with more polymer chains
and the crystal growth on the anchor points affect the fiber form.

Metal particle/NF composites, which can form crystals and
nanoparticles by interacting very well with the metal cations,
were characterized by XRD analysis. The XRD pattern given in
Figure 3d shows that the AuNCs are in face-centered cubic (fcc)
lattice structure with the reflections of Au[111],[200],[22 0],
[311], and [2 2 2] at 38°, 44°, 65°, 77°, and 82°, respectively. In
the XRD pattern of the AgNP-NF sample, AgNP-related peaks are
also observed with very low intensity.

The XRD patterns of the films treated with Pt**, Co**, and
Cd?* (Figure 3f—) were not signed as they were very low-intensity
peaks. Metal cation interaction with these fibers also increases
the crystallinity of PVA, as can be seen in the XRD patterns
of the metal cation-treated PVA NF films (Figure 4). The crys-
talline solid characteristic reflections of PVA at 26 = 19.88° and
20.18° are the reflections of (1 0 1) and (1 0 1) monoclinic unit
cell. The sharper (1 0 1) and (1 0 1) PVA peaks after Cd** and
Pb?* cation treatment was observed.®?] Even if PVA crystalliza-
tion blocked by ferric ions has been reported before, the pres-
ence of HPhTT molecules with rigid and planar backbone and
its interactions with polymer chains or metal cations reversed
the situation in our case and the crystallization degree of PVA is
increased.l>’!

HPhTT is a unique fluorophore that can produce films with
tunable emission wavelengths and a high quantum yield of up
to 39.22% in the solid phase.®) So, these HPhTT cross-linked
NFs are good candidates for optical sensing of different mate-
rials. Acid, base, metal cation, and bacterial detection might be
promising applications for many engineering areas. Emission
wavelengths of these films after HCl and NaOH treatment are
given in Figure 3j-k. The film exhibited a 45 nm blue shift af-
ter immersing the film in an acid solution while this acid-treated
film exhibited a 59 nm red shift when they are treated with base.
Wavelength shift is highly dependent on the increasing acid or
base concentration. This concentration dependency facilitates us-
age of the smart films as optical sensors.

The optical properties of these NFs were investigated by spec-
trofluorometric methods. Wavelength shift and the intensity of
the NFs after acid, base, and metal cation treatment were ob-
served as shown in Figure 4a—e. In addition, a 50 nm blue shift
in the emission was observed with TFA-treated NFs (Figure 4a).
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Figure 2. SEM images of HPhTT cross-linked NFs (NF3) (a), AuNP (b), AgNP (c) decorated NFs, and rose thorn-like PbO, crystal formation on the NF

surface (d).

17 nm blue-shift in the emission wavelength was observed as a re-
sult of direct treatment with NH;, as expected (Figure 4b). When
TFA-treated NFs were treated with NHj, a red-shift of 50 nm in
the emission wavelength was observed with increasing NH; con-
centration (Figure 4c). The NFs exhibited reversible optical re-
sponse as wavelength shift when treated with acid or base. The
lowest naked eye detectable concentration of NHj is observed as
200 nM while it is 20 um with TFA. Digital photos of NFs after in-
teraction with acid, base, and cations under daylight and UV-light
excitation are given in Figure 4e—g.

Macromol. Mater. Eng. 2023, 2300226 2300226 (5 of 9)

The optical properties of NFs after interacting with metal
cations were investigated via color change observation under UV-
ligth excitation and spectrofluorometric measurements as shown
in Figure 4. Treatment with Pt?* and Ag* resulted in a decrease
in fluorescence intensity without emission wavelength shift. The
fluorescence emission of the Ag* treated NF film was almost
quenched as Au’* treated films. On the other hand, the films
treated with Pb?*, Co?*, Cd?* showed an increase in fluorescence
intensities and a blue-shift in the emission wavelength. The op-
tical properties of NFs after interacting with metals were quite
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Figure 3. lllustration of metal (M) or metal oxide (MO) crystal formation mechanism via CTC on the NF surface (a), organization of PVA NF chains
triggered by; hydrogen bonds (b), HPhTT fluorophore and metal cations (c). XRD patterns of Au* (d), Ag* (e), Pt?* (f), Cd?** (g), Co?* (h), and PbZ*
(i) treated NF films Emission wavelength shifts of the films after; HCl treatment (j), NaOH treatment (k).

different from films. Treatment with Pt>* and Ag* resulted in a
decrease in fluorescence intensity without emission wavelength
shift. In fact, the fluorescence emission of the Ag* treated NF
film was quenched, as Au** treated films. However, the white
color of the Au** treated NF films turned brown when it was
wet. An increase in the fluorescence intensities accompanied by
a blue-shift in the emission wavelength was observed with the
Pb%*-, Co**-, and Cd**-treated films (Figure 4-d).
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3.1. Antibacterial Activity and Bacterial Detection

