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I. Introduction 

Zinc oxide is a widely available, versatile semiconductor.  It is used in many industrial 

applications ranging from corrosion protection to pharmaceuticals.  Its optoelectronic properties 

make ZnO also useful for sensors and photovoltaic devices. 

ZnO exhibits a relatively low toxicity in humans and is recognized as a safe substance by 

the US Food and Drug Administration [1] for dermal and exterior applications [2] such as 

sunscreens and cosmetics.  Additionally, this low toxicity to mammalian cells and observed 

antibacterial action make it a useful material in medicine and food storage [2-6]. 

Antibacterial action is defined as an action by which a bacterial growth is terminated or 

inhibited [7, 8].  In the case of solid, particulate antibacterial agents such as ZnO particles, this 

action is typically a function of interactions between the particles’ surfaces and bacterial cells or 

microorganisms [8, 9]. Although anti-bacterial and anti-odor properties of micro- and nanoscale 

ZnO lead to the application in medicine, food packaging, and first aid [8, 10-12], the fundamental 

mechanisms driving these phenomena are still debated.  Understanding these mechanisms is 

important for developing new methods of treating bacterial infections since antimicrobial 

resistance is becoming a major threat to human health on a global scale [5].  In this regard, ZnO, 

specifically, is a promising antimicrobial agent, as bacteria are not likely to develop a resistance 

to ZnO [13].  Thus, employing ZnO to inhibit bacterial growth could serve as a viable alternative 

to antibiotics for drug-resistant strains of bacteria [14].  The ability for ZnO and some other oxide 

particles to inhibit growth of even such drug-resistant bacteria as staphylococcus aureus and 

Escherichia coli stems from the hitherto undetermined mechanisms targeting several pathways not 

accessible via traditional antibiotics. 
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Although, the mechanisms behind the antibacterial action of ZnO have been vigorously 

studied, and a number of hypotheses as to the primary mechanisms of action were proposed in 

previous studies, many of them yielded conflicting results, which will be discussed below. 

 

ZnO Crystallography and Optoelectronic Behavior 

Crystallography 

ZnO crystallizes predominantly into a hexagonal wurtzite lattice structure as depicted in 

Figure 1.  Wurtzite lattice is characterized by primitive lattice vectors a = b ≠ c with angle γ = 

120°.  In Wurtzite ZnO, each zinc atom having four tetrahedral oxygen atoms as nearest neighbors, 

and vice versa.  It is a member of the 6 mm (C6v) point group in space group P63mc [15].  Each 

primitive cell contains two ZnO formula units. 

 

Figure 1: Alignment of anisotropic wurtzite crystal structure with two distinct crystallographic 

free surfaces types: Hexagonal polar and rectangular non-polar. 
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Anisotropic crystal structure yields two characteristically different types of 

crystallographic surfaces – polar (hexagonal) and neutral nonpolar (rectangular).  Hexagonal 

layers of zinc and oxygen ions are stacked along the c axis parallel to the z direction, yielding an 

oxygen layer or zinc layer at lattice termination perpendicular to the c-axis [15].  As a result, polar 

surfaces of ZnO can be cationic (Zn-exposed) at the (0001) crystallographic planes or anionic (O 

exposed) at the (000-1) crystallographic planes.  Orthogonal to the c axis are the primitive 

translation vectors, a and b.  Vectors a and b are parallel to the planes of zinc and oxygen atoms 

pointing to the nearest in-plane neighboring atoms at a 120°.  Wurtzite ZnO has lattice parameters 

defined as a = b = 3.2892 Å and c = 5.282275 Å [16]. 

In general, polar surfaces have intrinsic surface states which affect band bending and 

electronic transitions at the surface [17].  Non-polar surfaces, however, do not intrinsically have 

these states, but surface states can be introduced by surface defects or adsorbed species [18]. This, 

in addition to the overall net surface charge of polar surfaces, contributes to differences in the so-

called Surface Potential Barrier (SPB). Consequently, properties of the surface are heavily 

influenced by its polarity. 

 

Electronic Structure and Optical Behavior 

Zinc Oxide is a II-IV semiconductor.  Its wide (~3.3 eV) direct bandgap and high exciton 

binding energy render its optical properties suitable for a variety of optoelectronic applications 

[15].  Being a direct-bandgap semiconductor, the global extrema of the highest valence energy and 

lowest conduction band energy coincide at the same point in the Brillouin zone, k = 0 [15].  These 

global maximum and minimum are representative of the empty 4s states of the Zn2+ ions and the 
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occupied 2p orbitals of the O2- ions, respectively [15].    Spin-orbit interactions and crystal field 

splitting lead to the splitting of the top of the VB into three states as shown in Figure 2 [19]. 

 

Figure 2: Dispersion curves for valence band and conduction band of ZnO in vicinity of 

fundamental BG with multiple possible exciton recombination energies due to electric field 

orientation, spin-orbit interactions, and crystal field splitting [15]. 

 

Because the VB and CB extrema coincide in the reciprocal space, the VB electrons can be 

directly excited to the CB via photon absorption.  Photons with energies greater than Eg can be 

absorbed, allowing electrons to jump across the forbidden gap.  Correspondingly, photons with 

insufficient energy will not be absorbed thus causing bulk, pure ZnO to be transparent to visible 

light. 

As depicted in Figure 3, electrons promoted to the valence band leave behind holes in the 

VB.  Like electrons, holes move in response to electric fields and are influenced by the electric 

potential.  While electrons in the CB are pushed toward the global minimum, holes in the VB seek 

the maximum since the ground state energy in semiconductors corresponds to the state where there 

are no electrons in the CB and no holes in the VB. 



5 

 

 

Figure 3: Illustration of direct excitation of electron to CB. 

 

Figure 4: Illustration of excited VB electron recombining with VB hole leading do emission of 

photon. 
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Figure 5: Illustration of exciton in hypothetical crystal lattice. 

 

Holes and CB electrons interact with each other via the Coulomb potential, and may form 

positronium-like quasiparticles known as excitons.  Figure 3 exhibits the direct promotion of the 

electron, while Figure 5 depicts an exciton in a crystal lattice.  Energy of the photon emitted from 

the collapse of an exciton, as shown in Figure 4, is slightly smaller than Eg as a result of the 

Coulombic attraction between the electron and hole. Once excited above the conduction band 

minimum, an electron makes its way to the bottom of CB via thermalization due to the continuous 

distribution of allowed states.  However, once it reaches the minimum energy allowed in the CB, 

the electron cannot give up energy gradually anymore.  At this point, the exciton collapses, 

conserving energy by releasing a photon.  This process is illustrated in Figure 6. 
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Figure 6: Electron-hole pair thermalization through continuous allowed states in conduction 

band prior to radiative recombination. 

 

Inorganic semiconductors like ZnO, due to the Coulombic screening associated with a 

relatively high value of the dielectric constant, yield the so-called Wannier excitons with an 

effective Bohr radius larger than the lattice constant [15].  In spite of its large excitonic Bohr radius 

(~ 1.8 nm), excitons in ZnO have a relatively high binding energy of ~ 60 meV.  Thus, at room 

temperature (~26 meV), excitons and exciton-related phenomena can still be observed in ZnO.  

This is critical for many applications of ZnO, and in particular to some suggested mechanisms of 

the antimicrobial action of micro- and nano-scale ZnO particles.  Therefore, we investigate 

excitonic processes in ZnO microcrystals. 

We must also examine the characteristics of ZnO crystalline surfaces and how band 

structure and electronic processes change in the vicinity of the surface space charge region (SSCR).  
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Numerous factors, including surface defects impact the near-surface electronic processes in 

crystalline ZnO. 

 

ZnO Surfaces 

In our work, we are testing the assumption that the mechanisms driving antibacterial action 

of ZnO are strongly dependent on the interactions between ZnO surfaces and the environment near 

the bacteria as well as its extracellular material such as the cell wall and other external structures.  

For this reason, we focus our efforts on investigating surface properties of ZnO and how they 

impact and are impacted by interactions with bacteria and with environment. 

 

Behavior of Semiconductor Surfaces 

Surface-to-Volume Ratio 

For macroscopic objects and materials, the observed characteristics are largely determined 

by the bulk, with a relatively small contribution from the surface.  On the other hand, many 

characteristics of small particles, in general, are dominated by the properties of their surfaces, 

primarily due to the large surface-to-volume ratio (S/V).  In principle, as shown in Figure 7, as the 

particle size decreases, the S/V increases.  At the nanoscale, S/V increases by several orders of 

magnitude relative to the macroscopic scale, and thus the volume of the surface and near-surface 

material becomes comparable to, or can even outweigh, that of the bulk. 
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Figure 7: Illustration of how S/V changes with particle size. a) a single cube with a volume of 1 

cubic meter and surface area of 6 square meters yielding a S/V of 6 m-1.  b) 4 cubes making up 

the same total volume with a total surface area of 12 square meters, yielding a S/V of 12 m-1. 

 

This is especially important in the case of semiconductor and insulator particles, since these 

materials have an abundance of surface electronic states.  These originate primarily from the 

surface lattice termination (e.g., dangling bonds) and defects (adatoms, vacancies, interstitials, 

etc.).  These extra states greatly impact the observed behavior of micro- and nanoscale particles 

due to the changes in the charge dynamics at and near the surfaces. 

 

Near-Surface Charge Carrier Dynamics 

In the vicinity of the surface of the material (or its interface with another material), the 

extrema of CB and VB begin to curve upward or downward as a function of the distance to the 

surface/interface. Band bending near the surface depends on the near-surface electric field.  For 

example, Figure 8 illustrates the near-surface band behavior for a hypothetical n-type 

semiconductor for four different conditions:  
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a) flat band – no net electric field near the surface 

b) accumulation – the surface has an accumulation of positive charge at the surface relative to the 

bulk leading to an accumulation of electrons in the surface space charge region (SCR) 

c) depletion – electrons move to the surface leading to a depletion of electrons in the SCR 

d) inversion – electrons totally vacate the SCR, inverting it from an n-type to a p-type in the SCR 

This so-called surface band-bending (SBB), depicted in Figure 8, occurs due to a near-

surface electric field resulting from a charge imbalance between the surface/interface and the bulk 

of the material.  SBB can also be treated as a surface potential barrier (SPB) or a surface potential 

well, which could be highly sensitive to the environment, the nature of the surface/interface 

termination, surface defects, etc.  SPB, in turn, could heavily influence and be influenced by the 

behavior of charge carriers in the so-called space charge region (SCR), the near-surface volume, 

where the non-compensated charge is distributed. 

 

Figure 8: Illustration of relationship between charge distribution in SCR and surface band 

bending in case of (a) flat band, (b) accumulation (c) depletion, and (d) inversion.  Top: SBB for 

each case.  Middle: qualitative distribution of charges at and near surface.  Bottom: charge 

distribution of electrons (ne) and holes (nh) in this region.  La and Ld represent SCR depth. 
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In the case of nano- and microscale particles, physical and chemical mechanisms driving 

electronic processes near the surface are complicated due to the large S/V, high absorption, particle 

geometry, SCR width, etc.  On these scales, the S/V coupled with the impact of symmetry and 

geometry on the surface charge dynamics creates a complex arrangement of phenomena governing 

interaction of particles with their environment.  Investigating physical and chemical processes at 

and near the ZnO surface is crucial for understanding interactions with bacterial environments.  

Therefore, the structure and the surface nature of ZnO crystals could be highly influential for the 

processes driving antibacterial action. 

 

What Makes ZnO Surfaces Important? 

Hexagonal Polar Surfaces 

In a typical anisotropic metal-oxide semiconductor (MOS), due to the alternating cationic 

and anionic layers, lattice terminations yield thermodynamically and electrostatically unstable 

surfaces perpendicular to the c axis [20].  The wurtzite structure of ZnO, as previously mentioned, 

has a layered structure, but it retains stability of polar surfaces.  Having pristine Zn- and O- 

terminated surfaces would introduce a macroscopic electric dipole inside the ZnO crystal.  This 

arrangement should not be stable as the internal dipole field would cause the divergence of the 

electrostatic energy within the crystal and would prevent stable ZnO crystals from occurring, if 

not for self-stabilization through surface reconstruction.  Polar surfaces in ZnO are in fact 

stabilized via 2-D defects at the Zn-terminated surfaces and defects as well as lattice truncation at 

the O-terminated surfaces [20-24].  Surface defects and reconstruction help in quenching the 

buildup of the internal dipole, allowing ZnO to crystalize into a stable bulk as well as micro- and 

nano-scale particles. 
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Computational and Scanning Tunneling Microscopy studies of ZnO polar surfaces indicate 

that Zn-terminated (0001) crystal surfaces stabilize by forming arrays of triangular islands as well 

as Zn-terminated triangular and O-terminated hexagonal nano-cavities, as shown in Figure 9.  The 

triangular islands range in size from 6 to 15 nm.  The depth distance from the Zn island to the next 

Zn layer below is approximately one half of a primitive cell (2.6 Å) whereas the hexagonal cavities 

are typically ~ 4-5 nm in diameter and only ~1.1 Å deep [20].  Importantly, the step edges between 

the triangular Zn islands and the Zn cavities are O-terminated.  These negatively charged edges 

help form an electric field pointing from the positively charged layer of the Zn ions to the layer 

below.  These localized electric fields cancel out the internal dipole field of the ZnO crystal .   

 

Figure 9: Models of defects on polar surfaces of ZnO: a) top and b) side view of small Zn island 

on Zn-terminated surface; c) and d) – top view of atomic model for large Zn islands.  Zn 

represented by small white circles.  O represented by larger dark circles. [25] 

 

The O-terminated surfaces must stabilize via different mechanisms.  Rather than a flat 

surface with pits and islands, O-termination stabilizes primarily by formation of steep terraces and 
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step edges.  Steps are approximately 5.2 Å (one primitive cell) deep and composed of stacked O-

terminated and Zn-terminated edges, (-1010) and (00-10) respectively.  Figure 10 represents a 

quantitative model of how these terraces contribute to the truncation of the ZnO lattice at the O-

terminated surfaces. 

 

Figure 10: [20] Atomic model of truncation introduced at O-terminated surface.  O represented 

by red circles, Zn by smaller white circles. 

Both Zn- and O-terminated lattice planes exhibit complex stabilization mechanisms which 

have an immense impact on the available surface electronic states and the charge dynamics in the 

SSCR.  Consequently, we seek to improve our understanding of how the relative abundance of 

polar surfaces influences defects and electronic transitions in ZnO crystals.  

