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Abstract 

Results show that nanoparticles (NPs) can be biosynthesized at room temperature on the reductive and chelating 
surfaces of Portobello mushroom spores (PMS). Using this green approach TiOx, Ag, Au, Ag-TiOx and Au-TiOx 
NPs have been prepared. These were characterized by TEM, SIMS and FTIR-FTIR. TiOx/PMS, Ag-TiOx/PMS, 
Au-TiOx/PMS and Ag/PMS were active in bacterial inhibition towards Eschericia coli and Staphylococcus aureus, 
but Au/PMS was not active (suggesting a strong Au-PMS interaction). TiOx/PMS, Ag/PMS and Ag-TiOx/PMS 
were equally active in an antibacterial and an antifungal sense when tested against Asperillus and Candide. All 
samples (except Ag-TiOx/PMS and Au-TiOx/PMS) showed an interesting interaction with DNA. We report on the 
process of fine-tuning these antibacterial properties, progress on making these nanomaterials optically self-
indicating and movement towards optical control of their antibacterial activity. Au-TiOx/PMS shows a surface 
plasmon resonance (SPR) with a maximum at 518 nm that might be useful in following its anti-bacterial 
properties (i.e. making the bionanomaterial self-indicating). The future of such green bio-nanomaterials is strong. 
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1. Introduction 
 

Nanomaterials are used in bone/tissue engineering [1]. Just as importantly, they are also needed to control infections [2] 
associated with MRSA, antibiotic-resistant bacteria [3] and multi-drug resistant Staphylococcus aureus [4]. Microbial 
infections have become a global health problem, with antibiotic-resistant genes (ABG) and antibiotic-resistant bacteria 
(ARB) emerging. 
 
It is well established antimicrobials include 5-40nm Ag nanoparticles (NPs) [4] that may be biosynthesized by green routes from  

(i) Chlorella vulgaris microalgae cells [5]  
(ii) Centella asiatica extract [6]  
(iii) Arnicae anthodium extract [7] or 
(iv) Phlomis bracteosa plants [8]  

In the last case FTIR showed that the polyphenols were mainly responsible for reduction and capping of synthesized Ag NPs 
were shown to be formed by their characteristic surface plasmon resonance (SPR) peak at 453 nm and TEM. Biomimetic Ag-
oxide nanomaterials [9], nanopatterned surfaces [10] and bio-NP composites [11] are also interesting in an antimicrobial sense, as 
are bioactive Ti-oxide surfaces [12]. It therefore seemed appropriate to investigate PMS-derived Ag NPs, Au NPs and 
TiOx/PMS, Ag/PMS and Au/PMS.  
 
It also seemed suitable to test these against gram positive Staphylococcus aureus and gram negative Escherichia coli [5,13]; 
here we wished to measure the diameters of zones of inhibition (mm) on agar plates as previously [8], while also 
characterizing where the NPs were in relation to the PMS cell wall using TEM [4]. The authors appreciate that anti-microbial 
strains, that are resistant to conventional anti-microbial agents, have appeared and some agents are unable to access cell 
membranes, restricting treatment of intracellular pathogens and causing side effects [14,15]. The authors now report a 
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preliminary study of the antimicrobial and antifungal activity of some green Portobello mushroom spore (PMS)-derived NPs 
in the hope that work at the bio-nanomaterials interface may prove useful. 
 

2. Antimicrobial Mechanisms 
 

Bacteria can be classified depending on the structure/functional components of the cell wall into: 
(i) Gram-positive bacteria (e.g. Staphylococcus aureus (S.aureus)) whose cell walls contain a thick surrounding layer 

(20-50 nm) of peptidoglycan (PG) which is attached to specific acids [15] and 
(ii) Gram-negative bacteria (e.g.  Escherichia coli ( E.coli )) which is more chemically-structurally complex; here the PG 

layer is thin and the cell wall tends to be negatively charged [16], with outer membrane containing lipopolysaccharides 
[15,17].  

Anti-bacterial agents can be (a) bactericidal (killing bacteria) and (b) bacteriostatic (slowing bacterial growth [15]). The 
mechanism of antibiotic resistance may be innate or may involve prevention of the antibiotic from penetrating the bacterial 
cell wall or hydrolysis/modification/degradation/inactivation of the antibiotic [18,19].  
 
