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Abstract: Microbial diseases have been declared one of the main threats to humanity, which is why, 30 

in recent years, great interest has been generated in the development of nanocomposites with anti- 31 

microbial capacity. In the present work, two magnetic nanocomposites, based on Graphene Oxide 32 

(GO) and Multiwall Carbon Nanotubes (MWCNTs) were studied. The synthesis of these magnetic 33 

nanocomposites consisted of three phases: first, the synthesis of Iron Magnetic Nanoparticles 34 

(MNPs) was carried out in the presence of MWCNTs and GO using the Co-precipitation method. 35 

The second phase consisted of the adsorption of photosensitizer menthol-Zinc phthalocyanine 36 

(ZnMintPc) into MWCNTs and GO, and the third phase was the encapsulation in poly (N-vi- 37 

nylcaprolactam-co-poly(ethylene glycol diacrylate)) poly (VCL-co-PEGDA) polymer VCL/PEGDA 38 

a biocompatible hydrogel, in order to obtain the magnetic nanocomposites: VCL/PEGDA-MNPs- 39 

MWCNTs-ZnMintPc and VCL/PEGDA-MNPs-GO-ZnMintPc. In vitro studies were carried out us- 40 

ing Escherichia coli and Staphylococcus aureus bacteria and the Candida albicans yeast based on the 41 

PTT/PDT effect.  This research describes the optical, morphological, magnetic and photophysical 42 

characterizations of nanocomposites and their application as antimicrobial agents. It was evaluated 43 

the antimicrobial effect of magnetics nanocomposites based on the Photodynamic/Photothermal 44 

(PDT/PTT) effect; for this purpose, doses of 65 mW cm-2 at 630 nm of light were used. The 45 

VCL/PEGDA-MNPs-GO-ZnMintPc nanocomposite was able to eliminate colonies of E. coli and S. 46 

aureus, while VCL/PEGDA-MNPs-MWCNTs-ZnMintPc nanocomposite was able to eliminate the 47 

three types of microorganisms; consequently, the latter is considered a broad-spectrum of antimi- 48 

crobial agent in PDT and PTT. 49 
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Graphical Abstract:  52 

 53 

1. Introduction 54 

Due to the COVID-19 pandemic, the study of microorganisms has increased substan- 55 

tially due to their ability to spread rapidly and adapt to different environments, for this 56 

reason the World Health Organization has declared microbial diseases as one of the main 57 

threats for humanity [1]. Currently, there are antibiotic therapies that help fight infections 58 

caused by microorganisms such as Klebsiella pneumoniae, Escherichia coli, Staphlylococcus 59 

aureus, Neisseria gonorrhoeae among others, but these have been losing their efficacy, which 60 

is why the development of new treatments is necessary [2].The generation of new nano- 61 

composites that help to eliminate microorganisms provides a new alternative for the fight 62 

against infections caused by these pathogens [3].  63 

Nanotechnology for the control of infectious diseases includes several strategies such 64 

as: the use of metal oxides for the generation of reactive oxygen species (ROS) , nanocom- 65 

posites capable of damaging the membrane integrity or causing physical damage to the 66 

bacterial wall [4] and even inhibiting DNA replication and ATP production in cells [5] and 67 

use of Graphene-family materials for the microbial elimination [6–8]. In this regard, 68 

Romero et al., 2020 showed the ability of GO as an antimicrobial agent to eliminate E. coli 69 

and S. aureus bacteria through the combination of Photodynamic Therapy (PDT) and Pho- 70 

tothermic Therapy (PTT) [9]. Peng et al, 2020 present a conjugated oligomer with antibac- 71 

terial capacity to eliminate E. coli by PDT / PTT [10]. Xu et al., 2019 showed that nanocom- 72 

posites based on Graphene and carbon nanotubes are capable of eliminating bacterial 73 

loads from Cyanobacteria, E. coli, S. aureus, Pseudomonas aeruginosa, Bacillus subtilis, Pseu- 74 

domonas putida and Rhodococcus spp, based on the combination of PDT and PTT [11].  75 

Photodynamic Therapy (PDT) is well known and studied for its use in cancer treat- 76 

ments, producing a minimum of side effects compared to other treatments used for can- 77 

cer. PDT is an attractive operating modality based on the interaction of light with a pho- 78 

tosensitizer (PS) and oxygen, thus producing reactive oxygen species (ROS) and free rad- 79 

icals capable of causing cell and microorganisms death with low toxicity [12–14]. This 80 

therapy has been used to treat skin diseases and some types of cancer such as: prostate, 81 

neck, lung, breasts, bladder, among others. [15–18]. 82 
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PS generally are classified by their activation wavelength, duration, and tissue pene- 83 

tration. One of the most widely used PS in PDT are the second generation, due to the 84 

photophysical and photochemical properties they possess, within this group are phthalo- 85 

cyanines, chlorins and benzoporphyrins [19,20]. Phthalocyanines (Pcs), are hydrophobic 86 

compounds whose activation wavelengths of 650 and 700 nm, allow deep tissue penetra- 87 

tion. Pc reaches a high concentration in tumor tissue after 1 to 3 hours of its administration, 88 

and they are generally used to treat skin and subcutaneous lesions [21].  89 

Zinc Menthol-Phthalocyanine (ZnMintPc) is a hydrophobic drug derived from 90 

phthalocyanine, whose structure is based on porphyrins but with a central Zinc atom and 91 

four methoxy groups around it that allow PS to be soluble in certain organic solvents [22]. 92 

The use of ZnMintPc has been limited due to its hydrophobic nature. Pcs can be soluble 93 

in aqueous media when encapsulated by hydrogels [23–25]. Pcs can also be combined 94 

with Nanoparticles (Np) to create hybrid nanostructures that increase the quantum yield 95 

of singlet oxygen, cell uptake, and their therapeutic effectiveness [26].  96 

Due to the hydrophobic nature of PS, several types of nanocarriers have been studied 97 

that prevent them from adding to each other and losing their physico-chemical character- 98 

istics. [15,27,28]. Among these nanocarriers are carbon nanostructures such as: carbon 99 

nanotubes [29–31], graphene [27], and fullerenes [15,32,33] among others. These function- 100 

alized nanocarriers have excellent optical and mechanical properties, biocompatibility, 101 

and low toxicity. In addition to having other applications in nanomedicine such as immu- 102 

notherapy, imaging, and the development of vaccines. [34–37]. 103 

Carbon Nanotubes (CNTs) were discovered by Iijima in 1991 [38] and consist of quasi 104 

one-dimensional structures formed by several layers of graphene rolled-up coaxially to 105 

form the tubes . They are classified into two types: with a single layer known as Single 106 