 

Rectangular Non-Polar Surfaces 

Although the non-polar surfaces of ZnO are not as defect-rich as their polar counterparts, 

they were found to contribute to the observed defect-dependent optoelectronic processes.   

Cathodoluminescence investigations of ZnO non-polar surfaces reveal their role in the so-called 

green luminescence, centered at ~2.3 eV.  Thus, micro- and nano-scale ZnO particles with a 

relatively high abundance of non-polar surfaces should contribute to the green luminescence.  It is 
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thereby important to investigate surface and near-surface charge dynamics at non-polar ZnO 

crystal surfaces. 

Both polar and non-polar surfaces may contribute independently to the processes critical 

to the antibacterial action of ZnO microcrystals.  The ability to investigate these surfaces 

independently via the production of distinctly different ZnO morphologies is critical to the 

elucidation of antimicrobial mechanisms. 

 

Antibacterial Action of ZnO 

Review of Bacteria 

There are two cell types under which all organisms can be classified: prokaryotic cells and 

eukaryotic cells.  Bacteria are prokaryotic organisms.  These two cell types differ significantly.  

Prokaryotes are all single-celled organisms, and each cell contains every function of the organisms 

reproduction and metabolism.  Multicellular organisms such as plants and animals are composed 

of larger, more robust eukaryotic cells.  The most significant differences between these cell types 

are cell size and the presence of membrane-bound organelles.  Eukaryotic cells are typically 5 to 

20 times the size of prokaryotic cells.  The genetic material in eukaryotic cells is enclosed by a 

nuclear envelope, forming the nucleus of the cell.  Prokaryotes, however, do not have an enclosure 

for their genetic material.  The prokaryotic cell has its genetic material coiled on itself forming an 

organelle known as the nucleoid.  Major structural and functional differences between these cells 

can be seen in Figure 11. 
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Figure 11: Illustration of major structural differences between prokaryotic and eukaryotic cells. 

 

Bacteria have various morphologies and are classified by shape, behavior, and surface 

structure.  Some of the most common morphologies of bacteria are: rod-like (bacillus), spherical 

(coccus), curved rod (vibrio), and spiral shaped (spirilla).  This study focuses on Staphylococcus 

aureus (S. aureus), which has a spherical morphology (-coccus) and a tendency to grow in 

connected colonies (staphylo-).  A typical bacterial cell has three major components: cell wall, cell 

membrane, and cytoplasm. 

 

Structure and Composition of Bacteria [26] 

The general enclosure of the important components of a bacterial cell is known as the cell 

envelope.  The outermost layer of this envelope is the cell wall.  It is rigid and protects the cell 

while giving it its shape and helping to maintain the osmotic pressure of the interior of the cell.  

Cell walls are layers of homogeneous peptidoglycan composed of amino acids and sugars.  The 

peptidoglycan layer is formed by crosslinking chains of amino acids and sugars, forming a so-

called peptidoglycan network. Overall, the cell wall of a bacterium has a negative charge [8].  The 

peptidoglycan network forms a protective layer between the bacterium and its environment – the 
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first line of defense.  This layer is the primary target of many conventional antibiotics, as will be 

discussed in more detail in part c) of this section. 

Immediately within the cell wall is the plasma membrane, a phospholipid bilayer which 

controls the permeability of the cell, helps sense the environment, and can assist in the capture and 

storage of energy.  This structure has two primary sub-structures: a hydrophilic polar head and a 

hydrophobic tail composed of fatty acids.  These are organized in such a way, as seen in Figure 

12, that the hydrophobic tails face each other.  This allows the hydrophilic heads to interact with 

water both within the cell and in its immediate environment.  The plasma membrane is critical to 

the diffusion of water and nutrients into and out of the cell.  Some of this diffusion is passive and 

employs the use of transport proteins that can uptake nutrients that are plentiful in the environment.  

However, if the environment is not the one that can transport nutrients into the cell via the 

concentration gradient alone, active transport systems can be used.  Both of these systems are 

selective in nature and only allow molecules and ions fitting certain criteria to pass through. 

 

Figure 12: Cross-section of the phospholipid bilayer.[27] 

In addition to its shape, bacteria can be further classified based on the composition and 

structure of the cell wall.  There are two different types of bacteria cells based on the classification 

re. cell wall and cell membrane characteristics.  Gram-positive bacteria have only one plasma 
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membrane and a relatively thick cell wall composed of many layers of peptidoglycan [28, 29].  

The peptidoglycan layer in Gram-positive bacteria consists of teichoic acid and lipoteichoic acid 

(LTA).  This peptidoglycan layer directly interfaces with the environment.  In Gram-negative 

bacteria, on the other hand, there is an outer membrane which interfaces with the environment on 

the outside of a single thin layer (~7-8 nm) of peptidoglycan.  Although Gram-negative bacteria 

have thinner cell walls, their multilayered membrane, composed of an outer membrane and a 

plasma membrane, helps add stability and structure to the cell envelope. The outer membrane is 

composed of lipopolysaccharide (LPS), which is a polysaccharide with embedded lipids that 

influences the permeability of the cell surface with respect to different molecules. Due to the added 

membrane, Gram-negative bacteria can be more resistant to chemicals and antimicrobials than 

Gram-positive cells [8, 28, 30].  These different cell walls are shown in Figure 13. 

 

Figure 13: Comparison of Gram-positive and Gram-negative bacteria cell walls.[31] 

 

Within the cell membrane there is an aqueous substance known as the cytoplasm.  The 

intracellular material contains structures and materials necessary for bacterial life, metabolism, 

and reproduction.  The largest of these structures is the nucleoid.  The nucleoid is composed of a 

tangled mass of DNA, RNA, and other proteins and contains all the genetic material of the cell.  
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Unlike eukaryotic cells, bacteria nucleoids do not have a protective membrane or physical barrier 

between it and the cytoplasm.  Other components relevant to our study include: plasmids, 

ribosomes, magnetosomes, inclusion bodies, regulatory factors, and the cytoskeletal structures.  

How these play a role in possible mechanisms of action for ZnO antibacterial action will be 

discussed in further detail below. 

 

Reproduction and Metabolic Mechanisms 

General 

Most current antibiotics chemically interfere with bacteria reproduction.  Many proposed 

mechanisms of action for the ZnO antibacterial activity, however, interfere with the metabolism.  

It is therefore necessary to review some of the processes involved in reproduction and metabolism 

for both S. aureus and bacteria in general. 

 

Reproduction 

Bacteria typically reproduce via a cell division mechanism known as binary fission.  This 

process involves the cell growing to twice its own size and splitting into two offspring cells 

containing identical genetic material.  Since it is necessary that the offspring contain identical 

genetic material, a critical process involved is the transcription of DNA.  Copying DNA is the first 

step of cell reproduction.   

Experimental evidence supports a so-called semiconservative replication of bacteria prior 

to fission.  This suggests that the single strand of the parent is split into two separate strands, each 

of which form the scaffolding for the formation of a complementary strand of bacteria.  
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Subsequently, the DNA in the first offspring generation are each composed of one strand from the 

parent and one newly synthesized strand.  In the next generation, therefore, two of the four 

offspring would utilize strands from the original parent.   

Transcription of DNA is a sensitive multi-step process due to the nature and structure of 

bacteria DNA and the nucleolus.  DNA replication and transcription involves enzymatic processes 

which split the double helix and read the amino acid code, then translating it into new strands of 

DNA for the offspring.  The process of DNA transcription and reproduction is split into the 

following steps: 

1. Initiation 

2. Elongation 

3. Termination 

Typically, bacterial DNA is a single, circular strand which, on its own, would have a 

diameter of about 350 microns.  Bacteria cell sizes range in size from 0.5 to 5 microns, so this 

strand would not fit on its own.  As a result, the DNA exists in the nucleolus folded and coiled on 

histone-like proteins in a “supercoiled” structure.   

During the initiation step, the supercoiled chromosome must be first relaxed so different 

enzymes can access the individual DNA strands for transcription.  The coil is relaxed by an enzyme 

called DNA gyrase, and is separated by the enzyme helicase.  Helicase breaks the hydrogen bonds 

connecting individual base pairs.  These strands are kept separated and stable through multiple 

enzymatic processes.  Initiation ends followed by the preparation of the RNA primer and DNA 

polymerase for the elongation phase, which, in turn initiates replication.  The mechanism for DNA 

replication is catalyzed through the use of metal ions in the so-called “active site” and the 
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immediate surrounding area.  Catalytic metals are crucial to the proper enzymatic processes 

involved in the DNA replication.  Since the DNA strands are very long, they are transcribed piece-

wise, only splitting localized replication forks and replicating in small segments known as Okazaki 

fragments. 

When the transcription is finished and two identical strands of DNA are formed, the process 

must be terminated.  After replication, the identical chromosomes are interlocked and, therefore, 

must be separated through another enzymatic process which breaks the strands into molecules 

allowing them to be separated. 

After the genetic material is replicated and the offspring chromosomes are separated, the 

now-elongated bacteria cell must split.  A protein called FtsZ is assembled into a ring around the 

cell envelope between the offspring chromosomes.  It is positioned in a way not to cleave the DNA 

at all, but only the cytoplasm.  The ring shrinks to split the bacteria, which now must form new 

cell wall structures to close the cleavage site. 

 

Traditional Antibiotic Mechanisms for S. aureus 

Staph infections are typically treated by the cephalosporin-class antibiotics, which utilize 

the same mode of action as the β-lactam antibiotics (e.g., penicillin).  These classes of antibiotics 

disrupt transpeptidation (cross-linking) of the peptidoglycan layer during bacterial reproduction.  

During binary fission, the cell wall must close after FtsZ cleaves the cytoplasm of the parent cell.  

Peptide chains of the peptidoglycan are linked to each other by an enzyme called transpeptidase.  

Transpeptidase binds with one peptide chain to form a bridge to a new cross-link and release 

when finished.  These antibiotics bond with transpeptidase, but are not released from the 
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transpeptidase, thus rendering the transpeptidase inactive.  Though the cephalosporin antibiotics 

are less susceptible to beta-lactamase, which cleaves the beta-lactam ring thus making the 

bacteria resistant to the antibiotic, S. aureus and some other bacteria can still develop a resistance 

cephalosporins and other classes of antibiotics.  Zinc oxide, as will be discussed below, inhibits 

the growth of bacteria through multiple other modes of action. 

Review of Proposed Mechanisms 

Antibacterial action has been observed in numerous metal oxide nanoparticles such as 

Fe3O4, TiO2, CuO, and ZnO [35].  Metal oxide nanoparticles can interact with bacteria causing 

mechanical damage, denaturing of proteins, oxidative stress, and others [35].  Different 

mechanisms of action can be favored by metal oxide particles based on their composition.  For 

example, graphene oxide (GO) and reduced graphene oxide nanoparticles can induce oxidative 

stress and DNA fragmentation primarily in Pseudomonas aeruginosa as a result of ROS 

production [36].  Experiments with S. aureus and E. coli indicate highly pure GO does not exhibit 

significant antibacterial action [37].   

Furthermore, specific metal oxide nanoparticles interact with Gram-positive and Gram-

negative bacteria differently.  Studies found that CuO exhibits bactericidal action in both S. aureus 

(Gram-positive) and E. coli (Gram-negative) through several bacteria viability assays such as 

minimum bactericidal concentration assays and ATP content assays.  Furthermore, these studies 

utilized oxidative stress assays such as electron spin resonance and luminol to suggest a primary 

mechanisms of action for CuO antibacterial action is the production of ROS [38].  However, other  

investigations of the antibacterial action of metal oxide nanoparticles utilized growth curve and 

turbidity assays with B. subtilis (Gram-positive) and E. coli (Gram-negative) to evaluate 

antibacterial action of MgO, ZnO, and ZnMgO [39].  This investigation suggest that ZnO is 
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effective against both types of bacteria, and ZnMgO wer observed to have specific antibacterial 

action toward Gram-positive bacteria [39].  MgO nanoparticles, however, exhibit weaker 

antibacterial action for both types of bacteria [39]. 

Currently, the data suggesting the primary mechanisms behind the antibacterial action of 

ZnO is quite controversial as there are numerous possible pathways by which ZnO particles can 

kill or inhibit the growth of bacteria [5].  Many studies often indicate multiple mechanisms of 

action occurring simultaneously while others suggest one dominant mechanism.  The results, 

however, are sensitive to experimental controls and the interpretation of observations [5]. 

The most popular proposed mechanisms driving antibacterial action of ZnO are [5, 14]: 

a. The production of reactive oxide species (ROS) [5, 14, 40]  

b. The loss of cellular integrity due to contact or interactions between ZnO surfaces and the 

cell wall [5, 14] 

c. The release of Zn2+ ions and toxic ionic complexes [5, 13, 14, 41] 

d. Internalization of the ZnO NPs [14, 42] 

e. Inhibition of enzymes [5] 

 

Reactive Oxide Species 

One of the more commonly proposed mechanisms of antibacterial action is the production 

of ROS which would have cytotoxic effects [1, 43].  ROS can cause oxidative stress and alter both 

the cell’s natural cycle as well as internal processes, promoting apoptosis or autophagy [1, 40, 41, 

44].  Additionally, it can lead to lipid peroxidation causing the cell membrane to lose structural 

integrity as well as denaturing of protein and DNA damage [1, 42, 45].  The impact of ROS on 



23 

 

bacterial cells is prevalent when ROS is formed inside the cell, but this mechanisms of action has 

also been observed in micron sized ZnO particles [13], thus indicating ROS produced by ZnO can 

easily permeate the cell membrane when generated outside the cell [46]. Hydroxyl and superoxide 

ions are negatively charged and, therefore, cannot penetrate the cell wall or membrane [8, 47].  

ROS such as H2O2, however, can damage and permeate the cell membrane leading to cell death 

[48, 49].  

S. aureus bacteria are also sensitive to reactive oxygen species (ROS) such as hydrogen 

peroxide and hydroxyl radicals.  ROS can easily diffuse across membranes into bacteria cells 

leading to cell death or growth inhibition.  Bacteria can develop resistance to ROS through 

mechanisms such as the expression of the catalase gene [32].  Furthermore, exposure to ROS 

contribute to the development of antibiotic resistance in the case of systemic S. aureus 

infections[33].  Bacteria can be killed or have their growth inhibited in many different ways such 

as physical damage, mis-metalation, and metabolic interference.  As with β-lactam antibiotics and 

ROS, bacteria can develop resistance to these mechanisms of action, individually.  However, the 

dual-mechanism antibiotic SCH-79797 (so-called poison-arrow) avoids drug-resistance [34].  

