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Abstract: Microbial diseases have been declared one of the main threats to humanity, which is why,
in recent years, great interest has been generated in the development of nanocomposites with anti-
microbial capacity. In the present work, two magnetic nanocomposites, based on Graphene Oxide
(GO) and Multiwall Carbon Nanotubes (MWCNTs) were studied. The synthesis of these magnetic
nanocomposites consisted of three phases: first, the synthesis of Iron Magnetic Nanoparticles
(MNPs) was carried out in the presence of MWCNTs and GO using the Co-precipitation method.
The second phase consisted of the adsorption of photosensitizer menthol-Zinc phthalocyanine
(ZnMintPc) into MWCNTs and GO, and the third phase was the encapsulation in poly (N-vi-
nylcaprolactam-co-poly(ethylene glycol diacrylate)) poly (VCL-co-PEGDA) polymer VCL/PEGDA
a biocompatible hydrogel, in order to obtain the magnetic nanocomposites: VCL/PEGDA-MNPs-
MWCNTs-ZnMintPc and VCL/PEGDA-MNPs-GO-ZnMintPc. In vitro studies were carried out us-
ing Escherichia coli and Staphylococcus aureus bacteria and the Candida albicans yeast based on the
PTT/PDT effect. This research describes the optical, morphological, magnetic and photophysical
characterizations of nanocomposites and their application as antimicrobial agents. It was evaluated
the antimicrobial effect of magnetics nanocomposites based on the Photodynamic/Photothermal
(PDT/PTT) effect; for this purpose, doses of 65 mW cm? at 630 nm of light were used. The
VCL/PEGDA-MNPs-GO-ZnMintPc nanocomposite was able to eliminate colonies of E. coli and S.
aureus, while VCL/PEGDA-MNPs-MWCNTs-ZnMintPc nanocomposite was able to eliminate the
three types of microorganisms; consequently, the latter is considered a broad-spectrum of antimi-
crobial agent in PDT and PTT.
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1. Introduction

Due to the COVID-19 pandemic, the study of microorganisms has increased substan-
tially due to their ability to spread rapidly and adapt to different environments, for this
reason the World Health Organization has declared microbial diseases as one of the main
threats for humanity [1]. Currently, there are antibiotic therapies that help fight infections
caused by microorganisms such as Klebsiella pneumoniae, Escherichia coli, Staphlylococcus
aureus, Neisseria gonorrhoeae among others, but these have been losing their efficacy, which
is why the development of new treatments is necessary [2].The generation of new nano-
composites that help to eliminate microorganisms provides a new alternative for the fight
against infections caused by these pathogens [3].

Nanotechnology for the control of infectious diseases includes several strategies such
as: the use of metal oxides for the generation of reactive oxygen species (ROS) , nanocom-
posites capable of damaging the membrane integrity or causing physical damage to the
bacterial wall [4] and even inhibiting DNA replication and ATP production in cells [5] and
use of Graphene-family materials for the microbial elimination [6-8]. In this regard,
Romero et al., 2020 showed the ability of GO as an antimicrobial agent to eliminate E. coli
and S. aureus bacteria through the combination of Photodynamic Therapy (PDT) and Pho-
tothermic Therapy (PTT) [9]. Peng et al, 2020 present a conjugated oligomer with antibac-
terial capacity to eliminate E. coli by PDT / PTT [10]. Xu et al., 2019 showed that nanocom-
posites based on Graphene and carbon nanotubes are capable of eliminating bacterial
loads from Cyanobacteria, E. coli, S. aureus, Pseudomonas aeruginosa, Bacillus subtilis, Pseu-
domonas putida and Rhodococcus spp, based on the combination of PDT and PTT [11].

Photodynamic Therapy (PDT) is well known and studied for its use in cancer treat-
ments, producing a minimum of side effects compared to other treatments used for can-
cer. PDT is an attractive operating modality based on the interaction of light with a pho-
tosensitizer (PS) and oxygen, thus producing reactive oxygen species (ROS) and free rad-
icals capable of causing cell and microorganisms death with low toxicity [12-14]. This
therapy has been used to treat skin diseases and some types of cancer such as: prostate,
neck, lung, breasts, bladder, among others. [15-18].
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PS generally are classified by their activation wavelength, duration, and tissue pene-
tration. One of the most widely used PS in PDT are the second generation, due to the
photophysical and photochemical properties they possess, within this group are phthalo-
cyanines, chlorins and benzoporphyrins [19,20]. Phthalocyanines (Pcs), are hydrophobic
compounds whose activation wavelengths of 650 and 700 nm, allow deep tissue penetra-
tion. Pc reaches a high concentration in tumor tissue after 1 to 3 hours of its administration,
and they are generally used to treat skin and subcutaneous lesions [21].

Zinc Menthol-Phthalocyanine (ZnMintPc) is a hydrophobic drug derived from
phthalocyanine, whose structure is based on porphyrins but with a central Zinc atom and
four methoxy groups around it that allow PS to be soluble in certain organic solvents [22].
The use of ZnMintPc has been limited due to its hydrophobic nature. Pcs can be soluble
in aqueous media when encapsulated by hydrogels [23-25]. Pcs can also be combined
with Nanoparticles (Np) to create hybrid nanostructures that increase the quantum yield
of singlet oxygen, cell uptake, and their therapeutic effectiveness [26].

Due to the hydrophobic nature of PS, several types of nanocarriers have been studied
that prevent them from adding to each other and losing their physico-chemical character-
istics. [15,27,28]. Among these nanocarriers are carbon nanostructures such as: carbon
nanotubes [29-31], graphene [27], and fullerenes [15,32,33] among others. These function-
alized nanocarriers have excellent optical and mechanical properties, biocompatibility,
and low toxicity. In addition to having other applications in nanomedicine such as immu-
notherapy, imaging, and the development of vaccines. [34-37].

Carbon Nanotubes (CNTs) were discovered by lijima in 1991 [38] and consist of quasi
one-dimensional structures formed by several layers of graphene rolled-up coaxially to
form the tubes . They are classified into two types: with a single layer known as Single
Wall Carbon Nanotubes (SWCNTs) and with several layers known as Multi-Wall Car-
bon Nanotubes (MWCNTs) [39,40]. CNTs possess great optical, electrical, thermal, phys-
ical, and kinetic properties, and excellent permeability in cells. For this reason, nanomed-
icine has put a lot of interest in their application as a drug transport systems, electrochem-
ical biosensors, and biological markers, among others [41,42].