Wall Carbon Nanotubes (SWCNTs) and  with several layers known as Multi-Wall Car- 107 

bon Nanotubes (MWCNTs) [39,40]. CNTs possess great optical, electrical, thermal, phys- 108 

ical, and kinetic properties, and excellent permeability in cells. For this reason, nanomed- 109 

icine has put a lot of interest in their application as a drug transport systems, electrochem- 110 

ical biosensors, and biological markers, among others [41,42].  111 

CNTs have been used as biosensors, biomarkers and drug transporters with a high 112 

carrying capacity [43,44]. To improve the effectiveness of their action, hybrid compounds 113 

have been created, that is, proteins, polymers, cell recognition ligands, nanoparticles, hy- 114 

drophilic coatings have been incorporated into these structures, which provide them of 115 

new functions such as cell recognition, controlled drug release, avoiding aggregations in 116 

aqueous media, targeted transport, etc. [45–47]. 117 

Graphene is a two-dimensional nanostructure with sp2 hybridization and strongly 118 

cohesive carbons, which gives the structure excellent properties: optical, electronic, me- 119 

chanical and chemical which varies depending on its lateral size [48]. Graphene is known 120 

as a material with very high resistance and, hardness, it is light, has low toxicity and  high 121 

flexibility, which makes it an innovative material in the fields of industry, construction, 122 

technology, medicine, and more [35,49,50]. Because of its excellent physicochemical char- 123 

acteristics, graphene has been used in the biomedical field to make biosensors, drug de- 124 

livery systems antibacterial agents, for early detection of cancer, gene therapy, cancer cell 125 

imaging/mapping, among others [51]. 126 

In recent years, a great interest has arisen in the synthesis of magnetic nanoparticles 127 

since, thanks to their unique physicochemical properties, they can be used in PPT / PDT 128 

[52], drug delivery, theranostics, and others [53–55]. MNPs such as magnetite and hema- 129 

tite obtained from iron oxides are widely used in biomedicine, because they do not present 130 

cytotoxicity at low concentrations and are biocompatible [56–58]. MNPs can be anchored 131 

to carbon structures to obtain drug nanocarriers and can be directed by an external mag- 132 

netic field [59,60]. 133 

VCL/PEGDA is a biocompatible hydrogel that can be obtained by emulsion polymer- 134 

ization, this hydrogel is very promising since it responds to physiological changes in the 135 
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temperature of the human body [61,62]. Therefore, it can be used as a drug delivery sys- 136 

tem since it is capable of encapsulating hydrophobic and hydrophilic agents. The study 137 

carried out by Romero et al., 2021 shows the sustained release capacity of the drug colchi- 138 

cine encapsulated in VCL/PEGDA [63]. 139 

In the PDT strategy, PS must meet specific requirements: they must be selective, dis- 140 

perse nicely in tissue, and their photostability time is adequate for the treatment. Due to 141 

these needs, in this work we develop two magnetic nanocarriers based on MWCNTs and 142 

GO materials. Both nanocarriers are decorated with Fe-MNPs, thus giving the compound 143 

superparamagnetic properties. These nanocarriers were functionalized with PS 144 

ZnMintPc, a drug used in Photodynamic Therapy. To solve the hydrophobicity problem, 145 

present in ZnMintPc and MWCNTs, which prevents their dispersion in aqueous media, it 146 

has been necessary to provide them with the lipophilic envelope VCL/PEGDA hydrogel.  147 

Finally, the antimicrobial effect of these nanocomposites was evaluated to eliminate the 148 

bacteria S. aureus, E. coli, C. albicans using the PDT/PTT strategy. 149 

2. Materials and Methods 150 

2.1. Materials 151 

For the synthesis and functionalization process, the following were used: MWCNTs 152 

and GO were provided by the Van de Graff Laboratory, Department of Physics PUC-RIO- 153 

Brazil; Zinc Menthol-Phthalocyanine was provided by the Federal University of São Car- 154 

los-Brazil; Fe(SO4)·7H2O and H₂SO₄ from MERCK; NH4OH, 14.8N and N-N Dimethylfor- 155 

mamide from Fisher Scientific; Fe2(SO4)3·H2O from Baker's Analyzed; HNO3  from the Fer- 156 

mont trade company; saline solution (pH = 7) from the Fisiol UB and Tween80 from the 157 

Chemical House (Quito-Ecuador).  158 

For the VCL/PEGDA hydrogel synthesis by emulsion polymerization, the following 159 

reagents were used: N-vinylcaprolactam (VCL; Sigma Aldrich, 98%), and Poly(ethylene 160 

glycol) diacrylate (PEGDA;Sigma Aldrich, Mn 250), initiator: ammonium persulfate (APS; 161 

FMC Corporation, > 99%). Emulsifier: sodiumdodecyl sulfate (SDS; STEOL®CS-230 Ste- 162 

pan). Buffer: sodium hydrogen carbonate (SigmaAldrich, ≥ 99.7%) used as provided. 163 

For characterization of MNPs-MWCNTs and MNPs-GO, were carried out a FT-IR 164 

spectroscopy analysis in a JASCO FT/IR-4100 spectrometer (wavenumber range 7800 to 165 

350 cm-1, resolution of 0.7 cm-1) and a Raman spectroscopy analysis in a HORIBA Raman 166 

spectrometer LabRAM HR Evolution, where the samples were excited with a 2.33 eV (532 167 

nm).  168 

Magnetization (M) measurements were carried out using a Quantum Design 169 

Versalab VSM magnetometer, in the temperature range between -210 and +60 oC with ap- 170 

plied magnetic fields 0H up to 3 T. 171 

The stability over time of the PS carried by the magnetic nanocomposites was char- 172 

acterized by a UV-VIS spectroscopy analysis within a wavelength range of 280 to 780 nm 173 

(resolution better than1.8 Å), using a Thermo Scientific UV-VIS Spectrophotometer model 174 

Evolution 220. The DPBF photobleaching studies and thermic studies were carried out 175 

with a homemade equipment based on LED red light at 635 nm, 65.5 mW cm-2 and DPBF 176 

photobleaching study was characterized in a UV-VIS Specord 210 Plus. The XRD analysis 177 

was performed on a PANalytical brand EMPYREAN Diffractometer, operating in a θ-2θ 178 

configuration (Bragg-Brentano geometry) equipped with a copper X-ray tube (Kα radia- 179 

tion λ = 1.54056 Å) at 45 kV and 40 mA. 180 

2.2. Methods 181 

2.2.1 Morphological studies 182 

The morphology and semiquantitative elemental composition were evaluated by 183 

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS). 184 

For this, an aliquot of the sample was fixed to an aluminum sample holder using a double 185 

layer of carbon tape. These analyzes were carried out on the SEM Tescan, Mira 3 equipped 186 
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with a Schottky field emitter. EDS was performed in the SEM chamber using a Bruker, X- 187 

Flash 6|30 detector with a resolution of 123 eV at Mn Kα. 188 

For Transmission Electron Microscopy (TEM), the samples were dispersed in a 189 

BRANSON 1510 ultrasonic bath for 30 minutes. Next, approximately 5 µL of the sample 190 

was placed on a transmission electron microscope grid (formvar / carbon, 300 mesh) and 191 

the solvent was removed with filter paper. The samples were observed in the TEM FEI 192 

transmission electron microscope, Tecnai G2 Spirit Twin equipped with an Eagle 4k HR 193 

camera at 80 kV  194 

For scanning transmission electron microscopy (STEM), 5 µL of the sample was 195 

placed on a transmission electron microscope grid (formvar / carbon, 300 mesh) and the 196 

solvent was removed with filter paper. Staining was performed with 1% Phosphotungstic 197 

