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Abstract 

Design of Efficient Photocatalytic Nanocomposites 

Composed of Manganese Oxides and Graphene Oxide 

Quantum Dots for Bactericidal Activity: Exploring the 

Structural and Chemical Roles of Photoactivity 

 
Gustavo Chata 

 

 The bactericidal utility of inorganic 

chemicals predates back to 1500 BP where Egyptians 

recorded the use of copper as an antibacterial agent. 

Recently, inorganic nanomaterials like silver and copper are 

utilized for sutures to prevent bacterial infections. The 

biomedical application of nanomaterials is imperative due to 

the threatening increase in antibiotic resistance bacteria 

which is projected to become a leading cause of death in 

2050 [1].  The diminished antibacterial activity of antibiotics 

is attributed to their cellular target specificity which lead to 

rapid bacterial resistance. In contrast to antibiotics 

nanomaterials (ex. CuNP) produce bactericidal activity by 

providing broad-spectrum activity. Therein the 

indiscriminatory activity of inorganic nanoparticles provide 

multiple cellular targets leading to efficient bactericidal 
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activity. Aggregation and ionization of metal-based 

nanoparticles may lead to cytotoxicity in a host’s cells; a 

lower concentration of chemically stable metal-based 

nanoparticle can enhance biocompatibility. The application 

of photoactive metal-oxide based nanocomposites exerts 

bactericidal activity at a markedly lower concentration in 

contrast to metal-based nanoparticles.  In the present thesis 

we focus on exploring the photoactivity of a MnxOy/GOQD 

nanocomposite and its source of antibacterial activity. 

Chapter 2 describes the design of GOQD/MnO2 via 

oxidation of graphene oxide with KMnO4 as an oxidizer to 

produce an effective photocatalyst for bactericidal activity. A 

series of KMnO4 feed ratios was utilized to deposited varying 

concentrations of MnO2 onto GOQD. The deposition of MnO2 

was analyzed via high resolution transmission electron 

microscopy (HRTEM) by the (211) lattice present in α-MnO2 

nanowires.  The chemical composition of the composite 

nanostructures was analyzed by X-ray photoelectron 

spectroscopy (XPS) to analyze the chemical composition and 

concentration of deposited MnO2. An optimal concentration 

of 7.85% Mn/C contained the most efficient photoactivity 

against E. coli at a concentration of 0.1 mg/mL, which is lower 
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than the accounted MIC of the catalyst occurring at 5 mg/mL. 

The enhanced photoactivity was measured via electron 

paramagnetic resonance (EPR) which attributed the 

enhanced photoactivity to hydride and hydroxide radical 

production. 

In chapter 3 a series of first row transition metals 

with attributed bactericidal activity were deposited via a 

facile sonication method. The doping of graphene oxide was 

accounted by HRTEM and XPS which both demonstrated the 

presence of metal ions without the presence of lattice 

oxygen, commonly measured from metal oxide structures. 

The enhanced photodynamic activity against E.coli is 

documented for GOQD-Co2+ at an excitation of 365 nm. 

Analysis of time resolved fluorescence lifetime (TRFL) 

demonstrates an extended lifetime at the excited state for 

Co2+-GOQD.  The diminished methylene blue degradation 

(MBD) demonstrates bactericidal activity mechanism 

independent of ROS formation. 

In chapter 4 polyaniline (PANI) was utilized to anchor 

MnxOy onto the GOQD structure. The deposition of various 

MnxOy nanoparticles was assessed via HRTEM while the 

oxidation state of the Mn was measured via XPS. The 
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bactericidal activity was measured in the dark and under light 

irradiation for a gram-negative E.coli and gram-positive 

S.Epidermidis. The enhanced photodegradation determined 

from an Ellman’s reagent assay and EPR found a higher 

valency MnxOy deposited on GOQD with PANI to produce a 

higher concentration of ROS, specifically hydroxyl radical 

species (HO.-). Although the enhanced bactericidal activity 

was evident from GPM-1 and GPM-2 samples which 

produced a lower concentration of HO.-. The scanning 

electron microscopy (SEM) data details the intimate 

nanocomposite to cellular interface in both GPM-1 and GPM-

2 samples therein shedding light on its photoinduced 

bactericidal mechanism 
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Chapter 1: Introduction 

1.1 Risk of Antibiotic Resistance in both Gram-

Positive and Gram-Negative Bacteria 

Antibiotic resistance is reported to occur when a 

drug loses its ability to inhibit cell growth effectively. The rate 

of antibiotic resistance is amplified by the rate of cellular 

machinery of bacteria which has continuously inhibited the 

development of alternative therapeutics [2]. The intrinsic 

resistance of bacteria can occur from loss of a cellular target 

or an enzyme rendering the antibiotic inactive [3]. The 

resistant mechanisms are readily transferred to various 

bacterial organisms via genomic modification, therefore 

once resistance is developed it can expeditiously be 

transferred via transduction and conjugation. The structural 

difference between gram-positive and gram-negative 

bacteria defines the mechanism of antibiotic resistance 

exhibited by the cell. An example of diverging bacterial 

mechanisms based upon structural difference is portrayed by 

the application of β-lactam antibiotics [4]. The membrane 

protected peptidoglycan layer of gram-negative bacteria 

allows it to utilize a β-lactam antibiotic degrading enzyme 

known as β-lactamase to inactivate the antibiotic [5]. In 

contrast to the peptidoglycan exposed gram-positive 
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bacteria which instead utilize penicillin binding protein 

(PBP)[6]. The structural variation, rate of genomic mutation, 

and transference of resistant genomic regions leads to the 

application of various antibiotics to inhibit bacterial 

growth[3]. The continuous application of antibiotics can 

eventually lead to the resistance of the applied molecules 

therein requiring alternative therapeutics to combat 

antibiotic resistant bacteria. 

To modulate the established antibiotic resistance 

mechanisms which both gram-negative and gram-positive 

bacteria have exploited, alternative therapeutics have been 

adapted with varying bactericidal mechanisms[7, 8].  An 

example include antimicrobial oligonucleotides which serve 

to silence the regions of bacterial genome related to 

antibiotic resistance and phage therapy which utilize viral 

proteins to infect bacteria [8]. The unique bactericidal 

activity of such alternative therapeutics may be specific to 

certain strains of bacteria or require a specific drug-delivery 

material to allow for its efficacy. Therefore, streamlining a 

manufacturing procedure for various strains of bacteria and 

medical conditions can be challenging. Nanomaterials have 
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been readily applied as alternative therapeutics for 

treatment of antibiotic resistant bacteria [9, 10]. 

Nanoparticles allow for enhanced therapeutic to cell 

membrane interaction which regulate cell membrane 

regulation and interfere with molecular pathways. The 

mechanism of bactericidal activity includes a) disruption of 

membrane integrity, b) triggering of host immune response, 

c) inhibition of biofilm formation, d) generation of reactive 

oxygen species (ROS), and e) inhibition of RNA and protein 

synthesis through the induction of intracellular effects. The 

bactericidal activity of nanoparticles may be exhibited by 

various of the described mechanisms thereby proving to be 

more efficacious target-specific antibiotics[11].  While the 

chemical stability of metal-based nanoparticles, ex. AgNPs 

and AuNPs, have been proven to be effective at selectively 

targeting bacterial organisms via surface modifications their 

aggregation and ionization may lead to cytotoxicity of the 

host’s cells[12]. Therefore, a target-specific therapeutic 

water-soluble and dispersible bactericidal nanoparticle is 

desirable to prevent damage to eukaryotic cells. 
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Chapter 1.2 Efficacy of Carbon and Metal Oxide 

Based Nanocomposites 

 The high extent of oxygen moieties exhibited 

by graphene oxide quantum dots (GOQD) allows for water 

solubility which enhance their antimicrobial activity [13-15].  

The chemical inertness of carbon enhances the 

biocompatibility of graphene-based nanoparticles. 

Furthermore, chemical modulation carbon frame can lower 

cytotoxicity as highlighted by the low level of genomic 

expression of hematopoietic stem cells[16]. The 

biocompatibility of graphene-based nanomaterials apply to 

various cells including fibroblasts and epithelial cells at 

concentrations up to 100 µg/mL with 48 hours of 

incubation[17]. The source of bactericidal activity stems from 

the enhanced interaction the nanomaterial exerts on the cell 

membrane. 

The bactericidal activity of graphene oxide stems 

from its extent of oxidation at high concentrations 

>40µg/mL. An intimate cell-to-nanoparticle interaction is 

exhibited by the graphene oxide sheet enveloped E.coli 

imaged via AFM[14, 15]. While the graphene oxide quantum 

dots provide bactericidal activity at high concentrations, such 
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cytotoxicity can prove to be detrimental to the host. The 

characteristic band structure of graphene oxide quantum 

dots provides a mechanism to utilize photon excitation to 

induce reactive oxygen species (ROS) formation from 

electron-hole separation. The band structure produced by 

the sp2 hybridization of graphene allows for π*-π , σ*-n, and 

π*-n transition which are defined by the size of sp2 sites and 

oxygen moieties functionalized on the carbon structure[18, 

19]. While the UV assisted bactericidal activity of GOQD is 

attributed to photolysis of aliphatic hydroxyl groups, the 

electron-hole separation may lead to electron transfer from 

or to a deposited photocatalytic active site on the sp2 frame. 

The leading mechanism of photo catalytically active 

metal oxide nanoparticles for dye degradation can be utilized 

for bactericidal activity[20-22]. The band-gap structure of the 

metal oxide nanoparticles allows for electron-hole 

separation where the excited electron serves to reduce a 

solvated species while the hole serves to oxidize a solvated 

species. The probability of the electron-hole separation 

leading to ROS formation depends on the ability of the 

excited electron to recombine with the valence band.  

Furthermore, the extent of dispersion is critical in producing 
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an effective metal oxide based photocatalyst due to the 

short-lived production of ROS. A metal oxide-based 

nanoparticle lacking solubility may lead to an increasing 

concentration of ROS production but render it inactive 

against bacteria[22, 23]. Therefore, a water-soluble metal 

oxide nanomaterial is a desirable biocompatible therapeutic, 

but the inherent insolubility of metal oxide nanoparticles 

inhibits their individual application as photoactive 

bactericidal nanomaterials. 

 

1.3 Direction of Research 

 The chemical inertness and biocompatibility of metal 

oxide nanoparticles enhances its application as alternative 

antibacterial therapeutics. The application of photoactive 

metal oxide nanoparticles such as MnxOy nanoparticles is 

credited to the presence of its ionic form in cellularly relevant 

enzymes. A key enzyme like superoxide dismutase utilizes 

Mn(II) and Mn(III) to sequester superoxide therein leading to 

the production of hydrogen peroxide[24, 25]. Also, the 

various valence states exhibited by MnxOy provide for stable 

transition states during electron transfer reaction induced 

from photoexcitation process. MnO2 nanoparticles are a 
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highly valent MnxOy nanoparticles which lead to a high rate 

of ROS dependent dye degradation.  To enhance the 

biocompatibility of MnO2, a nanocomposite of MnO2 with 

GOQD was designed to evaluate the photoactivity of MnO2 

nanoparticles against E.coli  in chapter 3.    

 The photoactivity of MnO2/GOQD at λ = 365 nm 

excitation emphasized the relevance of an effective metal 

oxide-carbon nanocomposite, although the source of 

photoactivity was confounded from the synergistic 

photoactivity illustrated by the oxidized GOQD and dispersed 

MnO2. The nucleation of MnO2 via oxidation of sp2 carbon 

domains evidently yield a lower valent Mnn+ ion which 

interfaces GOQD and MnO2 [26, 27]. The metal ion-oxygen 

defect interaction from GOQD potentially leads to trapped 

states leading to enhanced electron-hole charge separation 

[18, 28, 29]. The electrostatic interaction of metal ions with 

oxygen defects of GOQD provided for a suitable mechanism 

of metal ion deposition to test the bactericidal efficacy as a 

function of electron-hole separation from first-row transition 

metal ions with bactericidal activity[30, 31] [32-34]. In 

chapter 4 the role of metal-chelated graphene oxide as active 

site for photocatalysis was tested.
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Chapter 2 Design of an Optimal MnO2 Deposited 

GOQD Nanocomposite with Enhanced 

Photodynamic Activity under UV-Irradiation due 

to MnO2 Deposition and Mn2+ Chelation 

 

2.1 Abstract 

Nanocomposites materials are highly interesting due to their 

synergistic properties they elicit for antibacterial 

applications. The leading mechanism of such synthesized 

nanoparticles are ROS mediated pathways, but an 

understanding of how the structural aspect of the 

nanocomposites affects the electronic distribution which 

affects ROS formation is lacking. In the present study, a 

systematic variance of MnO2/GOQD leads to an 

enhancement in antibacterial efficacy as a function of MnO2 

deposition onto the GOQD. The bactericidal properties were 

evaluated through a minimum inhibitory concentration 

(MIC) and photodynamic experiment to account for the 

antibacterial property. At a 0.1 mg/mL concentration under 

UV irradiation was found to deplete bacterial cell population 

after 120 seconds of irradiation of 2% MnO2/GOQD. In order 
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to elucidate the nanocomposites’ origin of antibacterial 

activity methylene blue due degradation was analyzed in 

concert with fluorescence microscopy to determine the 

antibacterial efficacy. The results demonstrate the utility of 

both GOQD and MnO2 as photoactive catalysts for bacterial 

eradication.  

Chapter 2.2 Introduction 

The widespread infections of Gram-positive and 

Gram-negative bacteria have increased medical concern for 

the inherent genomic resistance of bacteria. Beta-lactam 

antibiotics have been utilized exhaustively to induce for 

bactericidal activity [1-3]. While such antibiotics have 

traditionally experienced high antibacterial efficacy, its 

overwhelming use against bacteria have rendered the 

therapeutics ineffective. The mechanism of bacterial 

inhibition originates from the production of β-lactamase, 

which degrades β-lactam antibiotics. Therefore, while a 

variety of β-lactam analogues have been developed to 

combat the rate of bacterial mutation, such therapeutics 

have also decreased in its antibacterial properties [4]. 

Therefore, other alternative therapeutics, like inorganic 

nanoparticles of ZnO, CuO, TiO2, CeO2, SiO2, Al2O3, and Fe2O3, 
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are utilized due to their antibacterial properties under 

steady-state conditions [5-8]. The source of antibacterial 

activity from these metal oxides can also be attributed to the 

generation of reactive oxygen species  (ROS) which can be 

modulated based upon the nanoparticle size and metal oxide 

type [8]. Such nanoparticles induce antibacterial activity 

under dark conditions, where the production of ROS is 

related to the concentration of surface defects on the metal 

oxide surface. For instance, Lakshmi et al. [9] prepared ZnO 

nanoparticles rich with surface defects, which facilitated the 

production of reactive oxygen species (ROS) even in the dark, 

such as superoxide (O2
•-) and hydroxyl radicals (-•OH). 

Applerot et al. [10] also observed the formation of hydroxyl 

radical (-•OH) by ZnO nanoparticles in the dark, which led to 

the disruption of the electron transport chain of the Gram-

negative (E. coli) and Gram-positive (S. aureus) bacteria due 

to the close interaction between the ZnO nanoparticles and 

bacterial cells. Metal oxide nanoparticles which elicit 

multivalent oxidation states have their antibacterial activity 

in the dark defined by their oxidation state. For CuO NPs the 

production of ROS from CuO proved to be greater in contrast 

to Cu2O, although the enhanced antibacterial activity was 

dominated by CuO NPs. According to Meghana et al. the 
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leading cause of antibacterial activity was the chelation of 

Cu(I) intracellularly to critical metabolic enzymes such as 

fumarase[11]. Due to the short lifetime of reactive oxygen 

species to cell membrane interaction for antibacterial 

activity, lipid peroxidation may influence antibacterial 

activity as proved by Krishnamoorthy et al. with MgO NP. A 

lipid peroxidation assay was found to induce cell lysis as a 

function of a high concentration of defects on the surface of 

MgO NP[12]. Synthesis of Fe3O4 NP led to no bactericidal 

activity even with a concentration of 300 mg/mL against 

Gram-Positive S. aureus [13]. Regardless of the high 

production of -.OH from iron (II) interaction with H2O2 

forming -.OH. 

Enhancement of antibacterial activity present from 

metal oxide nanoparticles (MONP) is exhibited from the 

band-gap energy of such nanoparticles. Upon irradiation the 

MONP may reduce or oxidize a oxygen species thereby 

inducing antibacterial activity. According to Li et al. the 

efficacy of photodynamic activity is a function of the amount 

of ROS production. Source of ROS production is controlled by 

the conduction band and valence band position of metal 

oxide as well as their respective band gap energy under 

photodynamic excitation [8]. The highest bactericidal activity 
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for metal oxide nanoparticles is categorized TiO2 > ZnO > 

Al2O3 > SiO2 > Fe2O3 > SiO2 with highest concentration of ROS 

produced from TiO2 > ZnO > Al2O3 > SiO2 > Fe2O3 > SiO2. An 

increase in ROS production is elicited by the design of doped 

metal oxide nanoparticles such as Cr3+ doped ZnO 

nanoparticles which enhance photodynamic activity of ZnO 

against E. coli [14]. Deposition of metal nanoparticles such as 

Au(0) on ZnO and Ag(0) on TiO2 demonstrate enhancement 

of antibacterial activity from the deposited metal 

nanoparticle by varying the Fermi Energy level of the 

structure, thereby increasing production of oxidized solvated 

species like HO.- which are produced from H2O oxidation 

under UV-irradiation [15-17].  

Carbon based nanomaterials are also known to 

provide for antibacterial and bactericidal activity. An early 

investigation of various carbonaceous nanostructures 

studied by Garza et al. found an early correlation between 

reactive oxygen species and carbon nanoparticle aggregation 

on A549 cells [18]. The ROS generation in A549 cells has also 

been found to be closely related to the mechanism of 

bactericidal activity under dark conditions. The effects of 

chemical composition, nanoparticle size, and morphology of 

graphene particles influences the efficacy of antibacterial 
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activity as well as its mode of action. Various groups have 

proved the efficacy of graphene sheets inducing membrane 

damage through a graphene sheet-to-cell membrane 

interaction which inhibits cell proliferation. The role of cell 

death from graphene nanosheet was proved to affect the 

metabolic capacity of the cell through an increase of glucose 

in E. coli by Akhavan et al. which suggests a role of reduced 

graphene oxide in impeding metabolic activity[19]. The 

efficacy of antibacterial activity of graphene nanosheets was 

further quantified through a minimum inhibitory 

concentration (MIC) experiment where the MIC of E. coli  was 

found to be 1 µg/mL which outperforms kanamycin high MIC 

of 64 µg/mL [20]. The source of the antibacterial activity 

elucidated by Krisnamoorthy et al. was due to increasing lipid 

peroxidation of reduced graphene oxide[20]. Although these 

findings are attributed to larger graphene nanosheets in 

comparison to graphene oxide quantum dots where 

enhanced antibacterial activity is due to smaller, more 

oxidized graphene structures[21]. Activity of graphene oxide 

sheets or quantum dots can deviate from each study due to 

a lack of systematic control of nanomaterial composition and 

structure [22, 23]. Further if the procedure to measure 

antibacterial activity of graphene oxide is developed on 
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planktonic cells versus deposited cells the activity measured 

can differ[24].  

The utility of graphene oxide and metal oxide as a 

nanocomposite structure for antimicrobial activity can elicit 

enhanced biocidal activity from both structures but may also 

provide a venue for improved biocompatibility. Specially 

since graphene oxide quantum dots (GOQD) may elicit 

antibacterial activity under photo excitation [25]. Use of 

TiO2/graphene oxide structure for bactericidal activity was 

measured by Akhavan et al. under visible light irradiation 

against E. coli [26]. An increased concentration of sp2 domain 

was found to contribute to photo-induced bactericidal 

activity under visible light irradiation. Enhanced visible light 

absorption of TiO2 deposited on Graphene Oxide (GO) is 

improved by the metal oxide reduction procedure [27]. 

Antibacterial activity of ZnO2 deposited on GO has been 

quantified for Gram-Negative and Gram-Positive bacteria for 

their antibacterial activity under dark conditions [28, 29]. The 

MIC for ZnO2/GO is measured between 5 µg/mL to 3.2 

mg/mL, while the photodynamic activity reported for 

TiO2/GO and ZnO2/GO varies based on the wavelength of 

excitation.   
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Although the antibacterial efficacy of both metal 

oxides and organic nanoparticles has been documented for 

various nanomaterials, a high nanoparticle concentration is 

necessary to exert bactericidal activity under ambient 

conditions (>1 mg/mL). Such a high concentration of 

insoluble metal oxide nanoparticles can lead to increased 

cytotoxicity for medical treatment. The inherent solubility of 

oxidized graphene nanoparticles is a desirable substrate 

which metal oxide nanoparticles have been deposited onto 

for energy and catalytic applications.[30-34] Recently, in a 

study by Liu et al.[29] the antibacterial properties of a 

ZnO/GOQD nanocomposite was reported to have an MIC at 

3.6 mg/mL. While the MIC proved to be higher for the 

ZnO/GOQD (3.6 mg/mL), in contrast to the MIC of ZnO (1.2 

mg/mL). Its inherent solubility due to the ZnO/GOQD design 

leads to an ideal biomaterials candidate for systemic 

antibacterial treatment. 

The antibacterial property elicited by ZnO/GOQD is 

not limited to ambient conditions. In a concentration of 1 

mg/mL and under 365 nm irradiation of 100W light the 

antibacterial activity of the ZnO/GOQD was improved, in 

comparison to ZnO and GOQD. Band-gap energy of the ZnO 

can induce a photodynamic effect when excited at an energy 
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greater than the near-edge absorption of the metal oxide. 