CNTs have been used as biosensors, biomarkers and drug transporters with a high
carrying capacity [43,44]. To improve the effectiveness of their action, hybrid compounds
have been created, that is, proteins, polymers, cell recognition ligands, nanoparticles, hy-
drophilic coatings have been incorporated into these structures, which provide them of
new functions such as cell recognition, controlled drug release, avoiding aggregations in
aqueous media, targeted transport, etc. [45-47].

Graphene is a two-dimensional nanostructure with sp? hybridization and strongly
cohesive carbons, which gives the structure excellent properties: optical, electronic, me-
chanical and chemical which varies depending on its lateral size [48]. Graphene is known
as a material with very high resistance and, hardness, it is light, has low toxicity and high
flexibility, which makes it an innovative material in the fields of industry, construction,
technology, medicine, and more [35,49,50]. Because of its excellent physicochemical char-
acteristics, graphene has been used in the biomedical field to make biosensors, drug de-
livery systems antibacterial agents, for early detection of cancer, gene therapy, cancer cell
imaging/mapping, among others [51].

In recent years, a great interest has arisen in the synthesis of magnetic nanoparticles
since, thanks to their unique physicochemical properties, they can be used in PPT / PDT
[52], drug delivery, theranostics, and others [53-55]. MNPs such as magnetite and hema-
tite obtained from iron oxides are widely used in biomedicine, because they do not present
cytotoxicity at low concentrations and are biocompatible [56-58]. MNPs can be anchored
to carbon structures to obtain drug nanocarriers and can be directed by an external mag-
netic field [59,60].

VCL/PEGDA is a biocompatible hydrogel that can be obtained by emulsion polymer-
ization, this hydrogel is very promising since it responds to physiological changes in the
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temperature of the human body [61,62]. Therefore, it can be used as a drug delivery sys-
tem since it is capable of encapsulating hydrophobic and hydrophilic agents. The study
carried out by Romero et al., 2021 shows the sustained release capacity of the drug colchi-
cine encapsulated in VCL/PEGDA [63].

In the PDT strategy, PS must meet specific requirements: they must be selective, dis-
perse nicely in tissue, and their photostability time is adequate for the treatment. Due to
these needs, in this work we develop two magnetic nanocarriers based on MWCNTs and
GO materials. Both nanocarriers are decorated with Fe-MNPs, thus giving the compound
superparamagnetic properties. These nanocarriers were functionalized with PS
ZnMintPc, a drug used in Photodynamic Therapy. To solve the hydrophobicity problem,
present in ZnMintPc and MWCNTs, which prevents their dispersion in aqueous media, it
has been necessary to provide them with the lipophilic envelope VCL/PEGDA hydrogel.
Finally, the antimicrobial effect of these nanocomposites was evaluated to eliminate the
bacteria S. aureus, E. coli, C. albicans using the PDT/PTT strategy.

2. Materials and Methods

2.1. Materials

For the synthesis and functionalization process, the following were used: MWCNTs
and GO were provided by the Van de Graff Laboratory, Department of Physics PUC-RIO-
Brazil; Zinc Menthol-Phthalocyanine was provided by the Federal University of Sao Car-
los-Brazil; Fe(SO4)-7H20 and H,50, from MERCK; NH:OH, 14.8N and N-N Dimethylfor-
mamide from Fisher Scientific; Fe2(SO4)3-H20 from Baker's Analyzed; HNOs from the Fer-
mont trade company; saline solution (pH = 7) from the Fisiol UB and Tween80 from the
Chemical House (Quito-Ecuador).

For the VCL/PEGDA hydrogel synthesis by emulsion polymerization, the following
reagents were used: N-vinylcaprolactam (VCL; Sigma Aldrich, 98%), and Poly(ethylene
glycol) diacrylate (PEGDA;Sigma Aldrich, Mn 250), initiator: ammonium persulfate (APS;
FMC Corporation, > 99%). Emulsifier: sodiumdodecyl sulfate (SDS; STEOL®CS-230 Ste-
pan). Buffer: sodium hydrogen carbonate (SigmaAldrich, > 99.7%) used as provided.

For characterization of MNPs-MWCNTs and MNPs-GO, were carried out a FT-IR
spectroscopy analysis in a JASCO FT/IR-4100 spectrometer (wavenumber range 7800 to
350 cm, resolution of 0.7 cm) and a Raman spectroscopy analysis in a HORIBA Raman
spectrometer LabRAM HR Evolution, where the samples were excited with a 2.33 eV (532
nm).

Magnetization (M) measurements were carried out using a Quantum Design
Versalab VSM magnetometer, in the temperature range between -210 and +60 °C with ap-
plied magnetic fields sH up to 3 T.

The stability over time of the PS carried by the magnetic nanocomposites was char-
acterized by a UV-VIS spectroscopy analysis within a wavelength range of 280 to 780 nm
(resolution better than1.8 A), using a Thermo Scientific UV-VIS Spectrophotometer model
Evolution 220. The DPBF photobleaching studies and thermic studies were carried out
with a homemade equipment based on LED red light at 635 nm, 65.5 mW c¢m- and DPBF
photobleaching study was characterized in a UV-VIS Specord 210 Plus. The XRD analysis
was performed on a PANalytical brand EMPYREAN Diffractometer, operating in a 6-20
configuration (Bragg-Brentano geometry) equipped with a copper X-ray tube (Ka radia-
tion A = 1.54056 A) at 45 kV and 40 mA.

2.2. Methods

2.2.1 Morphological studies
The morphology and semiquantitative elemental composition were evaluated by
Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS).
For this, an aliquot of the sample was fixed to an aluminum sample holder using a double
layer of carbon tape. These analyzes were carried out on the SEM Tescan, Mira 3 equipped
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with a Schottky field emitter. EDS was performed in the SEM chamber using a Bruker, X-
Flash 6130 detector with a resolution of 123 eV at Mn Ka.

For Transmission Electron Microscopy (TEM), the samples were dispersed in a
BRANSON 1510 ultrasonic bath for 30 minutes. Next, approximately 5 pL of the sample
was placed on a transmission electron microscope grid (formvar / carbon, 300 mesh) and
the solvent was removed with filter paper. The samples were observed in the TEM FEI
transmission electron microscope, Tecnai G2 Spirit Twin equipped with an Eagle 4k HR
camera at 80 kV

For scanning transmission electron microscopy (STEM), 5 pL of the sample was
placed on a transmission electron microscope grid (formvar / carbon, 300 mesh) and the
solvent was removed with filter paper. Staining was performed with 1% Phosphotungstic
Acid for 1 second for S. aureus and 1 minute for E. coli, the solvent was removed, and it
was observed in the SEM Tescan, Mira 3 scanning electron microscope in transmission
mode.