Acid for 1 second for S. aureus and 1 minute for E. coli, the solvent was removed, and it 198 

was observed in the SEM Tescan, Mira 3 scanning electron microscope in transmission 199 

mode. 200 

 201 

2.2.2. Synthesis of graphene oxide using the Hummers' method. 202 

GO was prepared according to the Hummers' method[64]. Graphite powder with 203 

99% purity was used for the synthesis of GO.  Chemical products, including NaNO3, 204 

KMnO4, H2SO4, aqueous solutions of H2O2 and HCl, were purchased from Sigma Aldrich. 205 

The GO powder was obtained after lyophilization of the suspected GO in deionized water. 206 

 207 

2.2.3. Purification of MWCNTs 208 

The purification of the MWCNTs was carried out using an acid attack. 5.3 mg of 209 

MWCNTs were dispersed with 5% Tween 80 in 10mL of distilled water, stirred at 200 rpm 210 

for 24 hours to ensure that the MWCNTs were well dispersed. Then, in a solution of 4 mL 211 

of HNO3 and 12 mL of H₂SO₄ (1: 3 ratio), the solution of MWCNTs previously treated was 212 

placed, allowed to cool and then stirred magnetically for 3 hours. Several washes of the 213 

MWCNTs were performed using 0.22 µm pore micropore filtration until a neutral pH was 214 

obtained. 215 

 216 

2.2.4. Synthesis and Functionalization of MNPs-MWCNTs and MNPs-GO 217 

In 18mL of pure water, the following were dispersed: purified MWCNTs, 225 mg of 218 

FeSO4, 450 mg of (Fe2 (SO4)3) and 5% Tween 80. This was placed under magnetic stirring 219 

for 3 hours and subsequently the sample was added carefully in 150 mL of NH4OH. The 220 

mixture was exposed to magnetic stirring in an inert atmosphere for 1 hour at 200 rpm. 221 

Finally, several magnetic purifications of the MNPs-MWCNTs nanocarrier were carried 222 

out until the pH was neutralized and it was allowed to dry. 223 

For the synthesis of MNPs-GO, the same process was used, but using 5.3 mg of GO 224 

instead of MWCNTs.   225 

Also, as a control sample for the magnetic measurements, free-standing iron nano- 226 

particles were prepared using the same co-precipitation method, but without GO or 227 

MWCNTs. 228 

 229 

2.2.5. Synthesis of Polyethylene Glycol Diacrylate-Vinylcaprolactam (VCL/PEGDA) 230 

The synthesis of the hydrogel was carried out by emulsion polymerization of 2 g of 231 

VCL, 0.08 g of PEGDA, STEOL CS-230 and 0.08 of NaHCO3 dispersed in 235 mL deion- 232 

ized water. The mixture was slowly placed in the chemical reactor with stirring at 350 rpm 233 

and at a temperature of 70 °C, maintaining a stream of Nitrogen for one hour. Then the 234 

initiator (0.03 g of Ammonium Persulfate dissolved in 15 mL of distilled water) was added 235 

to the solution and the reaction was kept at 70 °C for 7 hours. After this time, the mixture 236 

was allowed to cool under stirring at 200 rpm and 25 °C to avoid aggregation for 12 hours. 237 

Finally, the hydrogel obtained was dialyzed against DDI water to remove impurities and 238 

unreacted reagents [63]. 239 

 240 
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2.2.6. Functionalization of MNPs-MWCNTs; MNPs-GO with ZnMintPc in the presence of 241 

VCL/PEGDA 242 

In 10mL of pure water, 2 mg of MNPs-MWCNTs were dispersed with 5% Tween and 243 

it was stirred magnetically for 24 hours at 200rpm, then it was placed in sonication for 30 244 

minutes. 10 mL of VCL/PEGDA was added to the mixture and it was stirred magnetically 245 

for 4 hours at 200rpm. 246 

Within the 20 mL of the VCL/PEGDA-MNPs-MWCNTs solution, 0.67 mL of 247 

ZnMintPc solution (0.25 mM) were added, after which the mixture was sonicated for 4 248 

hours at 250 rpm. The solution was covered with aluminum foil to avoid ZnMintPc pho- 249 

todegradation produced by light exposure. 250 

The same process was carried out with MNPs-GO, obtaining the VCL/PEGDA- 251 

MNPs-GO nanocomposite.aue 252 

2.2.7. Quenching Experiment of 1,3-Diphenyl Isobenzofuran 253 

The fluorescence and absorption characteristics of 1,3-diphenylisobenzofuran 254 

(DPBF), a singlet oxygen trapping chemical, are widely employed to detect and quantify 255 

singlet oxygen [65]. This agent has an absorption range within 410-420 nm, emitting blue 256 

fluorescence. When DPBF interacts with oxygen, it produces o-dibenzoylbenzene, which 257 

does not absorb visible light. The amount of 1O2 produced is shown by a reduction in 258 

DPBF absorbance [9]. 5 mg of DPBF was dispersed in 1 mL of DMF to later disperse it in 259 

the solutions with nanocomposites. 260 

For this experiment, first, a UV-VIS SPECORD 210 Plus spectrophotometer (resolu- 261 

tion of 2.3-2.5 nm) in a range of 300 to 800 nm was used, a reference solution was prepared 262 

with 10 mL of deionized water and 10% Tween 80. Then in 3 mL of this reference solution 263 

100 µL of VCL/PEGDA-MNPs-GO (0.1 mg/mL) was added. The same process was re- 264 

peated with the nanocomposites VCL/PEGDA-MNPs-MWCNTs (0.1mg/mL), 265 

VCL/PEGDA-MNPs-MWCNTs-ZnMintPc (0.1 mg/mL) and VCL/PEGDA-MNPs-GO- 266 

ZnMintPc (0.1 mg/mL). After that, 20 µL of the DPBF (18.5 mM) solution was placed on 267 

each of them and they proceeded to irradiate at different times to observe the decrease in 268 

absorbance of the band found at 418 nm from DPBF. 269 

 270 

2.2.8. Thermal Studies 271 

The thermal studies were carried out by irradiating with a red light of 630 nm, 272 

65.5 mW cm-2 to deionized water, VCL/PEGDA, MNPs, GO, MWCNTs, VCL/PEGDA- 273 

MNPs-GO and VCL/PEGDA-MNPs-MWCNTs, taking the temperature every 5 to 10 274 

minutes until the temperature of the samples does not change. 275 

 276 

2.2.9. Antimicrobial Studies 277 

For the antimicrobial study was used cryovials with the microorganisms: Staphylo- 278 

coccus aureus ATCC: 25923, Escherichia coli ATCC: 25922 and Candida albicans. They were 279 

thawed at room temperature, and the content was inoculated in Mueller-Hinton broth 280 

(DifcoTM). The culture medium was incubated overnight at 37 °C. After this period, the 281 

absorbance of each medium was determined by spectrophotometry (Thermo Scientific TM 282 

Orion TM AquaMate 8000 UV-Vis) and diluted in Mueller-Hinton broth to reach the con- 283 

centration established for the bioassays: 107 CFUs mL-1 for E. coli, 106 CFUs mL-1 for S. 284 

aureus, and 105 CFUs mL-1 for C. albicans. 285 

Upon reaching the indicated concentration, each medium was dispensed into micro- 286 

tubes as follows: 6 aliquots of 1 mL per magnetic nanocomposites (VCL/PEGDA-MNPs- 287 