Most anti-microbial agents exhibit inhibition, affect DNA/RNA synthesis, affect the cell membrane or damage the proteins in 
the cell [14]. 
 
With the development of biomedical nanomaterials, safer and alternative anti-microbial agents have started to emerge; these 
may be unique or may increase the activity of the conventional anti-microbial agents [19]. Treatment strategies include: (i) 
photo-disinfection with OH. [18], (ii) UV-disinfection at say 264 nm [18], (iii) photo-catalytic disinfection when reactive oxygen 
species (O2

.-, .OH or O2
-) are generated [18] (e.g. with TiO2/H2O) [18] and (iv) nanoparticle disinfection. Nanomaterials can be 

expected to become more important due to their unique chemical [20], mechanical [21], catalytic [22], electrical, magnetic, 
optical and biological properties [23]. Such properties make NPs powerful tools for vast and diverse applications (e.g. anti-
microbial, diagnosis, imaging, and thereby drug delivery (because NPs provide unprecedented opportunities to molecular 
process and interrogate cellular clinical application [24])). NPs have recently emerged as unique anti-microbial agents due to 
their shape, size and high surface area to volume ratio; NPs are of the same dimensions as proteins, nucleic acid, membrane 
of receptors, antibodies and other biomolecules [25].  
 
Antimicrobial NPs [26] operate by mechanisms that are similar (but slightly different due to their different chemical properties, 
and their size, surface area, shape, crystallinity, charge, surface energy, chemical composition and aggregation [27]). Such NP 
properties govern their interaction with/in living cells and the way in which they (i) damage or disrupt the integrity of 
bacterial membrane, (ii) change the microbial cell wall and nucleic basic pathway, (iii) block the enzyme pathway, and (iv) 
destruct the cell membrane [14]. Conversely, the cytoplasm of Gram-negative bacteria is a strong reducing environment that 
can affect the oxidation state for metal NPs [26]. 
 
Relevant antimicrobial NPs include (i) TiO2 that have weak mutagenic potential, but are lethal to S.aureus and E.coli under 
UVC in 60 min [19,26], (ii) plasmonic Ag and Au that are chemically stable, non-toxic to human cells, biocompatibility [16] and 
exhibit localized surface plasmon resonance (LSPR) [28] and colour due to the coherent excitation of all free-electrons with 
the conduction band causing (SPR) an in-phase oscillation [29].  
 
Ag NPs when coated onto a filter for water purification or coated onto medical devices or in dental resin components reduce 
infection [27] and can be employed in wound healing and can control vector transmitted infection [14] because they react with 
biomolecules (like DNA, RNA or enzymes during an electron- release mechanism) weakening DNA replication, combine 
with proteins (causing denaturation and inactivating them by reducing bacterial proteins levels [30]) and interact with P- or S- 
containing compounds (like DNA leading to damage the cell wall) and may attach to the cell membrane surface and disturb 
respiration and permeability [17,29]. Au NPs have a large number of atoms available to attach to the surface of bacteria [31,32].  
Biosynthesized Au NPs are promising for many medical applications such as anti-tumor, labeling, imaging, apoptosis and 
interaction with DNA [33]. They also show good biocompatibility, being compatible with human body cells and being 
resistance to corrosion [34]. Au NPs show a significant anti-bacterial activity depending on their size and shape and also the 
type of bacteria [24].  They strongly bind to the bacterial cell wall, allowing them to disrupt the bacterial cell membrane, 
causing leakage of nucleic acids and cytoplasm [17,35], induce photo-mutagenic processes causing damage to DNA and 
essential proteins [15], increase in ATP (where ATP generation is a significant part in the respiration chain of bacteria via the 
NAD+/NADH reaction) intercellular ATP levels, leading to bacterial death and catalyze oxidation reactions,  producing ROS 
that lead to the death of bacteria [35]. 
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Ag-TiOx and Au-TiOx nanohybrids show strong anti-microbial activity due to their multi-functionality, e.g. Ag-TiO2 and Au-
TiO2 NPs exhibit excellent anti-microbial action [36]. Recently, in green bio routes have been used to synthesis NPs (fungi, 
bacteria, and plants) [32,33] that may have interesting anti-microbial activity. 