2.2.2. Synthesis of graphene oxide using the Hummers' method.

GO was prepared according to the Hummers' method[64]. Graphite powder with
99% purity was used for the synthesis of GO. Chemical products, including NaNOs,
KMnOs, H2504, aqueous solutions of H202 and HCl, were purchased from Sigma Aldrich.
The GO powder was obtained after lyophilization of the suspected GO in deionized water.

2.2.3. Purification of MWCNTs
The purification of the MWCNTSs was carried out using an acid attack. 5.3 mg of
MWCNTs were dispersed with 5% Tween 80 in 10mL of distilled water, stirred at 200 rpm
for 24 hours to ensure that the MWCNTs were well dispersed. Then, in a solution of 4 mL
of HNOs and 12 mL of H,SO4 (1: 3 ratio), the solution of MWCNTs previously treated was
placed, allowed to cool and then stirred magnetically for 3 hours. Several washes of the
MWCNTs were performed using 0.22 um pore micropore filtration until a neutral pH was
obtained.

2.2.4. Synthesis and Functionalization of MNPs-MWCNTs and MNPs-GO

In 18mL of pure water, the following were dispersed: purified MWCNTs, 225 mg of
FeSO4, 450 mg of (Fez (504)3) and 5% Tween 80. This was placed under magnetic stirring
for 3 hours and subsequently the sample was added carefully in 150 mL of NH4OH. The
mixture was exposed to magnetic stirring in an inert atmosphere for 1 hour at 200 rpm.
Finally, several magnetic purifications of the MNPs-MWCNTSs nanocarrier were carried
out until the pH was neutralized and it was allowed to dry.

For the synthesis of MNPs-GO, the same process was used, but using 5.3 mg of GO
instead of MWCNTs.

Also, as a control sample for the magnetic measurements, free-standing iron nano-
particles were prepared using the same co-precipitation method, but without GO or
MWCNTs.

2.2.5. Synthesis of Polyethylene Glycol Diacrylate-Vinylcaprolactam (VCL/PEGDA)

The synthesis of the hydrogel was carried out by emulsion polymerization of 2 g of
VCL, 0.08 g of PEGDA, STEOL CS-230 and 0.08 of NaHCO3 dispersed in 235 mL deion-
ized water. The mixture was slowly placed in the chemical reactor with stirring at 350 rpm
and at a temperature of 70 °C, maintaining a stream of Nitrogen for one hour. Then the
initiator (0.03 g of Ammonium Persulfate dissolved in 15 mL of distilled water) was added
to the solution and the reaction was kept at 70 °C for 7 hours. After this time, the mixture
was allowed to cool under stirring at 200 rpm and 25 °C to avoid aggregation for 12 hours.
Finally, the hydrogel obtained was dialyzed against DDI water to remove impurities and
unreacted reagents [63].
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2.2.6. Functionalization of MNPs-MWCNTs; MNPs-GO with ZnMintPc in the presence of
VCL/PEGDA

In 10mL of pure water, 2 mg of MNPs-MWCNTs were dispersed with 5% Tween and
it was stirred magnetically for 24 hours at 200rpm, then it was placed in sonication for 30
minutes. 10 mL of VCL/PEGDA was added to the mixture and it was stirred magnetically
for 4 hours at 200rpm.

Within the 20 mL of the VCL/PEGDA-MNPs-MWCNTs solution, 0.67 mL of
ZnMintPc solution (0.25 mM) were added, after which the mixture was sonicated for 4
hours at 250 rpm. The solution was covered with aluminum foil to avoid ZnMintPc pho-
todegradation produced by light exposure.

The same process was carried out with MNPs-GO, obtaining the VCL/PEGDA-
MNPs-GO nanocomposite.aue

2.2.7. Quenching Experiment of 1,3-Diphenyl Isobenzofuran

The fluorescence and absorption characteristics of 1,3-diphenylisobenzofuran
(DPBF), a singlet oxygen trapping chemical, are widely employed to detect and quantify
singlet oxygen [65]. This agent has an absorption range within 410-420 nm, emitting blue
fluorescence. When DPBF interacts with oxygen, it produces o-dibenzoylbenzene, which
does not absorb visible light. The amount of 'Oz produced is shown by a reduction in
DPBF absorbance [9]. 5 mg of DPBF was dispersed in 1 mL of DMF to later disperse it in
the solutions with nanocomposites.

For this experiment, first, a UV-VIS SPECORD 210 Plus spectrophotometer (resolu-
tion of 2.3-2.5 nm) in a range of 300 to 800 nm was used, a reference solution was prepared
with 10 mL of deionized water and 10% Tween 80. Then in 3 mL of this reference solution
100 uL of VCL/PEGDA-MNPs-GO (0.1 mg/mL) was added. The same process was re-
peated with the nanocomposites VCL/PEGDA-MNPs-MWCNTs (0.1mg/mL),
VCL/PEGDA-MNPs-MWCNTs-ZnMintPc (0.1 mg/mL) and VCL/PEGDA-MNPs-GO-
ZnMintPc (0.1 mg/mL). After that, 20 uL of the DPBF (18.5 mM) solution was placed on
each of them and they proceeded to irradiate at different times to observe the decrease in
absorbance of the band found at 418 nm from DPBF.

2.2.8. Thermal Studies

The thermal studies were carried out by irradiating with a red light of 630 nm,
65.5 mW cm2 to deionized water, VCL/PEGDA, MNPs, GO, MWCNTs, VCL/PEGDA-
MNPs-GO and VCL/PEGDA-MNPs-MWCNTs, taking the temperature every 5 to 10
minutes until the temperature of the samples does not change.

2.2.9. Antimicrobial Studies

For the antimicrobial study was used cryovials with the microorganisms: Staphylo-
coccus aureus ATCC: 25923, Escherichia coli ATCC: 25922 and Candida albicans. They were
thawed at room temperature, and the content was inoculated in Mueller-Hinton broth
(Difco™). The culture medium was incubated overnight at 37 °C. After this period, the
absorbance of each medium was determined by spectrophotometry (Thermo Scientific ™
Orion ™ AquaMate 8000 UV-Vis) and diluted in Mueller-Hinton broth to reach the con-
centration established for the bioassays: 107 CFUs mL" for E. coli, 1056 CFUs mL for S.
aureus, and 105 CFUs mL-! for C. albicans.