GO-ZnMintPc, VCL/PEGDA-MNPs-MWCNTs-ZnMintPc, VCL/PEGDA-MNPs-GO and 288 

VCL/PEGDA-MNPs-MWCNTs) and 6 aliquots of 1 mL as control. Half of the aliquots were 289 

used to evaluate the activity of the magnetics nanocomposites under light irradiation, 290 

while the other half was not exposed to these conditions. 291 

The microtubes were centrifuged at 3000 rpm for 10 min. The supernatant was dis- 292 

carded, and 1 mL of PBS was added to wash the cells and remove the remains of the culture 293 

medium. The pellet was resuspended and recentrifuged under the same conditions. PBS 294 
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was discarded and 1 mL of the compound was dispensed into each microtube; in the con- 295 

trol microtubes the cells were resuspended again with PBS. Each tube was vortexed to 296 

dissolve the pellet again and incubated at 37 °C in the dark for 45 minutes. 297 

At the end of the incubation period, 3 aliquots of each compound and 3 controls were 298 

subjected to light irradiation using a red light of 630 nm, 65.5 mW cm-2. The remaining 299 

tubes were not irradiated. 300 

Serial dilutions of each aliquot were made in PBS. 4 µL of each dilution was inoculated 301 

into an 8-part Petri dish with Mueller-Hinton agar (DifcoTM). Each inoculum was streaked 302 

for colony isolation. Petri dishes were incubated for 24 h at 37 °C, and after this period the 303 

number of colonies was counted per dilution. 304 

3. Results 305 

3.2. Composition and structure characterization of magnetic nanocomposites 306 

A FT-IR spectroscopy was performed on the magnetics nanocomposites to study the 307 

difference in oxygen-related functional groups (Figure 1). Figure a shows the FT-IR spec- 308 

tra of MNPs-MWCNTs, which presents characteristic bands. The band at 3373 cm-1 is at- 309 

tributed to the vibration of the hydroxyl group (OH), the 1636 cm-1 band, to the stretching 310 

of the C=O group, which indicates that MWCNTs are linked to MNPs through hydrogen 311 

bonds. Additionally, other bands appear in the range 1400-1730 cm-1, that corresponds to 312 

the OH-C=O, -COO, -COOH groups that have been added due to acid treatment and func- 313 

tionalization with MNPs  [66–68]. Finally, the characteristic bands of the MNPs appear at 314 

709 and 623 cm-1, which indicate the stretching vibration of Fe-O-Fe characteristic of Fe- 315 

MNPs [69]. 316 

 317 

Figure 1. FT-IR spectra: (a) MNPs-MWCNTs; (b) MNPs-GO. 318 

 319 

Error! Reference source not found.1b presents the FT-IR spectra of the MNPs-GO 320 

nanocarrier where characteristic bands of GO are identified, within which there is a band 321 

around 3327 cm-1 corresponding to the bending and vibration of the OH stretching of the 322 

C- groups. The band at 1636 cm-1 corresponds to the vibration of the C=C, the bands 323 

around 800 cm-1 and 1269 cm- 1   correspond to the epoxy group, bands at 1342 cm-1 , 1247 324 

cm-1 , 1049 cm-1  correspond to the stretching vibration of the carboxy groups C-O, C-C-O 325 

and alkoxy C-O respectively[70].  326 
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The 622 cm-1 band is attributed to the vibrational stretching of the Fe-O group that 327 

must be anchored to the COO group. Some of the bands close to 1000 cm-1 may be related 328 

to deformation vibrations of the metal -OH bond, that is, related to the Fe-OH group [71].  329 

Figure 22a shows the Raman spectra of not purified MWCNTs (Fig. 2a), purified 330 

MWCNTs (Fig. 2b) and MNPs-MWCNTs (Fig. 2c). These spectra show characteristic 331 

bands of the MWCNTs: band D or band of defects and the first and second-order bands 332 

G and 2D respectively. D-band is at 1337 cm-1 and corresponds to the presence of defects 333 

in the graphite, which means the presence of multiple carbon sheets that are not directly 334 

aligned sheet to sheet, which induces a loss of translational symmetry in the two-dimen- 335 

sional network. Due to the same effect, a secondary phonon is produced that gives rise to 336 

the presence of the G-band at 1566 cm-1. The fundamental band G is a tangential elonga- 337 

tion band that is attributed to the in-plane vibration of the C-C bond and is typical of 338 

carbon-derived materials [72–75]. It is observed that  
𝐼𝐷

𝐼𝐺
  ratio increases in the treated 339 

MWCNTs spectra compared to the untreated MWCNTs spectra, this occurs because the 340 

acid treatment causes some bonds to be broken and functional groups are formed that 341 

later serve for functionalization with the MNPs, when observing the presence of the three 342 

bands, it shows us that the MWCNTs are maintained. Comparing   
𝐼𝐷

𝐼𝐺
 ratio of treated 343 

MWCNTs spectra with the MNPs-MWCNTs, the last one increases because the structure 344 

of the MWCNTs have been functionalized with the MNPs creating a defective graphite 345 

structure, as it is observed that the characteristic bands of Fe-MNPs are manifested in 210 346 

and 273 cm-1 [76].  347 

 348 

Figure 2. Raman Spectra: (a) not purified MWCNTs, (b) Purified MWCNTs, (c) MNPs-MWCNTs; 349 
(d) Fe-MNPs; (e). GO; (f) MNPs-GO; Eláser=2.33eV, λ=532 nm.  350 

 351 

In Error! Reference source not found.2c we can find the Raman spectra of Fe-MNPs 352 

with its characteristic bands a: 224, 296 (Eg), 408 (Eg), 612 (Eg), 658 and 1320 cm-1 [77,78]. 353 

In Error! Reference source not found.2e we find the characteristic bands of GO: an intense 354 

D band at 1340 cm-1, a G-phase vibration band at 1589 cm-1 and the D + D’ band located 355 

around 2900 cm-1 which is activated by defects and appears with the combination of pho- 356 

nons with different linear moments around points K and Γ in the Brilloüin zone [79,80]. 357 

The relationship of the D and G bands allows us to determine the degree of disorder of 358 
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the carbon structure in the GO the 
𝐈𝐃

𝐈𝐆
 =1.036 ratio due to the presence of the Carboxyl 359 

groups at its ends. In Error! Reference source not found.2f we can observe the MNPs-GO 360 

nanocomposite where there is a shift of the bands due to the fact that the nature of iron 361 

oxide when combined with carbon nanostructures can affect the spectral position and am- 362 

plification of the phonon peaks [81], but the GO bands are in the same position with the 363 

difference that now the 
𝐈𝐃

𝐈𝐆
 ratio is 1.162, which indicates that the MNPs-GO is a slightly 364 

more disordered structure than the GO which may be due to the anchoring of Fe-MNPs 365 

functional groups to GO [82].  366 

 367 

3.2. Magnetic properties 368 

We studied the magnetic properties of three samples: the nanocomposites 369 

VCL/PEGDA-MNPs-MWCNTs and VCL/PEGDA-MNPs-GO and, for comparison, the 370 

free-standing iron nanoparticles (MNPs). All the studied samples present the typical fer- 371 

romagnetic (FM) behavior of the Fe nanoparticles, with a very small coercivity of less than 372 