Since metal oxides can exhibit a high band-gap energy, the 

design of a nanocomposite with a decrease in the band-gap 

energy is desirable in order to increase its biocompatibility. 

Photodynamic activity of metal oxide deposited on 

graphene oxide has mainly been studied with metal oxides 

with one valence state. In a study by Goncalves Jr. et al a 

Hausmannite Mn3O4 nanoparticle exhibits electron transfer 

from Mn2+ to Mn3+ analyzed from the DOS from both Mn ions 

in the valence and conduction band. Furthermore, 

preferential adsorption of H2O and desorption of -.OH on 

Mn2+ with -16.5 kcal/mol and -11.3 kcal/mol for each 

respective process[35]. A Mn2+ chelated GOQD structure has 

been hydrothermally synthesized by Gan et al. which is 

characterized with a charge transfer mechanism from Mn2+ 

to sp2 sites on GOQD [36]. An optimal MnOx deposited on 

GOQD could be synthesized by tuning an optimal 

concentration of Mn2+ within the MnOx and GOQD structure 

in order to induce electron transfer from GOQD to the MnOx. 

Previous experiments have demonstrated the antibacterial 

capacity of MnOx nanoparticles when deposited on chitosan 

against Gram-negative and Gram-positive bacteria [37] but 

their MIC and photodynamic activity of MnOx has not been 
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quantified.  Furthermore the potential for application as a 

wound-based therapeutic is supported by the low 

percentage of hemolysis measured from erythrocytes [38]. 

     

In order to understand the synergistic effect of metal 

oxides and graphene oxide nanomaterials a series of 

MnO2/GOQD nanocomposites were designed. The 

widespread use of MnO2 deposition on GOQD from a 

solution driven reduction of Mn7+ to Mn4+ with the 

corresponding oxidation of reduced carbon to oxidized 

carbon makes it a facile and industrial level synthesis for 

antibacterial applications.  

 

(1) 4MnO4
- + 3C + H2O 🡪 4 MnO2 + CO3

2- + 2HCO3
2-  

 

To control the extent of MnO2 deposition, the ratio 

of the Mn precursor was increased with a constant 

concentration of GOQD. Upon heating at 60 ºC for two hours 

and after purification process the resulting solution was a 

translucent brown solution. TEM proved that MnO2 

nanorods with an average length of 14 to 16 nm and cross-

sectional diameter of 2-3 nm were synthesized on the GOQD 

sheets for the 80% KMnO4 to GOQD sample. The 
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antibacterial activity of the obtained MnO2/GOQD 

nanocomposite was assessed and compared in ambient light 

and under UV irradiation. Enhancement was observed for an 

increase in deposited MnO2 on the GOQD nanoparticle for 

both photodynamic and concentration dependent 

bactericidal activity.  

 
 

2.3   Experimental Section 

 

2.3.1 Chemicals 

  

   Potassium permanganate (KMnO4, 99.0%), manganese 

sulfate (MgSO4, 99.0%), pitch carbon fiber, potassium 

phosphate monobasic (KH2PO4, 99.0%), potassium 

phosphate dibasic (K2HPO4, 98.0%), nitric acid (HNO3, 70%), 

ethylenediaminetetraacetic acid disodium salt dihydrate 

(EDTA-2Na, 99.0%), tert-butanol (TBA, 99.5%), and 

methylene blue dye (82.0%) were all purchased from Acros 

or Sigma Aldrich. Water was purified with a Barnstead 

Nanopure Water System (18 M Ω cm). 
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2.3.2 GOQD Synthesis 

The synthesis of GOQD has been detailed previously [39, 40]. 

In brief, pitch carbon fiber (1 g) was immersed into a mixture 

of concentrated HNO3 (40 mL) and H2SO4 (60 mL) in a round-

bottom flask. After two hours of sonication, the carbon fibers 

were refluxed at 120 C for 24 h. Once the solution was 

cooled to room temperature, its pH was adjusted to pH 7 

with NaOH. The solution was left overnight to allow for salts 

to precipitate out of solution. The supernatant, which 

contained water-soluble GOQDs, was collected and 

transferred to a cellulose dialysis bag and placed in Nanopure 

water for several days to afford purified GOQD.  

2.3.3 MnO2/GOQD Synthesis 

The GOQDs obtained above were then used for the 

preparation of GOQD/MnO2 composites. In separate round-

bottom flasks, a calculated amount of KMnO4 (10.5, 21.0, 

60.1, 180.2, and 300.0 mg) was dissolved in 500 mL of 

Nanopure water, into which was then added 50 mg of GOQDs 

under sonication for 2 h. Then, the mixture was heated for 

two hours at 60 C. When cooled down naturally to room 

temperature, the mixture was placed in a cellulose bag for 

dialysis for three days, with a regular change of the water 

every 4 h. Five samples were prepared at different KMnO4 
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feed ratios and denoted as GOQD/MnO2-a, GOQD/MnO2-b, 

GOQD/MnO2-c, GOQD/MnO2-d, and GOQD/MnO2-e. To 

remove MnO2 from the nanocomposite, the GOQD/MnO2-c 

sample was mixed with 0.1 M HNO3 under magnetic stirring 

for 2 h, and then dialyzed for 6 h in Nanopure water. Acid 

treatment of GOQDs was carried out in the same manner. 

2.3.4 Characterization 

The morphology and size of the samples were characterized 

by transmission electron microscopy measurements (TEM, 

Phillips CM 300 at 300 kV). UV-vis absorption spectra were 

acquired with a Perkin Elmer Lambda 35 UV-vis 

spectrophotometer, and photoluminescence measurements 

were conducted with a PTI fluorospectrophotometer. X-ray 

photoelectron spectra (XPS) were recorded with a PHI 

5400/XPS instrument equipped with an Al Kα source 

operated at 350 W and 10-9 Torr. Time-resolved 

photoluminescence decay spectra was collected on a Horiba 

QM-3304 instrument at the pulsed laser excitation of 335 nm 

in the time-correlated single-photon counting (TCSPC) mode. 

Electron paramagnetic resonance (EPR) experiments were 

carried out with the MnO2/GOQD-x series 63 K with a Bruker 

EMX EPR spectrophotometer operating at the X-band 
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frequency (~9.4 GHz) using an ER 4122SHQE resonator 

(Bruker).   

2.3.5 Antimicrobial evaluation 

E. coli cells were grown in Luria Broth (LB) agar in a 37 C 

incubator. A single colony was selected and used to inoculate 

3 mL of liquid LB and allowed to shake at 37 C for 18 h. The 

resulting liquid was centrifuged at 5000 rpm for 5 min and 

resuspended in Nanopure water to an optical density of 0.1 

at 600 nm. To determine the MIC, a 96-well plate was used 

to conduct a kinetic cell growth experiment in the dark at 37 

C. Each well was filled with a total volume of 200 μL with 30 

μL of sterile LB, 10 μL of bacterial solution, and varied 

volumes of the GOQD samples prepared above. Sterile 

Nanopure water was used to bring the total volume in each 

well to 200 μL. Upon inoculation, the 96-well plate was 

placed in a Molecular Device VERSA max microplate reader, 

where the optical density (OD) was measured at 600 nm 

every minute and 30 seconds with intermittent shaking 

between each reading over a 24-hour incubation period. In 

photodynamic antibacterial assessments, 200 μL of E. coli 

(OD 0.1) was transferred to a 1 mL plastic centrifuge tube, 

into which 600 uL of 0.1 mg/mL the GOQD samples was 

added along with 200 μL of sterilized Nanopure water. For 
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the MnO2 nanocatalyst, 6 mg of the sample was added to 1 

mL of E. coli with sterilized Nanopure water solution. The 

centrifuge tubes containing the E. coli and nanoparticles 

were irradiated with UV photoirradiation (100 W, 1000-1500 

lumen with a peak emission at 365 nm, Dongguan Hongke 

Lighting Co, China). After irradiating the sample, each 

centrifuge tube was diluted by 100 folds at each respective 

time point. From the diluted solution, 10 μL was distributed 

evenly on an LB agar plate utilizing sterilized glass beads. 

Upon dispersion of nanoparticle and E. coli suspension on the 

LB agar plate, the agar plates were placed in a 37 C 

incubator. 

 

2.3.6 Methylene blue photodegradation  

Photocatalytic degradation of methylene blue was carried 

out by following a procedure described previously.[41] 

Experimentally, a calculated amount of methylene blue (MB 

450 uM) was diluted to 3mL in a quartz cuvette to 45 uM with 

a corresponding sample prepared above. A volume of 140µL 

of 1.0 mg/mL concentration of GOQD/MnO2-c and GOQD 

was added to a total volume of 3 mL pH 7.2 with 45 uM 

methylene blue , where the pH was  made with a potassium 

phosphate monobasic and potassium phosphate dibasic 
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buffer. A 6 mg MnO2 nanoparticle control sample was tested 

with pH 7.2 at a concentration of 45uM. For the methylene 

blue dye control, the volume of photocatalyst was 

supplemented with pH 7.2 buffer. The solution was then 

irradiated with a 365 nm LED lamp, and UV-vis spectra were 

acquired at different time intervals. Similar procedure was 

carried out with photocatalyst and experimental conditions 

with the addition of 300 µL of 6 mM EDTA. 

2.4 Results and Discussion 

Figure 1 shows GOQD/MnO2-c produced from a feed 

ratio of 48.38% Mn/GOQD wt%. The production of MnO2 is 

apparent from the needle structure present from the dark 

wires on from Figure 1a. The interplanar distance of 0.234 

nm corresponds to a lattice (211) which is present in α-MnO2 

nanowires (Figure 1b) [42-45]. Nucleation of MnO2 utilizing 

KMnO4 as a precursor is an oxidation process which has been 

observed for a variety of GOQD structures[46] [36, 47, 48]. 

MnO2 nucleation occurs along the edges of the GOQD 

structure via the oxidized moieties of graphene oxide [47] . 

The thermodynamic force of  reduction from Mn7+ to Mn4+ is 

driven by GOQD oxidation and solvent composition[49]. The 

formation Mn7+ to Mn4+ is specifically due to reduction from 

isolated double bonds which lead to an eventual ketone [50]. 
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Therefore, GOQDs provide a viable precursor for MnO2 

growth due to the nucleation sites and the redox active sites 

leading to MnO2 growth.  

Figure 1.  Representative TEM images of the a) GOQD/MnO2-

c and b) lattice fringes of GOQD/MnO2-c 

 

b 

a 
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Figure 2: XPS of (a) High resolution C1s spectra for GOQD and 

GOQD/MnO2-x samples, (b) Mn2 p spectra for GOQD and 

MnO2/GOQD-x samples  

 

 

 

a 

b 
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Figure 3: EPR Spectra of GOQD/MnO2-a , GOQD/MnO2-b , 

and GOQD/MnO2-c 

Time Resolved Fluorescence Lifetime Decay measured at an 

excitation wavelength of 365 nm for GOQD, GOQD/MnO2-a, 

GOQD/MnO2-b, and GOQD/MnO2-c optimal concentration of 

MnO2 deposited on GOQD is defined by the high level of 

dispersion as depicted from  Figure 1a. A high concentration 

of MnO2 deposited on GOQD is desirable due to the 

increased photocatalytic sites required for reactive oxygen 

species formation. Although an increased feed ratio of 

KMnO4 to GOQD does not translate with increased MnO2 

deposition onto GOQD (Table S6). Furthermore, the total 

percentage of Mnn+/Mn measured from Mn 2p XPS (Figure 

2b) solely attributed to Mn4+ is demonstrated in 

GOQD/MnO2-c and GOQD/MnO2-e only. Also, the highest 
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extent of MnO2 deposition onto GOQD is present in 

GOQD/MnO2-c with a %Mn/C = 7.85%. Therefore, the 

optimal feed ratio produces a high degree of MnO2 

nanowires with no variation in Mn valency or Mn oxide. Due 

to the oxidative properties of  KMnO4, increasing 

concentrations of KMnO4 leads to a higher degree of oxidized 

groups on GOQD structure (Figure 2a) [51-53]. 

As the graphene sheet becomes more oxidized the 

size of the GOQD also decreases which more evenly 

distributes HO-C=O moieties. The extent of carbon oxidation 

from GOQD substrate can be measured from a decrease in 

sp2 carbon GOQD/MnO2-cconcentration and increase in the 

C-OH, C-O-C, C=O, and HO-C=O concentration. In Figure 2a 

the sp2 character from the GOQD substrate composes 

78.37% of the carbon structure. Increasing feed ratio of 

KMnO4 lead to a decrease in sp2 character of GOQD as 

calculated from C1s spectra from XPS (Table S4). 

Furthermore, the type of oxidized carbons changes with 

increasing KMnO4. In samples GOQD/MnO2-a,b, and c the 

prevalent oxidized carbon species become C-O-C and C=O 

(Figure 2a). Appearance of C-O-C is attributed to the cis-diol 

formation formed from oxidation of KMnO4 via carbon 

double bonds. A higher extent of oxidation is present in 
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GOQD/MnO2-d and GOQD/MnO2-e which is attributed to a 

low sp2 or high HO-C=O content (Table S4). A high extent of 

oxidation may lead to disruption of the sp2 domains which 

contain the π-orbitals required to produce the quantum 

transitions produced via UV excitation. 

The deposition of MnO2 onto GOQD can be measured via UV-

VIS by measuring the peak  absorbance around 400 nm which 

is attributed to d🡪d orbital transition of octahedral Mn[54, 

55]. The most prominent absorption at 400 nm is present in 

GOQD/MnO2-c (Figure S1a). Further the absorption of 

GOQD/MnO2-c extends from 2.75 eV to 4.8eV based on its 

measured Tauc’s plot, which is broader in its absorption 

region in contrast to GOQD’s of 3.2 eV to 3.8eV (Figure S1b). 

A decrease in the band-gap energy of GOQD/MnO2 is 

attributed to MnO2 nanorod production on the GOQD 

substrate[56, 57] [58]. The increase in the band-gap range 

from 3.8 eV to 4.8 eV is due to oxidation of GOQD structure 

which lead to a decrease in sp2 domains of GOQD therein 

increasing band-gap energy of GOQD[59, 60]. A continuous 

increase in band-gap energy is present gradually  
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Figure 4 Minimal Inhibitory Concentration (MIC)  

measurements of E. coli with various GOQD/MnO2 samples 

in the dark: (a) GOQD/MnO2-a, (b) GOQD/MnO2-b, (c) 

GOQD/MnO2-c,  and (d) GOQD with concentrations of: black 

circle 0 mg/mL, navy blue 1.25 mg/mL, cyan 2.5 mg/mL, 

purple 4 mg/mL, orange 5 mg/mL, yellow 7 mg/mL, and red 

8 mg/mL 

from GOQD/MnO2-a to GOQD/MnO2-e due to various extent 

of KMnO4 oxidation (Table S1). Therefore, while proving to 

be a facile process for MnO2 growth, a high extent of GOQD 

oxidation may affect sp2 electronic transition.   

The fluorescence profile of GOQD illustrates how 

oxidation of GOQD and MnO2 deposition affects its electronic 

transitions. In Figure 3a GOQD contains two prominent peaks 

a b 

c d 
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at 335 nm and 465 nm which are either due to π🡪π* or n🡪σ* 

from sp2 or sp3 domains of GOQD. The normalized 

fluorescence intensity of GOQD/MnO2-a and GOQD/MnO2-b 

excited at 365 nm is similar or higher in contrast to GOQD. 

The  

increase in photoluminescence can be attributed to a 

transition from Mn2+ to GOQD’s π* system [36]. The presence 

of Mn2+ is exhibited by the six hyperfine peaks exhibited from 

samples MnO2/GOQD-a, MnO2/GOQD-b, and MnO2/GOQD-c 

(Figure 4) which have been exhibited by the incorporation of 

Mn2+within a metal oxide lattice [61]. Based on a study by 

Gan et al. the excitation of Mn2+-RGO from 360 nm to 400 nm 

lead to an allowed 6A1
🡪

4T2 transition (Figure 3a). For the 

GOQD/MnO2-a and GOQD/MnO2-b samples the average 

excitation wavelength increases from 342 nm to ~ 360nm 

(Figure 3a). A broad excitation peak at 360nm corresponds to 

Mn2+allowed 6A1
🡪

4T2 transition which occurs within an 

excitation wavelength of 360-400nm. The corresponding 

emissions of the nanocomposites becomes centered at 515 

nm in contrast to the 488 nm emission of the GOQD excited 

at 342 nm (Figure 3a).  The emission average centered 

around 515 nm is attributed to the emission of the π*
🡪π from 
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sp2 domains in GOQD [62]. Therefore a red shift in excitation 

wavelength and increase in normalized fluorescence 

intensity for GOQD/MnO2-a and GOQD/MnO2-b is due to 

Figure 5. (a,c) Photodynamic curves measured from Colony 

Forming Units (CFU) inoculated on Luria Bertani Broth (LB) 

after 16 hours incubation. (b) Rate of E. coli cell death as a 

function of 365 nm excitation irradiation. d) Time of Cell 

Death (TCD) measured from all MnO2/GOQD -x samples after 

irradiation. Statistical significance was evaluated by two-

tailed t-tests   

Mn2+ electron transfer to π* system of GOQD. In samples 

GOQD/MnO2-c, and d the excitation at 465 nm disappears 

due to oxidation of larger sp2 domains leading to such 

excitations or quenching of such transitions due to MnO2 

 

  

  

a b 

c d 
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deposition. The GOQD/MnO2-e sample contains no 

fluorescence at an excitation wavelength of 365 nm which 

can be attributed to a large extent of oxidation as evidenced 

by the low concentration of MnO2 deposition and high 

carbon oxidation as measured from Mn 2p and C1s XPS. 

The quenched emission for MnO2/GOQD-c could be due to 

an efficient electron-hole separation due to the low extent of 

sp2 oxidation and high percentage of MnO2 [63]. The 

measured fluorescence lifetime constants for GOQD/MnO2-c 

is greater (τc = 2.56 ns) in contrast to GOQD, GOQD/MnO2-a, 

and b (Table 1). Furthermore, oxidation of GOQD/MnO2-c via 

HNO3 diminishes the fluorescence lifetime constant 

measured at 365 nm excitation (τHNO3 c
 = 2.28 ns). A decrease 

in fluorescence lifetime constant due to HNO3 treatment of 

GOQD/MnO2-c indicates the MnO2 and GOQD chemical 

interaction leads to enhanced electron-hole separation.  

Also, the reconstitution of 465 nm excitation and its 

respective emission peak for HNO3 GOQD/MnO2-c (Figure 

S2b) confirms the MnO2 and GOQD interaction. 

  

 

(2)                          𝑦 =  𝐴𝑒−𝑏𝑡  + 𝐶𝑒−𝑑𝑡  
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(3)                               ∑ 𝜏  =  ∑𝑛
𝑖=1 𝐴𝑖𝜏𝑖 

 

The antibacterial activity of GOQD/MnO2 was 

quantified by utilizing a Minimal Inhibitory Concentration 

Method (MIC) [64-66]. The MIC was measured by monitoring 

the growth of E. coli in liquid media over time.  Figure 5 show 

the antimicrobial activity of E. coli in LB for GOQD/MnO2-x 

and GOQD. The lowest MIC is exhibited for GOQD/MnO2-c 

with %Mn/C = 7.85 % (Figure 5c). The GOQD/MnO2-a and 

GOQD/MnO2-b with %Mn/C = 8.42% and 11.26% have no 

MIC at or lower concentrations than 8 mg/mL (Figure 5 a,b). 

Although both GOQD/MnO2-a and GOQD/MnO2-b exhibit an 

increase in lag time (tL) as a function of GOQD/MnO2 

concentration. At a concentration of 8 mg/mL GOQD/MnO2-

a tL = 21 hours while GOQD/MnO2-b tL = 9 hours (Figure 5 a,b) 

. For most GOQD/MnO2-x samples, excluding GOQD/MnO2-

c, a low MIC is defined by a high concentration of %Mn/C. 

Although GOQD/MnO2-c contains a total Mn4+ concentration 

of 100%, the dispersion of MnO2 on GOQD can be attributed 

to the enhanced interaction of the MnO2 with the bacterial 

cell wall.   Evidence of improved dispersion is rationalized by 

the absence of antibacterial activity from GOQD which 

suggests MnO2 concentration is not a sole indicator of high 
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antibacterial activity (low MIC and high tL).  The enhanced 

antibacterial properties of metal oxide against gram-negative 

Figure 6: Photographs of E.coli with GOQD, GOQD/MnO2-x, 

and in absence of catalyst after excitation at 365 nm at 

respective time points  

and gram-positive bacteria  due to structural damage of the 

cell wall or dissolution of metal ions is the attributed 

antibacterial mechanism for metal oxide nanoparticles[5-7, 

10, 11, 67-69]. For ZnO nanoparticles, dissolution of ZnO into 

Zn2+ is an energetically low expenditure thermodynamic 

process since its ΔHMe+ is 662 kcal mol-1 [5]. A higher valence 

metal oxide, such as TiO2, SiO2 , and Fe2O3 , have relatively 

low MIC due to the high valency of the metal. Increase in the 

metal oxide’s oxidation state will decrease the ionization 

energy, which is the origin of the high MIC values for the x% 
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GOQD/MnO2 samples in contrast to other nanocomposites 

[29, 68].  