Upon reaching the indicated concentration, each medium was dispensed into micro-
tubes as follows: 6 aliquots of 1 mL per magnetic nanocomposites (VCL/PEGDA-MNPs-
GO-ZnMintPc, VCL/PEGDA-MNPs-MWCNTs-ZnMintPc, VCL/PEGDA-MNPs-GO and
VCL/PEGDA-MNPs-MWCNTs) and 6 aliquots of 1 mL as control. Half of the aliquots were
used to evaluate the activity of the magnetics nanocomposites under light irradiation,
while the other half was not exposed to these conditions.

The microtubes were centrifuged at 3000 rpm for 10 min. The supernatant was dis-
carded, and 1 mL of PBS was added to wash the cells and remove the remains of the culture
medium. The pellet was resuspended and recentrifuged under the same conditions. PBS
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was discarded and 1 mL of the compound was dispensed into each microtube; in the con-
trol microtubes the cells were resuspended again with PBS. Each tube was vortexed to
dissolve the pellet again and incubated at 37 °C in the dark for 45 minutes.

At the end of the incubation period, 3 aliquots of each compound and 3 controls were
subjected to light irradiation using a red light of 630 nm, 65.5 mW cm2. The remaining
tubes were not irradiated.

Serial dilutions of each aliquot were made in PBS. 4 pL of each dilution was inoculated
into an 8-part Petri dish with Mueller-Hinton agar (Difco™). Each inoculum was streaked
for colony isolation. Petri dishes were incubated for 24 h at 37 °C, and after this period the
number of colonies was counted per dilution.

3. Results
3.2. Composition and structure characterization of magnetic nanocomposites

A FT-IR spectroscopy was performed on the magnetics nanocomposites to study the
difference in oxygen-related functional groups (Figure 1). Figure a shows the FT-IR spec-
tra of MNPs-MWCNTs, which presents characteristic bands. The band at 3373 cm™! is at-
tributed to the vibration of the hydroxyl group (OH), the 1636 cm! band, to the stretching
of the C=O group, which indicates that MWCNTs are linked to MNPs through hydrogen
bonds. Additionally, other bands appear in the range 1400-1730 cm-!, that corresponds to
the OH-C=0, -COOQO, -COOH groups that have been added due to acid treatment and func-
tionalization with MNPs  [66-68]. Finally, the characteristic bands of the MNPs appear at
709 and 623 cm, which indicate the stretching vibration of Fe-O-Fe characteristic of Fe-

MNPs [69].
—— MNPs-MWCNTs | —— MNPs-GO
100 4
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Figure 1. FT-IR spectra: (a) MNPs-MWCNTs; (b) MNPs-GO.

Error! Reference source not found.1b presents the FT-IR spectra of the MNPs-GO
nanocarrier where characteristic bands of GO are identified, within which there is a band
around 3327 cm! corresponding to the bending and vibration of the OH stretching of the
C- groups. The band at 1636 cm! corresponds to the vibration of the C=C, the bands
around 800 cm and 1269 cm!  correspond to the epoxy group, bands at 1342 cm-?, 1247
cm?, 1049 em? correspond to the stretching vibration of the carboxy groups C-O, C-C-O
and alkoxy C-O respectively[70].
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The 622 cm band is attributed to the vibrational stretching of the Fe-O group that
must be anchored to the COO group. Some of the bands close to 1000 cm' may be related
to deformation vibrations of the metal -OH bond, that is, related to the Fe-OH group [71].

Figure 22a shows the Raman spectra of not purified MWCNTs (Fig. 2a), purified
MWCNTs (Fig. 2b) and MNPs-MWCNTs (Fig. 2c). These spectra show characteristic
bands of the MWCNTs: band D or band of defects and the first and second-order bands
G and 2D respectively. D-band is at 1337 cm™ and corresponds to the presence of defects
in the graphite, which means the presence of multiple carbon sheets that are not directly
aligned sheet to sheet, which induces a loss of translational symmetry in the two-dimen-
sional network. Due to the same effect, a secondary phonon is produced that gives rise to
the presence of the G-band at 1566 cm!. The fundamental band G is a tangential elonga-
tion band that is attributed to the in-plane vibration of the C-C bond and is typical of

carbon-derived materials [72-75]. It is observed that ;—D ratio increases in the treated
G
MWCNTs spectra compared to the untreated MWCNTs spectra, this occurs because the

acid treatment causes some bonds to be broken and functional groups are formed that
later serve for functionalization with the MNPs, when observing the presence of the three

bands, it shows us that the MWCNTs are maintained. Comparing j—D ratio of treated
G

MWCNTs spectra with the MNPs-MWCNTs, the last one increases because the structure

of the MWCNTs have been functionalized with the MNPs creating a defective graphite

structure, as it is observed that the characteristic bands of Fe-MNPs are manifested in 210
and 273 cm! [76].
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Figure 2. Raman Spectra: (a) not purified MWCNTs, (b) Purified MWCNTs, (¢) MNPs-MWCNTs;
(d) Fe-MNPs; (e). GO; (f) MNPs-GO; Eisser=2.33eV, A=532 nm.

In Error! Reference source not found.2c we can find the Raman spectra of Fe-MNPs
with its characteristic bands a: 224, 296 (Eg), 408 (Eg), 612 (Eg), 658 and 1320 cm™[77,78].
In Error! Reference source not found.2e we find the characteristic bands of GO: an intense
D band at 1340 cm™, a G-phase vibration band at 1589 cm™ and the D + D’ band located
around 2900 cm™ which is activated by defects and appears with the combination of pho-
nons with different linear moments around points K and I in the Brilloiiin zone [79,80].
The relationship of the D and G bands allows us to determine the degree of disorder of
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the carbon structure in the GO the :—2 =1.036 ratio due to the presence of the Carboxyl

groups at its ends. In Error! Reference source not found.2f we can observe the MNPs-GO
nanocomposite where there is a shift of the bands due to the fact that the nature of iron
oxide when combined with carbon nanostructures can affect the spectral position and am-
plification of the phonon peaks [81], but the GO bands are in the same position with the

difference that now the i—z ratio is 1.162, which indicates that the MNPs-GO is a slightly

more disordered structure than the GO which may be due to the anchoring of Fe-MNPs
functional groups to GO [82].