2 mT at room temperature (less than 5 mT at T = -210 °C). This small coercivity indicates 373 

that the MNPs are not directly attached to the carbon structures, since in that case large 374 

coercivities of hundreds of mT have been observed [83,84] . In our case, according to the 375 

FT-IR spectroscopy results in section 3.1., the link between the MNPs and the C atoms 376 

appears to be mediated by hydrogen bonds, thus reducing the Fe-C magnetic coupling. 377 

In figure 3a we show some representative M vs H loops measured at two different tem- 378 

peratures, -210 °C and +20 °C, for the three samples. From these curves, we obtained the 379 

saturation magnetization (MS) as a function of temperature by means of the usual law of 380 

approach to saturation (LAS) [85–87], given by: 381 

𝑀(𝐻) = 𝑀𝑆 (1 −
𝑎

𝐻
−

𝑏

𝐻2
) + 𝜒𝐻, (1) 

In this equation a and b are constants, and the last term accounts for the non-ferro- 382 

magnetic contributions, such as the disordered shell of the nanoparticles. The last is valid 383 

only at high fields, close to saturation, thus we used it to fit our M(H) curves for applied 384 

fields between 1 and 3 T, as exemplified by the solid lines in figure 3a for T = -210 °C. From 385 

these fits, we obtained MS at several temperatures between -210oC and +60oC (see figure 386 

3b). In the case of the VCL-PEGDA-MNPs-MWCNTs and VCL-PEGDA-MNPs-GO sam- 387 

ples, the value of the magnetization appears substantially reduced, since most of the mass 388 

(>98%) corresponds to the hydrogel. Therefore, in order to directly compare the measured 389 

magnetic moment with that of pure iron, the value of the saturation magnetization was 390 

corrected by the mass fraction of nanoparticles, x = 1.43% for the VCL-PEGDA-MNPs- 391 

MWCNTs sample and x = 1.37% for the VCL-PEGDA-MNPs-GO sample.  392 

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

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


Pharmaceutics 2022, 14, x FOR PEER REVIEW 10 of 28 
 

 

 393 

Figure 3. (a) Magnetization vs applied magnetic field: (i) the free-standing nanoparticles, (ii) VCL- 394 
PEGDA-MNPs-MWCNTs and (iii) VCL-PEGDA-MNPs-GO. The curves shown were measured at 395 
two different temperatures, T = -210°C (circles) and T = 20°C (triangles). The solid lines are examples 396 
of the fit of the data using the law of approach to saturation (LAS) of Eq. (1); (b) Saturation magnet- 397 
ization as a function of temperature: (iv) the free-standing nanoparticles, (v) VCL-PEGDA-MNPs- 398 
MWCNTs and (vi) VCL-PEGDA-MNPs-GO. The solid lines match the data showing that MS follows 399 
the Bloch´s law given by Eq. (2). 400 

The saturation magnetization as a function of temperature is presented in figure 3b, 401 

where we also show that, for all three samples, MS closely follows the well-known Bloch’s 402 

law for FM nanoparticles [88–90], 403 

𝑀𝑆(𝑇) = 𝑀0  ×  [1 − 𝐵 (𝑇 − 𝑇0)
3
2], (2) 

where M0 is the saturation magnetization at the temperature of the absolute zero de- 404 

grees Kelvin (T0 = -273.15 °C), and B is the so-called spin-wave constant. The results for 405 

these magnetic parameters are presented in table 1. The values obtained for B are indeed 406 

very similar to those measured in other Fe-nanoparticles systems, [89,90] B ~ 10-5-10-4 °C- 407 
3/2, implying the existence of comparable thermally induced magnetic excitations within 408 

the FM volume. On the other hand, our results show that the saturation magnetization is 409 

in all cases much smaller than that of pure iron, MFe = 222 emu g-1. However, in the case of 410 

the free-standing nanoparticles, MS remains larger than for the nanoparticles submerged 411 

within the hydrogel, indicating that the size of the non-FM (disordered) shell increases in 412 

the presence of the gel medium. Moreover, the difference between the samples becomes 413 

even deeper at room temperature, where the saturation magnetization decreases due to 414 

thermal effects (see table 1). From this analysis, the effective FM volume (the size of the 415 

FM core of the nanoparticles) can be estimated by comparing M0 with MFe, such that the 416 

fraction of the nanoparticle volume that remains FM can be estimated as 417 
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𝑓 =
𝑀0

𝑀𝐹𝑒

, (3) 

The very small FM volume fraction in the case of the VCL-PEGDA-MNPs-MWCNTs 418 

and VCL-PEGDA-MNPs-GO samples likely indicates that the presence of the hydrogel 419 

induces a strong oxidation of the surface of the nanoparticles, or some interdiffusion that 420 

corrodes the surface and reduces the magnetic moment. Moreover, the larger value of the 421 

spin-wave constant in these two samples is consistent with a more significant influence of 422 

surface effects [90], which produce a faster decrease of the saturation magnetization when 423 

the temperature increases. 424 

Table 1. Magnetic parameters for the three studied samples: saturation magnetization at 425 
T0=- 273.15°C (M0), saturation magnetization MS at 20°C, a fraction of the volume of the nanoparti- 426 
cles that remain ferromagnetic (f), and spin-wave constant (B). 427 

Sample M0 

(emu g-1) 

Ms @ 20 °C 

(emu g-1) 

f 

(%) 

B 

(°C-3/2) 

MNPs 52.1 40.1 23.5 4.5 x 10-5 

VCL-PEGDA-MNPs-MWCNTs 25.5 17.9 11.5 5.8 x 10-5 

VCL-PEGDA-MNPs-GO 15.9 9.3 7.2 8.3 x 10-5 

 428 

3.3. Optical Properties of Magnetic Nanocomposites 429 

UV-VIS absorbance spectra and the photoluminescence emission were obtained. In 430 

Support information (S1a, S1b and S1d) we show the ZnMintPc-DMF and the nanocom- 431 

posites:  VCL/PEGDA-ZnMintPc and VCL/PEGDA-MNPs-MWCNTs-ZnMintPc respec- 432 

tively. We observe the presence of bands at 354 nm (Band of B or Soret), 616 nm, and at 433 

684 nm (Band Q), characteristic of the absorption spectra of ZnMintPc.  434 

Furthermore, it can be seen that as the concentration of ZnMintPc increases, the ab- 435 

sorption of the B and Q bands increases proportionally without their dislocation. This al- 436 

lows us to conclude that the Beer-Lambert law is fulfilled and there is no drug aggrega- 437 

tion, indicating that N,N-Dimetilformamida (DMF) is a good solvent for this PS [91,92]. 438 

Furthermore, it is also concluded that the VCL-PEGDA hydrogel disperses PS similarly to 439 

DMF. In Support Information (S1c, S1d) the UV-VIS spectra of nanocomposites based on 440 

MNPs-MWCNTs (VCL-PEGDA-MNPs-MWCNTs and VCL-PEGDA-MNPs-MWCNTs- 441 

ZnMintPc) are presented, where the band corresponding to MWCNTS at 265 nm cannot 442 

be visualized [93] but the representative band of Fe-MNPs can observed at 315 nm. 443 