 
3. Experimental 

 
3.1 Materials 
Fresh Portobello mushrooms were harvested. Reagents titanium(iv) isopropoxide Ti(OC3H7)4 (ACROS organics; 98%), 
ethanol (Sigma Aldrich; 99.9%), 2-propanol (Fluka; 99.9%; IPA), AgNO3 (Fisher chemical; >99%), gold (III) chloride 
hydrate (AuCl3.xH2O; Sigma Aldrich; 99.9%) were used as received. Two bacterial strains (pathogenic) were used during the 
testing: Staphylococcus aurous (Gram positive) and Escherichia coli (Gram negative). In addition Aspergellis and candida 
were used. 
 
3.2 Instruments  
FTIR spectra were recorded on an IR-affinity-1 (Shimadzu) with ATR. FTIR was undertaken on an FT-IR spectrometer 
(Perkin Elmer, Spotlight 300). Surface morphology and particle size were examined by scanning electron microscopy (SEM, 
Supra35 VP) with EDX after Pt or Au coating. Transmission electron microscopy (TEM, Jeol 2100f, field emission gun 
(FEG) was used to assess morphology and particle size using a Gatan camera/imaging software (Gatan microscopy suite, 
version 3). Secondary ion mass spectrometry (SIMS, Kore z-7861-M on a silica wafer) was used to investigate surface 
composition. Ag, Au and TiO2 nanoparticles were characterized by UV-Vis spectroscopy (Perkin Elmer Lambda 650s).  
 
3.3 Preparations 
A 3mM solution of Ti(OC3H7)4 in 5 mL 2-propanol (IPA) was made up and filtered (0.22µm). 4-5 mg Portobello mushroom 
spores (PMS) were washed twice with water and acetone respectively and were then dispersed in 5 mL water and added with 
magnetic stirring (1-2h) to give TiOx/PMS. 
 
PMS (4-5mg) was dispersed in 5 mL water (ultrasonic bath for 15 min). At this point, 5 mL of aqueous 3mM AuCl3 solution 
was added with magnetic stirring at 298K. The pH of the suspensions was 1.4 and adjusted to around 9 - 10 by adding NaOH 
(0.1 and 0.01M). These Au NP sols were left for 3h under magnetic stirring to give Au/PMS. The colour of the solution 
changed after 1-3h. The same steps were used to prepare Ag/PMS using 3mM of AgNO3. 
 
Ag-TiOx/PMS nanohybrid was prepared by ultrasonically dispersing 4-5 mg of PMS in 5mL water for 15min. Then, 5mL of 
aqueous AgNO3 (3mM) were added to the PMS dispersion with magnetic stirring at 298K for 3h. The Ag/PMS was left 
overnight. Then to 5mL of Ag NPs/PMS was added Ti(OC3H7)4 (3mM) in IPA with magnetic stirring for 3h. The same steps 
were used to prepare Au-TiOx NPs/PMS in IPA.  
 
3.4 Bio-activity Measurements  
Antibacterial activity was determined in duplicate using Mueller Hinton agar. PMS and NP/PMS samples were dispersed in 
(and diluted with) IPA or H2O. The antibacterial activity of NPs/PMS was assessed against two pathogenic bacteria species: 
Staphylococcus aureus (Gram positive) and Escherichia coli (Gram negative) in the agar well diffusion method. Overnight 
cultures were used. After 24 h of incubation, bacterial suspension (inoculum) was diluted with sterile physiological solution, 
for the diffusion test, to 108 CFU/mL (colon forming unit) (turbidity = McFarland barium sulfate standard 0.5) [37]. The 
control sets (IPA and H2O) were maintained at the same condition. The bacterial inoculums were uniformly spread using a 
sterile cotton swab on a sterile Petri dish containing agar. 50 μL of the PMS or NP/PMS samples were added to each well (6 
mm diameter holes cut in the agar gel, 20 mm apart from one another). The plates were incubated for 24 h at 309K, under 
aerobic conditions. After incubation, confluent bacterial growth was observed. The diameter of the zone of inhibition can be 
measured in mm [37].  
 