3.2.  Magnetic properties

We studied the magnetic properties of three samples: the nanocomposites
VCL/PEGDA-MNPs-MWCNTs and VCL/PEGDA-MNPs-GO and, for comparison, the
free-standing iron nanoparticles (MNPs). All the studied samples present the typical fer-
romagnetic (FM) behavior of the Fe nanoparticles, with a very small coercivity of less than
2 mT at room temperature (less than 5 mT at T = -210 °C). This small coercivity indicates
that the MNPs are not directly attached to the carbon structures, since in that case large
coercivities of hundreds of mT have been observed [83,84] . In our case, according to the
FT-IR spectroscopy results in section 3.1., the link between the MNPs and the C atoms
appears to be mediated by hydrogen bonds, thus reducing the Fe-C magnetic coupling.
In figure 3a we show some representative M vs H loops measured at two different tem-
peratures, -210 °C and +20 °C, for the three samples. From these curves, we obtained the
saturation magnetization (Ms) as a function of temperature by means of the usual law of
approach to saturation (LAS) [85-87], given by:

M(H)=Ms<1—%—%)+)(H, 1)
In this equation a and b are constants, and the last term accounts for the non-ferro-

magnetic contributions, such as the disordered shell of the nanoparticles. The last is valid

only at high fields, close to saturation, thus we used it to fit our M(H) curves for applied

fields between 1 and 3 T, as exemplified by the solid lines in figure 3a for T =-210 °C. From

these fits, we obtained Ms at several temperatures between -210°C and +60°C (see figure

3b). In the case of the VCL-PEGDA-MNPs-MWCNTs and VCL-PEGDA-MNPs-GO sam-

ples, the value of the magnetization appears substantially reduced, since most of the mass

(>98%) corresponds to the hydrogel. Therefore, in order to directly compare the measured

magnetic moment with that of pure iron, the value of the saturation magnetization was

corrected by the mass fraction of nanoparticles, x = 1.43% for the VCL-PEGDA-MNPs-

MWCNTs sample and x = 1.37% for the VCL-PEGDA-MNPs-GO sample. e
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Figure 3. (a) Magnetization vs applied magnetic field: (i) the free-standing nanoparticles, (ii) VCL-
PEGDA-MNPs-MWCNTs and (iii) VCL-PEGDA-MNPs-GO. The curves shown were measured at
two different temperatures, T =-210°C (circles) and T =20°C (triangles). The solid lines are examples
of the fit of the data using the law of approach to saturation (LAS) of Eq. (1); (b) Saturation magnet-
ization as a function of temperature: (iv) the free-standing nanoparticles, (v) VCL-PEGDA-MNPs-
MWCNTs and (vi) VCL-PEGDA-MNPs-GO. The solid lines match the data showing that MS follows
the Bloch's law given by Eq. (2).

The saturation magnetization as a function of temperature is presented in figure 3b,
where we also show that, for all three samples, Ms closely follows the well-known Bloch’s
law for FM nanoparticles [88-90],

Ms(r) = My x [1-B (T - 73] @)

where Mo is the saturation magnetization at the temperature of the absolute zero de-
grees Kelvin (To = -273.15°C), and B is the so-called spin-wave constant. The results for
these magnetic parameters are presented in table 1. The values obtained for B are indeed
very similar to those measured in other Fe-nanoparticles systems, [89,90] B ~ 10->-104 °C-
%2, implying the existence of comparable thermally induced magnetic excitations within
the FM volume. On the other hand, our results show that the saturation magnetization is
in all cases much smaller than that of pure iron, Mr. =222 emu g'. However, in the case of
the free-standing nanoparticles, Ms remains larger than for the nanoparticles submerged
within the hydrogel, indicating that the size of the non-FM (disordered) shell increases in
the presence of the gel medium. Moreover, the difference between the samples becomes
even deeper at room temperature, where the saturation magnetization decreases due to
thermal effects (see table 1). From this analysis, the effective FM volume (the size of the
FM core of the nanoparticles) can be estimated by comparing Mo with Mr, such that the
fraction of the nanoparticle volume that remains FM can be estimated as
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f=to, )
MFe

The very small FM volume fraction in the case of the VCL-PEGDA-MNPs-MWCNTs
and VCL-PEGDA-MNPs-GO samples likely indicates that the presence of the hydrogel
induces a strong oxidation of the surface of the nanoparticles, or some interdiffusion that
corrodes the surface and reduces the magnetic moment. Moreover, the larger value of the
spin-wave constant in these two samples is consistent with a more significant influence of
surface effects [90], which produce a faster decrease of the saturation magnetization when
the temperature increases.

Table 1. Magnetic parameters for the three studied samples: saturation magnetization at
To=-273.15°C (M), saturation magnetization Ms at 20°C, a fraction of the volume of the nanoparti-
cles that remain ferromagnetic (f), and spin-wave constant (B).

Sample Mo M @20 °C f B
(emu g?) (emu g?) (%) (°C372)
MNPs 52.1 40.1 23.5 4.5x 105
VCL-PEGDA-MNPs-MWCNTs 25.5 17.9 11.5 5.8 x 105
VCL-PEGDA-MNPs-GO 159 9.3 7.2 8.3 x10°

3.3.  Optical Properties of Magnetic Nanocomposites

UV-VIS absorbance spectra and the photoluminescence emission were obtained. In
Support information (Sla, S1b and S1d) we show the ZnMintPc-DMF and the nanocom-
posites: VCL/PEGDA-ZnMintPc and VCL/PEGDA-MNPs-MWCNTs-ZnMintPc respec-
tively. We observe the presence of bands at 354 nm (Band of B or Soret), 616 nm, and at
684 nm (Band Q), characteristic of the absorption spectra of ZnMintPc.

Furthermore, it can be seen that as the concentration of ZnMintPc increases, the ab-
sorption of the B and Q bands increases proportionally without their dislocation. This al-
lows us to conclude that the Beer-Lambert law is fulfilled and there is no drug aggrega-
tion, indicating that N,N-Dimetilformamida (DMF) is a good solvent for this PS [91,92].
Furthermore, it is also concluded that the VCL-PEGDA hydrogel disperses PS similarly to
DMF. In Support Information (Slc, S1d) the UV-VIS spectra of nanocomposites based on
MNPs-MWCNTs (VCL-PEGDA-MNPs-MWCNTs and VCL-PEGDA-MNPs-MWCNTs-
ZnMintPc) are presented, where the band corresponding to MWCNTS at 265 nm cannot
be visualized [93] but the representative band of Fe-MNPs can observed at 315 nm.