The photodynamic studies were conducted to quantify the 

antibacterial property of the GOQD/MnO2 system under UV  

excitation. To prevent the antibacterial activity of 

GOQD/MnO2-x in ambient condition, the photodynamic 

experiments were run at a concentration of 0.1 mg/mL for all 

samples. The time of cell death (TCD) and rate of cell death 

(RCD) was determined by counting the  

Colony Forming Units (CFU) and normalizing to the 

(CFU) at their initial time point. The TCD for the x% 

MnO2/GOQD increased as follows: MnO2/GOQD-c < 

MnO2/GOQD-b < MnO2/GOQD-a < MnO2/GOQD-d  < E. coli < 

MnO2/GOQD-e < GOQD (Figure 6a,b). While GOQD is known 

to elicit antibacterial activity against Gram-Negative bacteria 

[21, 22, 24, 70, 71], a larger and more reduced GOQD will 

have decreased antibacterial activity and can even induce 

cell growth [72]. Photodynamic activity of MnO2/GOQD 

follows an volcano relationship as a function of %Mn/C with 

an optimal loading of Mn4+ at 7.85% %Mn/C (Figure 6d). 
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The optimal percentage of MnO2 deposited on GOQD for 

photodynamic activity at an excitation of 365 nm occurs at 

Figure 7: a) Photodynamic activity of E.coli with GOQD, 

Figure 7: a) Photodynamic activity of E.coli with GOQD, 

 

 

 

  

  

a 

b 
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MnO2, GOQD/MnO2-c, and in the absence of photocatalyst 

with EDTA b) TCD measurements for E.coli with MnO2 and 

GOQD/MnO2-c with and without EDTA c) CFU of E.coli 

MnO2, GOQD/MnO2-c, and in the absence of photocatalyst 

with EDTA b) TCD measurements for E.coli with MnO2 and 

GOQD/MnO2-c with and without EDTA c) CFU of E.coli 

7.85% of total Manganese per total carbon composition from 

the GOQD.  Analysis of the Manganese oxidation state  

demonstrates that a higher concentration of Mn4+ leads to 

enhanced photodynamic activity. The nature of the 

enhancement can be attributed to 1) Enhanced electron 

excitation process within the Manganese Oxide and 2) 

intersystem crossing from GOQD to MnO2 structure. 

Photocatalytic studies of Manganese Oxide demonstrate the 

role of a high valent Manganese in the oxidation of organic 

molecules such as phenols [73] .  The MnO2 valence band is 

mainly composed of O2p orbitals, while the conduction band 

is mainly composed of Mn 3d orbitals[74] [75]. Therefore a 

MnOx nanostructure with a higher concentration of Mn4+ 

yields higher vacancy for electrons from the valence band 

O2p of MnOx nanostructures. Furthermore, charge mobility 

within the MnOx is defined by the conversion of higher valent  
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Figure 8: a,b) Calculated Rates of Methylene Blue Dye 

Degradation for GOQD, MnO2, and GOQD/MnO2-c c,d) 

Calculated Rates of Methylene Blue Dye Degradation for 

GOQD, MnO2, and GOQD/MnO2-c with EDTA 

Mn4+ into Mn2+ as evidenced by the degradation of 

phenol from Zhang et al. were metal oxide nanoparticle with 

the highest degradation of phenol was correlated with an 

increase in Mn2+.The optimal GOQD/MnO2-c contains the 

highest lifetime constant for the GOQD/MnO2 series which 

can be attributed to an effective number of MnO2 sites 

acquired to induce electron-charge separation. 

Therefore due to the high concentration of Mn4+ and 

dispersed concentration of the GOQD/MnO2-c induces  

 

 

a b 

c d 
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at 532 nm.  

enhanced photodynamic activity. To identify the mechanism 

of photodynamic activity under UV irradiation, the   

GOQD/MnO2-c nanocomposite was irradiated in the 

presence of EDTA (Figure 10 a,b). The interaction of EDTA 

with the holes of MnO2 would lead to a depletion of holes 

from MnO2 produced under UV-irradiation of the 

nanocomposite. The facile kinetics of EDTA with holes from a 

on deposited metal oxide has been measured by Silva et al. 

where Au/TiO2 in the presence of EDTA using 

monochromatic laser pulses  

 

 

Luria Broth Agar taken at 180 seconds for E.coli, d) GOQD,  e) 

MnO2, and f) GOQD/MnO2-c all done in the presence of EDTA 

Due to the percentage of Au deposited onto the TiO2 

structure a higher volume of H2 (mL) were produced on the 

surface of the metal doped metal oxide structure. An 

essential aspect is the high yield of H2 obtained from the 

nanocatalyst by preventing adsorbed H2O from interacting 

with the hole of TiO2 to form HO.-. Instead EDTA is oxidized 

to EDTA.+ which prevents electron-hole recombination and a 

high yield of H2 production from the nanomaterial[76]. The 
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TCD of GOQD/MnO2-c with EDTA increases fourfold to 360 

Figure 9: (a) Normalized Colony Forming Units with E.coli + 

tert-butyl alcohol (TBA), GOQD/MnO2-c + TBA, and GOQD +  

TBA with a 365 nm LED for respective time points d) GOQD 

with TBA and e) GOQD/MnO2-c with TBA enumerated after 

16 hr 

seconds in contrast to the photodynamic activity of 

GOQD/MnO2-c  of TCD = 90 seconds (Figure 10 a,b). The 

images of CFU more clearly depicts the presence of E.coli for 

 

 

 

   

a 

b 
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Figure 10: EPR spectra of H2O, GOQD, and GOQD/MnO2-c 

under a) steady state condition, b) excited by 365 nm LED, 

and c,d,e) in steady state and excited at 365 nm and treated 

with TBA an active site on GOQD/MnO2-c.   

EDTA treated GOQD/MnO2-c upon 150 seconds of irradiation 

(Figure 8 c). The inactivity of GOQD/MnO2-c illustrates the 

importance of MnO2 as Normalized Colony Forming Units   

 

  

  

 

a b 

c d 
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Figure 11: EPR Peak-to-Peak intensity spectra of H2O, GOQD, 

and GOQD/MnO2-c under a) steady state condition, b) 

excited by 365 nm LED, c) steady state condition in the 

presence of TBA, and d) excited by 365 nm LED in the 

presence of TBA 

(CFU) of E. coli and GOQD/MnO2-c   after 365 nm irradiation 

with TBA, EDTA, and no radical scavenger enumerated after 

16 hrs. of incubation. c) Photographs of E. coli with TBA and 

. incubation once irradiated at 365 nm at 840 seconds   

Although presence of a lower TCD indicates the relevance of 

oxidized GOQD as an active site appears relevant due to the 

newly developed TCD of 360 seconds for GOQD/MnO2-IV 

upon treatment with EDTA (Figure 9b). The TCD of HNO3 

GOQD (TCDHNO3 GOQD  = 360 sec) demonstrates oxidation of sp2  

 

  

  

a b 

c d 



49 
 

and sp3 carbons activity of oxidized carbon can be attributed 

to an increase in hydroxyl groups present in both HNO3 

GOQD and HNO3 GOQD/MnO2- of GOQD which leads to 

photodynamic enhancement similar to the HNO3 treated  

GOQD/MnO2-c (TCDHNO3 GOQD/MnO2-c = 360 sec) (Figure S6a,b). 

The enhancement in photocatalytic  for both HNO3 GOQD 

and HNO3 GOQD/MnO2-c contain 41.18% and 42.55% 

elemental composition of hydroxide, respectively. 

In contrast to GOQD and GOQD/MnO2-c the elemental 

compositions  of hydroxide are 12.37% and 0% respectively 

(Table S4). In a study by Rojas-Andrade et al. a GOQD 

structure with higher concentrations of hydroxides 

conjugated with  aliphatic carbons produced enhanced 

photodynamic activity at 400 nm excitation due to hydroxide 

radical production[77]. The photocatalytic activity is driven 

via lysis of HO bonded to aliphatic GOQD which is supported  

by the similarity of fluorescence lifetime constants between 

GOQD and HNO3 GOQD (Figure S3). 

 

 To more closely inspect the role of GOQD from the 

GOQD/MnO2-c structure in the photocatalytic driven cell 

death of E. coli the latter structure was photoexcited at 365 

nm with methylene blue dye [78-80] Since enhanced 
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photocatalytic activity of methylene blue dye is driven by 

production of reactive oxygen species, examining the 

photoactivity of GOQD/MnO2-c and methylene blue dye can 

further elicit the mechanism of photocatalytic cell death. In 

contrast to GOQD and MnO2 the degradation of methylene 

blue of GOQD/MnO2-c is enhanced in contrast to GOQD and 

MnO2 tested independently (Figure 8a,b). In the presence of 

EDTA the photoactivity of GOQD, MnO2, and GOQD/MnO2-c 

are diminished due to the scavenging activity of holes (Figure 

9c,d). Although in contrast to GOQD and MnO2 photoactivity 

of methylene blue dye in the presence of EDTA, the 

photoactivity of GOQD/MnO2-c remains enhanced in 

contrast to both independent catalysts. The source of the 

photocatalytic activity cannot be the photolysis of HO- from 

vinyl groups since the photocatalytic degradation of 

methylene blue dye from GOQD is driven by hole generation 

(Figure 9). Furthermore, the concentration of hydroxide is 

too low to have an observable effect on the photocatalytic 

generation of hydroxyl radical species as proposed by Rojas-

Andrade et al. Therefore, the prevailing photoactivity 

observed for GOQD/MnO2-c may not be only driven by hole 

production from MnO2. 
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While MnO2 is highlighted as an active site, the 

photoactivity of GOQD from the GOQD/MnO2-c is unclear 

specially since the hydroxide concentration from the 

nanocomposite structure is lower in contrast to HNO3 GOQD. 

To understand the photodynamic enhancement of 

GOQD/MnO2 more closely-c, the sample was treated 

photocatalytic with tert-butyl alcohol (TBA). The TBA 

polymerizes with other TBA molecules via a carbanion 

polymerization driven by -.OH oxidation process[81, 82]. The 

treatment of GOQD and E. coli with TBA produce no change 

in the photodynamic activity since TCD of E. coli + TBA ~ 840 

sec, which is similar to the photodynamic activity of E.coli 

irradiated at 365 nm (TCD ~ 840 sec). Furthermore, the 

GOQD+TBA photoexcited sample yield no change in the 

viability of E. coli over photoexcitation period, like its 

photodynamic activity in the absence of TBA. In contrast to 

the GOQD and E. coli with TBA controls the photodynamic 

activity is drastically different for GOQD/MnO2-c treated with 

TBA in comparison to the photodynamic activity of 

GOQD/MnO2-c alone (Figure 9b). The effect of TBA upon the 

photodynamic activity GOQD/MnO2-c is more poignant in 

contrast with EDTA (TCDEDTA = 360 sec, TCDTBA > 840 sec) 

(Figure 9c). Therein highlighting the importance of -.OH 
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production from GOQD/MnO2-c nanocomposite due to the 

intricate junction between MnO2 and GOQD. Therefore, 

production of -.OH is the prevalent driving species for 

photoactivity of GOQD/MnO2-c.  

 To understand the catalytic role of GOQD/MnO2 

junction, EPR spectra was employed to identify the radical 

species formed under various experimental conditions. In 

Figure 7a the sextet peaks, labeled by an asterisk (*), are 

attributed to a hydrogen radical species with aN = 22.9 G and 

aH = 15.6 G [83]. In contrast to H2O control, the GOQD and 

GOQD/MnO2-c produce a higher concentration of hydrogen 

radical. Upon excitation at 365 nm (Figure 10b) both the 

GOQD and GOQD/MnO2-c produce a quartet peak alongside 

a more intense sextet peak attributed to the hydrogen 

radical. The quartet peaks produced from GOQD and 

GOQD/MnO2-c upon 365 nm excitation are attributed to a 

hydroxide radical with aN = aH = 15 G  (@) [84, 85]. Due to the 

quenching activity of TBA the radical scavenger was utilized 

with GOQD/MnO2-c, GOQD, and H2O to determine the 

radical species quenched by it. For the H2O with TBA control, 

the hydroxyl radical species measured upon 365 nm 

excitation is quenched by TBA (Figure 10c). Alternatively, the 

hydrogen radical species is enhanced upon 365 nm excitation 
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and in the presence of TBA. The increase in hydrogen radical 

can be attributed to the slow rate of reaction of TBA with 

hydrogen radical (kH =1.7 x 105 M-1 s-1) in contrast to 

hydroxide radical (kOH = 6.6 x 108 M-1 s-1). The low bonding 

energy of tert-butyl carbon to hydrogen bonds (400.4 kJ/mol) 

lead to hydrogen radical production upon photolysis from 

tert-butyl alcohol[86]. The GOQD sample demonstrates 

hydrogen radical quenching in the presence of TBA while the 

hydroxyl radical species is enhanced (Figure 10d). Like GOQD, 

the GOQD/MnO2-c sample has its hydrogen radical species 

quenched and its hydroxyl radical species enhanced in the 

presence of TBA (Figure 7e). Since the H2O upon 365 nm exc 

with TBA control enhances its hydrogen radical signal, the 

quenching of the hydrogen radical formation at 365 nm for 

GOQD and GOQD/MnO2-c can be attributed to the facile 

kinetics of hydrogen radical quenching in the presence of 

TBA. 

 To quantify the radical species formed from H2O, 

GOQD, and GOQD/MnO2 a peak-to-peak intensity 

measurement were measured from a specific peak 

attributed to each radical species (Figure 11). Under steady 

state conditions GOQD/MnO2-c, GOQD, and H2O produce 

varying intensities of radical species with GOQD/MnO2-c 
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producing the highest concentration of radical species 

(Figure 11a). Hydrogen radicals constitute 94% of radical 

production from all samples under steady state conditions. 

Similarly upon excitation at 365 nm GOQD/MnO2-c maintains 

the highest concentration of radical species although the 

hydrogen radical production from all samples decreases to 

90% of all radical production (Figure 11b). Also the total 

concentration of radical production increases for all samples 

upon 365 nm excitation. Under steady state conditions with 

TBA the radical production of GOQD is quenched, decreasing 

from 0.12557 to 0.04523 intensity (Figure 11 c). The radical 

species concentration for H2O and GOQD/MnO2-c was 

consistent in the presence of TBA as in the absence of TBA 

under steady state conditions. The concentrations and 

percentage of radical species is variant between each sample 

under 365 nm excitation while in the presence of TBA (Figure 

11d). The H2O and TBA excited under 365 nm excitation 

produces a more enhanced radical intensity for both 

hydrogen and hydroxide radical with an overall radical signal 

peak-to-peak intensity of 0.21561 in contrast to its radical 

signal peak-to-peak intensity in the absence of TBA of 

0.05973. In contrast to H2O and TBA sample, the 

GOQD/MnO2-c and GOQD with TBA under 365 nm exc. have 
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its overall radical intensities decrease. Furthermore, the 

GOQD/MnO2-c and GOQD hydrogen radical signals decrease 

in the presence of TBA from 89.63% and 89.36% to 84.36% 

and 61.42% respectively. Since TBA produces hydrogen 

radicals under 365 nm excitation and in the absence of either 

GOQD and GOQD/MnO2-c its ability to quench hydrogen 

radicals from such samples is due to its facile hydrogen 

radical quenching kinetics (kH =1.7 x 105 M-1 s-1). The 

enhanced hydroxyl radical signals produced under 365 nm 

excitation in the presence of TBA can be attributed to a 

decrease in hydrogen radical production (Figure 8d). The rate 

of water formation from hydroxyl and hydrogen radical 

reconstitution is faster (k = 1.53 x 1010 M-1 s-1) than TBA’s 

hydrogen radical quenching[87]. Therefore in the absence of 

TBA the low concentration of hydroxide radical produced 

from GOQD and GOQD/MnO2-c is unobserved due to its 

production of water from its reaction with hydrogen radical 

(Figure 11b). Although during the excitation of both GOQD 

and GOQD/MnO2-c in the presence of TBA leads to a 

substantial loss of hydrogen radical formation which 

prevents water formation via radical recombination (Figure 

11d). 
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 Although -.OH species may be the leading cause for 

photodynamic activity the enhancement of GOQD/MnO2-c is 

enhanced in contrast to GOQD and MnO2 independently. The 

source of the activity can be elucidated from the band 

structure of the GOQD/MnO2-c.The band-gap for MnO2 is 

defined by the energy difference between the t2g and e2g 

which differs for various valence states of Mn[88, 89]. 

Theoretically, a Mn4+ structure should maintain a band-gap 

energy of 2.5 eV. Inspection of the direct band gap measured 

from UV-VIS assigns a 2.7 eV to MnO2 which agrees closely 

with theory. Furthermore band gap energy for α-MnO2 

nanowires is consistent for similar MnO2 nanostructures 

synthesized which maintain a band gap ~2.2 eV to 2.5 eV [90, 

91]. In a study by Pinaud et al. the conduction band potential 

(Ecb) was measured between 2.7 eV – 3.2 eV measured via 

various electrochemical methods[90]. The position of the 

conduction band is supported by the low efficiency of the 

incident photon-to-current efficiency (IPCE), which estimates 

a conduction band with a higher potential than H+/H2 which 

occurs at 0eV. Therefore the valence band positions for the 

MnO2 from the GOQD/MnO2-c can be estimated to be 2.7 V 

– 3.2 V while the conduction band, estimated from the band-
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gap measured from the Tauc’s plot (Figure S1), is positioned 

0V – 0.5V.  

The photoactivity of GOQD for hydroxyl radical 

production is driven by π🡪 π* which occurs near the 

excitation wavelength utilized for the photoactivity 

conducted in this work (i.e. 365 nm or 3.29 eV). The band-

gap energy calculated for GOQD is supported by the 

theoretical calculation and experimental measurements of 

energy generated by sp2 domains from graphene oxide 

structures[92, 93]. The conduction band which is determined 

from a band gap difference of the calculated valence band is 

measured at -0.79 V and 4.0 V for its respective valence band 

[94]. The proposed electronic structure of GO in  Hsu et al. 

allows for the reduction of CO2 into methanol via the 

hydrolysis of water  redox positions. Since the 

photoreduction of CO2 from Hsu et al. is driven by 

photoexcitation of sp2 domains and the extent of oxidation 

enhances the photoreduction of CO2 to methanol, then we 

can attribute the conduction band of this work’s GOQD from 

GOQD/MnO2-c to be positioned at -0.79 V. Then the valence 

band position for GOQD is calculated to be positioned at 2.5 

V specifically for sp2 domains contributing to the 

photocatalytic activity against E.coli. 
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In summary the band structure of MnO2 would be 

2.7-3.2 V for its valence band and 0-0.5 V for its conduction 

band while the band structure of GOQD is positioned at 2.5 

V for its valence band and -0.79 V for its conduction band. 

The photodynamic studies comparing radical species 

scavengers demonstrate the extent of quenching of tert-

butyl alcohol which is specific for hydrogen and hydroxyl 

formation. The redox potential of H.- formation from H+ 

occurs at 0 V which near or lower in potential than the 

valence band from MnO2 and GOQD[95]. While the redox 

potential of HO.- from H2O occurs at 2.23 V which is lower in 

potential than the valence band of GOQD and MnO2. Since 

the GOQD/MnO2-c nanocomposite is excited at 365 nm (i.e. 

3.29 eV), the energy of excitation is enough to induce an 

electron-hole separation within the MnO2 and GOQD from 

the GOQD/MnO2-c sample. Such electron-hole separation 

would induce holes within both MnO2 and GOQD which 

would need to be replenished when photoexcited electrons 

are consumed by hydrogen radical. The efficiency for the 

photodynamic activity of GOQD/MnO2-c indicate the 

photoexcited electrons react with a water-soluble species. 

Therefore, both GOQD and MnO2 are replenished by 

photolysis of H2O into HO.- which would explain the extent of 
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quenching observed for EDTA which scavenges for holes on 

the valence band of the nanocomposite (Figure 9b). The TCD 

is higher for EDTA treated GOQD/MnO2-c (TCDEDTA GOQD/MnO2-c 

= 360 seconds) in contrast to GOQD/MnO2-c   (TCD 

GOQD/MnO2/c < 180 seconds) the latter maintains a higher 

TCD in contrast to TBA treated GOQD/MnO2-c (Figure 9b). 

Therefore -.OH formation is not solely driven via hydrolysis of 

water into -.OH but also from a photoreduction process. 

Inspection of the conduction band structure of 

GOQD/MnO2-c sets a band position at 0-0.5 V for MnO2 and 

-0.79 V for GOQD. The hydrogen radical species measured via 

EPR document a high concentration of such a species for 

GOQD/MnO2-c under 365 nm exc. The valence band 

structure of GOQD/MnO2-c allows for electron movement 

from GOQD to MnO2 via their respective conduction band 

which can react with H+ to produce a high concentration . The 

bactericidal role of H.- is attributed to its degradation of 

methylene blue dye in the presence of EDTA were 

GOQD/MnO2-c maintains its enhanced photodegradation of 

methylene blue dye in contrast to samples with low 

hydrogen radical production. Furthermore the decrease of 

hydrogen radical concentration quenched in the presence of 

TBA depletes the photoactivity of GOQD/MnO2-c against 
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E.coli. The conduction band position of GOQD would enable 

the electron transfer from GOQD to the conduction band of 

MnO2, therein inducing a higher population density of 

excited electrons utilized to produce H.- from H+. The 

GOQD/MnO2-c produces an advantageous frame for 

photocatalytic bactericidal activity due to the facile synthetic 

strategy required to produce a water-soluble nanocomposite 

structure with enhanced photoactivity derived from its 

composite structure. 