Figure S2a in support Information shows the UV-VIS spectra of MNPs-GO. The band 444 

corresponding to GO at 230 nm cannot be visualized [94–96]. The less intense bands cor- 445 

respond to Fe-MNPs appear at 315 and 336 nm. The latter band has undergone a hypso- 446 

chromic shift due to functionalization with both MWCNTs and GO in the presence of an 447 

organic solvent (ammonium hydroxide used for MNPs syntheses) [97,98]. 448 

The calibration curve of figure 4a was obtained from the Q band found at 684 nm 449 

belonging to ZnMintPc and described in S1 and S2, which is in a region of the spectra of 450 

interest for treatment in PDT.  It can be observed that the higher the concentration of 451 

ZnMintPc in the nanocomposites (VCL-PEGDA-ZnMintPc, VCL-PEGDA-MNPs-GO- 452 

ZnMintPc and VCL- PEGDA-MNPs-MWCNTs-ZnMintPc), the greater the intensity of the 453 

684nm band; but when comparing with the ZnMintPc dispersed in DMF, the latter shows 454 

the highest intensity in relation to all nanocomposites. This indicates that the VCL-PEGDA 455 

hydrogel adequately disperses the hydrophobic ZnMintPc PS in an aqueous solution [99– 456 

101]. It can be seen that the 684 nm absorption band of ZnMintPc (0.52 µM) decreases as 457 

the number of functionalized components increases, as presented in 4b. The percentage 458 

of decrease for VCL/PEGDA-MNPs-MWCNTs-ZnMintPc nanocomposites is 38.2% and 459 

for VCL/PEGDA-MNPs-GO-ZnMintPc it is 35.54%. 460 
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 461 

Figure 4. (a) Composites calibration curve of ZnMintPc (0.52 µM) from: PS in DMF, VCL/PEGDA, 462 
VCL/PEGDA-MNPs-GO and VCL/PEGDA-MNPs-MWCNTs; (b) Absorbance of ZnMintPc-DMF 463 
and nanocomposites. 464 

The temporal stability study observed in Figure 5 was carried out during the first 465 

three hours after having functionalized the PS with the nanocarrier (VCL/PEGDA-MNPs- 466 

MWCNTs-ZnMintPc or VCL/PEGDA-MNPs-GO-ZnMintPc) and one day after. It can be 467 

seen that in both cases, as time passes, the intensity of band B increases, while the intensity 468 

of band Q decreases. This phenomenon is because the PS begins to photobleached, with- 469 

out showing aggregation of nanocomposites for 24 hours. 470 

(a) 

(b) 

 

 Absorbance 

ZnMintPc-DMF 100% 

VCL/PEGDA-ZnMintPc 71.47% 

VCL/PEGDA-MNPs-GO-ZnMintPc 64.46% 

VCL/PEGDA-MNPs-MWCNTs-ZnMintPc 61.73% 
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 471 

Figure 5. Stability curves over time for the: (a) VCL-PEGDA-ZnMintPc; (b) VCL/PEGDA-MNPs- 472 
MWCNTs-ZnMintPc and (c) VCL/PEGDA-MNPs-GO-ZnMintPc; ZnMintPc =0.27µM 473 

The stability over time (Figure 6a) indicates that the intensity of PS decays exponen- 474 

tially as time passes. The nanocomposites were evaluated during 24 hours and it was 475 

found that when functionalized with nanocarriers based on MWCNTs and others based 476 

on GO the speed of the decay of the PS is less compared to the PS in the hydrogel.  Figure 477 

6b shows the percentage of decay over time of each nanocomposite, where-in two hours 478 

the nanocomposites based on GO and MWCNTs have PS decays of only 2.98% and 8.83% 479 

respectively, while for VCL/PEGDA-ZnMintPc (with no carbon nanocomposites) the de- 480 

cay rate is much higher, 35.87%. After 24 hours nanocomposites based on GO and 481 

MWCNTs have only allowed the PS to decline to the 50% range, while with only the hy- 482 

drogel, it declined to 43.76%, which is why it can be said that VCL/PEGDA-MNPs-GO- 483 

ZnMintPc and VCL/PEGDA-MNPs-MWCNTs-ZnMintPc increase the photobleaching 484 

time of the PS. 485 
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 486 

Figure 6. (a) Decay curves of: VCL-PEGDA-ZnMintPc, VCL/PEGDA-MNPs-MWCNTs-ZnMintPc 487 
and VCL/PEGDA-MNPs-GO-ZnMintPc. ZnMintPc =0.27µM; (b) Decay of ZnMintPc in nanocom- 488 
posites in 24 hours. 489 

3.4. Photodynamic Analyses 490 

DPBF photobleaching was performed in VCL/PEGDA-MNPs-GO, VCL/PEGDA- 491 

MNPs-MWCNTs, VCL/PEGDA-MNPs-GO-ZnMintPc and VCL/PEGDA-MNPs- 492 

MWCNTs-ZnMintPc, to evaluate the efficiency of singlet oxygen production of the nano- 493 

composites using 630 nm light, with an intensity of 65.5 mW cm- 2. In Support Information 494 

(S3 and S4) it is possible to observe the decrease of the 418 nm DPBF band of each nano- 495 

composite as a function of time.  For the VCL/PEGDA-MNPs-GO and VCL/PEGDA- 496 

MNPs-MWCNTs nanocomposites, a slight decrease in the 418 nm band is observed at an 497 

irradiation time of 29 and 35 minutes respectively (S3a and S3b respectively). On the other 498 

hand, for nanocomposites with the presence of ZnMintPc (VCL/PEGDA-MNPs-GO- 499 

ZnMintPc and VCL/PEGDA-MNPs-MWCNTs-ZnMintPc), a rapid decay of the 418nm 500 

band is observed until all the DPBF present is photobleached in solution. This total pho- 501 

tobleaching is observed in around 9 and 11 minutes of irradiation respectively. 502 

For each nanocomposite, absorbance vs. photoirradiation curves were constructed. 503 

Taking the band of the 418 nm of DPBF, an exponential decay fit was made to get the 504 

decay time presented in figures 7a and figure 7b. 505 

The decay times are different for the nanocomposites without ZnMintPc 506 

(VCL/PEGDA-MNPs-GO and VCL/PEGDA-MNPs-MWCNTs), the VCL/PEGDA-MNPs- 507 
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MWCNTs being larger 34700 ± 700 s, indicating a minor generation of 1O2 by photooxida- 508 

tion of DBPF in relation to the GO nanocomposite. For nanocomposites with ZnMintPc 509 

(VCL/PEGDA-MNPs-GO-ZnMintPc and VCL/PEGDA-MNPs-MWCNTs-ZnMintPc), two 510 

decay times are obtained, one indicating a rapid decay to about 60 s photoirradiation and 511 

the second one, a slow decay to about 700 s photoirradiation. Once again, the slow decay 512 

gives a longer decay time for nanocomposites with MWCNTs (1140 ± 260 s) than GO nano- 513 

composite. 514 

 The presence of ZnMintPc in the nanocomposites generates a rapid photooxidation 515 

of DPBF. Therefore, the results indicate that the photobleaching of DPBF is mainly due to 516 