In the agar diffusion disc-variant measurements, NP/PMS were dispersed in (and diluted with) IPA and were used to 
impregnated 6 mm filter paper discs (Whatman no. 2) to a loading of 10L or mg.m-2. The discs were maintained at 298K 
until evaporation was complete and were then kept under refrigeration until the test, when they were placed onto the surface 
of the agar and incubated overnight at 309 K, at which point the zones of bacterial inhibition were recorded. These 
measurements were in duplicate [38]. In anti-fungal activity measurements, the  NP/PMS samples were assessed against two 
pathogenic fungi species: Aspergellis and candida using an agar diffusion disc method. Here the plates were incubated for 72 
h at 309 K under aerobic conditions. After incubation, confluent fungi growth was observed. The radii of the regions of 

inhibition of the fungal growth were again measured (mm); again tests were performed in duplicate [38].  
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Consideration was also given to PMS and NP/PMS interaction with DNA in a genomic DNA extraction measurement. 
Nucleic acids from each 200 μL of EDTA-whole blood sample were extracted (after cell lysis and protein denaturation 
according to the procedure 28) and stored frozen (253K) until required. The concentrations of extracted DNA were measured 
by NanoDrop ND-1000 spectrophotometer that measured absorbance of DNA, RNA, protein and dye at 220-750 nm [39]. 
1.5μL of DNA was assessed at 260nm to determine DNA concentration and the optical density (OD) ratio [39]. To study the 
effect of/on PMS-based samples on genomic human DNA, 10 µL of each sample was mixed with 10 µL of human genomic 
DNA. The mixture incubated at 310K for 1 h, then the absorbance of mixture was measured at 260 nm [39] and the DNA 
concentration was thereby assessed.  

 4. Characterization Results 
 

4.1 SIMS (see Table 1) 
The positive SIMS for PMS and TiOx/PMS showed some intense peaks. PMS peaks at 28, 45 and 68 m/z are decreased in 
intensity as a result of TiOx coating, while peaks at  63 and 64 m/z related to TiO+ and TiOH+ respectively appeared. The 
PMS ion fragments need to be related to surface functional groups seen in FTIR (Table 2). 
 
4.2 SEM and TEM 
Figures 1-5 illustrate the hollowed oval-shaped morphology of 5m-sized PMS that was similar to red blood cells and the 
location of the 10-20nm sized pseudo-spherical discrete Ag and Au NPs and the TiOx overlayers in the cell walls. The PMS 
shape is not changed by heating at 373K, apart from an increase on some concave/ convex curvature on fluid loss. When 
fractured, the cell walls appeared to be ~252 nm thick (i.e. able to accommodate many 10-20nm-sized NPs). Clearly, the Ag 
and Au NPs were biosynthesized by the functional groups in the PMS cell wall and remain fixed there.  
 

Table 1. Comparison of the intensities of some positive SIMS peaks for the PMS and TiOx/PMS. 

 
m/z peak SIMS intensity for PMS SIMS intensity TiOx/PMS 

produced from 0.03mM 
alkoxide solution 

Chemical assignment 

15 1200 --- CH3
+ 

23 10000 --- Na+ 

28 50000 14000 C2Hx
+. 

29 15000 --- K+ 
40 4000 --- Ca2+ 
45 7500 2000 C2H5O+ 

63 --- 175 TiO+ 
65 --- 240 TiOH 
68 1400 75 CxHyO+ 

 Table 2. Functional groups seen in PMS samples with FTIR 

Functional group O-H N-H C-H C=O C-O C-N P-C-O 
wavenumber (cm-1 ) 3493 3340 2912-2850 1745,1622 1369 1064 1100  

 
 

 

a b c
Figure 1. SEM of PMS (a) held at 298K (scale bar=2µm),  (b) heated at 373K (scale bar=10µm) and ( c) fractured PMS 
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Figure 2. SEM of (a) Au-TiOx/PMSIPA, (b) Ag-TiOx/PMSIPA and (c) Au-TiOx/PMSH2O 
 

 
a 
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Figure 3. TEM of whole Ag/PMS (a), surface of Ag/PMS (b) and Ag NP within the cell wall of Ag/PMS (c) 
 

 
a 

 
b 

 
c 

Figure 4. TEM of whole Au/PMS (a), surface of Au/PMS (b) and Au NP within the cell wall of Au/PMS (c) 
 