Therefore, understanding the multiple mechanisms behind the antibacterial action of ZnO can 

contribute to antibiotic development.   

The proposition that ROS can kill bacteria is not so farfetched, but the mechanisms by 

which ZnO can produce them in aqueous or bacterial environments is rather complicated.  The 

nature of ZnO surfaces is critical for the production of ROS, and its interactions with bacteria 

altogether.  ZnO surfaces will be discussed in further detail in section E.  Oxygen vacancy (VO) 

sites on the surface of ZnO serve as catalysts for the production of ROS [13].  In addition to VO, 
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incident photons serve as a catalyst in the production of ROS near the surface of ZnO [1, 5, 14, 44, 

46]. 

One proposed process for the production of ROS by ZnO-containing aqueous media is as 

follows.  UV photons can “activate” the ZnO surface by forming electron-hole pairs known as 

excitons in the near-surface region.  The holes can cause water molecules near the surface to split 

into OH- and H+ ions.  Dissolved oxygen can then bond with the OH- ions forming superoxide 

radicals (HO2).  These radicals subsequently interact with the near-surface excited electrons 

producing peroxide anions (HO2
-).  These peroxides then react with the free H+ ions forming H2O2 

which can easily penetrate the cell membrane [1, 5, 8, 41, 46, 50].  The chemical formulas for this 

reaction are: 

𝑍𝑛𝑂 + ℎ𝑣 →  𝑒− + ℎ+                     (1) 

ℎ+ +  𝐻2𝑂 → 𝑂𝐻 + 𝐻+                    (2) 

𝑒− +  𝑂2 →  𝑂2
−                                   (3) 

𝑂2
− + 𝐻+ → 𝐻𝑂2                                 (4) 

𝐻𝑂2 + 𝐻+ + 𝑒− →  𝐻2𝑂2                (5) 

 

This process is not limited to killing bacteria only.  E.g., lipid-coated ZnO NPs could enter 

cancer cells and be illuminated by UV radiation, thus killing them via oxidative stress [1].  The 

photon-catalyzed process also suggests that the antibacterial action of ZnO as driven by ROS is 

highly dependent on the incident UV radiation.   

The assumption that ROS production is the primary mechanism of antibacterial action is 

disputed in a number of studies.  The dependence on UV radiation is just one limitation of this 
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mechanism.  Not only does ZnO continue to exhibit inhibitive properties in the dark [13, 45, 51-

53], the lifetime of ROS is fairly limited due to their highly reactive nature.  Additionally, bacteria 

like S. aureus produce carotenoids such as Sphaphyloxantin which functions as an antioxidant, and 

some bacteria produce the enzymes catalase and cytochrome oxidase which could reduce the 

oxidative stress experienced by the bacteria [5, 14].  Studies comparing ZnO NP interactions with 

bacteria to that of H2O2 also found that there is no corollary increase in lipid peroxidation with 

increasing doses of ZnO NPs, but there is a strong correlation between the amount of lipid 

peroxidation and the amount of H2O2 present [5].  Furthermore, the amount of ROS produced by 

ZnO is significantly less than the amount produced by H2O2 that killed the same amount of bacteria 

[5]. 

While there is strong evidence suggesting that ZnO produces ROS which can be 

bactericidal, it is not the primary process driving antibacterial action.  Another surface-dependent 

process suggested to cause antibacterial action of ZnO is the release of Zn2+ ions. 

 

Zn2+ Ions 

Although ZnO is stable in most solvents, there are certain ambient conditions in which 

ZnO can be partially dissolved or have Zn2+ ions released from its surface [2, 54].  Some studies 

suggest that these free zinc ions and other zinc complexes resulting from this dissolution are the 

primary cause for bactericidal and ecotoxic behavior of ZnO [54].  Free zinc ions can inhibit 

bacterial growth through a multitude of mechanisms.   These ions can interfere with the amino 

acid metabolism, cause mis-metalation and subsequent protein disfunction, and perturb the 

enzymatic systems in the cell [3, 5, 14]. 
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In high concentrations, Zn2+ ions can enter the cell membrane via transport proteins.  Once 

inside the cell, mis-metalation occurs as Zn2+ displace Fe2+ and other metal ions cofactors on 

proteins, thus causing protein disfunction [5].  Enzymes also can lose function due to this Zn2+ 

replacement, ultimately leading to lysis of the bacteria cell [5, 14]. 

As mentioned above, the release of Zn2+ ions is highly dependent on the environment or 

growth media [54].  In ultrapure water, ZnO was found to remain stable over time [54].  

Furthermore, ZnO can slowly lose Zn2+ ions and partially dissolve in saline solution, minimal 

Davis medium (MD) [54], and in Luria-Bertani medium (LB). Phosphate buffered saline (PBS) 

solution, alternatively, can completely dissolve aqueous ZnO nanoparticles and even cause the 

formation of different phases and chemical compounds [54].  The sensitivity of ZnO to growth 

media and, specifically, phosphate rich environments will be discussed in further detail in a later 

section. 

There is evidence suggesting that zinc ion release is the major cause for antimicrobial 

activity, and it is well understood how Zn2+ ions can interfere with cell function.  However, it is 

difficult to confirm that this is the primary mechanism due to the complex, unpredictable 

dissolution kinetics of ZnO [5].  It is also difficult to predict the production and nature of zinc 

complexes resulting from reactions involving Zn2+ ions [5].  As with studies disputing the effect 

of ROS and the amount necessary to cause bactericidal behavior, some suggest the release of Zn2+ 

ions has a small effect relative to the observed antibacterial behavior. 
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Surface-Surface Interactions 

Interactions between ZnO particles and the extracellular material of bacteria have also been 

investigated as a potential mechanism of action.  ZnO particles can mechanically harm the cell 

walls or otherwise influence the behavior of the cell membrane through physical contact [10, 14].  

This mechanism is more effective against Gram-negative bacteria since they have a thinner 

peptidoglycan layer, making membrane rupture much easier [14].  While interactions and contact 

between particles and bacteria cause damage to the bacterial cells, studies also indicate that 

excessive contact can cause damage to the ZnO particles as well [10].  This could lead to the 

exhaustion of ZnO available in the immediate area, thus hampering the efficacy of ZnO as an 

antibacterial agent [10].  

 

Novel Approach to Investigating Antibacterial Action of ZnO 

In general, most studies of the antibacterial action of ZnO have been focused on the action 

of nanoscale particles, primarily through biological assays, and observing the response of bacteria 

to ZnO and other antimicrobial agents.  Our approach differs in multiple ways.  Firstly, we are 

using ZnO microcrystals which are comparable in size or larger than the S. aureus bacteria.  This 

would prevent internalization of the particles be by the bacterial cells and will allow us to 

conentrate on interactions between the ZnO surfaces and the extracellular material of the bacteria.  

Furthermore, we will be able to study the role and contributions of the characteristically different 

crystallographic surfaces of ZnO.  Moreover, we will study the effects of interaction with bacteria 

on the ZnO particles themselves.  Although in some previous studies the interactions between ZnO 

and the growth media were investigated [2], in our work we expand this effort via studying the 
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correlations between the morphology of ZnO and changes in surface chemistry as well as 

optoelectronic properties resulting from interactions of ZnO with bacteria and the growth media. 

We hypothesize that interactions between micro and nanoscale ZnO crystals have a 

significant impact on near-surface charge dynamics, optoelectronic processes, and ZnO surface 

morphology.  Therefore, thorough investigations into specific changes morphology and 

optoelectronic processes of nano and microscale ZnO in response to exposure to bacteria and 

bacterial growth environment are necessary to fully antibacterial action of ZnO. 
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II. Experimental  

ZnO Crystal Synthesis 

Production of specific morphologies of ZnO to be used in our experiments is critical to our 

investigations.  In an effort to meet criteria regarding sizes and morphologies of our particles while 

employing cost-effective and scalable processes, we elected to pursue a bottom-up chemical 

method for ZnO synthesis.  By utilizing and modifying a previously established hydrothermal 

growth method [55], we were able to produce micron-sized crystals with significant control of the 

relative abundance of exposed polar and non-polar surfaces.  ZnO production was carried out as 

follows. 

Protocols for this hydrothermal method required a 99.999% pure Zn foil to be heated in a 

solution bath containing various aqueous concentrations of hexamethylenetetramine (HMTA) and 

zinc acetate dihydrate (Zn(Ac)2) from Sigma Aldrich.  First, deionized water was poured into a 

beaker with a magnetic stirrer.  Then, after the stirring has began, an HMTA solution was added 

to the beaker while continuously being stirred.  This solution was stirred for 5 minutes before 

adding Zn(Ac)2 solution to the mixture.  Specific volumes utilized for each sample can be found 

in Table 1.  This mixture was stirred for 30 minutes.  During this time, a 10 mm × 15 mm strip of 

Zn foil was cleaned with acetone and placed into a Teflon-lined stainless-steel reactor, depicted 

below (Figure 14).  After 30 minutes of stirring, the solution of chemical precursors was added to 

the reactor, with the Zn foil completely submerged into the mix.  The reactor was then placed in 

an AI Stabletemp forced air-drying oven for heat treatment.  Solutions reacted under temperatures 

ranging from 95°C to 130°C for 4 to 24 hours.  Reaction temperatures and times were varied to 

produce the desired morphologies of ZnO micro-crystals. 
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Figure 14:  Stainless steel autoclave hydrothermal reactors. Right side depicts reactors 

components: white Teflon sleeve and steel trap container.  Left side shows reactor fully 

assembled with sleeve secured inside metal trap. 

 

These reactions used both Zn foil and Zn(Ac)2 as zinc suppliers.  HMTA does not add Zn2+ 

or O2- to the solution but heavily influences the morphology of the hydrothermally grown crystals, 

acting as a surfactant and increasing the pH of the solution.  Zn(Ac)2, on the other hand, contributes 

to lowering the pH of the reactant solution. 

Growing morphologically different particles involves influencing the growth rate along the 

fastest growing directions of the ZnO crystal ([21̅1̅0], [01̅1̅0], and [0001]) [56].  Typically, 

growth along the c-axis is the fastest since the non-polar surfaces have a lower surface energy than 

the polar surfaces.  Weighing the preferential growth direction can be done through modifying the 

chemical precursors, pH of the reactant solution, as well as the growth time and temperature. 

Sizes of the hydrothermally growth particles are influenced primarily by the temperature, 

the duration of thermal treatment, and the availability of reactants.  Studies indicate [57] that 

increases in the time of thermal treatment yield larger particle sizes, provided Zn2+ supply is not 

depleted.  In addition to influencing particle sizes, the temperature can also affect the preferred 
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direction of growth.  Higher reaction temperatures contribute to preferential growth along the c-

axis while reactions at lower temperatures contribute to shorter hexagonal prisms (rods), with a 

greater share of polar surfaces. 

Additionally, growth along the c-axis can be given preference if the solution is more 

alkaline due to a direct correlation between such growth and interactions between the Zn2+ and the 

OH- ions [58].  Acidic solutions limit the availability of the OH- ions, contributing to shorter rods 

[58].  Studies have shown [58] a direct dependence between the aspect ratio of the hexagonal ZnO 

rods and pH of the reaction solution. 

 

Characterization of ZnO Crystals 

Initial characterization of the hydrothermally grown crystals was performed using electron 

dispersive X-ray spectroscopy (EDX) and scanning electron microscopy (SEM).  This allowed us 

to quickly evaluate the relative abundance of polar surfaces for each sample as well as the chemical 

composition of the samples to confirm that we produced high-quality ZnO crystals for our 

experiments.  SEM and EDX were also used during the later stages of our experiments, to elucidate 

morphological and chemical changes in ZnO due to interactions with bacteria and the bacterial 

growth media. 

SEM is used to characterize morphology and size distribution of microcrystals in our 

samples.  It operates by scanning the surface of a sample with a focused primary electron beam.  

Images are then produced based on secondary and/or backscattered electrons.  An electron beam 

incident on the surface of a material produces several phenomena occurring simultaneously, as 

depicted in Figure 15.  Primary electrons in collision cascades at varying depths generate such 
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responses from the material as: emission of electromagnetic waves, production of heat, and 

ejection of secondary and backscattered electrons.  The latter are produced at relatively shallow 

depths and are guided into an SEM detector.  As the primary electron beam scans the sample, the 

intensity of the secondary and backscattered electron yield is measured and plotted at each point.  

The results from the entire scan are compiled to form an SEM image of the sample. 

EDX can be performed using the SEM instrument.  In this case, the primary electrons 

remove electrons from the deeper orbitals of the atoms of the material, thus causing a release of 

characteristic x-rays.  Each element has a specific set of characteristic x-ray energies associated 

with it.  Therefore, measuring the spectrum of the x-rays allows one to evaluate the elemental 

composition of the samples. 

 

Figure 15: [59] Electron beam-surface interactions.  At different depths of interaction volume, 

different phenomena take place.  This involves emission of characteristic x-rays used in energy-

dispersive x-ray spectroscopy to identify composition.  Shallower depths of electron interactions 

involve release of backscattered and secondary electrons. 
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Microbial Assays 

Investigating the antibacterial or bactericidal tendencies of different agents can be done 

through various assays.  Some of the more common ones are the disc diffusion, the turbidity assays, 

and colony counting.   

The disc diffusion experiments are performed by spreading a culture across an agar plate.  

A disc containing the antimicrobial agent is then placed in the center and the plate is incubated.  

The antimicrobial agent can diffuse into the agar generating a so-called zone of inhibition where 

bacteria are either being killed or cannot grow.  Figure 16 is an example of a disc diffusion assay 

performed using hydrogen peroxide on s. epidermis. 

 

Figure 16: Disc diffusion assay results performed using hydrogen peroxide on s. epidermis. 

 

Turbidity is a measure of cloudiness caused by particles suspended in a fluid.  These assays 

involve an agent being suspended in a nutrient-rich broth and bacteria.  The turbidity of these 

suspensions are measured over time.  The number of bacteria present would directly correlate with 
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the turbidity of the broth.  Over time, a decrease in turbidity would indicate an antibacterial 

activity. 