2.5     Conclusion 

 The band structure of GOQD/MnO2-c provides for an 

ideal candidate for photocatalytic activity against E. coli. The 

formation of H.- from GOQD/MnO2-c provides evidence of 

the role of MnO2 as the active site for photocatalysis via 

electron-hole separation. The appropriate feed ratio of 

KMnO4 to GOQD produce a manganese oxide with a 

prevailing 4+ oxidation state for manganese which is related 

to the MnO2 structure supported by TEM. The high 

percentage of MnO2 deposited on GOQD leads to a 

dispersion of various active sites with a ~2.7 eV band gap 

ideal for electron-hole separation at an excitation 

wavelength of 365 nm (i.e. 3.29 eV). Simultaneously GOQD 

participates in this system by providing a substrate for MnO2 
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nucleation and by contributing photoexcited electrons as 

evidenced by TRFL data. The excitation wavelength (3.29 eV) 

induces electron-hole separation in both GOQD and MnO2 

for the GOQD/MnO2c structure. The electronic band 

structure for GOQD/MnO2-c allows for ROS generation in 

both photoreduction and photooxidation pathways which is 

prevalent amongst many of the GOQD/MnO2 samples in 

contrast to photocatalytic experiments conducted 

independently on GOQD and MnO2. Although clearly the 

valence state of Mn, oxidation state of GOQD, and dispersion 

of MnO2 is ideal for GOQD/MnO2-c which ultimately 

determines the source of its enhanced photocatalytic 

activity.  
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2.6 Supporting Information 

Table S1. Band gap energy (eV) of GOQD and MnO2/GOQD 

with their respective HNO3 treated samples 

Sample 
%Mn/

C 

𝜏𝑎𝑣𝑔.    

(ns) 

Bandgap 

Energy 

(eV) 

Bandgap 

Energy 

(nm) 

GOQD 0 1.724 3.2 – 3.8 
316 - 

375 

GOQD/

MnO2-a 
11.26 1.316 3.2 – 4.2 

285 - 

375 

GOQD/

MnO2-b 
8.42 1.675 

3.25 – 

4.25 

282 - 

369 

GOQD/

MnO2-c 
7.85 2.564 

2.75 – 

4.8 
250 -387 

GOQD/

MnO2-d 

0.936

9 
- 

3.5 – 

4.75 

252 - 

342 

GOQD/

MnO2-e 
1.846 - 3.2 – 4.8 

250 - 

375 

HNO3  

GOQD/

MnO2-c 

0.92 2.74 2.7 – 3.5 
342 - 

444 

HNO3 

GOQD 
0 1.66 2.8 – 3.8 

315 - 

428 
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Table S2. Average %CFU and standard deviation of E. coli, 

GOQD, and MnO2/GOQD-x under photoirradiation at 365 nm 

for varied periods of time.   

Sample t = 0 180 s 360 s 720 s 

E. coli 100 
77.86 

± 6.42 

32.76

± 8.67 

1.26 ± 

0.90 

GOQD 100 

100.6

4 ± 

23.27 

88.06 

± 

22.11 

85.25 ± 

19.37 

GOQD/

MnO2-a 
100 

11.96 

± 8.28 

5.27 ± 

5.83 

2.47 ± 

3.24 

GOQD/

MnO2-b 
100 

10.68

± 5.67 

3.53 ± 

4.09 

0.37 ± 

0.52 

GOQD/

MnO2-c 
100 

2.42 ± 

3.43 
0 0 

GOQD/

MnO2-d 
100 - 

98.02

± 0.75 

86.37 ± 

2.43 

GOQD/

MnO2-e 
100 - 

58.23 

± 

34.53 

6.58 ± 

8.15 
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Table S3. C1s peak positions and Intensity for GOQD and 

MnO2/GOQD Samples 

Sample 
C1s 

(C=C) 

C1s (C-

O) 

C1s 

(C-O-

C) 

C1s 

(C=O) 

C1s 

(HO-

C=O) 

GOQD 
284.4 

± 0.03 

285.8 ± 

0.11 
- 

287.66 

± 0.14 
- 

GOQD/

MnO2-

a 

284.4

7 ± 

0.06 

- 

286.2

6 ± 

0.05 

288.04 

± 0.09 
- 

GOQD/

MnO2-

b 

284.7

05 ± 

0.025 

- 

286.3

1 ± 

0.05 

288.14 

± 0.01 
- 

GOQD/

MnO2-c 

284.7

2 ± 

0.01 

- 

286.3

2 ± 

0.06 

288.16 

± 0.01 
- 

GOQD/

MnO2-

d 

284.5 

± 0.09 

285.96 

± 0.16 
- 

288.02 

± 0.07 
- 

GOQD/

MnO2-

e 

284.7

2 ± 

0.12 

286.11

5 ± 

0.115 

- -- 
288.36 ± 

0.115 

HNO3 

GOQD 

284.7

5 ± 

0.04 

285.62 

± 0.10 
- - 

288.91 ± 

0.08 

HNO3 

GOQD/

MnO2-c 

284.9

9 ± 

0.19 

285.15 

± 0.04 
- - 

288.63 ± 

0.04 
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Table S4. Percent compositions of varied carbon species in 

the MnO2/GOQD Series 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sampl

e 

sp2  C 

(%) 

C-OH 

(%) 

C-O-C 

(%) 

C=O 

(%) 

HO-C=O 

(%) 

GOQD 78.37 
12.3

7 
0 10.30 0 

GOQD/

MnO2-

a 

71.98 0 12.95 15.07 0 

GOQD/

MnO2-

b 

61.84 0 10.39 27.78 0 

GOQD/

MnO2-

c 

66.46 0 14.93 18.61 0 

GOQD/

MnO2-

d 

58.24 
13.9

9 
0 27.77 0 

GOQD/

MnO2-

e 

66.27 
17.5

7 
0 0 18.49 

HNO3 

GOQD 
41.58 

41.1

8 
0 0 17.23 

HNO3 

GOQD/

MnO2-

c 

45.48 
42.5

5 
0 0 11.97 
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Table S5. Mn2p Peak Positions for GOQD and MnO2/GOQD 

Samples with Average and Standard 

Sample 

Mn2p 

2p3/2 

(pos.1) 

Mn2p 

2p1/2 

(pos.1

) 

ΔB.E

. 

Mn2p 

2p3/2 

(pos. 2) 

Mn2p 

2p1/2  

(pos.2) 

ΔB.E. 

GOQD - - - - - - 

MnO2/G

OQD-a 

641.99 

± 0.1 

653.6

5 ± 

0.06 

11.6

6 

644.46 

± 0.23 

656.20 

± 0.20 
11.74 

MnO2/G

OQD-b 

642.15 

± 

0.005 

653.8

6 ± 

0.001 

11.7 - - - 

MnO2/G

OQD-c 

641.70 

± 

0.205 

653.4 

± 

0.205 

11.7

0 

642.61 

± 0.07 

654.31 

± 0.07 
11.7 

MnO2/G

OQD-d 

640.53 

± 

0.059 

652.6

2 ± 

0.158 

12.1 
641.86 

± 0.07 

653.93 

± 0.24 
12.1 

MnO2/G

OQD-e 

642.38 

± 

0.025 

654.2

2 ± 

0.035 

11.8

4 
- - - 
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Table S6. Mn2p Intensity for MnO2/GOQD-x with Standard Deviation 

 

 

 

 

 

 

 

 

Sample 

%Mn/

C 

(total 

C) 

%Mn4+/

Mn 

(total 

Mn)  

%Mn4+/

Mn 

(total 

Mn) 

Mn6+/Mn 

(total Mn)  

Mn2+/Mn 

(total Mn) 

MnO2/

GOQD-

a 

11.26 82.69 0 17.30 0 

MnO2/

GOQD-

b 

8.42 83.95 0 16.05 0 

MnO2/

GOQD-

c 

7.85 100 0 0 0 

MnO2/

GOQD-

d 

0.936 69.11 0 0 30.89 

MnO2/

GOQD-

e 

1.85 100 0 0 0 
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Table S7. Binding energy of varied oxygen species in the 

MnO2/GOQD series 

Sample 

O1s 

(lattic

e O 

MnOx

) 

O1s (C=O) 
O1s (C-O) 

(aliphatic) 

O1s 

(C-O) 

(arom

atic)  

O1s 

(adsorb

ed H2O)  

GOQD - 
531.35 ± 

0.01 

532.22 ± 

0.17 
- 

535.66 

± 0.06 

GOQD/

MnO2-a 

529.6

1 ± 

0.13 

531.24 ± 

0.06 

532.63 ± 

0.03 
- - 

GOQD/

MnO2-b 

529.5

4 ± 

0.07 

531.08 ± 

0.04 

532.38 ± 

0.04 

533.2

4 ± 

0.03 

- 

GOQD/

MnO2-c 

529.7

4 ± 

0.02 

531.13 ± 

0.03 

532.46 ± 

0.19 
- 

535.19 

± 0.16 

GOQD/

MnO2-d 

530.5

3 ± 

0.05 

531.22 ± 

0.07 

532.34 ± 

0.10 
- 

534.7 ± 

0.01 

GOQD/

MnO2-e 

530 ± 

0.01 

530.98 ± 

0.03 

532.10 ± 

0.005 

533.1

5 ± 

0.001 

536.15 
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Table S8. Percent compositions of varied oxygen species in 

the MnO2/GOQD series 

 

Sample 
Csp2 = 

O (%) 

aliphati

c-O 

Oxygen 

(%) 

Csp2 -O 

Oxygen 

(%) 

H2O 

(%) 

Lattice 

Oxygen 

on MnO2 

(%) 

GOQD 54.11 39.04 0 6.85 0 

GOQD/

MnO2-a 
46.90 31.36 0 0 21.74 

GOQD/

MnO2-b 
43.20 25.94 16.80 0 14.05 

GOQD/

MnO2-c 
36.07 40.50 0 4.48 18.95 

GOQD/

MnO2-d 
35.11 48.15 0 2.54 21.87 

GOQD/

MnO2-e 
7.87 36.59 39.10 13.16 3.28 
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Figure S1. a) UV-VIS absorption spectrum of GOQD, 

GOQD/MnO2-a, GOQD/MnO2-b , GOQD/MnO2-c ,  

GOQD/MnO2-d, and GOQD/MnO2-e  b) Direct-Band Gap 

measurement of GOQD, GOQD/MnO2-a, GOQD/MnO2-b , 

GOQD/MnO2-c ,  GOQD/MnO2-d, and GOQD/MnO2-e 

a 

b 
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Figure S2. a) UV-VIS spectra of GOQD, HNO3 GOQD, HNO3 

MnO2/GOQD-c, and MnO2 b) Direct Band Gap Measurement 

of GOQD, HNO3 GOQD, MnO2/GOQD-c, and HNO3 

MnO2/GOQD-c  

 

 

  

 

a 

b 
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Figure S3. Photoluminescence spectra of GOQD, HNO3 GOQD, 

and HNO3 MnO2/GOQD-IV at 465 nm excitation 

 

 

Figure S4. Fluorescence Lifetime Decay Measurements for 

GOQD and HNO3 
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Figure S5. a) Binding energy positions from C1s spectra for 

GOQD/MnO2-x samples and GOQD b) Binding energy 

positions from O1s spectra for MnO2/GOQD-x samples and 

GOQD 

 

 

 

a 

b 
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Figure S6. a,b) Percent composition of C1s spectra from sp2 

C, C=O, C-OH, C-O-C, and O=C-OH as a function of % Mn/C for 

MnO2/GOQD-x series c) Percent composition of O1s spectra 

from O lattice, sp2-C=O, sp3-C-O, sp2-C-O, and adsorbed H2O 

as a function of % Mn/C a from MnO2/GOQD-x series d) 

Percent composition of Mn4+ and Mn6+ as a function of 

%Mn/C from MnO2/GOQD-x series 

 

 

 

 

 

 

 

a b 

c d 
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Figures S7: Colony Forming Units (CFU) of E.coli with GOQD, 

GOQD/MnO2-d, GOQD/MnO2-e, and in the absence of 

photocatalyst excited at 365 nm for 720 seconds 
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Figures S8: a) Photodynamic activity of E.coli with HNO3 

GOQD/MnO2-c, HNO3 GOQD, MnO2, GOQD/MnO2-c, and 

without photocatalyst b)  TCD of E.coli with HNO3 

GOQD/MnO2-c, HNO3 GOQD, MnO2, GOQD/MnO2-c, and 

without photocatalyst 

a 

b 
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Figures S9: A) XPS Mn2p spectra for δ-MnO2 B) XPS O1s 

spectra for δ-MnO 

 

 

a 

b 
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Figures S10: UV-VIS spectra for Methylene Blue and 

respective photocatalysts at an excitation wavelength of 365 

nm for  A) Methyelene Blue Dye B) GOQD, Methylene Blue 

Dye C) δ-MnO2, Methylene Blue Dye D) GOQD/MnO2-c , 

Methylene Blue Dye 

 

 

 

 

 

 

 

a b 

c d 
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Figures S11: UV-VIS spectra for Methylene Blue and 

respective photocatalysts at an excitation wavelength of 365 

nm for  A) Methyelene Blue Dye and EDTA B) GOQD, 

Methylene Blue Dye, and EDTA C) δ-MnO2, Methylene Blue 

Dye, and EDTA D) GOQD/MnO2-c , Methylene Blue Dye, and 

EDTA 

 

 

 

 

 

a b 

c d 
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Figures S12: First order exponential decay fit for GOQD/MnO2 

-a, b, c, and d series for %CFU decayed over time for an 

excitation wavelength of 365 nm  

 

Figures S13: First order exponential decay fit for 

GOQD/MnO2 -d and e series for %CFU decayed over time for 

an excitation wavelength of 365 nm 
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Figure S14: XPS Spectra of C1s for a) HNO3 treated GOQD and 

b) GOQD/MnO2-c 

 

 

 

 

a 

b 
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Figure S15: XPS O1s Spectra for a) GOQD, b) GOQD/MnO2-a, 

c) GOQD/MnO2-b, d) GOQD/MnO2-c, e) GOQD/MnO2-d, 

GOQD/MnO2-e 
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Figure S16: XPS Survey Scan of a) GOQD, b) GOQD/MnO2-a, 

c) GOQD/MnO2-b, d) GOQD/MnO2-c, e) GOQD/MnO2-d, f) 

GOQD/MnO2-e, g) HNO3 GOQD, h) HNO3 GOQD/MnO2-c, and 

i) MnO2 
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The photocatalytic property of nanomaterials provides for a 

desirable tool for facile antibacterial activity. Photocatalytic 

efficacy of metal oxide, graphene oxide, and composite 

nanoparticles induce photodynamic activity towards Gram-

Negative and Gram -Positive bacteria with excitation of 

monochromatic or visible light. The extent of antibacterial 

efficiency of such nanomaterials is attributed to the 

production of reactive oxygen species (ROS) which lack 
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cellular specificity. Therefore, when nanomaterials are 

utilized medically, ROS production may induce cell lysis to 

eukaryotic cells of the host. While the source of ROS 

production on nanomaterials play a critical role in the 

photodynamically driven antibacterial activity it hinders its 

biomedical application due to its non-site-specific cell 

targeting. Visible light driven excitation of metal oxide and 

composite nanoparticles have been found to induce cell 

death due to the high rate of ROS production. While such 

nanomaterials are efficacious for in-vitro activity against 

bacterial cells the efficacy of activity for in-situ experiments 

may be hampered. Herein, we utilize 3d transition metals 

chelated with graphene oxide to tune the overproduction of 

ROS by bypassing necessity of a large ensemble of metal 

oxide, metal, and carbon-based nanocomposites which lack 

biocompatibility due to overproduction of ROS. Among the 

examined GOQD-M2+ the metal ions tested included Co2+, 

Cu2+, Mn2+, Fe2+, Fe3+, and Ni2+. Enhanced photodynamic 

activity was found for GOQD-Co2+ under 365 nm excitation 

with atomic percentage of 0.75 Co/C evaluated via XPS.. 
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3.1 Introduction 

 

Bacterial resistance to antibiotics is driven by the 

genomic mutations which reconstruct bacterial metabolism 

to combat antibacterial activity. The rate of genomic 

mutation demands the application of novel antibiotics or 

combinations to prevent variation in an organisms’ MIC [1]. 

Consistent exposure of a specific antibiotic to a microbial 

organism will inevitably inherit antibiotic resistance. 

Therefore, the continuous development of novel antibiotic 

procedure to combat the high rate of bacterial mutation is 

imperative in maintaining the efficacy of antibiotics [2-5]. 

Although methodical variations in antibiotic administration 

may provide a temporary solution to bacterial resistance, the 

high mutational rate of bacteria can eventually reconfigure 

the machinery of bacteria. The extent of adaption is such that 

even microorganisms treated with combinations of various 

antibiotics may exhibit resistance upon prolonged exposure 

[6]. Therefore, due to the surmounting necessity of 

alternative therapeutics the utility of nanoparticles as a 

vector for antibacterial activity has become more relevant. 

A plethora of nanoparticles have been widely utilized 

against a variety of bacterial organisms. The mechanism of 
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bactericidal activity from biologically active nanoparticles 

spurs from ionization, nanoparticle-membrane interaction, 

or photon-induced ROS generation. The biomedical 

application of nanoparticles inducing bactericidal activity via 

ionization and nanoparticle-membrane interaction are 

limited by the extent of toxicity [7-12]. Nanoparticles utilizing 

such mechanisms require a relatively high concentration to 

induce bactericidal activity which unequivocally induces 

cytotoxic activity of eukaryotic cells due to ionization or 

nanoparticle-membrane interaction. Therefore, to enhance 

the biocompatibility of such nanomaterials it is critical to 

minimize the concentration of graphene oxide, metal oxide, 

and nanocomposite structures. The biomedical potential of 

nanoparticles is most prominent for metal oxide and 

graphene oxide composites which increase the electron-hole 

separation via photoexcitation mechanism which lead to 

production of ROS[13-17]. Photodynamic activity of ZnO 

nanoparticle structures have been found to be widely 

efficient in inducing antibacterial activity against Gram-

Negative and Gram-Positive bacteria. The efficacy of 

photodynamic activity of ZnO is attributed to the band-gap 

energy and potential energy positions of its conductive and 

valence band. Although the compatibility of Zn2+ is present in 
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various biomolecules including superoxide dismutase (SOD), 

DNA/RNA polymerase, d-Amino-levulinic acid (dALA) 

dehydrogenase its low ionization energy facilitates its 

uncontrolled ionization[18]. 

Even the enhancement ZnO nanomaterials via ligand and 

structure modification suffer from increased Zn2+ ionization 

and destructive cell-membrane interaction[19-21]. The 

adaptation of ZnO functionalized on graphene oxide 

structures has enhanced its biocompatibility by decreasing 

total atomic ZnO concentration while utilizing the synergistic 

optical properties of both structures. In the pursuit of 

minimizing ionization of photoactive metal oxide, a series of 

second row transition metals were designed to explore the 

relevance of metal-oxide deposition onto graphene oxide 

quantum dots (GOQD) via complexation of the metal-ion to 

oxygen moieties. The facile sonication method of water-

soluble Mn+ ions produced a series of metal oxide free carbon 

structure with metal chelated structures as examined by high 

resolution transmission electron microscopy (HRTEM) and X-

ray photoelectron spectroscopy (XPS). The rate constant of 

emission measured from time resolved fluorescence lifetime 

(TRFL) increased for GOQD-Co2+ at 365 nm excitation and 

GOQD-Mn2+ at 465 nm excitation in contrast to GOQD and 
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GOQD-Mn+ samples. The enhanced photodynamic activity of 

GOQD-Co2+ at 365 nm correlates with enhanced lifetime of 

the excited electron. Methylene blue dye (MBD) degradation 

experiment at 365 nm excitation of GOQD-Co2+ did not 

exhibit an enhanced photocatalytic activity suggesting a ROS 

independent photocatalytic bactericidal mechanism.  

3.2 Experimental Section 

3.2.1 Chemicals  

Cobalt nitrate hexahydrate (98 %), Manganese Chloride 

Tetrahydrate (99%), Ferrous Chloride Tetrahydrate (100%), 

Copper Acetate Monohydrate (98%), Nickel Acetate 

Tetrahydrate (99%), Ferric Chloride Hexahydrate (97.0%), 

potassium phosphate monobasic (99.0%), potassium 

phosphate dibasic (98.0%), pitch carbon fiber, Methylene 

Blue Dye (99.0%), nitric acid (70%) were supplied by Sigma 

Aldrich. Water was purified with a Barnstead Nanopure 

Water System (18 MΩ cm-1) 

 3.2.2 GOQD Synthesis 

The synthesis of GOQD has been detailed previously. Pitch 

carbon fiber (1g) was immersed into a mixture of 

concentrated HNO3 (40 mL) and H2SO4 (60 mL) in a round-
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bottom flask. After two hours of sonication the carbon fibers 

were refluxed at 120 C for 24 h. Once the solution was 

cooled to room temperature its pH was adjusted to pH 7 with 

NaOH. The solution was left overnight to allow for salts to 

precipitate out of solution. The supernatant, which 

contained the water-soluble GOQDs, were displaced from 

the solution and transferred to a cellulose dialysis bag and 

placed in Nanopure water for several days to afford purified 

GOQD. 

3.2.3 Metal-chelated GOQD Synthesis 

The GOQDs obtained was utilized to chelate a variety of 

transition metals including cobalt nitrate hexahydrate, 

manganese chloride tetrahydrate, ferrous chloride 

tetrahydrate, copper acetate monohydrate, nickel acetate 

tetrahydrate, and ferric chloride hexahydrate. The 25 mg of 

GOQD was solubilized in 2.5 mL of Nanopure Water with 250 

µg of each respective metal salt. Each of the metal chelated 

GOQDs was sonicated at 25oC for 10 minutes. The solution 

was then transferred to a cellulose dialysis bag and placed in 

Nanopure water for several 48 hours with intermittent 

substitution of Nanopure water. 
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3.2.4 Characterization 

The morphology and size of the samples were characterized 

by transmission electron microscopy measurements (TEM, 

Phillips CM 300 at 300 kV). UV-VIS absorption spectra were 

acquired with a Perkin Elmer Lambda 35 UV-VIS 

spectrophotometer and photoluminescence measurements 

were conducted with a PTI fluorospectrophotometer. X-ray 

photoelectron spectra (XPS) were recorded with a PHI 

5400/XPS instrument equipped with an Al Kα source 

operated at 350 W and 10-9 Torr. TRPL decay spectra was 

collected on a Horiba QM-3304 instrument at the pulsed 

laser excitation of 335 nm in the time-correlated single-

photon counting (TCSPC) mode. 