PDT effects mediated by VCL/PEGDA-MNPs-GO-ZnMintPc and VCL/PEGDA-MNPs- 517 

MWCNTs-ZnMintPc nanocomposites, with the nanocomposite containing GO and the 518 

photosensitizing ZnMintPc exhibiting greater singlet oxygen generation. 519 

 520 

 521 

 522 

 523 

 524 

 525 

 526 

 527 

 528 

 529 

 530 

 531 

 532 

 533 

 534 

 535 

 536 

 537 

 538 

 539 

 540 

 541 

 542 

 543 

 544 

 545 

 546 

 547 

Figure 7.  Decay curve of DPBF from: (a) VCL/PEGDA-MNPs-GO and VCL/PEGDA-MNPs- 548 
MWCNTs; (b) VCL/PEGDA-MNPs-GO-ZnMintPc and VCL/PEGDA-MNPs-MWCNTs-ZnMintPc; 549 
(c) Decay times of nanocomposites. DPBF = 18.5mM, GO = 3.47 μg mL−1, MWCNTs = 3.47 μg mL−1, 550 
MNPs= 93.3 μg mL−1 and ZnMintPc= 8.1 μM. 551 

3.5. Thermal Studies 552 

In the thermal study curves of figure 8, it can be observed that the MNPs, GO and 553 

MWCNTs solutions (blue, purple and light blue respectively) act as photothermic materi- 554 

als when irradiated with red light for about 100 minutes. They can reach temperatures 555 

between 50.8 to 54.8 °C, which makes them suitable for use in Photothermic Therapy for 556 

their ability to convert red and near-infrared light (NIR) into heat and to transport drugs 557 

as mentioned in the literature [52,102–105]. In the thermal curves of figure 8, it can also be 558 

observed that the nanocomposites containing the VCL-PEGDA hydrogel, such as pure 559 
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VCL/PEGDA, VCL/PEGDA-MNP-GO and VCL/PEGDA-MNP-MWCNTs when irradi- 560 

ated with red light for about 100 minutes; a slight decrease in temperature is observed in 561 

relation to the thermal curve of deionized water (reference). It is also observed that around 562 

80 minutes of irradiation, all the curves have the same temperature reached by the deion- 563 

ized water curve (Figure 8b). 564 

It can be observed that the MNPs, GO and MWCNTs solutions raise their tempera- 565 

ture around 10°C in relation to the control (deionized water) and the VCL/PEGDA-MNP- 566 

GO and VCL/PEGDA-MNP-MWCNTs nanocomposites. It can be concluded that the 567 

VCL/PEGDA hydrogel acts as a kind of cooling liquid, this would be expected because its 568 

main components separately have good calorific capacities [106–108], therefore the hydro- 569 

gel would inherit this property, which explains that the nanocomposites covered by hy- 570 

drogel maintain a temperature similar to the temperature of the control solution (deion- 571 

ized water) at an irradiation time of more than 100 minutes with red light. 572 

 573 

 574 

Figure 8. (a) Thermal studies. deionized water (control black line), VCL/PEGDA (red line), MNPs 575 
(blue line), GO (violet line), MWCNTs (light blue line), VCL/PEGDA-MNPs-GO (yellow line) and 576 
VCL/PEGDA-MNPs-MWCNTs (brown line); (b) Light dose. GO = 3.47 μg mL−1, MWCNTs = 3.47 μg 577 
mL−1, MNPs= 93.3 μg mL−1. 578 
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3.6. Morphological studies of magnetic nanocomposites 579 

The functionalized VCL/PEGDA-MNPs-GO-ZnMintPc and VCL/PEGDA-MNPs- 580 

MWCNTs-ZnMintPc nanocomposites were characterized by SEM, TEM, EDS and XRD 581 

and the results are presented in figures 9, S5, S8, S10, and S12 for GO-based nanocompo- 582 

sites, in figures 10, S6, S9, S11 and S13 for MWCNTs-based nanocomposites and in figure 583 

S7 for free-standing MNPs.  584 

 The SEM and TEM images in figure 9 show the morphology of (a) carbon nanotubes 585 

which have the shape of fibers and in TEM their internal structure and walls, (b) the struc- 586 

ture of the GO sheet. In figure 9c we can observe the MNPs, which have a spherical shape 587 

with an average size of ~72 nm. Figures 9d and 9e show the morphology of the hydrogel 588 

coating MNPs-GO-ZnMintPc and MNPs-MWCNTs-ZnMintPc, so it is difficult to differ- 589 

entiate the structures covered by the hydrogel. In the figure 9f we present the XRD pattern 590 

for the MNPs-GO sample, where the diffraction peaks of the Fe nanoparticles decorating 591 

the GO are clearly observed at 2θ = 30.27°, 35.6°, 43.3°, 53.7°, 57.1° and 63.0°, indicating 592 

that the MNPs retain their original crystalline structure after functionalization [109,110]. 593 

  594 

 595 

Figure 9. (a) SEM and TEM images of purified MWCNTs; (b) TEM of GO; (c) SEM of MNPs; (d) 596 
TEM of VCL/PEGDA-MNPs-MWCNTs-ZnMintPc; (e) TEM of VCL/PEGDA-MNPs-GO-ZnMintPc; 597 
(f) XRD analysis of MNPs-GO. 598 

3.7. Morphological studies of bacterial in magnetic nanocomposites 599 

To understand the interaction of magnetic nanocomposites with microorganisms, 600 

STEM images of S. aureus, E. coli bacteria were obtained in the presence of VCL/PEGDA- 601 

MNPs-GO-ZnMintPc and VCL/PEGDA-MNPs-MWCNT-ZnMintPc nanocomposites 602 

(Figures 10b, 10c, 10e and 10f).  In the STEM image of S. aureus and E. coli (pure, figures 603 

10a and 10d), their structure and morphology are observed without alteration and the 604 
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membrane that covers them without ruptures. When interacting with the VCL/PEGDA- 605 

MNPs-GO-ZnMintPc and VCL/PEGDA-MNPs-MWCNT-ZnMintPc nanocomposites, no 606 

changes were observed in the morphology of the bacteria (images taken 24 hours after the 607 

bacterial-nanocomposite solutions were prepared) [111–113]. It was possible to observe 608 

how the nanocomposite is capable of completely covering the microorganism, allowing 609 

the nanocomposites dispersed in the hydrogel to be photoexcited with the red-light source 610 

and obtain the microbial elimination. 611 

 612 

Figure 10: STEM of: (a) S. aureus; (b) S. aureus+C1(VCL/PEGDA-MNPs-GO-ZnMintPc); (c) S. au- 613 
reus+C2(VCL/PEGDA-MNPs-MWCNTs-ZnMintPc); (d) E. coli; (e) E. coli+C1; (f) E. coli+C2. 614 

3.8. Antimicrobial effect of magnetic nanocomposites 615 

The antimicrobial effect of the VCL/PEGDA-MNPs-GO-ZnMintPc (C1), 616 

VCL/PEGDA-MNPs-MWCNTs-ZnMintPc (C2), MNPs-GO (C3) and MNPs-MWCNTs 617 

(C4) nanocomposites were evaluated when irradiating with 350 nm red light, 65 mW cm-  2 618 

in the presence of the microorganisms S. aureus E. coli and C. albicans.  619 

The results obtained for each colony are present in the histograms of figure 11. The 620 

histograms present the evaluation of LOG (CFU mL-1) standardized to 1. Having a con- 621 

centration of 107 CFU mL-1 for S. aureus, 106 CFU mL-1 for E. coli and 105 CFU mL-1 for C. 622 

albicans.  Results show that light alone is not capable of eliminating microorganisms (con- 623 

trol+light samples) and this can be corroborated in the images obtained from C. albicans 624 