  
Figure 5. TEM of Au NPs and TiOx layers in the cell walls of Au-TiOx/PMSIPA.
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 a b c 
Figure 6. Optical image (a) and total absorbance (b) in FTIR and FTIR (c) for Ag/PMS 

 

 a b c 
Figure 7.  Optical image (a) and total absorbance (b) in FTIR and FTIR (c) for Au/PMS 

     
 

 
 

 a b c 
Figure 8. Optical image (a) and total absorbance (b) in FTIR and FTIR (c) for Au-Ag/PMS 
 

 a b c 

Figure 9. Optical image (a) and total absorbance (b) in FTIR and FTIR (c) for Au-TiOx/PMS 
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 a b c 
Figure 10. Optical image (a) and total absorbance (b) in FTIR and FTIR (c) for Ag-TiOx/PMS 

 
4.3 Micro-FTIR (FTIR) and FTIR (Figures 6-10 and Table 2) 
Figure 6-10 show optical images, µFTIR and FTIR of Ag/PMS, Au/PMS, Au-Ag/PMS, Au-TiOx/PMS and Ag-TiOx/PMS. FTIR 
allows mapping of chemical functional group mapping in PMS. Figures 6b-10b show some heterogeneity in the total 
absorbance of microbiological samples (4000-700 cm-1).  Figures 6-10c show variations in the absorption bands of hydroxyl, 
carbonyl and amino groups in FTIR spectra of these samples at 1369 cm-1 (C-O) and 1064 cm-1 (C-N). These may be 
responsible for the reduction of the chloroaurate ions (AuCl4

-) and silver ions, along with saccharides, thereby 
biosynthesizing NPs [40].   

5. Anti-microbial and Anti-fungal Activity Results 
 

Tables 3 and 4 show that IPA, Au3+
(aq) and Ag+

(aq) are active in inhibiting both gram positive (Staphylococcus aureus) and 
gram negative (Escherichia coli) bacteria, but not water or PMS alone. At the same time TiOx/PMS, Ag-TiOx/PMS, Au-
TiOx/PMS and Ag/PMS in water are active in bacterial inhibition. In contrast, Au/PMS is not at all active. The inference must 
be that this is because there is a strong Au-PMS interaction arising from ready reduction of Au3+

(aq) by the PMS surface. 
Conversely there can be no free Au3+

(aq) after the interaction with dispersed PMS.  
 
Table 5 shows the antibacterial and antifungal activity of five samples produced from a H2O suspension. Again Au/PMS was 
inactive (as in Table 3). Interestingly, Au-TiOx/PMS was active in inhibiting E.coli and S.aureus, but not at all active in 
inhibiting Asperillus and Candide. TiOx/PMS, Ag/PMS and Ag-TiOx/PMS on the other hand were broadly equally active in 
an antibacterial and an antifungal sense.  
 
Table 6 shows how five PMS-based samples interacted with human blood DNA at 310K in light and dark conditions after 
samples had been separated into a PMS-sediment and a supernatant liquid. Data are shown as the % of the absorbance 
(260nm; A260nm) of the added DNA. In almost all supernatant liquid samples and PMS sediment samples (in light and dark 
conditions), A260nm increased greatly beyond the level of the DNA added initially. The only samples that did not show this 
effect in the supernatant liquid were Ag-TiOx/PMS and Au-TiOx/PMS, but even then the PMS sediment did show an elevated 
A260nm.  
 

Table 3. Diameter (mm) of inhibition activity against E.coli and S.aureus by holes samples (9 mm diameter)  

 controls NPs/PMS in IPA NPs/PMS in H2O 
 H2O IPA PMS TiOx 

/PMS 
Ag -TiOx 

/PMS 
Au -TiOx 

/PMS 
Auo 

/PMS 
Ago 

/PMS 
Auo-Ago 

/PMS 
E.coli 0 15 0 15 16 20 0 13 11 

S.aureus 0 13 0 18 17 17 0 15 12 
NP or PMS concn 

(mg/100µL) 
- - 4 0.016 0.01/0.007 0.01/0.01 0.039 0.021 - 
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 Au3+ Ti4+
 Ag+ Ag+ Au3+