Figure S2a in support Information shows the UV-VIS spectra of MNPs-GO. The band
corresponding to GO at 230 nm cannot be visualized [94-96]. The less intense bands cor-
respond to Fe-MNPs appear at 315 and 336 nm. The latter band has undergone a hypso-
chromic shift due to functionalization with both MWCNTs and GO in the presence of an
organic solvent (ammonium hydroxide used for MNPs syntheses) [97,98].

The calibration curve of figure 4a was obtained from the Q band found at 684 nm
belonging to ZnMintPc and described in S1 and S2, which is in a region of the spectra of
interest for treatment in PDT. It can be observed that the higher the concentration of
ZnMintPc in the nanocomposites (VCL-PEGDA-ZnMintPc, VCL-PEGDA-MNPs-GO-
ZnMintPc and VCL- PEGDA-MNPs-MWCNTs-ZnMintPc), the greater the intensity of the
684nm band; but when comparing with the ZnMintPc dispersed in DMF, the latter shows
the highest intensity in relation to all nanocomposites. This indicates that the VCL-PEGDA
hydrogel adequately disperses the hydrophobic ZnMintPc PS in an aqueous solution [99-
101]. It can be seen that the 684 nm absorption band of ZnMintPc (0.52 uM) decreases as
the number of functionalized components increases, as presented in 4b. The percentage
of decrease for VCL/PEGDA-MNPs-MWCNTs-ZnMintPc nanocomposites is 38.2% and
for VCL/PEGDA-MNPs-GO-ZnMintPc it is 35.54%.
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Figure 4. (a) Composites calibration curve of ZnMintPc (0.52 uM) from: PS in DMF, VCL/PEGDA,
VCL/PEGDA-MNPs-GO and VCL/PEGDA-MNPs-MWCNTs; (b) Absorbance of ZnMintPc-DMF
and nanocomposites.

The temporal stability study observed in Figure 5 was carried out during the first
three hours after having functionalized the PS with the nanocarrier (VCL/PEGDA-MNPs-
MWCNTs-ZnMintPc or VCL/PEGDA-MNPs-GO-ZnMintPc) and one day after. It can be
seen that in both cases, as time passes, the intensity of band B increases, while the intensity
of band Q decreases. This phenomenon is because the PS begins to photobleached, with-
out showing aggregation of nanocomposites for 24 hours.
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Figure 5. Stability curves over time for the: (a) VCL-PEGDA-ZnMintPc; (b) VCL/PEGDA-MNPs-
MWCNTs-ZnMintPc and (c¢) VCL/PEGDA-MNPs-GO-ZnMintPc; ZnMintPc =0.27uM

The stability over time (Figure 6a) indicates that the intensity of PS decays exponen-
tially as time passes. The nanocomposites were evaluated during 24 hours and it was
found that when functionalized with nanocarriers based on MWCNTs and others based
on GO the speed of the decay of the PS is less compared to the PS in the hydrogel. Figure
6b shows the percentage of decay over time of each nanocomposite, where-in two hours
the nanocomposites based on GO and MWCNTs have PS decays of only 2.98% and 8.83%
respectively, while for VCL/PEGDA-ZnMintPc (with no carbon nanocomposites) the de-
cay rate is much higher, 35.87%. After 24 hours nanocomposites based on GO and
MWCNTs have only allowed the PS to decline to the 50% range, while with only the hy-
drogel, it declined to 43.76%, which is why it can be said that VCL/PEGDA-MNPs-GO-
ZnMintPc and VCL/PEGDA-MNPs-MWCNTs-ZnMintPc increase the photobleaching
time of the PS.
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Figure 6. (a) Decay curves of: VCL-PEGDA-ZnMintPc, VCL/PEGDA-MNPs-MWCNTs-ZnMintPc
and VCL/PEGDA-MNPs-GO-ZnMintPc. ZnMintPc =0.27uM; (b) Decay of ZnMintPc in nanocom-
posites in 24 hours.

3.4.  Photodynamic Analyses

DPBF photobleaching was performed in VCL/PEGDA-MNPs-GO, VCL/PEGDA-
MNPs-MWCNTs, VCL/PEGDA-MNPs-GO-ZnMintPc  and  VCL/PEGDA-MNPs-
MWCNTs-ZnMintPc, to evaluate the efficiency of singlet oxygen production of the nano-
composites using 630 nm light, with an intensity of 65.5 mW cm-2. In Support Information
(S3 and S4) it is possible to observe the decrease of the 418 nm DPBF band of each nano-
composite as a function of time. For the VCL/PEGDA-MNPs-GO and VCL/PEGDA-
MNPs-MWCNTs nanocomposites, a slight decrease in the 418 nm band is observed at an
irradiation time of 29 and 35 minutes respectively (S3a and S3b respectively). On the other
hand, for nanocomposites with the presence of ZnMintPc (VCL/PEGDA-MNPs-GO-
ZnMintPc and VCL/PEGDA-MNPs-MWCNTs-ZnMintPc), a rapid decay of the 418nm
band is observed until all the DPBF present is photobleached in solution. This total pho-
tobleaching is observed in around 9 and 11 minutes of irradiation respectively.

For each nanocomposite, absorbance vs. photoirradiation curves were constructed.
Taking the band of the 418 nm of DPBF, an exponential decay fit was made to get the
decay time presented in figures 7a and figure 7b.

The decay times are different for the nanocomposites without ZnMintPc
(VCL/PEGDA-MNPs-GO and VCL/PEGDA-MNPs-MWCNTs), the VCL/PEGDA-MNPs-
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MWCNTs being larger 34700 + 700 s, indicating a minor generation of 'Oz by photooxida-
tion of DBPF in relation to the GO nanocomposite. For nanocomposites with ZnMintPc
(VCL/PEGDA-MNPs-GO-ZnMintPc and VCL/PEGDA-MNPs-MWCNTs-ZnMintPc), two
decay times are obtained, one indicating a rapid decay to about 60 s photoirradiation and
the second one, a slow decay to about 700 s photoirradiation. Once again, the slow decay
gives a longer decay time for nanocomposites with MWCNTs (1140 + 260 s) than GO nano-
composite.