(figure 12: Control+light sample), that is, to eliminate the microorganism it is necessary to 625 

irradiate it in the presence of a nanocomposite (figure 12: C1+light and C2+light).  626 

(a) (b) (c) 

(d) (e) (f) 
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When irradiating fungi and bacteria with a red LED (630 nm 65 mW cm-2) in the pres- 627 

ence of the nanocomposites, it was obtained that the C1 nanocomposite eliminated totality 628 

E. coli, C. albicans and S. aureus partiality. C2 nanocomposite eliminated totality S. aureus, 629 

E. coli and C. albicans. C3 and C4 nanocomposites eliminated the totality of C. albicans. 630 

Therefore, all nanocomposites can eliminate some of the microorganisms used in this 631 

study, with C2 being the best, due to its ability to eliminate the three types of microorgan- 632 

isms [113–115]. 633 

 634 

 635 

 636 
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 639 

 640 
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 647 
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 650 
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 652 
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 654 

 655 

 656 

 657 

Figure 11. PDT/PTT antimicrobial effect. Standardized result of LOG(UFC/mL) by: (a) S. aureus; (b) 658 
E coli and (c) C. albicans based in C1, C2, C3 and C4 nanocomposites. Concentration of MNPs in C1, 659 
C2, C3 and C4: 93.3 μg mL−1, Concentration of ZnMintPc in C1 and C2: 8.1 μM, Concentration of 660 
GO in C1 and C3: 3.47 μg mL−1, Concentration of MWCNTs in C2 and C4: 3.47 μg mL−1. Time of 661 
irradiation: C1 and C2 nanocomposites for 30 min and C3 and C4 for 40 min. 662 
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 664 

Figure 12. Antimicrobial effect of C1 and C2 nanocomposites in C albicans. C1: GO-MNPs- 665 
VGLPEGDA- ZnMintPc, C2: MWCNT-MNPs-VGLPEGDA- ZnMintPc, C3: GO-MNPs- 666 
VGLPEGDA, C4: MWCNT-MNPs-VGLPEGDA. Concentration of MNPs in C1, C2, C3 and C4: 93.3 667 
μg mL−1, Concentration of ZnMintPc in C1 and C2: 8.1 μM, Concentration of GO in C1 and C3: 3.47 668 
μg mL−1, Concentration of MWCNTs in C2 and C4: 3.47 μg mL−1. 669 

The samples without hydrogel C3 and C4 only presented a complete response in C. 670 

albicans, and it could be considered that the photothermic effect allowed microbial elimi- 671 

nation, based on the results shown in figure 11c, C3+light and C4+light samples [116]. For 672 

the samples with hydrogel and photosensitizer (C1 and C2) it can be concluded that the 673 

elimination of the microorganisms S. aureus, E. coli and C. albicans was produced by the 674 

photodynamic effect, based on the results shown in figure 11 C1+light and C2+light sam- 675 

ples [114]. 676 

According to the results obtained, the VCL/PEGDA-MNPs-GO-ZnMintPc and 677 

VCL/PEGDA-MNPs-MWCNTs-ZnMintPc nanocomposites present a ferromagnetic char- 678 

acter, typical of nanocomposites with iron nanoparticles and with low saturation magnet- 679 

ization, due to be covered by a diamagnetic hydrogel layer, which agrees with the studies 680 

carried out by Donadel et al., 2008; Mahdavi et al., 2013; and; Qu et al., 2010; where they 681 

synthesize MNPs for bioapplications and demonstrate that the surface modification 682 

causes a reduction in saturation magnetization, presenting values of values between 67 to 683 

22 emu g- 1  depending on the type of biopolymer to be used [117–119]. 684 

Due to the physical and magnetic properties of these nanocomposites, it was shown 685 

that they can avoid the early extinction of the fluorescence of PS ZnMintPc, thus improv- 686 

ing their photodynamic effect, which is mentioned in the work of Huang et al., 2011 and 687 

Xiao et al., 2021. The thermodynamic studies carried out by Kou et al., 2019; Srivastava & 688 

Kumar, 2010; and Tager et al., 1993 indicate that VCL and PEGDA have good heat capac- 689 

ities of around 258 and 94 J mol-1 K-1, which is why they are usually used to synthesize 690 

cryogels, which explains that the nanocomposites covered by the VCL/PEGDA hydrogel 691 

are capable of being maintained up to a maximum temperature of 40°C receiving doses of 692 

red light of up to 393 J cm- 2, which in comparison to nanocomposites without hydrogel, 693 

these raise their temperature to around 55 ° C which agrees with the literature [52,102– 694 

105]. 695 

4. Conclusions 696 

In the present study, the synthesis of magnetic nanocomposites VCL/PEGDA-MNPs- 697 

MWCNTs-ZnMintPc and VCL/PEGDA-MNPs-GO-ZnMintPc, was carried out: in order to 698 

eliminate three types of microbial colonies: S. aureus, E. coli and C. albicans. 699 

After the synthesis the synthesis of these nanocomposites was carried out their opti- 700 

cal, magnetic and morphological characterizations showed that, nanocomposites based 701 

on GO and MWCNTS decorated with iron MNPS and ZnMintPc PS, anchored to these 702 

structures and covered by the VCL/PEGDA hydrogel. 703 
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The optical properties of these nanocomposites give them the ability to prevent the 704 

rapid disintegration of PS, which is important in PDT. 705 

In the photodynamic analyzes was studied the nanocomposites VCL/PEGDA-MNPs- 706 

MWCNTs-ZnMintPc and VCL/PEGDA-MNPs-GO-ZnMintPc for their applicability in 707 

PDT with low dose red light, and it was observed that the nanocomposite containing GO 708 

and PS ZnMintPc has a higher efficiency, since it produces a faster photobleaching of 709 

DPBF, because it is capable of transporting a greater amount of ZnMintPc and MNPs, due 710 

to its large specific area, in addition GO contributes to PS in the formation of 1O2. Also, 711 

since the nanocomposites are coated with a hydrogel, they are suitable for controlled PS 712 

release system which tend to indicate promising applications for PDT. 713 

the nanocomposite that contains GO and PS ZnMintPc has a higher efficiency, since 714 

it produces a faster photobleaching of DPBF, which is due to the fact that it is capable of 715 

transporting a greater amount of ZnMintPc and MNPs, due to its large specific area, in 716 

addition the GO contributes to PS in the formation of 1O2. 717 

Finally, we demonstrated that the VCL/PEGDA-MNPs-GO-ZnMintPc nanocompo- 718 

site was able to eliminate colonies of E. coli and C. albicans and the VCL/PEGDA-MNPs- 719 

MWCNTs-ZnMintPc nanocomposite eliminated the three types of microorganism, there- 720 

fore which can be considered as a broad-spectrum antimicrobial agent in PDT and PTT 721 
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