3.2.5 Antimicrobial evaluation 

In photodynamic antibacterial assessments, 200 μL of E. coli 

(OD 0.1) was transferred to a 1 mL plastic centrifuge tube, 

into which 600 uL of 0.1 mg/mL nanoparticles was added 

along with 200 μL of sterilized Nanopure water. The 

centrifuge tubes containing the E. coli and nanoparticles 

were irradiated with UV- photoirradiation (100 W, 1000-
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1500 lumen with a peak with a peak emission at 365 nm and 

465 nm, Dongguan Hongke Lighting Co, China). After 

irradiating the sample, each centrifuge tube was diluted by 

100 folds at each respective time point. From the diluted 

solution, 10 μL was distributed evenly on an LB agar plate 

utilizing sterilized glass beads. Upon dispersion of 

nanoparticle and E. coli suspension on the LB agar plate, the 

agar plates were placed in a 37 C incubator. 

3.2.6 Methylene Blue Dye Preparation 

Photocatalytic degradation of methylene blue was carried 

out by following a procedure described previously. 

Experimentally, a calculated amount of methylene blue (MB 

450 uM was diluted to 3mL in a quartz cuvette to 45 uM with 

a corresponding sample prepared above. A volume of 140µL 

of 1.0 mg/mL concentration of M2+-GOQD and GOQD was 

added to a total volume of 3 mL pH 7.2 with 45 uM 

methylene blue dye, where the pH was made with a 

potassium phosphate monobasic and potassium phosphate 

dibasic buffer. For the methylene blue dye control, the 

volume of photocatalyst was supplemented with pH 7.2 

buffer. The solution was then irradiated with a 365 nm LED 

lamp, and UV-vis spectra were acquired at different time 
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intervals. For the methylene blue dye control, the volume of 

photocatalyst was supplemented with pH 7.2 buffer. The 

solution was then irradiated with a 365 nm LED lamp, and 

UV-vis spectra were acquired at different time intervals. 

 3.3 Results  

  The modified Hummer’s method for GOQD 

synthesis leads produces a large sheet like structure which 

extends in size beyond 50 nm (Figure 1 a,b). Close 

examination of large sheet-like GOQD structures depict 

GOQD nanoparticles with distinct lattice fringes of 0.24 nm 

corresponding to a lattice fringe of (1120) [22-24]. The 

macromolecular morphology of GOQD is present due to its 

distribution of sp2 domains within the GOQD structure, 

therein creating an agglomerate of smaller domains 

separated via oxidized functional groups[25] [26]. A 16 hour 

reflux of pitch fiber with nitric acid and sulfuric acid leads to 

an average diameter size of 10-20 nm which is observed in 

Figure 1 c) and d) corresponding to a similar domain size 

exhibited by Rojas-Andrade et al. [26]. While the structural 

composition of (Figure 1 a-d) corresponds to GOQD-Co2+, the 

sample does not demonstrate the appearance of Co oxide 

structures which may have developed via hydrolysis reaction. 

Specially since Co oxide formation does not occur unless 
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Figure 1: a,b) Representative TEM image of a GOQD-

Co2+nanosheets c,d) 

 synthesized under a high temperature reaction over 100 oC 

[27-31]. Although the synthesis technique by Tonh et al. [32]  

was utilized to produce the chelated M2+ - GOQD structure, 

the resulting modified GOQD structure was not treated at 

high temperature in the presence of reducing agents like H2. 

Further observation of the UV-VIS spectra  

 

 

 

 

 



111 
 

Figure 2: UV-VIS Spectra of GOQD and the GOQD-M2+ series 

representative TEM image of Co2+-GOQD nanoparticle 

electronic transitions of chemical moieties functionalized 

onto GOQD.  

depicts the electronic transitions of GOQD and M2+-GOQD 

structures shows the presence of the major peaks at 240nm, 

260 nm, and 280 nm are due to the π🡪π* electronic transition 

which are dominated by the size of the sp2 structures and 

presence of sp3 groups charge mobility through GOQD 

structure [33, 34]. The presence of such spectroscopic 

features through all GOQD chelated M2+ suggest the 

sonication of GOQD in the presence of each respective metal 

salt maintains the GOQD chemical and structural 

composition (Figure 2). Furthermore, the decrease in  
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Figure 3 a) Photoluminescence Emission Spectra of GOQD 

and M2+-GOQD series corresponding to a 335 nm excitation 

wavelength b) Photoluminescence Emission Spectra of 

GOQD and M2+-GOQD series corresponding to a 465 nm 

excitation wavelength.  

absorption from all peaks associated with π🡪π* transitions 

lead to  the inclusion of an electronic state throughout all  

GOQD-M2+ samples which affect the predominant π🡪π* 

transition existent in bare GOQD sample.  

The excitation wavelengths of 335 nm and 465 nm 

from GOQD are present due to the size of sp2 domains and 

presence of sp3 functional groups. The dependence of 

emission wavelength from the excitation wavelength can be 

attributed to an excitation mechanism originating from 

dissimilar functional groups. The 500 nm emission from an 

excitation wavelength of 335 nm corresponds to a σ*
🡪n  

transition which is a dominant transition in GOQD structures 

with an increased concentration of functionalized. A 

 

a) b) 
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broadened excitation wavelength from 300 nm to 420 nm 

correlates to electronic transitions from C=O moieties[35]. In 

a study by Li et al. oxidation of GOQD with HNO3 produces a 

-OH and C=O functionalized GOQD structure with emission 

wavelengths present at 470 nm and 520 nm, which are 

respective to  σ*
🡪n  and π*

🡪π transitions. The broad emission 

from 400 nm to 600nm from 335 nm excitation of GOQD 

indicates that such an excitation is due to sp2 domains, C-OH, 

and C=O functional groups on GOQD. The emission profile 

from the 335 nm excitation of GOQD contains a larger FWHM 

in contrast to the emission from 450 nm excitation. 

Furthermore, the emission peak is centered at 550 nm which 

corresponds mainly to  π*
🡪π transitions[34]. Herein the 

GOQD fluorescence spectra is due to either a contribution of 

sp2 and sp3 moieties from the 335 nm excitation and a 

contribution mainly  from sp2 moieties. Although the 

theoretical bandgap for π🡪 π* transitions is 3.86 eV (i.e. 310 

nm) [36] the dominant peak at 335 nm is due to the high 

oxidation of the graphene  
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Figure 4 a )Time Resolved Fluorescence Lifetime (TRFL) at 

365 nm excitation for GOQD and GOQD-M2+ series b) TRFL at 

465 nm excitation for GOQD and GOQD-M2+  

series frame [37]. Furthermore, the presence of bimodal 

excitation spectra  

hydroxide groups (Figure 3 a) is due to larger sp2 frames as 

evidenced by Dong et al. via fine tuning of Graphene Oxide 

by tuning the carbonization degree of citric acid[38]. 

Due to the acidity of metal salts, they can readily interact 

with more basic moieties functionalized on the GOQD. A 

diminished fluorescence emission intensity for all GOQD-M2+ 

samples is measured under both 335 nm and 465 nm 

excitation (Figure 3 a,b). Regardless of excitation wavelength 

the normalized fluorescence intensity of GOQD-M2+ 

diminishes when GOQD is chelated with a metal with a 

 

 b) a a) 
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 Figure 5: XPS of a) High resolution C1s spectra for GOQD and 

GOQD-M2+ samples b) O1s spectra for GOQD and GOQD-M2+  

samples c) Mn 2p d) Co 2p e) Ni 2p and f) Cu 2p spectra for 

GOQD-M2+ samples lower atomic number. At 335 nm 

excitation the normalized intensity for GOQD-M2+ decreases 

in the following order Cu(II) > Ni(II) > Fe(II) > Fe(III) > Co(II) > 

Mn (II) (Figure 3 a). Similarly at 465 nm excitation the 

normalized intensity for GOQD-M2+ decreases in the 

following order Ni(II) > Fe(II) > Fe(III) ~ Cu(II)  Co (II) > Mn (II) 

(Figure 3 b). fluorescence intensity for GOQD structure has 

been attributed to the vacancy of the 3d orbital for transition 

metals has been attributed by various groups [39-42]. The 

high extent of  quenching for Fe(III) instead of Mn(II) can be 

attributed to the high concentration of phenol sites which 

was evaluated by 

 

a) 
b) c) 

d) 

e) 

f) 
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Figure 6: a) Photodynamic Activity of E. coli measured at 

respective time points of 365 nm LED irradiation b) 

Normalized CFU of E.coli irradiated at 365 nm LED at various 

tie points c) Percentage of Normalized CFU with respect to 

initial CFU measured at 360 seconds of irradiation 

Wang et al. who found a GOQD with extensive concentration 

of phenols to be more sensitive to Fe(III)[42]. Smaller sp2 

domain sites do not quench GOQD fluorescence due to the 

vacancy of the 3d orbital of the 3d transition metal. An 

example of these structures include fullerene derived  

 

a) 

b) c) 
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Figure 7: a) Photodynamic Activity of E. coli measured at 

respective time points of 465 nm LED irradiation b) 

Normalized CFU of E.coli irradiated at 465 nm LED at various 

tie points c) Percentage of Normalized CFU with respect to 

initial CFU measured at 720 seconds of irradiation 

graphene oxide quantum dots or unfolded fullerene 

quantum dots (UFQD) which are quenched vastly by Cu(II)  

[43, 44].Energy charge transfer between UFQD and to 

chelated metal ions as well as the change in nonradiative 

 

a) 

b) c) 
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charge transfer of aggregated UFQDs is associated with 

decreased fluorescence according to Ciotta et al.[44]. 

The lower electron configuration of 3d orbitals from the 3d 

block transition metals could allow for enhanced electron 

transfer from the GOQD structure to the metal chelated to 

GOQD sites. A diminished fluorescence lifetime data 

supports the observed quenched fluorescence from GOQD-

M2+ structures. At 365 nm excitation all GOQD-M2+ maintain 

a higher average lifetime constant τavg. (from equation 1) to 

GOQD. The τavg for all GOQD-M2+ and GOQD at an excitation 

of 365 nm increased in the following order GOQD < Cu (II) < 

Mn (II) < Fe (II) ~ Fe (III) ~ Ni (II) < Co (II) . The variation of τavg 

from the GOQD-M2+ closely resemble the diminished 

fluorescence intensity of GOQD at 365 nm excitation (Figure 

4 a). The direct correlation between normalized fluorescence 

intensity indicates the relaxation of excited electrons to the 

π energy state of GOQD. Deviations of such a relationship 

between τavg indicate the excited electrons are relaxing to 

lower energic state via nonradiative pathways or are reactive 

with dissolved oxygen or water molecules via trapped states. 

The samples which do not follow a direct correlation with 

normalized fluorescence intensity and τavg include Mn(II)-
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GOQD, Cu(II)-GOQD, and Co(II)-GOQD. In contrast to the τavg 

at 365 nm excitation, the τavg at 465 nm increased in the 

following order GOQD < Cu(II)  < Fe(II) ,Ni(II) < Co (II) ~ Mn (II) 

< Fe (III) (Figure 4b). The 365 nm emission spectra, which is 

closer to the 335 nm excitation position, originates 

fluorescence from both sp2 and sp3 functional groups while 

465 nm emission originates from sp2 functional groups. The 

drastic effect of Fe(III) on τavg at 465 nm excitation is 

supported by the known interactions of Fe(III) with phenolic 

functional groups on GOQD which readily quench 

fluorescence [42]. In the C1s and O1s spectra of GOQD, 

Mn(II)-GOQD, Co(II)-GOQD, Ni(II)-GOQD, and Cu(II)-GOQD 

the peaks related to oxygenated functional groups on GOQD 

maintain the binding energy found for GOQD (Figure 5). The 

similarity of the binding energy of C1s and O1s of GOQD-M2+ 

to GOQD is attributed to the high percentage of 2+ valency 

measured from the 2p spectra of each respective metal. In 

contrast to the other M2+-GOQD samples, the Cu(II)-GOQD 

sample contains a peak at the 2p3/2 peak at 932.85 eV and 

2p3/2 to 2p1/2 peak splitting of 20 eV which is distinguishable 

peak for a Cu(0) or Cu(I)[45-50]. Since the Cu(NO3)2 salt is 

sonicated in the presence of GOQD in order to chelate the 

Cu(II) onto the GOQD the vibrational energy of water along 
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with the positive redox potential for Cu (II) + e- = Cu(I) can 

lead to the production of Cu2O nanoparticles. According to 

Bau et al. sonication of Cu(NO3)2 in water leads to the 

production of Cu2O nanoparticles as evidenced from XPS and 

TEM [50]. The elemental percentage of Cu(I) from the total 

Cu composition of Cu(II)-GOQD is 26.39% measured from Cu 

2p spectra. The absence of 530.0 eV peak, corresponding to 

the Olat of Cu2O, suggests the total concentration of Cu2O to 

be relatively low[50]. Similar to formation of Cu2O 

nanoparticles from sonication of Cu(NO3)2 sonication in 

water, the sonication of manganese salt in water leads to 

formation of Mn3O4 nanoparticles. The Mn 2p spectra from 

Figure XX c contains two distinct Mn 2p3/2 peaks at 640.91 eV 

and 642.59 eV which corresponds to Mn2+ and Mn4+ 

respectively[51, 52]. The difference in binding energy 

between 2p3/2 and 2p1/2 between Mn2+ and Mn4+ is near 12.0 

eV for both Mn signals (Figure 5 c). In a study by Suktha et al. 

nanoparticles of Mn3O4 by ultrasonication of Mn2+, which is 

proposed to occur via hydrolysis [53, 54]. Therefore, 

oxidation of Mn2+ may be facilitated under an ultrasonicating 

environment. In contrast to GOQD-Mn2+ and GOQD-Cu2+ 

which produce metal oxide nanoparticles via ultrasonication 

of M2+ with GOQD, the ultrasonication of Co2+ and Ni2+ with 
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GOQD maintain their 2+ valency regardless of the 

ultrasonication procedure (Figure 5 d,e). The Co 2p (Figure 5 

d) depicts two major peaks for Co 2p3/2 at 780.87 eV and 

782.01 eV which can both be attributed to Co2+. The variance 

in binding energy position of 2 p3/2 peak of Co arises from the 

coordination of oxygen atoms surrounding the Co2+ atom. A 

2p3/2 binding energy at 780.4 eV is attributed to CoOOH while 

a binding energy at 782.01 eV is attributed to Co(OH)2 [55-

58]. Furthermore, the two set of satellite peaks designated 

at 785.38 eV and 788.71 eV is within the region of the 

satellite peak of Co with an oxidation state of 2+. Another set 

of satellite peaks are found at higher binding energies of 

801.21 eV and 804.5 eV which are also within the satellite 

region Co2+ [25, 59]. Two signature satellite peaks for Co2+ 

sample indicates variation in the valence band structure of 

Co2+ due to different coordinated sites [56, 59]. Previous 

studies have found chelation of Co2+ to phenol structures on 

benzoquinones and hydroxide on bis(salicylidene) based 

ligands [60, 61]. Therefore, the two discrete Co2+ peaks in the 

2p3/2 region of Co 2p  
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Figure 8: a) Methylene Blue Dye degradation at 365 nm 

excitation with a) no catalyst, b) GOQD-Co2+, and c) GOQD-

Cu2+. d) measures the rate of degradation of methylene blue 

tested in the presence and absence of catalyst with 365 nm 

excitation LED  

spectra could be originating from Co-OH of Co-O= 

coordination. The GOQD-Ni2+ sample also maintains its 2+ 

valency as indicated by the Ni 2p spectra (Figure 5 e). A 

binding energy for 2p3/2 of the Ni 2p spectra at 855.8 eV is 

consistent for a Ni2+, specifically for a Ni(OH)2 structure[51, 

62, 63]. The photodynamic activity of GOQD-M2+ was 

quantified by measuring CFU over irradiation time at 365 nm 

 

a b 

c d 
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and 465 nm excitation (Figure 6 and 7). At 365 nm the Co2+-

GOQD demonstrated an enhanced photodynamic activity in 

contrast to E. coli and GOQD with E. coli irradiated at 365 nm 

excitation (Figure 6 a). The time of cell death (TCD) for E. coli 

at an excitation wavelength of 365 nm occurs at 720 sec, but 

in the presence of GOQD-Co2+ the TCD decreases to 360 

seconds. The chelation of Co2+ to GOQD structure 

substantially enhances the photodynamic activity since 

GOQD contains no TCD within the irradiated time lapse 

(Figure 6 b).  The photodynamic activity of GOQD-Co2+ 

contains the lowest TCD in contrast to other transition metals 

chelated with GOQD (Figure 6 c) since it contains the lowest 

percentage of normalized colony forming units in contrast to 

other GOQD-M2+. The GOQD-Cu2+ exhibits a 18% normalized 

CFU at 360 seconds which is lower than the percentage of 

normalized CFU (~50%) at 360 seconds of irradiation with 

365 nm light with only E. coli (Figure 6 c). Although the 

GOQD-Cu2+ is not effective in complete eradication of the E. 

coli population since the percentage of normalized CFU stays 

constant at 18 % normalized CFU at 720 seconds (Figure 6 c). 

The photodynamic activity of GOQD-M2+ was also tested at 

an excitation wavelength of 465 nm (Figure 6). The GOQD-

M2+ were found to not have enhanced photodynamic activity 
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in comparison to E. coli irradiated at the excitation 

wavelength of 465 nm (Figure 7a). Like the photodynamic 

activity tested at 365 nm excitation, GOQD-Co2+ maintained 

the lowest percentage of normalized CFU at 720 sec for the 

GOQD-M2+ samples and GOQD (Figure 7c). In contrast to the 

photodynamic activity at 365 nm, GOQD-Cu2+ proves to be a 

less effective phototherapeutic at an excitation wavelength 

of 465 nm since the percentage of normalized CFU is ~ 65% 

at 720 sec, which is greater than the percentage of 

normalized CFU recorded at an excitation wavelength of 365 

nm ~18%. Under both excitation wavelengths the 

photodynamic activity of GOQD-M2+ proves to have a lower 

percentage of CFU at the respective measured time point in 

contrast to GOQD. 

 To understand the mechanism of photodynamic 

activity of GOQD-Co2+ and GOQD-Cu2+, both samples were 

irradiated at 365 nm and 465 nm in the presence of 

methylene blue dye (Figure 8 and 9). Under both excitation 

wavelengths the rate constant kMBD was found to be lower 

for both GOQD-Co2+ and GOQD-Cu2+ in contrast to the 

methylene blue dye control (Figure 8 and Figure 9). The 

GOQD-Co2+ maintained a higher rate of degradation (kMBD) in 
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contrast to GOQD-Cu2+ under both 365 nm and 465 nm 

excitation. 

 3.4 Discussion 

 The photodynamic activity of GOQD-Co2+ proves to 

be the most efficient under both tested excitation 

wavelengths (Figure 6 and 7). Photoluminescence spectra 

and lifetime decay measurements suggest that excited 

electrons from GOQD structure lead to the observed 

photodynamic activity. Specifically, the chelation of M2+ to 

GOQD structure enhances the photodynamic activity of 

GOQD structure at both excitation wavelengths of GOQD 

(Figure 6 and 7).  In contrast to other GOQD-M2+ samples, 

GOQD-Co2+ contains a highly quenched photoluminescence 

at excitation wavelengths of 365 nm and 465 nm. The 

greatest lifetime constant τ365nm can be attributed to GOQD-

Co2+ which suggests the quenched signal from 

photoluminescence spectra results from efficient separation 

of electron-hole separation via inclusion of Co2+ (Figure 3). 

While GOQD-Co2+ is highly quenched at an excitation of 465 

nm excitation, the fluorescent lifetime constant at 465 nm 

does not starkly contrast the lifetime of GOQD (Figure 4). Like 

GOQD-Co2+, the difference τ465nm for all GOQD-M2+ with 

GOQD is lower than at excitation of 365nm. The decrease in 
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the lifetime constant difference between GOQD-M2+ and 

GOQD can be due to the variation in functional groups 

excited at each respective wavelength. At an excitation 

wavelength of 365 nm sp2 and sp3 functional groups are 

excited, such functional groups include carbonyls, hydroxide, 

epoxides, ketones which M2+ can be functionalized to GOQD 

via oxidized functional groups. effective coordination of M2+ 

to hydroxyl functional groups of GOQD depends on the 

reduction potential of M2+ and effective electronic 

interaction of oxygen moieties functionalized on GOQD with 

M2+.  

Upon sonication of the GOQD structure, the GOQD 

initiates an exfoliation mechanism which can lead to bond 

cleavage near GOQD edge sites [64, 65]. Diffusion of the M2+ 

is assisted by a facile exfoliation of GOQDs domains from 

aggregates, although chemical diffusion from charged 

functional groups is driven by dissolved metal ions. 