Colony counting involves growing a bacterial culture in a broth containing an antimicrobial 

agent.  This culture is then diluted several times and spread across an agar plate.  The agar plate is 

then incubated, allowing individual colonies of bacteria to grow.  These colonies are then counted.  

This assay can be used to validate or quantify results from the turbidity assays. 

These assays, however, are not ideal for our studies.  Given the large size of our particles, 

they would not be able to effectively diffuse into the agar and yield accurate results for antibacterial 

activity.  Turbidity assays would also be unreliable since the large particles would be prone to 

either settling to the bottom and not interacting with bacteria or they would cause a significant 

scattering of light, thus reducing the efficacy of turbidity as a measure of the bacterial population 

size.  Colony counting would also be influenced by the settling of larger particles, thus limiting 

their interactions with bacteria.  Therefore, we decided to utilize a modified version of the so-

called minimum inhibitory concentration (MIC) assay. 

 

MIC Assays 

MIC assays were performed to quantify the antibacterial action of our ZnO crystals with 

S. aureus.  These assays used the Newman strain of S. aureus in the Becton-Dickinson Mueller 

Hinton Broth (MHB) medium.  Initial cultures were grown overnight and diluted to an early log 

phase with an optical density at 600 nm (OD600) of 0.4.  Achieving early log phase bacterial 

growth is critical in performing this assay.  Bacterial growth occurs in four phases: lag phase, log 

phase, stationary phase, and death phase.  The first is the lag phase in which there is not significant 
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increase in the number of living bacteria cells.  The second is the log phase.  During this phase, 

bacteria reproduce at an exponential rate as they actively consume nutrients in the growth media 

and reproduce.  Stationary phase is the time period in which the rate of cell death roughly equals 

the rate of cell division.  The death phase is a time in which there is an exponential decrease in 

number of living cells.  Beginning the assay in the log phase is important as there is balanced 

bacterial growth in a nutrient rich environment, thus yielding healthy offspring during this rapid 

growth stage. 

These log phase cultures were again diluted 1:200 into microcentrifuge tubes containing 

ZnO particles at specific concentrations yielding a total final volume of 1 mL.  Particles used were 

synthesized as described above.  Commercial grade ZnO nanopowder samples from Sigma Aldrich 

and Zochem were also used in our experiments, for comparison.  Both the synthesized and 

purchased particles naturally settle to the bottom of the broth, thus limiting their interactions with 

the bacteria.  To compensate for this, microcentrifuge tubes containing the cultures were 

continuously inverted throughout the incubation using an electronic inverter shown in Figure 17.  

This ensured a continual contact and interactions between the particles and bacterial cells.  For 

these assays, several serial diluted concentrations of the same ZnO sample were incubated 

simultaneously at 37°C for 16-20 hrs.  To adjust for the ZnO contribution to turbidity and optical 

density, we also incubated microcentrifuge tubes containing the same dilutions of only ZnO 

particles in 1 mL MHB without bacteria.  After the incubation, the samples were removed from 

the inverter and centrifuged for 30 seconds at 100 rpm to separate the ZnO particles from the 

bacteria and media.  200 μl of the supernatant was then transferred from each tube into individual 

wells of a 96-well plate.  Using a Fluostar Omega plate reader from BMG Labtech, the OD600 for 

each individual well was determined.  The OD600 values from the ZnO control tubes containing 
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no bacteria were then subtracted from the corresponding values for the tube containing ZnO and 

bacteria in order to control for the increased background levels caused by excess scattering due to 

ZnO.  All MIC assays were repeated at least three independent times and Experiments were 

repeated at 3 independent times and results are presented as the median +/- standard deviation. 

 

 

Figure 17: Tube rotator used during incubation.[60] 

 

In an effort to further elucidate the interactions between ZnO and bacteria, as well as ZnO 

and the growth media, we performed SEM, EDX, and optoelectronic characterization of the 

samples before and after substantial interactions with bacteria and growth media.  To ensure 

sufficient contact between the particles and the bacteria, MIC assays were first performed to 

determine the concentrations of ZnO particles that would inhibit the growth of bacteria, thus 

limiting the number of possible interactions.  Once the MIC was measured, ZnO particles with 

concentrations below the MIC were incubated with the log phase bacteria cultures.  After the 

incubation, these samples were centrifuged or 30 seconds at 100 rpm and then sterilized via heat 
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killing.  Once the samples were sterilized, the ZnO particles were separated from the bacteria and 

removed for characterization. 

 

Media-Dependent Survival Assays 

 To investigate the impact of growth media on antibacterial action of ZnO, killing curve 

assays of S. aureus in saline, phosphate buffered saline (PBS), and MHB growth media were 

performed.  In these experiments 0.9% saline solution adjusted to a pH of 7.4 was used.  PBS was 

synthesized by dissolving the following into 400 mL of milliQ water:  

- 40 g NaCl 

- 1 g KCl 

- 7.2 g Sodium phosphate-dibasic (anhydrous) 

- 1.2 g KH2PO4 

The pH for this solution was adjusted to 7.4 and volume was adjusted to 500 mL.  The PBS 

solution was then sterilized by autoclaving. 

Killing curve assays were performed in the following manner.  Log-phase growth bacterial 

cultures were grown in MHB in the same manner as in MIC assays.  These cultures were then 

washed and diluted 1:100 in MHB, PBS, or saline.  750 µL each of the bacteria dilution  and ZnO 

stock in the same medium were added to a microcentrifuge tube, yielding a total volume of 1.5 

mL.  Additionally, a 1.5 mL microcentrifuge tube containing 750 µL each of the 1:100 bacteria 

dilution and the growth medium alone.  These tubes were incubated under constant inversion at 

37° C.  Over the course of the assay, microcentrifuge tubes were removed at specific time points: 

0 hr, 1 hr, 2 hr, 3 hr, and 4 hr.  These tubes were centrifuged for 2 minutes at 100 rcf to force the 
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ZnO particles to the bottom and 25 µL of culture from the top of each tube was removed and plated 

on agar using serial dilutions to enumerate the surviving colony forming unites per mL (CFU/mL).  

Experiments were repeated at 3 independent times and results are presented as the median +/- 

standard deviation. 

Growth Media Conditioning Assays 

 MHB growth medium was conditioned using commercial grade Sigma Adrich 

nanoparticles.  A specific concentration of ZnO particels were immersed in the MHB medium for 

different amounts of time (1-day, 1-week, 1-month or 2- months).  For each trial, tubes containing 

ZnO and MHB were mixed to ensure even distribution of the ZnO particles before removing 1 ml. 

This 1 mL of the stock was then placed in microcentrifuge tubes and centrifuged for 5 minutes at 

16,000 RCF to pellet the ZnO particles and remove them.   

 100 µL of this conditioned medium was placed in a well of the 96-well plate with 100 µL 

of the 1:100 diluted log-phase S. aureus culture.  In another well the same volumes of 1:100 diluted 

log-phase S. aureus and MHB that had not been conditioned and MHB-alone as the blank control.  

This 96-well plate was incubated overnight at 37° C and turbidity was then measured at OD600. 

These experiments were repeated 4 separate times with independent conditioned media 

preparations and S. aureus cultures and results are presented as the median +/- standard deviation 

Preparation of Samples for Post-Interaction Experiments 

To prepare for the SEM imaging, the remaining cultures from the MIC assays were 

combined, washed once in a PBS and then fixed in a 1.6% glutaraldehyde for 1 hr at room 

temperature.  The samples were dehydrated in a series of 10-minute ethanol incubations at the 

following concentrations: 30%, 50%, 70%, 85%, 90%, and two times at 100%.  The samples were 
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then incubated with hexamethyldisilazane overnight with the lid open until the excess liquid 

evaporated.  Some samples were then sputter-coated with an 8 nm gold film.  However, in order 

to accurately determine the elemental composition of samples and observed phases, gold sputtering 

was not utilized for later samples.  This is due to the proximity of gold EDX peaks to those of 

phosphorus. 

 

High Vacuum System 

In order to minimize the influence of ambient environment, some of our surface-sensitive 

experiments, such as surface photovoltage, were performed in the high-vacuum (HV) system 

depicted in Figure 18, with its schematic shown in Figure 19.  This system consists of three 

chambers separated by valves so each chamber may be isolated from the rest of the setup.  The 

purpose of the so-called load lock (LL) chamber is to have samples inserted into or removed from 

the HV system.  In the adjacent processing chamber (PC), samples can be treated with remote 

plasma or annealed to controllably change properties of studied samples.  Below PC, there is a 

Intellisys throttling soft-shut (TSS) valve which separates the PC from the turbomolecular pump 

and roughing pump.  The TSS valve is controlled by a computer software, allowing it to be partially 

opened to with precision.  The precise control of this valve allows one to control the gas flow rate 

through the PC during plasma treatment.  This, in turn, is connected to an Agilent turbomolecular 

pump (TMP) and a Welch Duo Seal Vacuum roughing oil pump.  The chamber next to PC is the 

characterization chamber (CC) where surface photovoltage and Auger electron spectroscopy 

experiments can be performed.  Below CC is a Varian diode ion pump necessary for maintaining 

low pressures.  Importantly, this pump runs vibration-free, which is important for performing low-

noise surface photovoltage experiments.  The ion pump can maintain low pressure without any 
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mechanical vibrations.  Using strong fields, the pump ionizes ambient residuals present in the 

system and drives them towards positively and negatively charged plates. 

 

Figure 18: HV system used for surface treatment and characterization [61]. 

 

Figure 19: Schematic of HV system [61]. 

Achieving high vacuum in our system is a multi-stage process.  First, the roughing pump 

is used to lower the pressure to around 10 mTorr.  Pressures on this scale are more manageable for 

the TMP.  Once 10 mTorr is achieved, the TMP is started.  The TMP is capable of achieving 
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pressures on the order of 10-7 Torr.  After this, an ion pump is required to lower the pressure even 

further. 

Once the system is fully pumped down, a sample in the LL chamber can be transferred 

from LL to PC or CC as needed using a long transfer rod, which can be screwed into a sample 

holder to move the sample along the system.  Both PC and CC are equipped with XYZ-

manipulators onto which sample stages are mounted and subsequently moved into position for 

treatment or characterization. 

To prevent the atmospheric moisture from contaminating the HV system when exchanging 

samples, it is important to minimize the amount of air that enters the system any time LL is open 

to the atmosphere.  To exchange a sample, it is first moved to the evacuated LL by the transfer 

rod.  After this, PC and CC are closed off from the LL, dry nitrogen gas is slowly introduced into 

the LL chamber at a pressure higher than 1 atm via a leak valve depicted in Figure 26.  While the 

dry nitrogen is flowing into the chamber, the LL door can be unlocked.  Over time, pressure will 

increase in LL, the door will be opened by the nitrogen flow once the pressure inside the chamber 

is greater than the atmospheric pressure.  This allows us to remove a studied sample from the 

system and insert a new one with a net outflow of nitrogen from the chamber.  This minimizes any 

contaminants that could be introduced from the atmosphere. 

 

Surface Photovoltage  

SPV Background 

As stated earlier, surface charge dynamics on the nano-scale can be highly complicated.  

Among other factors, surface traps and the drift of excess charge carriers make major contributions 
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to SBB [62].  Figure 20 is a depiction of the SCR (for an n-type semiconductor) depleted of 

electrons due to electrons accumulating at the surface trap states [61].  Charges in the surface traps 

contribute to the surface charge density (Qss).  If electrons move from the SCR to the surface, this 

leaves an uncompensated positive charge in the SCR (Qsc).  Conservation of charge requires that: 

 

 𝑄𝑠𝑠 + 𝑄𝑠𝑐 = 0 (1) 

 

 

 

Figure 20: Influence of occupied surface states on SCR in n-type semiconductor[63]. 

 

A result of this charge accumulation is an electric field and, hence, a potential barrier Vs in 

the SCR, impeding the flow of electrons to the surface.  Thus, electronic bands bend upward as 

they approach the surface.  The SPB and the resulting SBB represent the electric potential energy 

difference between the surface and bulk. 
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The sensitive interdependence between Qss and Qsc render SPV an effective tool for 

investigating the role of surface chemistry and surface charge dynamics in the antibacterial action 

of ZnO.  In SPV experiments, one determines the response of the surface electric potential to the 

changes in illumination, such as changes of the wavelength of the incident light (SPV 

spectroscopy) or time-dependent intensity of illumination (SPV transient).  SPV transient 

experiments involve two modes: “light-on” and “light-off”.  The light-on SPV transient is 

performed by illuminating the surface with panchromatic light and recording the SPV signal as a 

function of illumination time.  The light-off SPV is performed after the light-on experiments.  

Illumination is turned off and CPD is measured as a function of time as the surface charges settle 

to the preferred ground state. 

Measuring the surface potential can be done by a number of methods.  In our experiments, 

we use the so-called Kelvin probe method.  A Kelvin probe measures changes in the surface work 

function as a result of surface band-bending.  The Kelvin probe oscillates near the sample surface 

as shown in Figure 21 This vibrating probe forms a capacitor with the sample surface, equivalent 

to parallel plates with different work functions, so that the distance between the plates changes 

periodically over time.  The probe itself acts as a reference for observing changes in the contact 

potential difference (CPD) between the probe and sample.  We define CPD as: 

 
𝑉𝐶𝑃𝐷 =

𝑊1 − 𝑊2

−𝑒
 

(2) 

where W1(2) are the work functions of the electrode and sample; e is the elementary charge. 
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Figure 21: Kelvin probe operation diagram 

 

To study the SPV phenomena, one must first look at how the probe and sample surface 

interact.  Figure 22 illustrates this interaction in 3 scenarios: no electrical contact between the probe 

and surface (a), external electrical contact (b), and arrangement driven by an external bias (c).  For 

case (a), there is no electric field between the surface and the Kelvin probe and both materials have 

different Fermi energies (Ef).  If an electrical circuit is completed between the material and the 

probe, charge carriers can migrate so that the Fermi levels become equal, similar to the situation 

occurring in metal-semiconductor contacts and p-n junctions.  This charge imbalance creates an 

electric field resulting in CPD due to the difference in surface energies.  The system can be 

externally biased to compensate for this energy difference.  By generating a compensating DC 

voltage, the surface energy of these materials can be equalized as shown in Figure 22 (c), and this 

compensatory voltage is equal to the CPD. 
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Figure 22: Principle of operation of SPV with energy band diagrams illustrating  probe and 

sample with work functions W1 and W2, respectively, when (a) there is no electrical contact, (b) 

electric contact generates an electric field between probe and sample surfaces, and (c) external 

bias is applied to system to eliminate electric field between probe and sample [63]. 