  
E.coli 19 19 24 14 15  

S.aureus 28 22 24. 16 17  
Salt or ion concn 

(mg/100µL) 
3.05 2.55 0.05 0.05 3.05  

 
Table 5. Diameter (mm) of inhibition activity (6mm diameter) of samples dispersed in H2O 

 TiOx 
/PMS 

8g/50L 

Ag-TiOx 
/PMS 
13-21 

g/50L 

Au-TiOx 
/PMS 

42-130
g/50L 

Au/ 
PMS 

25g/50L 

Ag/ 
PMS 

13g/50L 

E.coli 9-7 10-9 8-9 0.00 9-11 
S.aureus 20 8-10 7-7 0.00 9-8 

Aspergillus 7 8 0.00 0.00 7-9 
Candide 11 9-7 0.00 0.00 11-12 

 
Table 6. Effect (%) on original human blood DNA in the light and dark in supernatant liquid about PMS samples and in 

PMS precipitates 
 TiOx 

/PMS 
Ag/ 

PMS 
Au/ 

PMS 
Ag-TiOx 

/PMS 
Au-TiOx 

/PMS 
Supernatant liquid/Dark 1048 133 216 89 50 

PMS sediment/Dark 1278 214 294 229 460 
Supernatant liquid/Light 659  228 659 194 

PMS sediment/Light 917   229 1622 
 

 

 

Figure 11. DNA structure, where a strand of the DNA backbone consists of de-oxy ribose sugar molecules (A, G, C and T) which 
are linked together by phosphate groups that possess C-O-P and P=O as binding site. The 3`C of sugar is connected via a 
phosphate group to 5`C of the next sugar by phosphodiester. 

 
 

 

6. Discussion and Conclusions 
 

The biosynthesis of NPs/PMS can be explained by an important factor: the nicotinamide adenine dinucleotide NADH and 
NADH dependent enzyme. The reduction appears to be started by electron transfer as an electron carrier from NADH- 
dependent enzyme. This process may play a key role in the biosynthesis and bio-transformation reactions [32]. The mechanism 
of formation of NPs/PMS may involve trapping of Ag or Au ions on the surface of PMS and electrostatic interaction between 
the positive charge of ions and negative charge of carboxylic and hydroxyl groups on the cell wall of PMS in basic solution 
[41]. Furthermore, PMS involves many functional groups and active compounds that can be reacted as both a reducing and 
capping agent [32] (NADH →NAD+    +   e-). Proteins and polysacchrides play an important role in any reaction with metal 
ions, because of the COO- and O-H  groups  which have a strong ability to chelate/react with Ag and Au ions. PMS contain 
many functional groups. For example, glucose has carbonyl groups which are highly polar (C+-O-) and namely an aldehyde. 

 
Table 4. Diameter (mm) of inhibition activity of precursor salts and ions Au against E.coli and S.aureus (9 mm diameter) 

 salts in IPA salts in H2O 
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This structure is flat (trigonal) and it can be that hydroxyl ions attack the carbonyl group. The mechanism of reaction in an 
alkaline environment (pH ≥ 10) occurs according to: 2Ag+ + -CH2OH (glucose) +  3OH- → 2Ago + -C=O +  H2O or              
Ag+ + -CH2OH (glucose) + OH- →  2Ago + -COOH +1/2 H2. It is known that edible mushroom consists of 75% proteins [42]. 

For example, carbonyl group in amino acid, peptides of proteins, enzyme and polysaccharide might have a strong ability to 
bind with silver and play a role in the reduction of metal ions to atoms by the oxidation of aldehyde group to carboxylic acid  

[43]. So, the proteins probably can form a layer on the Ag or Au NPs which prevents agglomeration of NPs. Therefore, the 
NPs are stabilized in the mixture [44]. 
 
Ag-TiOx/PMS is active against an antimicrobial and an antifungal agent, but Au-TiOx/PMS is only active against bacteria. 
This again may reflect on the strength of the Au-PMS interaction. One would expect that NPs/PMS would bind through 
several metals ions or atoms in the microbial cell [24].  
 