Hydrolysis of metal ion in water may lead to metal oxide 

formation dependent on the reduction potential of specific 

metal ion [66, 67]. The reduction of Cu2+ to Cu1+ is 

spontaneous under conditions due to its standard reduction 

potential of Eo = 0.16 V. Therefore, the chelation of Cu2+ onto 

GOQD at pH = 7.0 and temperature of 25.0 oC could have 
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been hampered by Cu2O formation in solution which could 

have led to a lower concentration of chelated Cu2+ onto 

GOQD. Inspection of Cu 2p spectra demonstrate presence of 

Cu1+ species which could be due to a reduced ionic species 

formed from solvent or GOQD oxidation (Figure 5 f). In 

contrast to GOQD-Cu the GOQD-Co and Ni sample maintain 

an oxidation state of 2+ which can be attributed to the 

negative standard reduction potential of Co2+ to Co(0) and 

Ni2+ to Ni(0) (Eo
Co = -0.28 Vand Eo

Cu = -0.25 V) (Figure 5 d and 

e). Therefore, a higher concentration of Co2+ and Ni2+ 

maintained in its ionic state upon chelation of hydroxyl and 

phenol moieties of GOQD. The GOQD-Mn2+ contains a higher 

oxidation state of 4+ although the reduction potential of Mn 

2+ to Mn 4+ is -1.29 V (Figure 5 c). The oxidation of Mn2+ into 

Mn4+ can occur via H2O2 formation which is produced upon 

ultrasonication via hydroxyl radical formation[68]. In 

methylene blue dye (MBD) degradation experiments at 365 

nm and 465 nm the rate of degradation decreased for both 

GOQD-Co2+ and GOQD-Cu2+ in comparison to the control 

(Figure 8 and 9). A decrease in the rate of degradation 

suggests a close interaction with the E. coli cell membrane 

were the H2O2 generation is higher intracellularly. In the 
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photodynamic experiments the intracellular H2O2 could be 

utilized to HO.- via the metal chelated GOQD site. 

3.5 Conclusion 

The sonication of 3d transition metals in the 

presence of GOQD leads to the chelation of metal ions onto 

the GOQD structure as measured via XPS (Figure 5). Although 

the efficacy of chelation is dependent upon the metal ion’s 

standard reduction potential, diffusion, and rate of chemical 

exfoliation of GOQD sheets from aggregates. Variation of the 

chelated metal ion’s oxidation state suggest possible 

oxidation or reduction through solvent facilitation. An 

oxidation state of 2+ appears to be preferable for enhanced 

photodynamic activity as depicted by the enhanced 

photodynamic activity of GOQD-Co2+ and GOQD-Cu2+ which 

maintain high percentage oxidation state of 2+ as calculated 

from Co 2p and Cu 2p XPS spectra. Although the orbital 

configuration of Co2+ and Cu2+ may be ideal if there is 

charge transfer during the photodynamic process since 

GOQD-Ni also maintains an oxidation state of 2+ but 

photodynamic activity at both excitation wavelengths is like 

GOQD. Fluorescence spectroscopy indicates the successful 

chelation of all metal ions tested, with Co2+ and Mn2+ 

chelated GOQD samples with the most pronounced 
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quenching. Although the fluorescence lifetime constant at 

365 nm of GOQD-Co2+ is substantially longer than other 

GOQD-M2+. A drastic difference in the fluorescence lifetime 

at 365 nm for GOQD-Co2+ suggests the photodynamic activity 

of GOQD-M2+ occurs in the conduction band of GOQD where 

electrons could be transferred to Co2+. Although the 

methylene blue dye degradation experiments at 365 nm 

indicate that in the absence of H2O2 the photodynamic 

activity of GOQD-Co2+ is lower than GOQD. Therefore in 

order to understand the photodynamic mechanism of 

GOQD-Co2+ the methylene blue dye experiment should be 

reevaluated in the presence of H2O2 to determine if 

intracellular H2O2 concentration of E.coli could impact the 

photodynamic activity.  
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Chapter 4: Photoactivity of a Cell Membrane 
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Dot/Polyaniline/MnxOy (GPM) via Formation 

of Hydroxyl Radical (HO.-) Formation as a 

Function of Mnn+ Oxidation State 
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The biomedical relevance of graphene oxide quantum 

dots (GOQDs) as photoactive nanomaterial leading to 

reactive oxygen species (ROS) formation ultimately lead to 

bactericidal activity from functional moieties of the carbon-

based nanostructures. The deposition metal oxide upon 

GOQD have recently exhibited enhanced photoactivity via 

chemically induced modification leading to nanocomposite 

design. In the present study MnxOy nanoparticles were 
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synthesized hydrothermally and anchored with PANI onto 

GOQD. The various deposited MnxOy nanoparticles exhibited 

photoactive oxidation states of Mn. The photoactivity of Mn 

(II) led to a drastic enhancement in hydroxyl radical (HO.-) 

concentration upon photoexcitation at 365 nm excitation. 

The Graphene Oxide/Polyaniline/Manganese Oxide (GPM) 

nanocomposites designed proved to have specific 

photoactivity towards S. Epidermidis and E. coli which was 

unrelated to ROS production. Emphasizing the relevance in 

nanocomposite-to-cell interface interaction for enhanced 

photodynamic activity. 

4.1 Introduction 

The continuous widespread application of antibiotics to 

gram-negative and gram-positive bacteria has led to the 

evolution of enzymatic resistance [1]. The application of 

modern antimicrobial drugs (AMD) specific to various 

extracellular and intracellular targets have been met with 

cellular modulation of antibiotic targets [2]. Prevalent 

antibiotic utilization has led to genomic expression of van 

casettes which lead to vancomycin resistance in gram-

positive Enterococci and S.Aureus [3] specific to 

peptidoglycan binding sites on bacterial cell membranes. The 

production β-lactamase in S.Aureus and E.coli leads to 



144 
 

degradation of β-lactam derived antibiotics [3] [4]. 

Nanomaterials have readily been implemented as biomedical 

relevant alternative therapeutics to antibiotics. The 

enhanced cell membrane interaction of nanomaterial 

specific bacteria lead to lipid degradation, enzyme 

inactivation, DNA damage, and reactive oxygen species (ROS) 

formation evidently leading to cell death [5]. Metal oxide 

nanomaterials (MON) like ZnO, TiO2, Cu2O, FexOy, Ag2O 

demonstrate the bactericidal effectiveness by modification 

of the size and shape of the designed nanostructures[6]. 

Although the efficacy of MON’s originates from their valence 

band structures which allows for production of reactive 

oxygen species (ROS) which can be formed via metal oxide 

ionization [7]. The increased application of MONs a 

biotherapeutic agents stem from their available valence 

states, chemical inertness, and solubility.  

While effective valence states of MONs have been 

readily identified for their inevitable aggregation and 

precipitation[8]. The ROS formation which lead to 

preferrable bactericidal activity can lead to inevitable 

cytotoxicity to mammalian cell lines [9]. Therefore, cellular 

specificity via ligand modification can lead to MON specificity 

towards bacterial organisms therein preventing aggregation 
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and enhancing bactericidal efficacy [10, 11]. Graphene oxide 

(GO) is a utilized oxidized carbon nanostructure utilized to 

enhance MONs solubility for antibacterial activity[12, 13]. 

The negatively charged oxygen moieties of GO provide sites 

for Van der Waals interactions with surface exposed 

positively charged metal sites from the metal oxide 

lattice[14-18]. The effective charge of the metal oxide along 

with the functionalized ligand on the surface of MONs will 

overall affect the measured zeta potential leading cell 

membrane specific activity [19]. The chemical inertness of 

MON incorporated GO based nanocomposites readily lead to 

MONs with a stabilized oxidation state leading to bactericidal 

activity based on ROS production or ROS independent 

membrane degradation[20]. 

The band-gap structure of MON based nanocomposite 

further enhance bactericidal activity at concentration below 

their minimal inhibitory concentrations (MIC)[21].  The 

design of a photoactive ZnO/GQD nanostructure by Jiu et al. 

was utilized to induce UV-induced ROS formation from the 

band structure of ZnO below the nanocomposites’ MIC [22]. 

Similarly, Cao et al. demonstrated the enhanced photoactive 

antibacterial TiO2/GS nanocomposite with a tunable 

bandgap as a function of reduced graphene oxide 
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deposition[23]. The design of RGO-CuO produced by Kiani et 

al demonstrates reconfiguration of the nanocomposites’ 

band structure leading to charge transfer between the CuO 

and RGO[24]. The various GO based nanocomposites 

demonstrates the utility in enhancing the photoactivity of 

MON via chemical functionalization. Although careful 

examination of the ROS produced based on the oxidation 

state of the photoactive MON’s is limited in literature. 

Specially since various of the effective photocatalysts exhibit 

a single oxidation state. 

The various oxidation states exhibited by MnxOy provide 

an effective system to evaluate the relationship between Mn 

oxidation state and ROS production leading to bactericidal 

activity. The accounted number of photoactive bactericidal 

GO/MnxOy nanocomposites is limited in literature. Current 

work on MnxOy nanomaterials solely focus on the bactericidal 

activity exhibited in the dark without focusing on the relevant 

relationship between Mn oxidation state and ROS production 

leading to bacterial cell death [25-27]. In this work we 

examine the effect of MnxOy oxidation state on ROS 

production by utilizing polyaniline (PANI) to anchor MnxOy 

nanoparticles with differing oxidation states to understand 

the effect in photocatalytic antibacterial activity. The 
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cytotoxicity and phototoxicity towards bacterial cells were 

then examined. The chemical structure of the graphene 

oxide/polyaniline/manganese oxide (GPM) nanocomposites 

were examined with TEM, XRD, and XPS to evaluate the 

oxidation state of the deposited MnxOy on GPM. Electron 

Paramagnetic Resonance (EPR) was utilized to evaluate the 

specific ROS formed under light irradiation. The efficacy of 

photoactive MnO is found to produce a high concentration 

of HO.- although the extent of its concentration does not 

relate with photoactivity. Thereby suggesting the relevance 

in nanocomposite-to-cell interaction from GPM-x 

nanocomposites.   

 

4.2  Experimental Section 

4.2.1 Chemicals 

Aniline (99.8 %), Ammonium Persulfate (APS, 99.8%), 

Potassium Permanganate (KMnO4, 99.0%), 

Polyvinylpyrrolidone (PVP, MW 3500), 

Ethylenediaminetetraacetic Acid Disodium Salt Dihydrate 

(EDTA-2Na, 99.0%), Tert-Butanol (TBA, 99.5%), Ethanol 

(EtOH, 95.0%), and Glutaraldehyde (25.0%) were all 

purchased from ACROS or Sigma Aldrich. Water was purified 

with a Barnstead Nanopure Water System (18 M Ω cm).  



148 
 

4.2.2 GOQD Synthesis 

The synthesis of GOQD has been detailed previously. In brief, 

pitch carbon fiber (1 g) was immersed into a mixture of 

concentrated HNO3 (40 mL) and H2SO4 (60 mL) in a round-

bottom flask. After two hours of sonication, the carbon fibers 

were refluxed at 120 C for 24 h. Once the solution was 

cooled to room temperature, its pH was adjusted to pH 7 

with NaOH. The solution was left overnight to allow for salts 

to precipitate out of solution. The supernatant, which 

contained water-soluble GOQDs, was collected and 

transferred to a cellulose dialysis bag and placed in Nanopure 

water for several days to afford purified GOQD.  

4.2.3 MnO Synthesis 

90 mg KMnO4 and 27 mg of polyvinylpyrrolidone were 

dissolved in 30 mL deionized (DI) water  under stirring for 10 

minutes which formed a homogeneous purple solution. The 

solution was transferred to a Teflon-lined steel autoclave, 

sealed, and maintained at 170 oC for 12 hours for a 

hydrothermal synthesis. After hydrothermal reaction, the 

precipitates were collected and washed with DI water and 

ethanol for several times[28]. 
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4.2.4 MnOOH Synthesis 

3 mL absolute ethanol was added into 47 mL aqueous 

solution of KMnO4 (0.1 M) under stirring at room 

temperature. The mixture was then transferred into a Teflon-

lined steel autoclave, sealed, and heated at 140 oC for 24 

hours. After hydrothermal reaction, the precipitates were 

collected and washed with DI water[29]. 

4.2.5 MnO2 Synthesis 

0.608 g of KMnO4 was dissolved in 70 mL distilled water for 

30 min. Then, 1.27 mL HCl was added to the solution and 

stirred for 10 minutes. Solution was transferred to a 100 mL 

Teflon-lined stainless-steel autoclave and kept for 12 h 140 

oC. Precipitates were collected and washed with water[30].   

4.2.6 GOQD/PANI Synthesis  

25 mg of GOQD were dissolved in 100 mL of DI water and 

ultrasonicated for 1 hour. A volume of 5 mL of aniline was 

added to the GOQD mixture after sonication. A solution of 5 

mM APS was dissolved in a solution of 5.4 mM HCl which was 

later added to the GOQD solution and reacted for 10 

minutes. Afterwards another 12 mL of aniline was added to 

the solution. 
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4.2.7 GOQD/PANI/MnxOy Synthesis 

25 mg of GOQD were dissolved in 100 mL of DI water and 

ultrasonicated for 1 hour. A volume of 12 mL of aniline was 

slowly added to a stirring GOQD suspension. Separately, 

12.25 mg of APS was added to 10 mL of 5.4 mM HCl. The APS 

solution was then transferred to the stirring GOQD 

suspension which was reacted in an ice bath for 10 minutes.  

Then 25 mg of MnxOy nanoparticles were dispersed in 

hydrochloric acid (1M, 50 mL) which was later added to the 

GOQD, aniline, and APS suspension. The reaction was stirred 

for 12 hours and dialyzed in Nanopure water for three days. 

4.2.8 Characterization  

The morphology and size of the samples were characterized 

by transmission electron microscopy measurements (TEM, 

Phillips CM 300 at 300 kV). UV-vis absorption spectra were 

acquired with a Perkin Elmer Lambda 35 UV-vis 

spectrophotometer, and photoluminescence measurements 

were conducted with a PTI fluorospectrophotometer. X-ray 

photoelectron spectra (XPS) were recorded with a PHI 

5400/XPS instrument equipped with an Al Kα source 

operated at 350 W and 10-9 Torr. Time-resolved 

photoluminescence decay spectra was collected on a Horiba 
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QM-3304 instrument at the pulsed laser excitation of 335 nm 

in the time-correlated single-photon counting (TCSPC) mode 

4.2.9 Antimicrobial Evaluation  

E. coli cells were grown in Luria Broth (LB) agar in a 37 C 

incubator. A single colony was selected and used to inoculate 

3 mL of liquid LB and allowed to shake at 37 C for 18 h. The 

resulting liquid was centrifuged at 5000 rpm for 5 min and 

resuspended in Nanopure water to an optical density of 0.1 

at 600 nm. To determine the MIC, a 96-well plate was used 

to conduct a kinetic cell growth experiment in the dark at 37 

C. Each well was filled with a total volume of 200 μL with 30 

μL of sterile LB, 10 μL of bacterial solution, and varied 

volumes of the GOQD samples prepared above. Sterile 

Nanopure water was used to bring the total volume in each 

well to 200 μL. Upon inoculation, the 96-well plate was 

placed in a Molecular Device VERSA max microplate reader, 

where the optical density (OD) was measured at 600 nm 

every minute and 30 seconds with intermittent shaking 

between each reading over a 24-hour incubation period. In 

photodynamic antibacterial assessments, 200 μL of E. coli 

(OD 0.1) was transferred to a 1 mL plastic centrifuge tube, 

into which 600 uL of 1 mg/mL the GOQD/PANI/MnxOy 

samples and GOQD/PANI was added along with 200 μL of 
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sterilized Nanopure water. The centrifuge tubes containing 

the E. coli and nanoparticles were irradiated with UV 

photoirradiation (100 W, 1000-1500 lumen with a peak 

emission at 365 nm, Dongguan Hongke Lighting Co, China). 

After irradiating the sample, each centrifuge tube was 

diluted by 100 folds at each respective time point. From the 

diluted solution, 10 μL was distributed evenly on an LB agar 

plate utilizing sterilized glass beads. Upon dispersion of 

nanoparticle and E. coli suspension on the LB agar plate, the 

agar plates were placed in a 37 C incubator. 

4.2.9.a ROS Measurement 

To quantify ROS concentrations, 63 µL of the GPM 

nanoparticles was mixed with 7 µL of 1 mol L-1 DMPO with 

the mixture of Nanopure H2O and DMPO as a control. Then 

the solution was added to a capillary tube which was then 

inserted into a quartz EPR tube (Wilmad, 4 mm outer 

diameter). The tube was centered in the cavity resonator for 

data collection. Spectra were recorded at room temperature 

with a Bruker EMX EPR spectrometer operating at the X-band 

frequency (~9.4 GHz) using an ER 4122SHQE resonator 

(Bruker). The samples were subsequently irradiated of 10 

min with 365 nm UV light to collect EPR spectra. 
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4.2.9.b Ellman’s Reagent Assay 

The intracellular oxidative capacity of GPM nanocomposites 

was measured after 365 nm excitation via oxidation of 

reduced glutathione. GPM-x nanocomposite and GP were 

solubilized in pH 7.4 0.1 M PBS buffer (300 μL at 1mg/mL) 

was added into 300 μL (13 mM GSH). The solution was 

irradiated at 365 nm excitation wavelength for 10 minutes 

then 300 μL of 5,5-dithio-bis-(2-nitrobenzoic acid) (100 μM 

DTNB) was added to GP or GPM-x with reduced glutathione 

solution. The absorbance at 412 nm of 2-nitro-5-thiobenzoic 

acid (TNB) was measured to assess the oxidation of reduced 

glutathione. 

4.3 Results and Discussion  

Figure 1: TEM Images of GPM 1 (a,b,c) and GPM-2 (d,e,f) 

 GPM-1 and GPM-2 (Fig. 1 a, b, d. e).  

 

a b c 

d e f 
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Figure 2: XPS of a) High resolution N1s, b) O1s, and c) Mn2p 

spectra for GP, GPM-1, GPM-2, and GPM-3 

 

The lattice spacing from manganese oxide nanoparticles (Fig. 

S1) deposited on the surface of graphene oxide quantum 

dots (GOQD) via polyaniline (PANI) polymerization  

The anchoring capacity of polyaniline (PANI) is exhibited by 

the metal oxide nanoparticles which are layered between a 

GOQD and PANI matrix for GPM-1 and GPM-2 samples (Fig. 

1c, f). A porous GOQD frame enhances the exposed surface 

area from MnxOy photocatalyst which lead to improved 

photoactivity for  
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for GPM-3. The deposited nanoparticles exhibit a large 

population of 0.17 nm, 0.20 nm, and 0.260 nm lattice fringes 

which corresponds with hexagonal wurtzite MnO with 

corresponding parameters: P63mc, a = b = 3.3718(2) Å, c = 

5.3854 (7) Å[31] (Fig. S1). The high concentration of MnO 

nanoparticles demonstrate the efficiency of the electrostatic  

interaction of the negatively charged lattice oxygen of MnO 

and the positively charged quaternary amine from the 

polyaniline moiety. The high valency of Mn enables its 

oxidative activity thereby enabling highly oxidized Mn 

centers as active sites in the polymerization process[32, 33]. 

The polymerization process leads to a variety of MnxOy whose 

various  

 

Table 1: Summary of XPS Fitting Results (Atomic Percentage) 

 

Sample C N O 
Mn 

Mn2+ Mn3+ Mn4+ 

GPM-1 70.38% 5.86% 23.38% 0.246% 0% 0.159% 

GPM-2 62.94% 5.79% 30.75% 0.345% 0% 0.175% 

GPM-3 68.15% 5.66% 25.81% 0.092% 0.281% 0% 

GP 64.01% 4.07% 31.95% 0% 0% 0% 
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Figure 3: Minimal Inhibitory Concentration (MIC) 

measurements of E.coli in the dark with a) GP, b) GPM-1, c) 

GPM-2, and d) GPM-MnOOH  

oxidation states were driven by the polyaniline 

polymerization. XRD diffraction patterns of various 

manganese oxides with varying oxidative states are 

testament to the polymerization mechanism of PANI   

(Fig. S2). While various MnxOy diffraction patterns lead to the 

overall XRD signal measured, a critical contributor from the 

XRD pattern is originated from hexagonal MnO (mp-999539) 

and monoclinic MnOOH (mp-29159) for GPM-3 (Table S1). 

Although the diffraction pattern of hexagonal MnO and 

monoclinic is weak within the XRD pattern it does not  
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Figure 4: Minimal Inhibitory Concentration (MIC) 

measurements for S. Epidermidis in the dark with a) GP, b) 

GPM-1, c) GPM-2, and d) GPM-3 

 

disregard its compelling presence on GPM-3. The broadness 

and intensity of XRD peaks are subject to the size and shape 

of deposited nanoparticles[34].  

The diffraction pattern of wurtzite MnO is also present in 

GPM-1 and GPM-2 due to the polymerization of aniline with 

a MnxOy of higher valency which readily leads to Mn2+ (Table 

S1) [35]. The polymerized aniline may further be oxidized by 

MnO2 to Mn2+ although various MnO2/polyaniline  
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composites synthesized independently exhibit high 

concentration of MnO2 [36-41]. The presence of  

Figure 5: Growth Rate constants at respective concentrations 

of GP and GPM-x samples against a) E. coli and b) 

S.Epidermidis. Lag time measurements for GP and GPM-x 

samples against c) E. coli and d) S. Epidermidis. 