To bias the system in a way that there is no electric field between the probe and the sample 

surface there must be a driving voltage VDC = VCPD.  SPV provides a measurement of changes in 

VDC, and therefore VCPD as a function of the wavelength of light and the exposure time to varying 

illumination in different ambient environments.  This creates a direct line to understanding the 

charge carrier dynamics and the band bending at the surface of a sample. 

 

SPV Procedures and Equipment 

Our SPV experiments were performed under a high vacuum (10-8 Torr), which was 

maintained solely with the ion pump to minimize the mechanical vibrations in the system.  This 

condition is necessary due to the highly sensitive nature of the Kelvin probe.  A Besocke Kelvin 

Probe S with a gold-coated circular mesh electrode was used in our studies.  Using the XYZ-

manipulator in CC, the sample was positioned ~1 mm beneath the probe.  The ex-vacuo optical 

train consisted of a 250 W quartz tungsten halogen lamp, an Oriel Cornerstone grating 

monochromator, bandpass filters, an f# matcher and an optical fiber extending into CC as the light 

source illuminating the sample surface.  The monochromator was equipped with two diffraction 
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gratings for operations in the 180-750 nm range and the 450-2000 nm range, thus allowing a total 

possible SPV spectral range between ~1.1 eV and ~6.5 eV.  Since Oriel Cornerstone is a grating 

monochromator, the bandpass filters were utilized to eliminate higher order diffractions.  In the 

case of transient studies, the white light source interfaced directly with the optical fiber for 

panchromatic SPV.  In these experiments, the Kelvin probe controller was connected to a PASCO 

Scientific interface where CPD could be measured as a function of time.  SPV spectroscopy studies 

utilized a LabView interface program which simultaneously controlled the monochromator and 

recorded CPD measurements as a function of illumination wavelength. 

 

Remote Plasma Treatment 

The surface electronic structure of a material is affected by the presence of surface defects 

and dangling bonds.  They, in turn, could be altered by physisorbed and chemisorbed species.  It 

is possible to initiate and control this adsorption by exposing the surface to ionized gas (plasma).  

However, exposure to a direct (hot) plasma, depicted in Figure 23, can cause unwanted defects 

and phase changes in a material due to heat.  To avoid this, we employ remote plasma treatment 

of our samples, which involves the generation of a direct plasma a certain distance away from the 

processed surface.  Consequently, through manipulation of the gas flow and, in some cases, via 

application of an electric field, the plasma can be guided to the sample.  This allows the plasma to 

cool as it is no longer being heated by the excitation of the oscillating electromagnetic field, so the 

ions can be adsorbed without introducing the damaging effects of heat.  Remote plasma generation 

is depicted in Figure 24. 
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Figure 23: Direct plasma generated inside inductive coil. 

 

 

Figure 24: Remote (cool) plasma in the PC with sample stage. 

 

Sample surfaces can be remote plasma-cleaned using inert gases such as argon, seen in 

Figure 25.  This allows one to remove contamination species adsorbed by the surface, which may 
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in turn influence surface electronic structure.  Application of chemically active remote plasmas 

such as oxygen promotes selective absorption or desorption of specific elements at the treated 

surface. 

 

Figure 25: Remote argon plasma cleaning sample surface. 

 

For a remote plasma treatment, a sample is moved to PC, where it is loaded into the sample 

stage on the XYZ-manipulator as shown in Figure 25.  PC is then closed off from LL and CC.  A 

glass tube above PC has a coil of copper tube wrapped around it.  This tube is connected to a radio 

frequency (RF) generator via a match network.  On top of the tube is a leak valve (shown in Figure 

26) connected with a tubing to flow rate controllers.  Once the sample is in position, the TMP is 

slowed to allow pressure to exceed 100 mTorr.  Additionally, the electronically controlled gate 

valve above the TMP can be partially opened with precision to control the outflow of gas. 



49 

 

 

Figure 26: Leak valve controlling flow rate of gas into Pyrex® tube for plasma generation. 

 

To generate plasma, the desired gas is leaked into the glass tube at a specific flow rate.  At 

this point the RF generator sends AC through the coil, which in turn produces an alternating 

electromagnetic field to ionize the gas inside the tube (direct plasma).  This plasma is then flown 

towards the sample stage.  By controlling this outflow, one can maintain the ionized state of the 

plasma as it flows downward.  Furthermore, a metal mesh below the sample stage can be negatively 

biased to help bring the positively charged ions down toward the treated sample.  At this point, the 

sample is exposed to a uniform flux of ions for 2-4 hours to ensure that the surface is cleaned or 

sufficient surface modification has occurred. 
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Photoluminescence Spectroscopy 

Photoluminescence (PL) can be used as a tool to measure the energies of electronic 

transitions in a material.  Figure 27 illustrates the mechanisms behind photoluminescence 

phenomena.  As the name implies, photoluminescence is the emission of light (luminescence) by 

a material in response to an incident illumination (photons).  In PL experiments on semiconductors 

and insulators, the surface of a material is illuminated with super-bandgap photons from a source, 

such as a laser.  The energy of an incident photon can be absorbed by an electron, giving it 

sufficient energy to be excited from the valence band to the conduction band.  Since CB is a 

continuous band of allowed states, the electron’s energy can be dissipated via a non-radiative 

process called thermalization all the way to the bottom of CB.  At this point the electron can no 

longer dissipate energy in a continuous manner.  In order to descend to a lower energy state, the 

electron can undergo an emissive transition to gap states or to VB. 

 

Figure 27: Principles of photoluminescence spectroscopy.  Super-bandgap photons excite 

electrons into the CB.  These electrons can then undergo transitions into lower energy states.  

Optically active defects can introduce states between the VB and CB allowing for lower energy 

PL emissions. 
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ZnO is a direct bandgap material with an exciton dissociation energy of 60 meV which is 

greater than room temperature (~25 meV).  As a result, PL can be employed to observe excitonic 

behavior in ZnO at room temperature.  Some excitons can move relatively freely through the lattice 

without significant obstruction.  These are referred to as free excitons (FEx).  FEx recombination 

(hole annihilation by an electron) results in the emission of a photon with energy slightly lower 

than the band gap energy due to the Coulombic electron-hole interactions. 

At low temperatures, potential wells in the lattice caused by distortions due to defects can 

trap excitons via the multipole attraction.  These trapped excitons are referred to as bound excitons 

(BEx).  Because of localization by these potential wells, the BEx recombination yields photons of 

energy less than that of FEx [64]. 

In our studies, PL is used at varying temperatures before and after exposure of ZnO samples 

to bacteria.  In particular, we are investigating changes in the position and relative intensities of 

PL spectral features due to interactions with bacteria and growth media. 

In our studies, PL spectra were obtained by exciting the luminescent materials with a beam 

from a HeCd Kimmon continuous-wave laser (model IK5452R-E) depicted in Figure 28.  It has 

an emission line at 325 nm, or ~ 3.8 eV, which is sufficient for a super-bandgap excitation of 

electrons in ZnO.  Light from PL was collected using the T-64000 Triple subtractive grating 

monochromator (see Figure 29).  Emission intensities at each wavelength are captured by a Horiba 

CCD depicted in Figure 29.  The CCD and the monochromator are interfaced with a computer 

using the LabSpec 5 software. 
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Figure 28: HeCd laser used for super-bandgap illumination of samples during PL experiments. 

 

Figure 29: Light collection system used in PL experiments.  Triple subtractive monochromator is 

depicted with CCD detector on top circled in blue. 

 

Experimental Modifications, Equipment Repairs and Troubleshooting 

Impact of COVID-19 and Infrastructure Failures 

The last year and a half of this dissertation effort was significantly impeded by the COVID-

19 pandemic, particularly due to the timing of the TCU campus closure as well as the extended 

absence of undergraduate students.  The university locked down at a turning point in our work 

when breakthrough results had motivated us to introduce new experiments and procedures.  The 

antibacterial assays were performed primarily by undergraduate students in the Biology 

Department, so that the assay results were significantly delayed. 
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In addition, several floods in the Sid W Richardson and Winton Scott buildings disrupted 

operations of Dr. Strzhemechny’s and Dr. McGillivray’s laboratories for extended periods of time.  

The COVID-19 pandemic was not the only setback or issue we had to resolve to succeed.  As with 

most experimental investigations, there were repairs, equipment modifications and novel designs. 

 

Bacterial Assay Modifications 

Our hydrothermally grown particles are much larger than typical antimicrobials, which are 

more suited for traditional antibacterial assays.  Even a conventional MIC assay in which the 

particles are shaken during incubation do not provide a sufficient amount of interactions with 

bacteria.  In order to ensure that sufficient interactions between ZnO particles and bacteria take 

place, a modified incubation system was developed utilizing an electronic inverter first in a large 

incubation room.  This setup was further modified to fit into a tabletop incubator to maintain 

constant inversion of the samples during incubation. 

In addition to that, ZnO has a high refractive index and micron-size particles would lead to 

excess scattering in the turbidity measurements for the MIC characterization of the samples.  To 

compensate for this, the samples were centrifuged immediately after incubation, to force the ZnO 

to the bottom of the microcentrifuge tubes.  As an added measure, the growth medium in the 

OD600 MIC assays was taken from the top 20% of the microcentrifuge tube to further limit the 

possibility of ZnO particles being included in turbidity readings.  A final, additional step was taken 

to correct for any possible noise generated by ZnO or media.  An assay of “blank” samples 

containing only ZnO in media was performed in parallel to each MIC assay.  These samples had 

the same concentrations of ZnO and were incubated and centrifuged under the exact same 

conditions.  The OD600 results of these “blank” samples were subtracted from the antibacterial 
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assay results.  All the above ensured that the presence of larger ZnO particles had minimal impact 

on the MIC results. 

The purpose of our experiments was not merely to confirm the antibacterial action of ZnO 

particles, but to understand the interactions taking place between ZnO surfaces and bacteria as well 

as between ZnO and the growth media to further elucidate fundamental processes driving the 

antimicrobial behavior of ZnO micro- and nanoscale particles.  To that end, we designed 

experiments such that once the MIC of a particular sample was known, we would incubate a large 

volume of that sample under sub-MIC conditions.  This would allow us to have enough of each 

ZnO sample to perform optoelectronic studies before and after interaction with bacteria. 

 

HV system  

 

Bakeouts 

The process of operating an HV system is complex.  The common maintenance procedures 

for our system depicted in Figure 18 are sustaining clean oil/filter for the roughing pump and the 

so-called “bake-outs” of the entire system.  Bake-outs are necessary as over time, even when 

sample loading and unloading is done carefully, contaminants such as water vapor accumulate in 

the vacuum chambers.  Water vapor inside the chamber will freeze to the walls at low pressures.  

During experiments, the water ice on the inside walls of the chambers will sublime, thus making 

it difficult or impossible to maintain a desired vacuum level.  Overcoming this is as simple as 

heating the chamber to speed up the sublimation process and pump out the excess water vapor.  

These bake-outs, regularly scheduled, often take days or weeks to perform, depending on the level 

of contamination. 
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Ion Pump Repairs 

As discussed above, the ion pump is a critical component of our HV system.  On two 

occasions it became inoperable.  The first occasion required relatively simple refurbishing.  The 

second occasion involved a significant troubleshooting, revamping and redesign efforts.  The 

pump lost the ability to achieve desired pressures within the system.  After numerous bake-outs 

did not solve the issue, it was discovered that the ion pump elements needed replacement. 

The ion pump elements are heavy, and replacing them is not a trivial task.  The ion pump 

is hanging from below CC of the HV system.  It is supported by fittings in the vibration-isolated 

table and itself supports the weight of the entire chamber above.  Removing the ion pump involved 

a complete disassembly the vacuum system on top of it.  In collaboration with the TCU Machine 

Shop and the TCU Physical Plant a method for a safe removal and packaging of the ion pump for 

shipping was designed and implemented.  Once removed the ion pump was shipped to Duniway 

Stockroom Corporation where new elements were installed and the pump was baked out on site. 

 

A few months later, the ion pump was returned to TCU and needed to be reinstalled.  In 

collaboration with the TCU Machine Shop, we designed new mounts for the pump to make future 

maintenance easier.  The ion pump was then mounted and the HV system was reinstalled on top 

of it, thus rendering the HV system fully functional. 
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SPV Hardware and Software Troubleshooting and Modifications 

During transient SPV experiments the signal to noise ratio (S/N) started deteriorating, 

despite the excellent S/N in the SPV spectra measured under the same conditions.  Troubleshooting 

revealed that this was the result of a software malfunction.  We employed a PASCO Capstone 

software to measure voltage as a function of time to remedy the issue, and drastically improved 

S/N. 

At a later time, worsening of S/N was observed in both SPV spectroscopic and transient 

measurements.  This turned out to be the result of contamination on the Kelvin probe.  To clean 

the Kelvin probe, we purged the entire HV system with dry nitrogen and closed off CC from the 

ion pump, while the rest of the system was left open to CC with a constant outflow of dry nitrogen 

to prevent atmospheric air from entering the chamber.  A shallow beaker of isopropanol was then 

used to carefully dip the Kelvin probe, cleaning its surfaces of the impurities. 

 

Photoluminescence System Optimization 

Laser Refueling 

The laser used in our PL experiments is a Kimmon HeCd laser.  It is fueled by a helium 

gas in a sealed tube inside the system.  At some point, to refuel the laser we had to send it to the 

manufacturer. 

Monochromator Troubleshooting 

The monochromator used in our PL experiments is a triple subtractive grating 

monochromator.  It has two different gratings, each with different groove densities and driven by 

separate stepper motors.  These motors tilt the gratings by turning a screw attached to the motors 
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via nylon drive belts, as seen in Figure 30.  On multiple occasions these drive belts needed 

replacement.  Over time, the drive belts wear out and lose grip on the gears driving them.  When 

this happens, slippage occurs, causing the gratings to become optically uncoupled from each other.  

Once fully uncoupled, light cannot be collected by the monochromator and the gratings must be 

recoupled and the system recalibrated. 

 

Figure 30: Grating drives for triple subtractive monochromator. 

 

The monochromator is interfaced with a computer via an electronic controller which allows 

to advance the monochromator gratings and collect PL spectra.  During one of the experiments, 

the monochromator became unresponsive.  Testing of the system revealed that the transformer in 

the controller power supply had completely failed.   