The properties of the bacteria cell wall can play a crucial role in different NPs/PMS because the wall is designed to provide 
rigidity, shape and strength to protect the cell from osmotic rupture. Gram positive bacteria were found to be more 
susceptible to the NPs/PMS than Gram negative bacteria because of the difference in their cell wall structure. Gram negative 
bacteria are considered to be more resistant due to their outer membrane acting as a barrier to many environmental substances 
including antibiotics [15].  In addition, the charge on the membrane of E.coli is negative because of the excess number of 
carboxyl groups, which upon dissociation makes the cell surface negative. The opposite charges of bacteria and nanoparticles 
are attributed to their bioactivity due to electrostatic forces leading to electrical interaction between the E.coli  and NPs/PMS 
increasing the possibility of collisions and decreasing the bacteria growth [17]. 
 
Moreover, increasing the surface area/decreasing the particle size, could be helping to improve NP  anti-microbial activity 
[24]. NPs have a large surface area available for interaction, which enhance the bactericidal effect more than the large sized 
particles; hence they impart cytotoxicity to the microorganisms. However, the aggregation of NPs leads to decreasing the 
property of the interaction of NPs with bacteria cells [17]. The size of NPs can give rise to electronic effects which promote 
their surface reactivity and prevent the aggregation of NPs. For example, NPs with diameter less than 10 nm have anti-
microbial activity but NPs with diameter 30-50 nm did not have good anti-microbial activity until NPs reached 20 µg/mL [24]. 
 
TiOx NPs/PMS and monohybrid have good anti-bacterial activity against E.coli. When the cell of bacteria absorbs the NPs 
significant oxidative stress happens due to the generation of free radicals like .OH, O2

- and H2O2 by oxidation of poly 
unsaturated phospholipids. Hence, these lipids started to submit a peroxidation reaction subsequently leading to: 

 glutathione (GSH) depletion 
 stress or eventual disruption in the morphology of cell membrane, and 
 the electron transfer leading to cellular death [34]. 

 
Ag NPs/PMS and monohybrid have excellent anti-bacterial activity against both E.coli and S.aureus due to the generation of 
ROS following the administration of NPs. Our results show that Ag NPs/PMS have anti-bacterial activity in lower 
concentration than other NPs. High activity of silver NPs is attributed to species difference as they dissolve to release Ag0, 
Au0, Ag+, Au+ clusters. Several mechanisms have been suggested leading to the inhibition of bacteria growth: 

 Binding Ag NPs with proteins or lipo-poly-saccharide in the cell membrane leading to collapse [15]. 
 Ag NPs were found to induce phosphate and interaction with atoms which have a high electron density like S, O and 

N. These are essential biological molecules as thiol group because Ag NPs have an extreme chemical affinity for 
sulfur group. The interaction with thiol or cysteine in protein leads to denaturation effects, loss of the subsequent of 
enzyme and changing cytoplasmic components [34].    

 Attacking the respiratory chain and inhibition of the respiratory enzymes with the division of cells and causing  
death [17].   

 Starting to act on dehydrogenases of electron transport and reduction of cellular adenosine triphosphate (ATP) level. 
 
Interestingly, Au NPs/PMS do not have any bacterial activity. It can be suggested that: 

 Au NPs self-assemble in 4-5 m long PMS indicating a strong NP-PMS interaction [27]. 
 Au NPs aggregation caused a decreased inhibitory effect; increasing surface area generates further biophysical 

interactions [17]   
 Au NPs /PMS may be absorbed only on the cell of bacteria but cannot penetrate inside bacteria cells [24]. 
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The ability of biomolecules (like nucleic acid and proteins) to chelate [34] and adsorb [35] Au NPs may direct the NPs to 
specific sites [34]  or change their biological effects [35]. Nevertheless, Au NPs are particularly attractive for target direction 
diagnostics and therapeutics in the human body [34].  
 
The potent anti-fungal of TiOx/PMS is the most effective catalyst for chemical transformation [35].  
 
Present data suggests that Ag/PMS has a potential as a biocide against Aspergillus and Candide. Indeed, the disrupting of the 
structure cell membrane and inhibiting the normal budding process is due to the damage of the membrane integrity [28]. 16). 
 
The results of the present study support the suggestion plant-derived NPs have antibacterial properties that can be utilized as 
antibacterial agents in new drugs for the therapy of infectious disease caused by pathogens [44]. 
 