 

various oxidation states of MnxOy can be a function of the 

various intermediates from the oxidation of PANI  
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or ANI or the incomplete reduction of Mn precursors to the 

desired valency[42-45]. Since the MnxOy can be reduced in 

the presence of PANI or ANI, the final oxidation state of the 

precursor could influence the MnxOy present upon 

completion of the polymerization reaction. The absence of 

Mn4+ in GPM-3 demonstrates the Mn4+ was consumed during 

the oxidation of PANI and ANI, which occurs readily for 

MnxOy systems where the oxidation state of Mn is 4+ (Fig. S2) 

[42]  [41]. Although since the ANI polymerization is initialized 

by ammonium persulfate (APS) the reduction of Mn4+ to Mn2+ 

is not prevalent throughout the GPM-3 sample thereby 

leading to reduction of MnO2 to other structures such as 

Mn3O4 and Mn2O3 (Table S1). The presence of MnO2 in GPM-

1 and GPM-2 demonstrates the incomplete reduction of 

Mn4+ possibly growth profile of E.coli at 250 µg/mL and f. 

S.Epidermidis at 300 µg/mL from lower percentage of MnO2 

present on the surface of each composite. Therefore, in 

GPM-1 and GPM-2 APS became the main oxidizer in the 

polymerization reaction which increased the Mn4+ 

concentration in both samples. The absorption profile of 

GPM samples can be attributed to the presence of GOQD and 

PANI structure (Fig. S3). The GOQD spectra demonstrates 

three absorption peaks at 232 nm, 260 nm, and 284 nm 
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which  are related to the C=C from the sp2 system of 

GOQD[46-48] (Table S2). The prominent 232 nm peak is 

present among the GP and GPM samples due to the 

existence of  GOQD among all composite structures. In the 

GPM-2 composite the 232 nm to 218 nm peaks which can be 

attributed to the oxidation of the sp2 structure to the acidic 

environment produced from the production of sulfates from 

APS reduction (Table S2). The emergence of peaks at 238 nm, 

246 nm, and 254 nm correspond to the oxidation process[49, 

50]. The GPM samples contain a peak at 270 nm which is due 

to the absorption of quinone, which is initiated from the 

oxidation of polyaniline from MnxOy. The fluorescence 

emission spectra demonstrate the emergence of a sole 

emission peak which suggests the electron-hole 

recombination process measure via fluorescence occurs for 

a similar structure throughout all samples (Fig. S3). Although 

the emission intensity measured at 482 nm for GOQD, GPM-

2, and GPM-3 are due to from the C-OH  moiety from GOQD 

leading to a σ* - n electronic transition and near band edge 

emission from emeraldine base form of polyaniline (Table S3) 

[49, 51].  The enhanced photoluminescence at 482 nm for 

GPM-2 and GPM-3 can be related to the emission at 484 nm 

arising from GOQD and PANI. The emission spectra of GP and 
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GPM-1 is red-shifted to ~500 nm which can be attributed to 

a emeraldine base[52, 53].    

 Figure 6: Photodynamic activity at excitation wavelength of 

365 nm with E. coli, E. coli + GP, E. coli + GPM-1, E.coli + GPM-

2, E.coli + GPM-3 

The N1s spectra of GP and GPM samples demonstrate the 

presence of PANI throughout all samples due to 

deconvoluted peaks from N1s (Fig. 2a) related to various 

moieties in PANI which include quinoid -N=  

(398.4 eV), benzenoid -N-H (399.4 eV), and quaternary 

ammonium -N=+ (400.8 eV) (Table S4) [54-56]. In contrast to 

GP, the GPM samples contain a higher atomic percentage of 

quaternary ammonium which could be attributed to the 
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interaction of PANI with MnxOy during its polymerization 

(Table S5). The O1s spectra contains oxygen moieties from 

GOQD which include hydroxyl and carbonyl groups (Fig. 2b). 

In the O1s spectra the deconvoluted binding energy peaks 

are attributed to oxygen double bonded to sp3 carbon (531 

eV), oxygen single bonded to sp3 carbon (532 eV), and oxygen 

single bonded to sp2 carbon (533 eV) (Table S6)[49]. GPM 

samples contain a lattice oxygen peak at 530 eV with similar 

atomic percentage from dominant the presence of MnxOy on 

the composite structure (Table S7) [57, 58]. The prevalent 

oxidation states from Mn on the surface of GPM samples can 

be measured from the Mn 2p3/2 position of the high-

resolution Mn 2p spectra (Fig. 2c). The deconvoluted Mn 2p 

spectrum demonstrates the presence of two Mn oxidation 

states. Among all GPM samples the Mn 2p demonstrates a 

peak around 640.5 eV which can be attributed to Mn2+ (Table 

S8). The Mn 2p3/2 peak attributed to Mn2+ occurs at 640.61 

eV and 640.40 eV for GPM-1 and GPM-3 respectively which 

can be attributed to  MnO [59-62]. The spin orbital splitting 

for GPM-1 and GPM-3 is 12.06 eV and 11.85 eV respectively 

which accounts for the binding energy difference in Mn 2p3/2 

and Mn 2p1/2 for MnO structure (Table S8) [59, 63, 64]. In 

GPM-2 the Mn2p3/2 can also be attributed to Mn2+ regardless 
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Figure 7: Photodynamic activity at 365 nm excitation of 

wavelength with S. Epidermidis, GP + S. Epidermidis, GPM-1 

+ S. Epidermidis, GPM-2 + S. Epidermidis, GPM-3 + S. 

Epidermidis  

of an increase in the binding energy peak to 640.97 eV in 

contrast to GPM-1 and GPM-3[59-62, 65-67]. More 

specifically the Mn2+ signal can be attributed to MnO  due to 

its binding energy difference between Mn 2p3/2 and Mn 2p1/2  

which is 11.87 eV. Although the Mn2+ is prevalent among 

GPM samples, the secondary peak in the high resolved Mn 

2p3/2 differs in GPM-3 in contrast to GPM-1 and GPM-2 (Fig. 

2c). Within the GPM-1 and GPM-2 the secondary peak in the 

high resolved Mn 2p is defined at 642.16 eV and 642.59 eV 
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Figure 8: Photodynamic activity of GP and GPM-x under 365 

nm exc. against a) E.coli , b) S.Epidermis , c) E.coli and TBA, d) 

S.Epidermidis and TBA, e) E.coli and EDTA, and f) 

S.Epidermidis and EDTA  

with respective spin orbital splitting at 11.63 eV and 11.50 eV 

which can be attributed to MnO2 (Table S8) [57, 60, 68-72]. 

 



165 
 

The Mn 2p3/2  peak of  GPM-3 occurs at 641.6 eV with a spin 

orbital splitting at 11.8 eV which accounts for the existence   

of Mn2O3 [60-62, 72-77]. Therefore, on the surface of GPM-1 

and GPM-2 the MnxOy structures of MnO and MnO2 

contribute extensively to the measured Mn 2p spectra (Fig. 

2c). In contrast to GPM-3 where the dominant MnxOy 

structures are MnO and Mn2O3. Analysis of the total atomic 

percentage of Mn per total C present through GPM samples 

ranges from 0.5 to 0.8% (Table S9). The oxidation states of 

Mn calculated from measured atomic percentage differ 

between GPM samples with a 65% Mn2+ and 35% Mn4+ 

present in GPM-1 and GPM-2 in contrast to 25% Mn2+ and 

75% Mn3+ (Table S9). The measured valency of dominant Mn 

from GPM samples correlates with the XRD MnxOy structures 

measured since hexagonal MnO is measured in all samples. 

Also, MnO2 diffraction patterns are measured solely for 

GPM-1 and GPM-2 while GPM-3 clearly demonstrates the 

diffraction pattern for Mn2O3. 

 The minimal inhibitory concentrations of GP and 

GPM samples were assessed based on 96 well plate 

experiments. A gram-negative (Escherichia coli) and gram-

positive (Staphylococcus Epidermidis) were utilized as model 

organisms for varying membrane interactions between the 
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Figure 9: EPR hyperfine splitting pattern in the presence of 

DMPO after 10 minutes a) Photodynamic activity under 365 

nm exc. with H2O and GPM-x samples; b) GPM-1 with no 

radical scavenger, TBA, and EDTA c) GPM-2 with no radical 

scavenger, TBA, and EDTA; d) GPM-3 with no radical 

scavenger, TBA, and EDTA 

nanocomposite and the cell membrane. The resting 

membrane potential for E.coli is measured between -75mV 

to -125 mV in contrast to the membrane potential of S. 

Epidermidis which is measured at -17.1 mV   [78-80]. The MIC 
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of GP for E. coli was measured at 75 µg/mL while S. 

Epidermidis exhibited no bacterial growth (Fig. 3a and Fig. 

4a). The variation in antimicrobial activity of GP towards 

E.coli versus S. Epidermidis can be ascribed to differences  

in nanoparticle to cell interface interaction [81, 82]. Since the 

antibacterial activity of graphene oxide is specific to 

nanoparticle size and oxidation state, variation in its surface 

potential can enhance cell membrane to sp2 or oxygen defect 

interaction[83, 84]. The incorporation of MnxOy into the GP 

structure increases the MIC for E. coli by varying the 

inhibitory activity to a higher concentration for the GPM-1, 

GPM-2, and GPM-3 to a concentration of 350 µg/mL, 300 

µg/mL, and 250 µg/mL respectively (Fig.3 b,c,d). In contrast 

to E. coli, the inhibitory activity of GPM is enhanced in 

contrast to GP for S. Epidermidis organism by exhibiting an 

MIC at 400 µg/mL for GPM-1 and GPM-3 and 300 µg/mL for 

GPM-2 (Fig. 4 b,c,d). Since Mn2+ is soluble in aqueous media, 

the GPM samples with high concentrations of Mn (II) can lead 

to Mn (II) diffusion therein affecting the growth rate of E. coli 

and S. Epidermidis. In the case of E. coli the Mn (II), Mn(III), 

and Mn(IV) within GP cause an enhancement in the growth 

rate in contrast to GP alone (Fig. 3). Specifically GPM-1 and 

GPM-2 demonstrate a decreased antibacterial efficiency in E. 
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coli inhibition, the diminished inhibitory action can be 

attributed to an increase in Mn(II) (Table S4). A decreased 

inhibitory activity due to MnxOy within GP for E.coli can be 

attributed to the resistance and accumulation of Mn(II) in E. 

coli K-12 strain[85].  The aqueous Mn(II) can react on the 

surface of E.coli therein effecting the bacteria’s growth 

rate[86]. The presence of specific Mn(II)-importers  such as 

Nramp-type transporters and ATP-binding casettes  (ABC) 

importers are utilized to incorporate into metabolically 

active enzymes such superoxide dismutase, ribonuclotide 

reductase, and FosB [87]. The GPM-1 and GPM-2 which 

contain the highest concentration of Mn(II) calculated from 

high resolution XPS of Mn 2p (Fig. 2c) demonstrate an 

increased MIC (Table S4) in contrast to GPM-3 which contain 

an elevated concentration of Mn(III). The enhanced 

inhibitory activity of GPM-3 can be attributed to the 

presence of Mn2O3 on its surface. The inhibition of E.coli has 

been categorized in zone of inhibition (ZOI) experiments 

were polyvinylpyrrolidone (PVP) and cetyl trimethyl 

ammonium bromide (CTAB) displayed similar inhibition 

against E. coli [88]. Uncapped Mn2O3 is known to display 

inhibitory activity towards both gram-negative and gram-

positive bacteria [89].  
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 The antibacterial activity of GPM towards S. 

Epidermidis is enhanced in contrast to GP (Figure 4). The 

inhibitory activity of GPM-1 and GPM-3 is enhanced with an 

MIC over 400 µg/mL and an MIC of 300 µg/mL for GPM-2 

(Table S4).   Similar to Staphylococcus Aureus the gram-

positive bacteria S. Epidermidis possesses a Mn2+ specific 

binding protein known as mntABC transporter which allows 

intercellular uptake[90]. The Mn specific superoxide 

dismutase (SOD) enzymes of gram-negative bacteria such as 

S. Aureus  and S. Epidermidis known as sodM and sodA are 

influential in resistance to reactive oxygen species [91, 92]. 

Therefore, intercellular uptake of Mn2+ leads to a diminished 

antibacterial activity which is observed for highly 

concentrated Mn2+ GPM-1(Fig. 3 a). The antibacterial activity 

of GPM-2 towards S. Epidermidis is not solely attributed to 

the intracellular ionic incorporation of Mn(II). The 

incorporation of MnxOy for GPM-2 is potentially enhancing 

the cell-to-nanocomposite interaction this can be attributed 

to the dissimilarities in inhibitory activity measured for GPM-

1 and GPM-2. Assessment of the atomic concentration of Mn 

to carbon of GPM-2 from high resolution XPS (Table S9) 

demonstrates GPM-2 contains 0.82% Mn/C in contrast to 

0.5% Mn/C of GPM-1. The slightly negative membrane 
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potential of S. Epidermidis benefits from an increase in the 

Mn (II) and Mn (IV) population of GPM-2. The attenuation of 

GPM’s activity as a function of membrane potential is further 

supported by the inhibitory activity of GPM-3 which contains 

a population of Mn (II) and Mn (III) on GPM surface (Table 

S9). Therefore, the decreased valency of Mn or decrease in 

higher valent Mn concentration diminishes the inhibitory 

activity of GPM against S. Epidermidis. 

 The efficiency of MnxOy on the inhibitory activity on 

the cell membrane of bacteria of GPM nanocomposites is 

exhibited by the decrease in growth rate constant exhibited 

among all GPM samples for both E. coli and S. Epidermidis 

(Fig.5 a,b). An increase lag time (tl) as a function of GPM 

further verifies the effect of MnxOy for both E. coli and S. 

Epidermidis (Fig. 5 c,d). Growth curves measured at constant 

concentrations demonstrate the specificity of GPM-x 

samples to bacterium cell wall at high nanocomposite 

concentrations (Fig. 5 e,f). The GPM-3 nanocomposite 

demonstrates complete inhibition of E. coli growth at 250 

µg/mL (Fig. 5e) while GPM-2 completely inhibits S. 

Epidermidis growth at 300 µg/mL (Fig. 5f). The small 

deviation in antibacterial activity concentration of 

S.epidermidis and E.coli suggests Mn valency does not 
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strongly contribute to bacterial growth inhibition. 

Furthermore the bactericidal activity displayed amongst all 

GPM-x nanocomposites at high concentrations indicate the 

antagonistic influence of MnxOy on the growth of E.coli and 

S.Epidermidis. Although the high MIC’s tabulated for GPM-x 

demonstrates the necessity of a high concentration of MnxOy 

is required to inhibit bacterial growth in the dark. 

To assess the bactericidal activity of GP and GPM-x 

samples upon photoirradiation a low nanocomposite 

concentration of 6 µg/mL was utilized against bacteria. The 

photoexcitation of GPM-x samples at 365 nm excitation 

demonstrates an enhanced bactericidal activity of E. coli for 

GPM-1 at 1200 sec (Fig. 6). In contrast the photoexcitation of 

GPM-2 leads to enhanced bactericidal activity of S. 

Epidermidis at 360 sec (Fig. 7). The source of photodynamic 

activity was assessed by utilizing radical scavengers of tert-

butyl alcohol (TBA) and ethylenediaminetetraacetic acid 

(EDTA) which are specific for hydroxyl radicals (HO.-) and 

holes (h+)[93-99]. The TBA leads to loss of photodynamic 

activity against E. coli for GPM-1 only (Fig. 8c). The 

photodynamic activity for GP, GPM-2, and GPM-3 remains 

unchanged due to inactivity of photocatalyst in presence of 

TBA against S. Epidermidis (Fig. 8d). The radical scavenger 
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activity of EDTA influences scavenging activity of GPM-1 and 

GPM-2 by increasing the measured Colony Forming Units 

(CFU) of E. coli (Fig. 8e). Similarly, the TBA scavenger was 

utilized in photodynamic activity against S. Epidermidis but 

only slightly diminishes the bactericidal activity of GPM-2 by 

increasing the CFU measured at 240 seconds from 0.63% 

population of CFU to 7.03% (Table S12). The application of 

EDTA to photodynamic activity of GPM-2 against S. 

Epidermidis demonstrates quenching of GPM-2 by increasing 

the of time of cell death (TOC) of all CFU from 720 seconds to 

over 1200 seconds (Fig. 7f) Photodynamic activity among 

other GPM-x nanocomposites is not affected by the presence 

of EDTA. The effective quenching capacity of EDTA towards 

GPM-1 and GPM-2 is demonstrated clearly in the 

photodynamic activity measured for E. coli. Furthermore, 

EDTA is effective in quenching photodynamic activity of 

GPM-2 against S. Epidermidis which distinguishes holes as 

critical active site in the production of reactive oxygen 

species (ROS) inducing cell death. Electron paramagnetic 

resonance (EPR) was utilized to determine the reactive 

oxygen species (ROS) responsible for bactericidal activity for 

S. Epidermidis and E. coli (Fig. 8). The irradiation of 365 nm of 

GPM-x and H2O control demonstrate the enhancement of a 
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1:2:2:1 hyperfine structure aN = aH = 14.9 G which is 

attributed to a DMPO-OH adduct specifically related to 

hydroxyl radical (HO.-) production [100-102] (Fig. 8a). The 

HO.- production is enhanced for all GPM-x samples in 

comparison to the H2O control. The EPR peak-to-peak 

intensity demonstrates the concentration of HO.- is produced 

more extensively in the GPM-x samples in the corresponding 

order GPM-3 > GPM-1 > GPM-2. Application of TBA to GPM-

x in EPR experiments demonstrates quenching solely for 

GPM-1 (Fig. 8 b) but does not lead to an appreciable decrease 

in HO.- production. The EDTA radical scavengers for photo-

generated holes from MnxOy enhanced scavenging activity in 

comparison to TBA (Fig. 8 c,d,e,f). The photodynamic activity 

of GPM-x samples The EPR peak-to-peak intensity producing 

the quartet splitting pattern of EPR correlates with reduced 

glutathione (GSH) oxidation experiments with 5,5’-

dithiobis(2-nitrobenzoic acid) (DTNB) which is readily utilized 

to measure antimicrobial activity with ROS 

production [84, 103, 104]. The intracellular concentration of 

reduced thiols (GSH) influences the intracellular 

concentration of H2O2 via disulfide bond formation  (GSSG) 

from H2O2 oxidation (GSH🡪 GSSG + 2e- + 2H+) (O2 + 2e- + 2H+ 

🡪 H2O2) [84, 105]. The intercellular concentration of H2O2 is 
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readily controlled by both gram-negative and gram-positive 

bacteria  since superoxide formation (O2
.-) and free Fe2+ 

concentration can lead to highly oxidative HO.- effectively 

leading to cell death [106, 107]. The GPM-x nanocomposites 

were photo-irradiated for 10 minutes with a 365 nm 

excitation wavelength LED to assess the extent of GSH 

oxidation in presence of photo-active GPM-x 

nanocomposites. The loss of reduced glutathione is effective 

in the presence of MnxOy on GP in the following order GPM-

3 > GPM-1 > GPM-2 (Fig. S4).  The decrease in glutathione 

from ROS production correlates strongly with the DMPO-OH 

adduct measured for EPR among all GPM-x samples (Fig. 9 a). 

Unlike the ROS dependent oxidation of glutathione, the 

photodynamic activity of GPM-x samples do not correlate 

with the production of HO.- formation measured from EPR 

(Fig. 9 a,b). The GPM-1 and GPM-2 demonstrate enhanced 

photodynamic activity for E. coli and S. Epidermidis 

respectively which contains a high concentration of Mn4+ as 

measured from high resolution Mn 2p XPS (Table S9).  

 The XRD pattern of GPM-1 and GPM-2 exhibits MnO2 

nanostructures which are not exhibited in the GPM-3 sample 

(Fig. S2). As previously discussed the Mn (II) specificity cell 

transporter of both S. Epidermidis and E. coli can produce 



175 
 

enzymatically specific active sites for Mn(II) active 

nanocomposite attachment. Similarly to Mn(II) specificity, 

Mn(III) transferrin receptors TfR are utilized to endocytose 

Mn(III) intracellularly into bacterial organisms utilizing 

enzymatic Mn to inhibit H2O2 formation [108]. The redox 

cycling of Mn(II) and Mn(III) leads to an enhancement in 

scavenging activity of O2
.- [109]. In contrast to lower valent 

Mn, the production or consumption of Mn(IV) is prevalent in 

redox active reaction of bacteria like Bacillus  and 

Alteromonas putrefaciens [110-113]. The oxidation of Mn(II) 

to Mn(IV) is known to lead to biomineralization into MnO2 

[111, 112] which portrays the biomineralization of Mn(IV) in 

higher valent redox active bacteria. Therefore, upon cell-to-

nanocomposite interaction of GPM-1 and GPM-2, the Mn (IV) 

maintain its MnO2 structure while Mn (II) ionization can be 

intercellularly metabolized. The Mn oxidation state of GPM-

3 can both be internalized and metabolized by both gram-

negative and gram-positive model organisms utilized. Also 

the Mn (II) and Mn  (III) enzymatic sequestration in 

superoxide dismutase can lead to a decrease in intracellular 

O2
.- which leads to a diminished bactericidal activity. The Mn-

valent specific metabolism of gram-negative and gram-

positive bacteria therein lead to a diminished photoactive 
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activity of GPM-3 regardless of the extent of HO.- measured 

under photoexcitation (Fig. 9a). Furthermore suggesting the 

DMPO-OH adduct attributed to HO.- may also be a source of 

O2
.- which could occur upon protonation of O2

.- into H2O2 and 

UV irradiation to HO.-  [114]. Due to the enzymatic reactivity of 

SOD the O2
.- would lead to H2O2 which is less lethal to 

bacterial organisms. Also the cellular machinery of S. 

Epidermidis and E. coli would inevitably lead to the 

metabolization of Mn2+ and Mn3+ with (SOD) therein 

enhancing the cellular scavenging activity.  