 

It turned out that the manufacturer of the monochromator (Horiba) no longer produced 

neither that model of the monochromator controller nor the power supply for the controller.  The 

only option for us, then, was to purchase the newer controller model which needed to be retrofitted 
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to be compatible with our monochromator: the new controller used the USB interface, whereas 

our monochromator used serial ports.  Horiba service engineer installed, retrofitted, and calibrated 

the new system weeks before the onset of the COVID-19 epidemic in the United States.  This 

timing was critical since the new controller needed additional post-installation adjustments.  The 

initial installation of the controller was issue-free, and we were able to collect a few spectra, 

although shortly after that the Sid W Richardson building suffered a serious power outage.  As a 

result, the motors driving the gratings became un-calibrated.  Since the two gratings have different 

groove densities, the motors need to turn at different speeds.  After the outage, unbeknownst to us, 

the motors were reset to run at the same speed.  Furthermore, the new controller would frequently 

cause miscommunications between the computer and the monochromator, causing the computer 

to not know the orientation of the gratings.  Before Horiba could be reached, TCU campus shut 

down and in-person operations at Horiba closed down indefinitely.  Even after the TCU campus 

partially reopened, the Horiba engineers still could not be reached.  Only months after TCU 

reopening, Horiba responded to our calls and walked us through the resolution of the motor issues. 

 

Cryostat  

The cryostat used in the low temperature PL experiments uses a helium gas compressor to 

achieve cryogenic temperatures.  It is a water-cooled device.  One of the pipes inside the 

compressor, depicted in Figure 31, began leaking.  After attempts to reseal the leak using epoxy 

failed, we coordinated with the TCU Machine Shop for a repair.  The section of the pipe containing 

the leak was cut out and replaced with a new section depicted in Figure 32.  At a later time, the 

electronics of the compressor has failed and the compressor had to be replaced. 
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Figure 31: Section of pipe in helium compressor where leak was found. 

 

 

Figure 32: Section new coolant pipe after replacement by TCU Machine Shop. 
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Repair and troubleshooting of other minor equipment at the laboratory was also required.  

This included repairs of a spin coater, troubleshooting of smaller vacuum pumps, replacing 

electronic balances, repair and modifications of heating equipment such as hot plates and the 

forced air oven, etc. 
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III. Results and Discussion 

The objective of this study is to gain better understanding of the fundamental phenomena 

involved in the antibacterial behavior of ZnO micro- and nanoscale particles.  This was 

accomplished via comparative studies utilizing commercial grade nanoparticles and 

morphologically controlled ZnO microcrystals.  Initially, the in-house grown samples were 

characterized via SEM and EDX to confirm size, crystal quality, surface polarity, and composition.  

Our optoelectronic studies confirmed the production of high quality ZnO.  MIC and other bacterial 

assays were utilized to evaluate the antibacterial efficacy of different morphologies.  We also 

utilized SEM, EDX, PL and SPV before and after exposure to bacteria and growth media to better 

understand how such exposures impacted morphological and optoelectronic properties of the 

samples. 

 

Production of Controllable Morphologies 

Employing the aforementioned hydrothermal synthesis method, we produced a variety of 

microcrystalline ZnO morphologies.  Through modifications of previously established growth 

protocols we successfully achieved a desirable control over particle size and morphology.  We 

found that mixing of equimolar (1:1) solutions of HMTA and Zn(Ac)2 in DI water and their heat 

treatments were ideal for our purposes.  This 1:1 ratio produced hexagonal crystals of the suitable 

size and morphology.  Table 1 outlines the chemical precursors used to produce our samples.  We 

found that varying net concentrations of the chemical precursors influenced the pH of the reaction 

solution prior to and after the heat treatment.  The pH values for select samples before and after 

heat treatment, as well as their corresponding morphologies, are provided in  
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Table 2. 

Table 1: List of selected samples with their corresponding chemical precursor volumes, heat 

treatment temperatures and times. 

 

Sample 
Number 

Volume 
DI (mL) 

Volume 
Zn(Ac)2 

(mL) 

Volume 
HMT 
(mL) 

Heat 
Treatment 

Temperature 
© 

Heating 
time 

(hours) 

S46 10 10 10 95 14 

S47 0 20 20 95 14 

S48 10 20 0 95 14 

S49 10 10 10 135 1.5 

S50 10 10 10 140 1.3 

S57 10 10 10 150 2 

S51 10 10 10 140 1.5 

S53 10 10 10 140 1.5 

S 54 10 10 10 120 1.5 

S55 10 10 10 140 1.3 

S57 8 11 11 140 1.3 

S58 8 11 11 140 1.3 

S59 5 5 5 140 1.3 

S60 8 11 11 100 12 

S61 4 6 6 140 1.3 

S62 8 11 11 100 12 

S63 5 9 9 140 1.3 

S64 6 15 15 100 5 

S 65 6 15 15 100 5 

S66 7 7 7 100 5 

S67 5 10 10 120 1.5 

S68 10 5 10 100 1.5 

S69 11 14 6 160 3 

S70 8 11 11 100 12 

S71 8 12 12 100 1.5 

S 72 5 12 12 90 5 

S73 8 5 5 120 3 

S74 3 11 11 100 14 
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S75 8 11 11 100 14 

S76 8 8 14 100 12 

S77 8 8 14 100 2 

S78 0 10 0 200 5 

S79 10 
 

0 200 5 

S80 10 
 

10 200 5 

S81 5 10 8 200 5 

S82 8 
 

0 200 5 

S80 10 
 

10 200 5 

S83 5 5 5 110 5 

S84 5 10 8 200 5 

S85 12 8 8 110 5 

S86 7 7 7 100 5 

S87 10 10 10 140 1.5 

S88 7 4 4 100 15 

S89 12 1.5 1.5 100 15 

S90 7 4 4 100 15 

S91 12 1.5 1.5 100 15 

S92 8 11 11 110 1.5 

S93 8 11 11 110 1.5 

S94 ? 3 3 110 0.6 

S95 7 3 3 110 0.6 

S96 14 10 10 90 5 

S98 5 20 20 90 1.5 

S99 25 10 10 90 1.5 

S100 25 10 10 90 1.5 

S101 2 7 7 90 1.5 

S102 10 3 3 90 1.5 

S103 20 8 8 40 1.5 

S104 20 8 8 70 1.5 

S105 12 7 7 90 1.5 

s106 15 15 15 90 1.5 

S107 8 12 12 100 12 

S108 8 12 12 100 12 

S109 13.3 18.3 18.3 100 12 

S111 12 1.5 1.5 100 14 

S112 20 6 6 100 14 

S113 10 6 6 100 14 

S114 12 8 8 110 5 
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S115 12 16.5 16.5 100 13 

S116 8 10 10 120 10 

S117 8 10 10 140 5 

S118 10 7 6 100 13 

S119 15 5 5 110 24 

S120 20 8 4 110 24 

S121 5 12 10 150 15 

S122 28 
  

100 24 

S1223 15 10 2.5 100 24 

S125 15 10 2 100 12 

S127 10 10 12 90 11 

S128 5 5 5 90 14 

S129 10 10 12 90 14 

S130 10 10 12 90 16 

S131 5 5 6 90 16 

S132 7 7 7 90 16 

S133 10 10 12 90 16 

S134 7 7 7 90 30 

S135 10 10 12 90 30 

S136 12 1.5 1.5 110 24 

S137 15 5 
 

110 24 

S139 13 18 18 110 12 

S140 11 7 7 100 10 

S141 12 1.5 1.5 100 10 

S142 12 1.5 1.5 100 10 

confocal 
A 

10 12 10 90 22 

confocal 
b 

10 
 

10 90 22 

confocal 
c 

? ? ? 90 22 

F 20-3 15 5 5 90 12 

F 20-4 15 10 10 95 20 

F 20-5 10 10 10 90 1.5 

F 20-6 10 5 5 90 1 

F 20-7 15 10 10 90 5 

F 20-8 15 13 13 100 4 

S21-1 15 15 15 95 3 

S21-2 20 20 20 90 20 

S21-3 20 13 16 95 20 
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S21-4 20 20 20 95 48 

S21-5 20 20 20 90 48 

S21-6 10 10 10 90 36 

S21-7 12 1.5 1.5 110 15 

S21-8 10 10 10 90 1.5 

S21-9 10 10 10 90 1.6 

S21-10 10 10 10 90 3 

S21-11 8 8 8 90 6 

Ba-
remake 

7 7 7 100 3 

HP*alpa* 
remake 

15 10 10 95 16 

LR*alpa* 
remake 

12 1.5 1.5 100 15 

Mx 
remake 

20 8 4 110 24 

 

 

Table 2: Morphology of selected crystals and changes in reaction solution pH before and after 

heat treatment. 

Sample 

Morphology 

Type 

Pre heat 

treatment 

pH 

Post heat 

treatment 

pH 

Balanced 

Polarity 

6.35 5.48 

Hexagonal 

Plates 

6.36 5.56 

Pencil-Like 

Rods 

7.53 6.89 

Mixture 

Crystalline 

Morphologies 

6.45 5.5 

 

As is evident in  
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Table 2, we observed that pH changes throughout the heat treatment process.  Reaction 

solutions became more acidic as crystals formed.  Prior to the heat treatment, the Zn2+ ions in 

solution contribute to lowering the pH, but as ZnO crystals grow, OH- and Zn2+ ions interact to 

form ZnO while adding H+ ions to the solution. 

 

SEM Characterization 

We used SEM to determine the morphology and particle size distributions in the 

investigated specimens as well as the relative abundance of polar crystallographic surfaces.  Over 

the course of this study, a variety of particle shapes and sizes were synthesized.  For our purposes 

it was necessary to establish the ability to grow hexagonal prism structures as shown in Figure 33.  

Some of the more complex and unique geometries were also obtained, as can be seen in Figure 34, 

Figure 35, Figure 36, and Figure 37.  SEM scans alone cannot conclusively characterize the 

compositional quality of the studied materials or the abundance of the surface defect states.  

Therefore, we utilized EDX to confirm the elemental composition of our particles and 

optoelectronic studies (PL and SPV) to investigate the electronic structure and charge dynamics at 

the surfaces and in the bulk of these particles. 
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Figure 33: Different ZnO morphology types produced via hydrothermal synthesis: a) long 

hexagonal rods, b) flat hexagonal plates, c) balanced morphology, d) mixture of morphologies. 

 

 

Figure 34: Mostly polar plate with complex morphology produced via hydrothermal synthesis. 
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Figure 35: Hollow mostly non-polar hexagonal prism produced by our hydrothermal synthesis 

method. 

 

 

Figure 36: Flower-like morphology produced via hydrothermal synthesis. 
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Figure 37: Hydrothermally synthesized diamond-like and pyramid-like crystals. 

 

EDX Characterization of Crystal Composition 

Despite the hexagonal (wurtzite) lattice structure of ZnO, observation via SEM of a 

hexagonal morphology for the synthesized crystals is not necessarily an indicator of the production 

of crystalline ZnO.  In our EDX investigations we measure a small area of the sample and assume 

uniform composition for each.  Samples grown with the zinc salt ZnCl2 can, at an intermediate 

stage in the hydrothermal reaction chain, generate crystalline Zn5(OH)8Cl2·H2O, which also has a 

hexagonal prism shape.  Figure 38 is an example of ZnO hexagonal plates compared to 

Zn5(OH)8Cl2·H2O plates with their corresponding EDX results.  The chlorine peak in Figure 38 b) 

indicates that ZnO was not produced in this particular sample. 



70 

 

 

Figure 38: EDX results of a) type B sample vs. b) sample made with ZnCl. 

 

After experimentations with these reactions, we found that most samples grown using 

ZnCl2 had some residual chlorine or Zn5(OH)8Cl2·H2O, thus we elected to continue utilizing only 

Zn(Ac)2. 

 

Quantification of Relative Abundances of Polar Surfaces 

ImageJ software was used to evaluate the relative abundance of polar surfaces for our 

samples.  Image analysis of the hydrothermally grown particles revealed an inverse quadratic 

relationship between the aspect ratio, defined here as the ratio of each crystal’s width to its length, 

to the percent of the surface area that is polar.  Furthermore, a direct quadratic dependence of the 
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relative abundance of polar surfaces on the ratio of polar to nonpolar surface area (P/N) can be 

seen in Figure 39.  Based on this information, we classified these samples according to their P/N 

as follows.  Samples with the P/N greater than 1.2 were dubbed as the hexagonal polar type (type 

HP) while those with the P/N less than 0.6 were categorized as the long rod type (type LR).  The 

morphologically balanced crystals (type B) were defined as those having the P/N within the 0.6 – 

1.3 range.  A fourth sample type studied here had a mixture of the other three types, and thus was 

denoted as the mixed type (type M). 

 

 

Figure 39: Graph illustrating relationship between relative abundance of polar surfaces and 

P/N. 
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Although an initial optoelectronic characterization of all the sample types was 

implemented, our most detailed comparative studies were performed using the samples of type B.  

This was done for several reasons.  Firstly, the type B samples exhibited the most consistent 

particle size distribution, morphology, and crystallinity across all the samples.  Second, type B has 

an abundance of both surface types – polar and non-polar.  Third, this sample type could be 

produced in the greatest volumes which is required for performing MIC and exposure assays in 

conjunction with optoelectronic investigations.  Finally, COVID-19 pandemic-induced time 

constraints did not permit sufficient time to perform the comparative biology and SPV studies of 

all the sample types. 

These morphologically distinct samples were grown with an effective control based on 

chemical precursor concentrations, heat treatment temperatures and the reaction times.  Table 3 

shows these categories and their hydrothermal synthesis parameters.  Furthermore,  

 

Table 2 above can be rearranged according to the samples’ types as shown in Table 4, 

indicating a correlation between the initial pH and the morphology type. 
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Table 4: Sample types listed with the reaction solution pH before and after heat treatment. 