These smart fibers were used as antimicrobial surfaces for E. coli
(ATCC 25922), S. aureus (ATCC 25923), P. aeruginosa (ATCC
27853), and E. faecalis (ATCC 25922) strains by investigating
their effectiveness via disk diffusion method. The strains were
swabbed on the MHB agar following test samples placement on
it. After 24 h incubation, a clear bacteria-free zone, named the
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Figure 4. Fluorescent spectra of the NF3 NF films after; TFA treatment (a), NH; treatment (b), NH; treatment after TFA activation (c), and metal cation
treatment (d). Digital images of the NF films under daylight and UV-light after treatment with metal cations (e), TFA (f), and NH; after TFA activation

(g)-
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Table 1. Zone of inhibition diameter of the test samples.

Samples E. coli S. aureus E. faecalis P. aeruginosa
HPhTT-NF 11 6.4 9.4 7
Au 17 12 22.0 18
Ag 14 16 16.8 20
Pt 11 10 15.4 14

zone of inhibition (ZOI), was measured from the samples ex-
hibiting antibacterial activity as given in Table 1.

PVA NFs without any additive indicated no zone of inhibition
as reported before.l>*°l HPhTT cross-linked NFs had an antibac-
terial effect against all strains but a higher effect was observed
against E. coli strain as to be 11 mm ZOI radius. After Au** and
Ag*metal cations treatment that results in nanoparticle forma-
tion on the surfaces of NFs, the antimicrobial effect of NFs in-
creased as expected.’’-% The effectiveness of NFs did not in-
crease after Pt** treatment for E. coli strain. The NFs were not
too effective against S. aureus with a 6.4 mm ZOI radius while
the metal cation treated samples effect were much higher with
12, 16, and 10 mm ZOI radii for Au**, Ag*, and Pt** treated sam-

E. coli

www.mame-journal.de

ples, respectively. Au** and Pt*+ treated NFs exhibited the highest
antibacterial effect against E. faecalis while Ag* treated NFs were
also effective with a 16.8 mm ZOI radius. The NFs after metal
cation treatment exhibited a higher effect against P. aeruginosa
strain while HPhTT cross-linked NF had a low effect on the strain
with a 7 mm ZOI radius. The highest effect against P. aeruginosa
was observed with Ag*-treated NFs.

Optical detection of the strains under UV-light was performed
with biofilms formed on the MHB agar surface. Fluorescent NF
films were placed onto the strains incubated for 24 h at 37 °C
on MHB—agar plate surface that resulted in biofilm formation.
Photoluminescence response was observed under UV light illu-
mination right after the placement of the films, and digital im-
ages were recorded as shown in Figure 5.

The emission color of the NFs can be adjusted from blue to
green via increasing HPhTT cross-linker concentration and base
concentration, as we reported before by preparing fluorescent
films of the HPhTT.I®) The NFs numbered 2 in Figure 5 are pro-
duced by using a lower concentration of HPhTT (5 mM).

The blue emission color of these NF films changed to green af-
ter interaction with E. coli and S. aureus strains. Even though, the
emission wavelength changed slightly after interaction with E.
faecalis and P. aeruginosa strains but the emission intensities also

Figure 5. Digital images of HPhTT cross-linked NFs under UV-light excitation before and after treatment with biofilms of S. aureus (a), E. faecalis (b), E.

coli (c), P. aeruginosa (d).
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decreased. These films acted as antibacterial surfaces enabling si-
multaneous optical detection of bacterial growth. The materials
with these unique properties pave the way for usage in various
applications.

4. Conclusion

In this study, we proposed a novel crystal growth mechanism
on the fluorophore cross-linked nanofibers named “Complexa-
tion Triggered Crystallization (CTC)” phenomenon. The process
of crystal formation on the substrate is initiated with complex-
ation between electron-rich fluorophores and metal cations. The
progress step was succeeded by the reduction of metal cations via
the acquisition of electrons from the surrounding environment
and dynamic covalent chemistry. Subsequently, crystal growth
occurred via Ostwald ripening. Thus, one-step and additive-free
preparation of metal nanoparticles on the NF surfaces resulting
from the CTC phenomena makes the NFs multi-functional ma-
terials enabling usage as a catalyst, antimicrobial dressing, and
easy-to-prepare SERS substrates. Moreover, we demonstrated the
usage of in-situ fluorophore cross-linked NF as an optical sen-
sor for various analytes such as metal cations, acids, bases, and
strains. Also, HPhTT cross-linked NFs and metal nanoparticle
decorated NFs exhibit significant antibacterial properties. These
smart NF films also make optical detection of bacterial growth
possible. The effect of wound monitoring based on bacterial
growth can be increased by early detection of bacteria. The NF
sensor shows great advantages that can be adopted on point-of-
care diagnostic tools. These novel hybrid fibers are encouraging
for many sensing and biomedical applications.
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