 The protonation of O2
.- to H2O2 ultimately affects the 

HO.- hyperfine splitting pattern due to its radical formation 

from UV-irradiated H2O2 [114]. The high concentration of 

photoactive Mn(II) and Mn(III) can lead to oxidation to 

corresponding higher Mn(III) and Mn(IV) valency under UV 

excitation as proposed by Yosdhia et al. from GPM-3  [115].  

The  extensive production of HO.- on GPM-3 correlates well 

with plausible O2
.- formation due to its extent of production 

arising from Mn (III) MnxOy sites [116]. In the photoexcited 

states superoxide formation would yield from Mn (III) active 

sites via a one electron O2 reduction reaction to produce O2
.- 

leading to Mn (IV) production. The photoactivated Mn(IV) 

could be reduced to Mn(III) in the formation of HO.- as 
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measured from EPR spectra and antibacterial experiments 

[117, 118]. In contrast to GPM-3 were Mn (II) and Mn (III) 

active sites are dominant, the Mn(II) and Mn(IV) are 

prevalent amongst the GPM-1 and GPM-2 nanocomposites 

(Fig. 2c). Similar to GPM-3, Mn(II) active sites, the Mn(II) can 

indeed lead to an increased valency of Mn(III) upon 

photoirradiation which could react with O2 to form O2
.- 

leading to Mn(IV). The newly formed Mn (IV) could lead to 

HO.- therein recharging Mn to Mn (III) or could lead to a 

separate photonic process observed for MnO2 under UV-

excitation. The Mn (IV), specifically MnO2 structures, are 

readily reduced to Mn(III) upon UV irradiation as determined 

by Marafatto et al. [119]. The variation in DMPO-OH adduct 

measured from GPM-1 and GPM-2 can be attributed to the 

separate reduction mechanisms of Mn (IV) upon photo-

excitation [119]. The rate of HO.- production from the 

photogenerated Mn (IV) is replenished by H2O to HO.- for 

GPM-1 while GPM-2 experiences photoreduction of Mn (IV) 

to Mn (III). The fitted XRD of GPM-1 and GPM-2 support the 

preferred HO.- dependent formation replenishment of 

Mn(IV) to Mn(III) based on measured experimental bandgaps 

(Table S1). 
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 The XRD of GPM-1 is fitted to MnO, Mn3O4, and 

MnO2 with measured experimental bandgaps at 1.58 eV, 2.5 

eV, and 1.25 eV respectively (Table S1). Unlike GPM-1, the 

fitted XRD pattern of GPM-2 solely contains experimental 

bandgaps measured for MnO and MnO2 at 1.58 eV and 0.617 

eV respectively (Table S1). Since photoexcitation of GPM-x 

nanostructures is conducted at an energy of 3.33 eV, all 

MnxOy nanostructures would induce electron hole 

separation which could evidently react with H2O leading to 

production of HO.- (Fig. 9a). The absence of measured 

experimental bandgaps of Mn3O4 from GPM-2 underpins its 

predominant photoactive Mn (IV) reduction events to Mn 

(III). In other words, the Mn (II) and Mn (III) forms of Mn3O4 

could not be photoexcited to Mn (III) and Mn (IV) respectively 

which would lead to O2
.- and HO.- based on the reduction 

potentials asserted from its bandgap. The ROS producing 

MnxOy photoactive sites may not solely be activated during 

its photoexcitation process. The fluorescence emission of 

GPM-2 is most quenched amongst all GPM-x samples which 

suggests it is most effective in electron-hole separation 

originating from GP photoemission. Such quenching 

mechanism can be attributed to the assisted photoreduction 

of Mn (IV) to Mn (III) originating from the excited electron 
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from GP’s conduction band. A quenched emission agrees 

with Mn (IV) to Mn (III) photoreduction since the excited 

electron originating from the valence band of GP cannot 

recombine leading to its diminished photoluminescence. The 

sole specificity of GPM-1 and GPM-2 to E. coli and S. 

Epidermidis suggests an enhancement in the 

nanocomposite-to-cell interaction since the high production 

of ROS measured from the DMPO-OH adduct of GPM-3 does 

not correlate with photogenerated cell death. The close 

cellular interaction with the nanocomposites is further 

supported by the measured oxidation of reduced glutathione 

from the Ellman’s Reagent Assay (Fig. S4) where its oxidation 

relates strongly with EPR measured ROS production (GPM-3 

> GPM-1 > GPM -2).  

Furthermore, extensive oxidation based on carbon 

single molecules is supported by the leading photocatalytic 

degradation of methylene blue dye (MBD) MnxOy. The high 

extent of MBD oxidation attributed to MnO2 is not solely 

dependent on ROS formation arising from its band structure 

but also its spontaneous reduction coupled to MBD 

oxidation[120, 121]. The spontaneity of reaction is defined 

by proton concentration therein yielding a higher 

concentration of Mn2+ from MnO2 [122]. Therefore, attributing 
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enhanced photodynamic activity of GPM-1 and GPM-3 to 

intercellular ROS formation via oxidation of relevant redox 

active enzymes responsible for spontaneous ATP burrowed 

within its plasma membrane.  Ubiquinone (Coenzyme Q) 

contains redox active quinones relevant to the oxidation 

succinate to fumarate leading ultimately to electron 

transport in cytochrome b which eventually leads to ATP 

production from mitochondrial proton influx[123]. 

Therefore, intercellular concentration of MnO2 would 

facilitate cell death via mitochondrial inactivation due to the 

metabolic relevance of ubiquinone and the high proton 

mitochondrial membrane concentration. 

The present study demonstrates the antibacterial 

efficacy of a MnxOy nanostructures with enhanced water 

solubility due to PANI anchoring onto GOQD. The 

photodynamic activity of GPM-1 and GPM-2 is specific to E. 

coli and S. Epidermidis, respectively. While the low 

antibacterial activity (MIC > 200 µg/mL) of GPM-x 

nanocomposites for both model organisms further supports 

the relevance of photoactive MnxOy nanostructure utilized at 

low concentrations (6 µg/mL). The inhibition of bacterial 

growth at high nanocomposite concentration portrays the 

bactericidal activity of MnxOy nanostructure. Structural 
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information of GPM-x structure demonstrates the presence 

of lower Mn valency in GPM-3 in contrast to the higher Mn 

valency of GPM-1 and GPM-2. Fluorescence emission 

demonstrates enhanced quenching of GPM-2 which 

correlates with a decrease in ROS production as measured 

from EPR. Interestingly ROS production does not correlate 

with the observed bactericidal activity which determines the 

role of solution free ROS of nanocomposite materials. The 

bactericidal specificity of GPM-1 and GPM-2 suggests cell 

membrane-to-nanocomposite interaction as a leading role to 

enhanced photodynamic activity. 

4.4 Conclusion 

In this study the enhanced ROS production relates 

with a lower Mn valent GPM-x nanostructure. While Mn (II), 

Mn (III), and Mn (IV) all prove to be photoactive sites for ROS 

production while a lower valent Mn leads to more ROS 

dependent redox pathways. The interaction of GP and MnxOy 

leads to the UV driven photoreduction from GP to Mn (IV) 

leading to Mn (III). Therein decreasing the amount of ROS 

produced from GPM-2 due to electron transfer from the 

photo-excited electrons from the conduction band of GP to 

the photoactive MnxOy. Therefore, the efficiency of an ROS-

dependent photoreduction pathway from Mn (IV) to Mn (III) 
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determines the efficacy of photoactive GPM-x 

nanocomposites. While the lower valent Mn is critical in ROS 

production, a higher concentration of Mn (II) and Mn (IV) 

leads to enhanced photodynamic activity with S. Epidermidis 

and E. coli due to enhanced nano-composite-to-cell 

membrane interaction. The production of bacterial 

membrane specific GPM nanocomposites showcases the 

relevance in utilizing the favorable physical characteristics of 

relevant nanomaterials in producing an optimal 

photocatalyst. The application of PANI as a MnxOy nano-

anchor to GOQD can lead to further refinement of more 

effective photocatalyst for antibacterial activity. 
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4.5 Supporting Information 

 

 

 

 

 

 

 

 

 

 

 

Figure S1: TEM of GPM-3 

 

Figure S2: XRD of GPM-1, GPM-2, and GPM-3 
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Figure S3: UV-VIS and Normalized Photoluminescence 

Spectra of GOQD, GP, GPM-1, GPM-2, and GPM-3 

 

 

 

 

 

 

 

 



185 
 

 

 

 

 

Figure S4: Loss of reduced glutathione measured from 

absorption of 462 nm of the 2-nitro-5-thiobenzoic acid (TNB) 

reaction with reduced glutathione (GSH) after UV-irradiation 

in the absence of catalysis, with GP, and with GPM-x samples.   
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Figure S5: Deconvoluted high resolved C1s XPS of GP, GPM-

1, GPM-2, and GPM-3 
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Figure S6:  XPS survey scan of a) GP, b) GPM-1, c) GPM-2, and 

d) GPM-3 
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Table S1: Manganese Oxide structures identified from raw 

XPS data of GPM-x nanocomposites with their respective 

crystal system and calculated or measured bangap. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

GPM-1 

standards 

 

Metal 

Oxide 

Structur

e 

GPM-2 

standards 

Metal 

Oxide 

Structure 

GPM-3 

standards 

Metal 

Oxide 

Structure 

mp-

999539 

MnO mp-

999539 

MnO mp-

1238899 

MnO 

mp-

1180464 

Mn3O4 mp-

1238773 

MnO mp-999539 MnO 

mp-

638270 

Mn3O4 mp-

1193728 

Mn3O4 mp-

1180876 

Mn3O4 

mp-18759 Mn3O4 mp-

1180876 

Mn3O4 mp-638270 Mn3O4 

mp-

1105767 

MnO2 mvc-

12283 

MnO2 mp-778470 Mn2O3 

mp-

7045430 

MnO2 - - mp-771717 Mn2O3 

- - - - mp-29159 MnHO2 
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Table S2: Absorption peaks measured from UV-VIS with 

corresponding functional groups attributed to their 

electronic transitions. 

 

 

 

 

 

 

 

 

 

 

 

Table S3: Emission wavelength measured from excitation of 

GPM-x and GP at 350 nm. 

 

 

 

 

 

 

 

 

 

Samples  Abs. λ1 

(nm) 

Abs. Origin Abs. 

λ2 

(nm) 

Abs. Origin Abs. λ3 

(nm) 

Abs. 

Origin 

GOQD 232  π -  π* of 

C=C from 

GOQD 

260 π -  π* of C=C 

from GOQD 

284 π -  π* 

of C=C 

from 

GOQD 

GP 230 π -  π* of 

C=C from 

GOQD 

379 Phenanzine 

absorption 

  

GPM-1 230 π -  π* of 

C=C from 

GOQD 

279 π -  π* of 

substituted 

quinones 

  

GPM-2 218 π -  π* of 

C=C from 

GOQD 

238 π -  π* of C=C 

from GOQD 

246 π -  π* 

of C=C 

from 

GOQD 

GPM-3 230 π -  π* of 

C=C from 

GOQD 

279 π -  π* of 

substituted 

quinones 

  

Samples  Em λ1 

(nm)  

 

Em. Origin 

GOQD 482 C-OH σ* - n from GOQD 

GP 508 Doped -N=  

GPM-1 503 Mn+-N-phen 

GPM-2 482 C-OH σ* - n from GOQD 

and π – π* from PANI 

 

GPM-3 482 C-OH σ* - n from GOQD 
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Table S4: Average binding energies measured from 

deconvoluted high resolved N1s spectra with their 

corresponding standard deviations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample N1s 

quinoid amine 

(avg.) 

N1s benzenoid 

amine (avg.) 

N1s 

quarternary 

amine (avg.) 

GP 398.36 399.36 400.82 

GPM-1 398.8 399.55 400.90 

GPM-2 398.33 399.56 400.97 

GPM-3 398.66 399.81 400.98 

Sample N1s 

quinoid amine 

(avg.) 

Intensity 

N1s benzenoid 

amine (avg.) 

Intensity 

N1s 

quarternary 

amine (avg.) 

GP 5480.11 15164.34 4423.51 

GPM-1 10468.90 12731.97 14866.87 

GPM-2 2986.01 13042.52 23713.96 

GPM-3 7797.59 12291.98 16990.14 
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Table S5: Percentage composition of quinoid, benzenoid, 

and quaternary amine measured from high resolved N1s 

spectra. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample %Lattice Quinoid 

Amine/Total 

Nitrogen 

% Benzenoid 

Amine/Total 

Nitrogen 

% Quaternary Amine/ 

Total Nitrogen 

GP 21.86 60.49 17.65 

GPM-1 27.50 33.45 39.05 

GPM-2 7.51 32.82 56.67 

GPM-3 21.03 33.15 45.82 
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Table S6: Average binding energies measured from 

deconvoluted high resolved O1s spectra with their 

corresponding standard deviations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample O1s Lattice 

Oxygen 

(avg.) 

O1s O=C 

(avg.) 

O1s  

O-

C(avg.) 

O1s O-C 

sp2  

(avg.) 

O1s 

H2O  

(avg.) 

GP - 530.81 531.63 532.76 535.19 

GPM-1 529.8 530.93 531.92 533.02 - 

GPM-2 529.8 530.89 531.88 533.05 - 

GPM-3 529.85 530.81 531.63 532.76 535.19 

Sample O1s Lattice 

Oxygen 

(avg.) 

Intensity 

O1s O=C 

(avg.) 

Intensity 

O1s  

O-

C(avg.) 

Intensity 

O1s O-C 

sp2  

(avg.) 

Intensity 

O1s 

H2O  

(avg.) 

Intensit

y 

GP - 226364.

8 

51009.3 43023.1 38851.

69 

GPM-1 8474.99 122275.

2 

81103.3

1 

49314.3

2 

- 

GPM-2 13614.43 163349.

6 

108316.

9 

77796.1

5 

- 

GPM-3 10864.75 127145 86778.4 63502.9 4993.9

4 
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Table S7: Percentage composition of oxygen from metal 

oxide lattice, double bonded oxygen to sp2 carbon, single 

bonded oxygen to sp3 carbon, single bonded oxygen to sp2 

carbon, and oxygen measured from water adsorbed from 

high resolved O1s spectra. 

Sample %Lattice 

O/Total 

Oxygen 

% 

O=C/T

otal 

Oxygen 

% O-C/ 

Total 

Oxygen 

%O-C sp2 

/ Total 

Oxygen 

%H2O 

/Total 

Carbon 

GP - 70.65 15.92 13.43 - 

GPM-1 3.25 46.82 31.05 18.88 - 

GPM-2 3.75 44.99 29.83 21.43 - 

GPM-3 3.70 43.35 29.59 21.65 1.70 
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Table S8: Average binding energies measured from 

deconvoluted high resolved Mn 2p spectra with their 

corresponding standard deviations. Intensity of 

deconvoluted Mn 2 p spectra measured from GPM 

nanocomposites. 

Sample Mn 

2p3/2 

(avg.) 

(pos. 1) 

Mn 2p1/2 

(avg.) 

(pos. 1) 

ΔB.E. Mn 2p3/2 

(avg.) 

(pos. 2) 

Mn 2p1/2 

(avg.) 

(pos. 2) 

ΔB.E. 

GPM-1 640.61 652.67 12.06 642.16 653.80 11.64 

GPM-2 640.97 652.84 11.87 642.59 654.13 11.55 

GPM-3 640.40 652.21 11.82 641.62 653.41 11.80 

Sample Mn 

2p3/2 

Int. 

(avg.) 

(pos. 1) 

Mn 2p1/2 

Int. 

(avg.) 

(pos. 1) 

- Mn 2p3/2 

Int. 

(avg.) 

(pos. 2) 

Mn 2p1/2 

Int. 

(avg.) 

(pos. 2) 

- 

GPM-1 8985.1

7 

2810.43 - 5370.34 1100 - 

GPM-2 13250 500 - 6750 2250 - 

GPM-3 3461.1

0 

1064.36 - 10355.6

7 

1064.36 - 
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Table S9: Percentage of total manganese per carbon, ratio 

of lattice oxygen to total manganese atomic composition, 

percentage of manganese oxidation states to total 

manganese measured from XPS. 
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 Chapter 5: Summary of Research Results 

 The low-temperature growth of MnO2 from the 

oxidation of sp2 domains from GOQD with KMnO4 lead to a 

chemically stable and water soluble GOQD/MnO2 

nanocomposite structure.  Photoluminescence and time 

resolved fluorescence lifetime (TRFL) suggest an enhanced 

photodynamic activity from the electronic configuration of 

the GOQD with MnO2. The sp2 C binding energy at 284.0 eV 

experienced the highest chemical shift for all the 

GOQD/MnO2 samples which indicates electron transfer from 

the GOQD to MnO2 under steady state conditions. The 

measured fluorescence lifetime constant further 

demonstrates the possible electron transfer process from 

GOQD to MnO2 under 365 nm excitation for the 

GOQD/MnO2-c sample which maintained a rate constant of 

τ365 nm= 2.564 ns. The increased fluorescence lifetime for 

GOQD/MnO2-c correlated with the enhanced photodynamic 

activity measured for GOQD/MnO2-c with the lowest 

documented time of cell death (TCD) amongst all 
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GOQD/MnO2 samples. The radical scavenger experiments 

conducted with EDTA and TBA suggested a radical species as 

the source of bactericidal activity. Analysis via electron 

paramagnetic resonance (EPR) determined hydrogen radical 

formation as the leading species responsible for bactericidal 

activity. 

 A series of metal chelated GOQD nanostructures 

were developed to further understand the photoactivity of 

metal oxides for graphene oxide-based nanocomposite 

structures. An aqueous sonication technique was utilized to 

dope the metal ions on the exposed oxygen moieties of 

GOQD. TEM analysis of GOQD-Co2+ which contained the 

highest photoactivity at 365 nm exc. demonstrated a lack of 

metal oxide deposition. A highly quenched GOQD-Co2+ 

photoluminescence spectra measured from an excitation at 

365 nm with an increased fluorescence lifetime constant of 

τ365 nm = 2.09 ns was a measure of effective electron-hole 

separation from metal doping of GOQD.   The oxidation of 

Co2+ to Co3+ was measured via XPS with a decrease in 

chemical shift from the O1s spectra of GOQD. The shift in 

binding energy of O1s and the lack of oxygen lattice at 530.0 

eV which is readily measured for metal oxide structures 
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further supported the electronic interaction between GOQD 

and Co2+. The enhanced photoactivity at an excitation 

wavelength of 365 nm excitation for GOQD-Co2+ correlated 

with the fluorescence emission and fluorescence lifetime 

constant. Although the source of bactericidal activity upon 

irradiation was not attributed to the production of reactive 

oxygen species (ROS). 

 Previous experiments determined a high valency of 

Mn4+ with electronic interaction to GOQD was required to 

induce photodynamic activity at 365 nm excitation. To assess 

the role of oxidation state and the role of electronic 

distribution between GOQD and MnxOy, a GOQD based 

composite with MnxOy anchored via polyaniline (PANI) was 

synthesized. The TEM of GOQD/PANI/MnxOy (GPM) 

measured layered GOQD with stacked MnxOy nanoparticles. 

XRD measured Mn2+ amongst all GPM samples which was 

attributed to the oxidation of PANI in the presence of Mn4+. 

The measured XPS supported the presence of Mn2+ amongst 

all GPM samples but discerned GPM-1 and GPM-2 from 

GPM-3 by the presence of Mn4+ from the former and Mn3+ 

from the latter. Fluorescence measurements of GPM 

measured quenching for GPM-1 and GPM-2 in comparison to 
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GPM-3 which correlated with electronic interaction of GOQD 

and PANI with the deposited MnxOy of GPM-1 and GPM-2. 

The photoactivity of GPM samples was tested for gram-

negative E. coli and gram- positive S. Epidermidis with 

enhanced photodynamic activity measured for GPM-1 for E. 

coli and GPM-2 for S. Epidermidis. The radical scavenger 

experiments conducted with TBA and EDTA attributed the 

source of bactericidal activity related to the photoproduction 

of holes from deposited metal oxide nanoparticles. The 

specific radical species produced amongst all GPM samples 

was HO.- which was quenched extensively in the presence of 

EDTA. Surprisingly, the highest production of ROS was 

measured for GPM-3. Therefore, an intimate interaction of 

GPM-1 and GPM-2 with the cell membrane of E. coli and S. 

Epidermidis is proposed as the leading cause for the efficacy 

of the photocatalysts.  

 The work presented emphasizes the application of 

GOQD and MnxOy based composits nanostructures for 

photodynamic activity with UV irradiation. Electronic 

distribution between the GOQD and MnxOy and oxidation 

state of Mn was found to provide an active role in enhanced 

photo-induced bactericidal activity. Ultimately the MnxOy is 
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the active site leading to ROS production. Although ROS is a 

leading cause for photoinduced bactericidal activity a close 

interaction between the composite nanoparticle and cell 

membrane can lead to enhancement of the photoactive 

nanoparticle. 

 

 

Chapter 6: Future Work 

Functionalization of GOQD with positively charged amines 

could enhance intimate cellular interaction via ester 

formation. The extent of functionalization would lead to 

varying surface charges from the GOQD structures which 

could b examined with a series of bacteria. Metal doping of 

MnxOy would be desirable since it could decrease the band-

gap energy as well as produce trapped states increasing the 

production of ROS. The photoactivity of GOQD-Co2+ structure 

could be enhanced by producing a core shell structure which 

could provide a close cellular interaction but prevent 

hydrolysis and nanoparticle aggregation. The 

biocompatibility of GOQD based nanocomposites should be 
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examined with mammalian cell lines like human’s epithelial 

cells to assess their cytotoxicity to treat bacterial infection. 

 