Sample 

Type 

Pre heat 

treatment 

pH 

Post heat 

treatment 

pH 

Type B 6.35 5.48 

Type 

HP 

6.36 5.56 

Type 

LR 

7.53 6.89 

Type M 6.45 5.5 

 

  

Sample 

Type 

Primary 

Morphology 

[Zn(Ac)2] 

(M) 

[HMTA] 

(M) 

Total 

Volume 

(mL) 

Heat 

Temperature 

(°C) 

Heat 

Time 

(Hr) 

Type B 
Balanced 

polarity 
0.3333 0.3333 21 100 3 

Type 

HP 

Primarily 

polar 

surfaces, 

hexagonal 

plates 

0.286 0.286 35 95 16 

Type 

LR  

Mostly non-

polar 

surfaces, long 

rods 

0.1 0.1 15 100 15 

Type M 
Mixture of 

morphologies 
0.25 0.125 32 110 24 

Table 3: Sample morphology types listed with the consistent reaction parameters used to 

produce the specified sample type. 
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Optoelectronic Characterization of As-Received Samples 

PL and SPV experiments were performed in an effort to establish a relationships between 

optoelectronic phenomena on the one hand and crystal size and morphology on the other.  These 

results were compared to the results for commercial grade ZnO bulk single crystals (SC) from 

Cermet Inc. and nanoscale ZnO powders from Sigma Aldrich, Zochem, Alfa Aesar to evaluate the 

quality and defect nature of the samples synthesized by us. 

 

PL Characterization of As-Received Samples 

We performed PL characterization of both the in-house grown and commercial ZnO 

samples in a broad range of temperatures (8 K – 300 K).  Room temperature PL results for the 

Sigma Aldrich commercial grade ZnO nanopowders and Cermet single crystal bulk ZnO are 

shown in Figure 40.  A substantial increase in the relative peak intensity of the deep defect spectral 

regions for the commercial powders relative to such intensities for the single crystal bulk samples 

indicates a relatively high density of optically active defects in the commercial grade nanopowders.  

Low-temperature often amplifies the intensity of the PL signal, also allowing observation of 

sharper spectral features, specifically in the near-BG region.  Figure 41 is a plot of the temperature 

dependence of PL spectra for the ZoChem powder.  Here one can see the emergence of the BEx 

luminescence at sufficiently low temperatures.  The BEx luminescence is rich in information, and 

can also be observed in the other commercial grade ZnO samples. 
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Figure 40: RT PL results for Cermet single crystal bulk ZnO and Sigma Aldrich nanopowder. 



76 

 

 

Figure 41: Temperature dependence of near-BG PL of Zochem sample showing emergence of 

BEx peaks at sufficiently low temperature. 

 

Room temperature PL results of the as-received hydrothermally grown microcrystalline 

samples are shown in Figure 42.  There is notable difference in the relative intensity of the deep 

defect and BG luminescence bands for LR type microcrystals when compared to type B and type 

HP.  Since the free polar surfaces of ZnO are more rich in defects compared to the non-polar 

surfaces, one would expect a higher relative intensity of the defect bands in the HP and B samples 

relative to the LR samples.  Integrated PL peak intensities for the samples listed in Table 5 were 
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used to evaluate and compare the relative intensities of the deep defect emission for each sample.  

We observe that the type HP crystals have the highest relative intensity of the deep defect 

emissions, followed by type the B and finally the type LR specimens.  This indicates that the type 

LR crystals have the highest density of optically active defects compared to the type B samples 

having the lowest.  The type HP crystals contain an intermediate defect density.  Furthermore, all 

sample types have lower relative intensity of deep defect emission thank the Sigma Aldrich 

samples.  This result indicates a lower defect density in our hydrothermally grown crystals, 

confirming our ability to produce high quality crystals with controllable morphology.  

Table 5: Relative intensity of deep defect emission 

 
Relative Intensity of deep defect emission 

Type HP 6% 

Type B 5% 

Type LR 18% 

 

  

Figure 42: RT PL comparison of different hydrothermally grown morphologies normalized to 

near-BG peak. 
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Figure 43:RT PL spectra of hydrothermally grown micro crystals compared to Sigma Aldrich 

commercial grade nanoparticles. 

 

We also observed changes in the BG region, such as spectral shifts, depending on the 

morphology type.  Figure 44 compares the peak emission energies of the near-BG region for each 

sample type.  These results indicate the influence of the crystal morphology on the transitions in 

the bandgap region as follows.  Size and morphology can confine exciton mobility parallel and 

perpendicular to the c-axis.  This confinement can lead to the blue shifting of exciton 

recombination energies.  Studies [15] indicate three possible excitonic recombination energies at 

the Γ zero point in the reciprocal space.  These are noted as A Γ7, B Γ9, C Γ7 and are depicted as 

band-to-band transitions in Figure 2.  These discrete energies are sensitive to the direction of the 

exciton’s electric field.  A and B transitions represent transitions under an electric field 

perpendicular to the c-axis while the highest energy transition, C, corresponds to an electric field 

parallel to the c-axis.  This hypothesis will be further evaluated in future studies. 
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Figure 44: Near-BG RT PL peaks for different microcrystal morphologies, normalized to the 

near-BG peak intensity. 

Overall, particle morphology and defect density contributes to the anisotropic exciton 

confinement.  This could lead to the shifts in the A, B, and C recombination energies based on the 

particle size and morphology.  With this in mind it is useful to compare PL spectra of our samples 

to those of the commercial grade ZnO nanopowders, such as Sigma Aldrich powders, which 

exhibit less polar surfaces.  Figure 45 juxtaposes room temperature near-BG PL spectra for each.  

Our samples have a near-BG peak with a maximum at ~ 3.28 eV for the type HP sample, ~ 3.23 

eV for the type B sample, and ~ 3.19 eV for the type LR sample.  The near-BG emission peak for 

the type HP sample is similar to that observed for the Sigma Aldrich powders at ~ 3.25 eV.  This 

could be a result of the exciton confinement in the c-axis direction.  Furthermore, our samples have 

a lower relative intensity of defect emissions, indicating lower average defect density than in the 

commercial grade powders as exhibited in Figure 43.  Using Figure 45 we can compare the near-

BG transition energies for types LR, HP and Sigma Aldrich specimens.  One can see an additional 

sub-BG peak, most likely defect-related, in the Sigma Aldrich spectra not seen in our samples. 
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Figure 45: Comparison of near-BG PL emission for Sigma Aldrich, HP, and LR. 

 

LT PL measurements allow us to obtain additional spectral information before and after 

exposure to bacteria.  Temperature-dependent PL spectra for the type LR sample is depicted in 

Figure 46.  Similarly, temperature-dependent PL spectra for the type B and type HP specimens are 

shown in Figure 47 and Figure 48, respectively.  In depth analysis of the BEx characteristics vs. 

morphology will be performed in future studies.  For the purposes of this study, we utilize room 

temperature and low temperature (10K) PL spectra for characterizing the effects of exposure to 

bacteria and media on ZnO optoelectronic properties. 
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Figure 46: Temperature-dependent PL spectra of sample type LR in near-BG region. 

 

 

Figure 47: Temperature-dependent PL spectra of type B crystals in near-BG energy region. 
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Figure 48: Temperature dependent PL spectra of sample type HP in near-BG region. 

 

SPV Characterization of As-Received Samples 

We employed SPV to investigate surface-specific optoelectronic processes in our samples.  

This was also done prior to and after exposing the particles to bacteria, growth media, and remote 

plasma.  In principle, comparison of SPV and PL results could help elucidate surface 

optoelectronic phenomena in the studied specimens.  This is especially important for 

understanding of how ZnO responds to different environments and treatments depending on the 

morphology and size of the investigated particles. 

SPV transients for the sample types B and HP are shown in Figure 49 and Figure 50, 

respectively.  Time dependent SPV experiments revealed complex transient behavior with multiple 

characteristic time scales in all the samples.  This indicates several channels of charge 

recombination in the SCR [65].  Detailed investigations of these transients will be performed in 

future studies.  For the purposes of this study, we will provide only qualitative descriptions of how 

the SPV transients in our samples change due to interactions with bacteria, media, and plasma.   
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Figure 49: SPV transients of as received type B sample. 

 

 

Figure 50: SPV transient for as-received type HP sample. 

 

SPV spectroscopy results confirmed the n-type semiconductor behavior of all the types of 

ZnO samples and demonstrated high crystal quality.  E.g., in Figure 51 and Figure 52 one can see 
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a sharp bandgap transition at ~3.3 eV with a relatively flat spectral region below the bandgap for 

sample types B and M.  Detailed examination of the sub-bandgap spectral region reveals surface 

trap-related transitions.  Generally, the SPV spectral transitions are characterized by slope changes 

of CPD as a function of illumination energy.  The direction of these slope changes, or “knees”, 

indicates the nature of the transition.  For example, an “outward knee”, as seen in Figure 53(a) 

corresponding to the slope becoming more negative, describes an electronic transition of an 

electron from a surface state to the CB minimum.  On the other hand, an “inward knee”, the case 

when the slope becomes more positive, is shown in Figure 53(b) and represents CPD change 

associated with an electron transitioning from the VB maximum to a surface-trap-state.    SPV 

results for the type B and type M samples shown in Figure 53 and Figure 54, respectively, indicate 

the expected SPV behavior.  Figure 55 illustrates surface transitions observed in the LR type 

sample.  Surface transitions for the type HP sample are shown in Figure 56.  Following Refs. [66, 

67] these transitions can be attributed to such native defects as oxygen vacancies, oxygen 

interstitials, and zinc vacancies.  A diagram illustrating these possible transitions can be seen in 

Figure 57.  All the measured transitions are consistent with theoretical predictions [67] as well as 

transitions previously observed in commercial grade ZnO nanoparticles. 
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Figure 51: SPV spectrum of type B sample illustrating sharp and strong BG transition. 

 

 

Figure 52: SPV spectrum of type M sample showing strong bandgap transition. 
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Figure 53: Sub-BG SPV transitions measured in type B crystals. 

 

 

Figure 54: Sub-BG SPV transitions measured in type M sample. 
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Figure 55: Sub-BG SPV transitions measured 

in type LR samples. 

Figure 56: Sub-BG SPV transitions 

measured in type HP samples. 

 

 

 

Figure 57: Illustration of defect related electronic energy states wtihin the forbidden gap 

between VB and CB.  [67] 

 



88 

 

Effects of Remote Plasma Treatments 

Optoelectronic studies of our hydrothermally grown crystals were performed after surface 

treatment with remote plasma.  Figure 60 depicts the type B sample in a cloud of remote (a) argon 

and (b) oxygen plasma.  SPV transient studies were performed after treating the surface with each 

plasma.  Light-on SPV transient for the type B sample after cleaning the surface with remote argon 

plasma is shown in Figure 58.  Here, we still see multiple characteristic times and surface charge 

depletion times exceeding 106 seconds.  Treating the surface of the type B sample with remote 

oxygen plasma causes significant changes in the transient SPV behavior.  Light-on SPV transients 

shown in Error! Reference source not found. exhibit a significantly stronger response in SPV 

signal due to an excess of charge carriers at the surface brought by oxygen ions occupying surface 

trap states. 

 

Figure 58: Light on transient for type B 

sample after remote argon plasma treatment. 

Figure 59: Light-on transient for type B 

sample before and after remote oxygen 

plasma treatment. 
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Figure 60: Type B sample in a cloud of remote a) argon and b) oxygen plasma. 

 

Antimicrobial Characterization 

MIC assays for the hydrothermally synthesized microcrystals indicate consistent inhibition 

of bacterial growth.  Figure 61 illustrates MIC results for sample types of M, B, and LR.  All 

samples exhibit an inhibitory concentration of ca. 0.625 mg/mL.  Comparing these results with the 

MIC results for commercial grade nanoparticles shown in Figure 62, one can address a critical 

question of our study – internalization of the ZnO particles by the bacteria is NOT necessary for 

the inhibition of bacterial reproduction and growth.  This conclusion emphasizes the importance 

of interactions (physical, chemical, biochemical) between the ZnO surfaces and extracellular 

material. 
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Figure 61: MIC results for different hydrothermally grown microcrystals. 
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Figure 62: MIC results for Sigma Aldrich commercial grade nanoparticles. 

 

Additionally, it should be noted that there is no significant difference between the 

antibacterial action by samples with different microcrystalline morphologies.  This suggests that, 

although the surface polarity may preferentially influence certain modes of antibacterial action, 

the general inhibition of bacterial growth is consistent across morphologies.  To further deduce the 

contribution of the various possible mechanisms behind the antibacterial action of ZnO we 

investigated the response of ZnO and bacteria to different media.  The above results correspond to 

MIC assays performed in MHB with particles suspended in solution throughout incubation.  MHB 

is not a chemically defined media, so it introduces some ambiguity as to the chemical and physical 

interactions between ZnO and bacteria as well as ZnO and the media. 

 

Influence of Media 

The nature of the bacterial growth media could be highly influential on the efficacy of ZnO 

as an antimicrobial agent.  For example, high number of dangling oxygen bonds on the polar 

surfaces make these surfaces susceptible to dissolution in acidic (pH < ~ 3.8) environments [68, 



92 

 

69].  Furthermore, previous studies [2] have shown that ZnO can dissolve in the presence of 

aqueous phosphates causing Zn2+ ions to bond with phosphates and recrystallize into zinc 

phosphate. 

To further elucidate the nature of extracellular interactions, MHB growth media was 

conditioned with commercial grade ZnO nanopowders.  ZnO-treated growth media was then 

incubated at various treatment time periods in parallel to identical media that was not conditioned.  

OD 600 results for conditioned and as-received MHB compared with unconditioned MHB are 

shown in Figure 63.  Treated media exhibited a substantially lower OD 600, which indicates 

growth inhibition.  Figure 63 illustrates the influence of ZnO conditioning of MHB on bacterial 

growth inhibition.  These results indicate that although the direct physical contact between ZnO 

particles and extracellular material at and near the surface of the S. aureus bacteria can contribute 

to the antibacterial action, it is not necessary for the growth inhibition to be observed.  Furthermore, 

these results indicate that the influence of ZnO exposure on the growth media is time-dependent. 

 

Figure 63: Impact of 24-hour ZnO exposure on bacterial growth in MHB for media conditioned 

for 1-day, 2-weeks, 1-month or 2- months. 
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In addition to pre-treatment of MHB with ZnO, an antibacterial behavior of ZnO in 

chemically defined media such as saline and phosphate buffered saline (PBS) was evaluated.  

These were selected because ZnO is known to be sensitive to aqueous phosphates.  Figure 64 

shows results from the killing curve assay for bacteria incubated in different growth environments.  

It is noteworthy that in an environment of MHB only, bacteria exhibit exponential growth over 

time.  The bountiful presence of nutrients in this media is likely a contributing factor to ZnO 

exhibiting bacteriostatic behavior in MHB.  Although ZnO still inhibits growth in MHB, it does 

not exhibit a bactericidal behavior.  Since MHB is not chemically defined, we cannot specify the 

cause of this behavior. 