The presence of ZnMintPc in the nanocomposites generates a rapid photooxidation
of DPBEF. Therefore, the results indicate that the photobleaching of DPBF is mainly due to
PDT effects mediated by VCL/PEGDA-MNPs-GO-ZnMintPc and VCL/PEGDA-MNPs-
MWCNTs-ZnMintPc nanocomposites, with the nanocomposite containing GO and the
photosensitizing ZnMintPc exhibiting greater singlet oxygen generation.
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Figure 7. Decay curve of DPBF from: (a) VCL/PEGDA-MNPs-GO and VCL/PEGDA-MNPs-
MWCNTs; (b) VCL/PEGDA-MNPs-GO-ZnMintPc and VCL/PEGDA-MNPs-MWCNTs-ZnMintPc;
(c) Decay times of nanocomposites. DPBF = 18.5mM, GO =3.47 ug mL™', MWCNTs = 3.47 ug mL™,
MNPs=93.3 ug mL™ and ZnMintPc= 8.1 uM.

3.5.  Thermal Studies

In the thermal study curves of figure 8, it can be observed that the MNPs, GO and
MWCNTs solutions (blue, purple and light blue respectively) act as photothermic materi-
als when irradiated with red light for about 100 minutes. They can reach temperatures
between 50.8 to 54.8 °C, which makes them suitable for use in Photothermic Therapy for
their ability to convert red and near-infrared light (NIR) into heat and to transport drugs
as mentioned in the literature [52,102-105]. In the thermal curves of figure 8, it can also be
observed that the nanocomposites containing the VCL-PEGDA hydrogel, such as pure
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VCL/PEGDA, VCL/PEGDA-MNP-GO and VCL/PEGDA-MNP-MWCNTs when irradi-
ated with red light for about 100 minutes; a slight decrease in temperature is observed in
relation to the thermal curve of deionized water (reference). It is also observed that around
80 minutes of irradiation, all the curves have the same temperature reached by the deion-
ized water curve (Figure 8b).

It can be observed that the MNPs, GO and MWCNTs solutions raise their tempera-
ture around 10°C in relation to the control (deionized water) and the VCL/PEGDA-MNP-
GO and VCL/PEGDA-MNP-MWCNTs nanocomposites. It can be concluded that the
VCL/PEGDA hydrogel acts as a kind of cooling liquid, this would be expected because its
main components separately have good calorific capacities [106-108], therefore the hydro-
gel would inherit this property, which explains that the nanocomposites covered by hy-
drogel maintain a temperature similar to the temperature of the control solution (deion-
ized water) at an irradiation time of more than 100 minutes with red light.
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Figure 8. (a) Thermal studies. deionized water (control black line), VCL/PEGDA (red line), MNPs
(blue line), GO (violet line), MWCNTs (light blue line), VCL/PEGDA-MNPs-GO (yellow line) and
VCL/PEGDA-MNPs-MWCNTs (brown line); (b) Light dose. GO =3.47 pg mL-,, MWCNTs =347 ug
mL, MNPs=93.3 ug mL.
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3.6.  Morphological studies of magnetic nanocomposites

The functionalized VCL/PEGDA-MNPs-GO-ZnMintPc and VCL/PEGDA-MNPs-
MWCNTs-ZnMintPc nanocomposites were characterized by SEM, TEM, EDS and XRD
and the results are presented in figures 9, S5, S8, S10, and S12 for GO-based nanocompo-
sites, in figures 10, 56, 59, S11 and S13 for MWCNTs-based nanocomposites and in figure
S7 for free-standing MNPs.

The SEM and TEM images in figure 9 show the morphology of (a) carbon nanotubes
which have the shape of fibers and in TEM their internal structure and walls, (b) the struc-
ture of the GO sheet. In figure 9c we can observe the MNPs, which have a spherical shape
with an average size of ~72 nm. Figures 9d and 9e show the morphology of the hydrogel
coating MNPs-GO-ZnMintPc and MNPs-MWCNTs-ZnMintPc, so it is difficult to differ-
entiate the structures covered by the hydrogel. In the figure 9f we present the XRD pattern
for the MNPs-GO sample, where the diffraction peaks of the Fe nanoparticles decorating
the GO are clearly observed at 20 = 30.27°, 35.6°, 43.3°, 53.7°, 57.1° and 63.0°, indicating
that the MNPs retain their original crystalline structure after functionalization [109,110].
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View field: 5.9 pm
SEM MAG: 137 kx_ Date{mids CENCINAT
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Figure 9. (a) SEM and TEM images of purified MWCNTs; (b) TEM of GO; (c) SEM of MNPs; (d)
TEM of VCL/PEGDA-MNPs-MWCNTs-ZnMintPc; (e) TEM of VCL/PEGDA-MNPs-GO-ZnMintPc;
(f) XRD analysis of MNPs-GO.

3.7.  Morphological studies of bacterial in magnetic nanocomposites

To understand the interaction of magnetic nanocomposites with microorganisms,
STEM images of S. aureus, E. coli bacteria were obtained in the presence of VCL/PEGDA-
MNPs-GO-ZnMintPc and VCL/PEGDA-MNPs-MWCNT-ZnMintPc nanocomposites
(Figures 10b, 10c, 10e and 10f). In the STEM image of S. aureus and E. coli (pure, figures
10a and 10d), their structure and morphology are observed without alteration and the


https://doi.org/10.20944/preprints202201.0037.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 January 2022 d0i:10.20944/preprints202201.0037.v1

18 of 28

membrane that covers them without ruptures. When interacting with the VCL/PEGDA -
MNPs-GO-ZnMintPc and VCL/PEGDA-MNPs-MWCNT-ZnMintPc nanocomposites, no
changes were observed in the morphology of the bacteria (images taken 24 hours after the
bacterial-nanocomposite solutions were prepared) [111-113]. It was possible to observe
how the nanocomposite is capable of completely covering the microorganism, allowing
the nanocomposites dispersed in the hydrogel to be photoexcited with the red-light source
and obtain the microbial elimination.

r ).\'&\'"
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Figure 10: STEM of: (a) S. aureus; (b) S. aureus+C1(VCL/PEGDA-MNPs-GO-ZnMintPc); (c) S. au-
reus+C2(VCL/PEGDA-MNPs-MWCNTs-ZnMintPc); (d) E. coli; (e) E. coli+C1; (f) E. coli+C2.

3.8.  Antimicrobial effect of magnetic nanocomposites

The antimicrobial effect of the VCL/PEGDA-MNPs-GO-ZnMintPc (C1),
VCL/PEGDA-MNPs-MWCNTs-ZnMintPc (C2), MNPs-GO (C3) and MNPs-MWCNTs
(C4) nanocomposites were evaluated when irradiating with 350 nm red light, 65 mW cm- 2
in the presence of the microorganisms S. aureus E. coli and C. albicans.