In addition PMS-based nanomaterials clearly interact with DNA. Figure 11 illustrates the structure of DNA. The base pairs of 
DNA possess strong absorbance at 260 nm [45]; if the DNA helix is denatured, base stacking is destroyed and UV absorbance 
goes up. The effect of PMS and most NP/PMS samples was to increase absorbance at 260nm above that for the DNA 
introduced (both in light and dark conditions and in the supernatant and PMS sediment). The only exception was for the 
supernatant liquid of Ag-TiOx/PMS(H2O, IPA) and Au-TiOx/PMS(H2O, IPA). One assumes that all other samples lower base 
stacking, blocking of DNA replication and causing DNA damage [41]. Figure 12 shows that the absorbance changes in the 
form of hyperchromism and hypochromism. The present results appear to show that hyperchromism occurs suggesting 
breakage of the DNA structure. That means a strong interaction between TiOx NPs/PMS and nanohybrid with DNA.   
 

 

Figure 12. Hyperchromism and hypochromism of the 
DNA spectrum under UV light. (bases absorb UV 
radiation. If strands are allowed to anneal, base stacking 
reduces UV absorbance: hypochromism. If helix is 
denatured, base stacking is destroyed, UV absorbance 
goes up (hyperchromism). 

 
 
Electrostatic interactions can change the conformation/structure of DNA. For example, H-bonds, hydrophobic effect and 
stacking interactions between complementary bases hold the two strands of DNA together. When NPs/PMS were added, the 
base-base interaction was reduced in the DNA structure, owing to many bases becoming free form and H-bond breakage 
leading to an increase absorbance [45]. Furthermore, the presence of a single stranded DNA will be higher than double 
stranded DNA in the same concentration.  
 
Moreover, the mechanism of reaction can occur by the phosphate group of DNA which has a negative charge. The positive 
charge of metals can bind to P=O to form P-O-M via electrostatic reaction [46]. From the results we can see that there are 
future applications for using these materials as anticancer drugs by destroying the nuclear materials for the tumour cells.  
 
Ag NPs appear to enter the cell and intercalate between the purine and pyrimidine base pars disrupting the hydrogen bonding 
between the two anti-parallel strands and denaturing the DNA molecule [47].  
 
In general, all samples can analyze DNA in dark and light. NPs/PMS in mixture and precipitate have an excellent effect 
which reaches 60 ng/µL. In contrast, NPs/PMS monohybrid supernatant show some decrease in absorbance due to lower 
NPs/PMS concentration [32]. Explain why DNA was not from PMS. 
 
The interaction between TiOx NPs/PMS and monohybrid with human DNA under UV can be explained via the covalent 
interaction and non-covalent interaction. First, NP/PMS hybrids can bind to alkylation or intra and inter strand crosslinking of 
DNA as a covalent interaction. Secondly, the non-covalent interaction leads to DNA strands breakage, changing DNA 
conformation or torsional tension [43].  Additionally, non-covalent interaction involves the following: 
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 TiOx/PMS and hybrids could be interacting between bases pairs.  
 they bind to a sugar phosphate group’s backbone or the major or minor groove. 
 The electrostatic interaction of these NPs includes binding to the exterior of the helix by non-covalent 

interaction [45]. 
Several hypotheses can be suggested to explain the increase in absorbance at 260 nm: 

(i) Exposure of the bases’ purine and pyrimidine of DNA when NPs interact with DNA leading to a slight change 
in the human DNA conformation and  

(ii) NPs release ROS causing DNA damage [48]. 
 
Optical amplifiers (e.g. liquid crystals) have been reported [49] to be useful for detection of gram-positive and gram negative 
bacteria. The authors are considering whether their Au-Ag/TiOx bionanomaterials also have useful optical properties. 
Conversely, UV promotes antibacterial effects in TiO2 nanocomposites even after cessation of UV irradiation [50].  
 

 
Figure 13. UV-Vis absorbance spectra of TiOx NPs/PMS and their 
monohybrids. 

 
Figure 13 shows that Au-TiOx/PMS shows a surface plasmon resonance (SPR) with a maximum at  
518 nm, confirming the presence of Au NPs seen in TEM, and this might be used to follow its antibacterial activity, making 
this nanomaterial self-indicating. 
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