The results obtained for each colony are present in the histograms of figure 11. The
histograms present the evaluation of LOG (CFU mL) standardized to 1. Having a con-
centration of 107 CFU mL-! for S. aureus, 106 CFU mL-! for E. coli and 105 CFU mL-! for C.
albicans. Results show that light alone is not capable of eliminating microorganisms (con-
trol+light samples) and this can be corroborated in the images obtained from C. albicans
(figure 12: Control+light sample), that is, to eliminate the microorganism it is necessary to
irradiate it in the presence of a nanocomposite (figure 12: C1+light and C2+light).
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When irradiating fungi and bacteria with a red LED (630 nm 65 mW c¢m) in the pres-
ence of the nanocomposites, it was obtained that the C1 nanocomposite eliminated totality
E. coli, C. albicans and S. aureus partiality. C2 nanocomposite eliminated totality S. aureus,
E. coli and C. albicans. C3 and C4 nanocomposites eliminated the totality of C. albicans.
Therefore, all nanocomposites can eliminate some of the microorganisms used in this
study, with C2 being the best, due to its ability to eliminate the three types of microorgan-
isms [113-115].
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Figure 11. PDT/PTT antimicrobial effect. Standardized result of LOG(UFC/mL) by: (a) S. aureus; (b)
E coli and (c) C. albicans based in C1, C2, C3 and C4 nanocomposites. Concentration of MNPs in C1,
C2, C3 and C4: 93.3 ug mL™, Concentration of ZnMintPc in C1 and C2: 8.1 puM, Concentration of
GO in C1 and C3: 3.47 ug mL, Concentration of MWCNTs in C2 and C4: 3.47 ug mL™. Time of
irradiation: C1 and C2 nanocomposites for 30 min and C3 and C4 for 40 min.
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(@) Control+dark

(b) Control+Light (C) Cl+Dark (d) Cl+Light (e) C2+Light

Figure 12. Antimicrobial effect of C1 and C2 nanocomposites in C albicans. Cl: GO-MNPs-
VGLPEGDA- ZnMintPc, C2: MWCNT-MNPs-VGLPEGDA- ZnMintPc, C3: GO-MNPs-
VGLPEGDA, C4: MWCNT-MNPs-VGLPEGDA. Concentration of MNPs in C1, C2, C3 and C4: 93.3
pg mL, Concentration of ZnMintPc in C1 and C2: 8.1 uM, Concentration of GO in C1 and C3: 3.47
pg mL™, Concentration of MWCNTs in C2 and C4: 3.47 ug mL.

The samples without hydrogel C3 and C4 only presented a complete response in C.
albicans, and it could be considered that the photothermic effect allowed microbial elimi-
nation, based on the results shown in figure 11c, C3+light and C4+light samples [116]. For
the samples with hydrogel and photosensitizer (C1 and C2) it can be concluded that the
elimination of the microorganisms S. aureus, E. coli and C. albicans was produced by the
photodynamic effect, based on the results shown in figure 11 Cl+light and C2+light sam-
ples [114].

According to the results obtained, the VCL/PEGDA-MNPs-GO-ZnMintPc and
VCL/PEGDA-MNPs-MWCNTs-ZnMintPc nanocomposites present a ferromagnetic char-
acter, typical of nanocomposites with iron nanoparticles and with low saturation magnet-
ization, due to be covered by a diamagnetic hydrogel layer, which agrees with the studies
carried out by Donadel et al., 2008; Mahdavi et al., 2013; and; Qu et al., 2010; where they
synthesize MNPs for bioapplications and demonstrate that the surface modification
causes a reduction in saturation magnetization, presenting values of values between 67 to
22emu g! depending on the type of biopolymer to be used [117-119].

Due to the physical and magnetic properties of these nanocomposites, it was shown
that they can avoid the early extinction of the fluorescence of PS ZnMintPc, thus improv-
ing their photodynamic effect, which is mentioned in the work of Huang et al., 2011 and
Xiao et al., 2021. The thermodynamic studies carried out by Kou et al., 2019; Srivastava &
Kumar, 2010; and Tager et al., 1993 indicate that VCL and PEGDA have good heat capac-
ities of around 258 and 94 ] mol* K-, which is why they are usually used to synthesize
cryogels, which explains that the nanocomposites covered by the VCL/PEGDA hydrogel
are capable of being maintained up to a maximum temperature of 40°C receiving doses of
red light of up to 393 J cm-2, which in comparison to nanocomposites without hydrogel,
these raise their temperature to around 55 ° C which agrees with the literature [52,102-
105].

4. Conclusions

In the present study, the synthesis of magnetic nanocomposites VCL/PEGDA-MNPs-
MWCNTs-ZnMintPc and VCL/PEGDA-MNPs-GO-ZnMintPc, was carried out: in order to
eliminate three types of microbial colonies: S. aureus, E. coli and C. albicans.

After the synthesis the synthesis of these nanocomposites was carried out their opti-
cal, magnetic and morphological characterizations showed that, nanocomposites based
on GO and MWCNTS decorated with iron MNPS and ZnMintPc PS, anchored to these
structures and covered by the VCL/PEGDA hydrogel.
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The optical properties of these nanocomposites give them the ability to prevent the
rapid disintegration of PS, which is important in PDT.

In the photodynamic analyzes was studied the nanocomposites VCL/PEGDA-MNPs-
MWCNTs-ZnMintPc and VCL/PEGDA-MNPs-GO-ZnMintPc for their applicability in
PDT with low dose red light, and it was observed that the nanocomposite containing GO
and PS ZnMintPc has a higher efficiency, since it produces a faster photobleaching of
DPBF, because it is capable of transporting a greater amount of ZnMintPc and MNPs, due
to its large specific area, in addition GO contributes to PS in the formation of 'Oz. Also,
since the nanocomposites are coated with a hydrogel, they are suitable for controlled PS
release system which tend to indicate promising applications for PDT.

the nanocomposite that contains GO and PS ZnMintPc has a higher efficiency, since
it produces a faster photobleaching of DPBF, which is due to the fact that it is capable of
transporting a greater amount of ZnMintPc and MNPs, due to its large specific area, in
addition the GO contributes to PS in the formation of 102.

Finally, we demonstrated that the VCL/PEGDA-MNPs-GO-ZnMintPc nanocompo-
site was able to eliminate colonies of E. coli and C. albicans and the VCL/PEGDA-MNPs-
MWCNTs-ZnMintPc nanocomposite eliminated the three types of microorganism, there-
fore which can be considered as a broad-spectrum antimicrobial agent in PDT and PTT
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