  

Figure 64: Survival of S. aureus bacteria over time in different growth environments. 

 

Over time, being incubated in saline and PBS alone, bacteria population decline over time.  

ZnO-saline solution exhibits a rapid bactericidal action compared to only saline and PBS solutions.  

The  dissolution of ZnO and a release of Zn2+ ions is possible during incubation. 
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It should be noted that the surviving populations are changing on a logarithmic scale with 

time.  With that in mind, PBS has a substantial impact on the antibacterial action of ZnO compared 

to saline alone.  The presence of phosphates in the incubation solution contributes to a difference 

of several orders of magnitude in the ZnO antibacterial efficacy.  This outcome confirms the impact 

of aqueous phosphates on the antibacterial action of ZnO, thus highlighting the sensitivity of ZnO 

to the environment.  Overall, the results shown in Figure 64 support the hypothesis that the Zn2+ 

ion release and the physical contact are the primary modes of antibacterial action. 

 

 

Effects of Exposure to Growth Media 

To better understand the response of ZnO to bacterial environments, we first needed to 

establish how it reacts with the different growth media.  For this purpose we used SEM and EDX 

on the samples grown by us as well as on the Sigma Aldrich samples.  Figure 65 shows SEM 

images of the Sigma Aldrich particles: (a) as received, (b) after incubation in saline, (c) after 

incubation in PBS, and (d) after incubation in MHB.  MHB contributes to a biofilm layer covering 

the particles and the substrate.  We also see large crystalline cubic structures in the saline-exposed 

sample, which are NaCl crystals formed as the water evaporated. 



95 

 

 

Figure 65: SEM images of Sigma Aldrich nanoparticles a) as-received, b) after exposure to 

saline, c) after exposure to PBS, d) after exposure to MHB. 

 

Notably, the PBS-exposed sample shows the presence of hexagonal bipyramidal crystals 

which are much larger (~1 micron) in scale than the original nanoparticles (~10 nm).  This could 

suggest the formation of zinc phosphate crystals, as suggested in [2].  EDX of the PBS-exposed 

ZnO shown in Figure 66 confirms the presence of phosphorus in these new phases, further 

indicating the possibilities that ZnO has been dissolved and recrystallized into a zinc phosphate.  

EDX results for the MHB-exposed Sigma Aldrich particles are shown in Figure 67.  Although 

there is some phosphorus present, it is not conclusive that there are any new phases formed or this 

phosphorus is part of some compound in MHB.  MHB not having a strict chemical definition 

renders certain comparative investigations inadequate. 
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Figure 66: SEM scan and EDX results 

for PBS-exposed Sigma Aldrich 

nanoparticles. 

Figure 67: SEM scan and EDX results 

for MHB-exposed Sigma Aldrich 

nanoparticles. 

 

The same exposure experiments were run with the type B samples.  The SEM results from 

saline exposure can be seen in Figure 68.  Some surface and edge damage is apparent due to saline 

exposure.  SEM and EDX of sample type B after exposure to PBS are shown in Figure 69 and 

Figure 70.  Here one observes the same newly formed larger crystalline phases after incubation in 

a PBS environment compared to saline. 
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Figure 68: SEM image of type B sample after 

exposure to saline showing some superficial 

damage to polar surfaces and edges. 

Figure 69: SEM image of sample type B after 

exposure to PBS. 

 

 

 

Figure 70: SEM scan and EDX results for PBS-exposed type B sample 
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Modifications of PL Spectra due to Exposure to Media 

PL spectroscopy revealed changes in optoelectronic processes in the ZnO samples after 

exposure to bacteria and growth media.  These experiments were run on commercial samples and 

type B samples in saline and PBS.  Figure 71 shows RT PL spectra of Sigma Aldrich before and 

after incubation in MHB, saline, and PBS.  Sigma Aldrich sample shows a decrease in the relative 

intensity of the deep defect emission after exposure to PBS.  Saline exposure causes a larger 

increase in the relative intensity of the deep defect luminescence.  These changes could also be 

attributed to interactions between ZnO crystal surfaces and the saline solution environment.  The 

larger increase in the relative intensity of the visible band in saline- vs PBS-exposed samples is 

possibly a result of phosphates adsorbed by the surface defect traps.  SPV results discussed below 

will provide further insight into this hypothesis. 

 

Figure 71: RT PL spectra of Sigma Aldrich sample after exposure to different growth media. 
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Figure 72 exhibits PL spectra for the type B sample at RT before and after exposure to 

different growth media.  The hydrothermally grown microcrystals exhibit a response to the growth 

media similar to that of the commercial grade powders.  Exposure to saline yields an increase in 

the relative intensity of the deep defect emissions.  This corresponds to an increase in defect 

density, possibly due to partial dissolution of the samples in the saline environment.  The decrease 

in the deep defect luminescence relative intensity observed after exposure to PBS suggests that the 

phosphate ions in solution could be occupying defect and trap sites at the surfaces of our samples 

or are otherwise mitigating the dissolution of the ZnO crystals.  Interactions between the aqueous 

phosphates and crystal surfaces were further investigated using SPV spectroscopy as will be 

discussed below. 

 

Figure 72: RT PL results for type B sample after exposure to different growth media. 

 

Figure 73 details the near-BG region for the type B sample.  There is a ~0.1 eV shift in the 

peak emission energy after exposure to saline.  Exposure to PBS yields a less significant change 
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for the near-BG emission peak.  Figure 74 shows the near-BG region for the Sigma Aldrich sample, 

where the saline exposure yields a small shift in the BG peak energy.  The lower energy peak at 

~2.8 eV, however, does not shift, thus suggesting that the exposure to saline influences primarily 

the excitonic recombination processes in ZnO.  PBS exposure, however exhibits a substantial shift 

of ~ 0.1eV in the BG peak energy.  This shift is comparable to the difference between the A and 

C excitonic recombination energies (see Figure 2 above).  It was suggested [15] that the three 

predominant recombination processes are a result of spin-orbit and crystal field splitting.  Spin-

orbit interactions and crystal field splitting are highly sensitive to the orbital/crystallographic 

symmetry and anisotropy.  For this reason, we could suggest that the interactions between ZnO 

and growth media could be causing the addition or removal of charge carriers near the surface, the 

occupation or vacation of surface trap states, or other changes which could influence the symmetry 

of the orbital structure and crystal field.  LT PL and SPV spectroscopy and transient studies should 

reveal more information about these changes and underlying phenomena. 

 

Figure 73: Near-BG RT PL results for type B sample after exposure to different media. 
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Figure 74: Near-BG RT PL of Sigma Aldrich sample after exposure to different media. 

 

The near-BG PL peaks for the type B samples, untreated and after exposure to saline and 

PBS, at 10 K and 200 K, are shown in Figure 75 and Figure 73, respectively.  The increased 

intensity of the higher energy excitonic recombination emission suggests that the exposure to PBS 

impacts the orbital and crystal field symmetry near the surface of the type B sample in favor of the 

“C collapse” discussed previously.  This further suggests that the aqueous phosphates might be 

absorbed by the surface at the defects/trap sites. 
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Figure 75: Near-BG LT PL of type B sample after exposure to media. 

 

Response of Surface Charge Dynamics to Media Exposure 

Light-on SPV transients for the type B sample before and after exposure to PBS are shown 

in Figure 76.  Exposure to PBS produces a significant decrease in the CPD S/N and significantly 

increases the characteristic light-on saturation times, suggesting that interactions with PBS lead to 

substantial changes in the SCR and SPB, which in turn affect the near-surface charge dynamics.  

Aqueous phosphates could be occupying surface states contributing to the immobilization of near-

surface electrons.  Figure 77 shows a juxtaposition of the light-off transients for the type B sample 

before and after exposure to PBS.  Light-off equilibration times are also slowed by the exposure 

to PBS, likely due to the interactions with aqueous phosphates at the surface or a dissolution of 

ZnO and formation of the new phosphate-containing crystalline phases observed in SEM studies. 
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Figure 76: Light-on SPV transients of as-

received and PBS-exposed type B sample. 

Figure 77: Light-off transients of sample type 

B before and after PBS exposure. 

 

Figure 78 exhibits an SPV spectrum for the type B sample after exposure to PBS.  The SPV 

bandgap transition is significantly diminished, which could be the result of the decreasing amount 

of ZnO due to newly formed phosphate-containing phases.  Additionally, this could be a result of 

the absorbed phosphates influencing the near-surface electronic structure of the ZnO crystals.  

Noteworthy, the detected sub-bandgap SPV transition shown in Figure 79 are consistent with those 

reported for the sample type B prior to the interaction with PBS, as reported above.  It should be 

mentioned, however, that this SPV transition was less pronounced and more noisy, whereas the ~ 

2.65 eV transition from a defect trap to conduction band was not observed at all after interactions 

with PBS. 
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Figure 78: SPV spectrum of type B sample 

after exposure to PBS. 

Figure 79: Sub-BG SPV transition 

in type B sample after exposure to 

PBS. 

 

Qualitatively, these results indicate a strong influence of the bacterial growth media 

components on the surface charge dynamics and the surface chemistry of ZnO particles.  A 

thorough quantitative analysis of the SPV transient and spectroscopic behavior of microcrystalline 

ZnO particles in response to growth media will be performed in future studies. 

 

Effects of ZnO Exposure to Bacteria 

In an effort to further elucidate the effects of exposure of ZnO particles to bacteria, select 

samples were examined with SEM and EDX after antibacterial assays.  These studies revealed 

damage to ZnO crystals and accumulation of bacteria at ZnO surfaces, as depicted in Figure 80.  

Additionally, we noticed changes of the ZnO crystals as shown in Figure 81.  Figure 82a depicts 
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the type B particles prior to interaction with bacteria and 88b – the same sample after running an 

MIC assay.  One can observe changes in morphology and size as follows.  Prior to MIC, the 

specimen contains ZnO crystals in the shape of hexagonal prisms approximately 1 micron across 

the longest direction.  After MIC, one can observe a new phase consisting of crystals with 

hexagonal bipyramidal shape as large as 10 microns across.  EDX results for these crystals are 

shown in Figure 83.  There is a strong peak around the energy expected for phosphorus.  This 

particular sample, however, was sputtered with gold to aid in conduction.  Gold has an EDX peak 

in the same energy region, so this experiment needed to be repeated without gold sputtering. 

     

Figure 80: SEM image of hydrothermally 

grown crystal after MIC assay. 

Figure 81: New crystal phase after exposure 

of hydrothermally grown microcrystal to MIC 

assay. 
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Figure 82: SEM images of: a) 

type B sample before MIC assay 

and b) new phase after. 

Figure 83: SEM scan and EDX results of 

new phase observed after MIC assay was 

run with type B sample. 

 

The following results were obtained for samples incubated in a bacterial environment at 

sub-MIC concentrations for 16 hours.  In Figure 33 (see above) we see an SEM image for the 

samples of a) type LR, b) type HP, and c) type B prior to the exposure to bacteria.  Figure 84 shows 

SEM results for the type LR sample after a normal MIC assay with S. aureus in the MHB growth 

media.  Under normal MIC conditions, the higher concentration of ZnO creates less opportunity 

for bacteria to grow, thus limiting the number of interactions between particles and bacteria.  ZnO 

particles show evidence of physical damage and partial dissolution under these conditions of 

limited interaction.  To increase the number of interactions between bacteria and ZnO, we 

incubated bacteria with sub-MIC concentrations of our ZnO.  These lower concentrations of ZnO 

yielded the same phase changes as observed previously. 
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Figure 84: LR sample after MIC assay. 

 

Low concentrations of type B ZnO samples were also exposed to bacteria in PBS for the 

normal 16 hour incubation period.  Figure 85 shows SEM results for the type B sample after such 

exposure.  We observe new phosphate-containing features as confirmed by EDX shown in Figure 

86.  Furthermore, in comparison with the PBS-exposed type B samples, these particles exhibited 

damage to its polar surfaces and crystal edges, as seen in Figure 85. 
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Figure 85: SEM image for sample type B 

after 16-hour exposure to S. aureus and 

PBS 

Figure 86: EDX results from type B sample 

exposed to PBS and bacteria for 16 hours. 

 

Influence of Interactions with Bacteria on PL Spectra 

Figure 87 juxtaposes RT PL spectra of the type B sample after exposure to saline, PBS, 

and to S. aureus in PBS.  Figure 88 shows LT PL spectra for this sample after the same exposures.  

In both cases, the relative intensity of the deep defect emission is greatest for the saline-exposed 

and smallest for the PBS-exposed specimens.  This suggests that while aqueous phosphates in PBS 

could be occupying the deep defect sites, the presence of bacteria mitigates this effect.  As 

determined by our SEM investigations, bacteria lead to the degradation of and defect introduction 

to the surface.  Furthermore, studies indicate [70, 71] that some bacteria such as S. aureus require 
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phosphates for certain metabolic processes.  Bacteria could be limiting the interactions between 

aqueous phosphates and ZnO or actively desorbing them from the ZnO surfaces. 

     

Figure 87: RT PL results for sample type B 

after exposure to saline, PBS, and bacteria. 

Figure 88: LT PL spectra for type B 

sample after exposure to saline, PBS, and 

bacteria. 

 

We examined the near-bandgap emission for the type B sample after the exposures to the 

three different media.  Figure 89 shows that there is a notable variation in the BG emission energy 

between samples with different media exposures.  After exposure to saline, the near-BG emission 

peak in the type B sample occurs at ~ 3.17 eV while exposure to PBS shifts this peak maximum 

to ~ 3.22 eV, whereas presence of bacteria and PBS leads to a near-BG peak at ~ 3.20 eV. 
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Figure 89: Near-BG RT PL spectra of type B 

sample after exposure to saline, PBS, and 

bacteria. 

Figure 90: LT PL spectra of near-BG 

region for type B sample after exposure to 

saline, PBS, and bacteria. 

 

To further resolve these near-BG peaks, we examine the excitonic region for the LT PL of 

the type B samples after exposure to different media, as shown in Figure 90.  Notably, these LT 

excitonic recombinations after exposure to PBS alone yield a significant blue shift of the near-BG 

luminescence relative to the other two spectra.  This further supports the hypothesis that surface-

absorbed phosphates contribute to changes in the orbital symmetry near the surface, thus impacting 

the recombination energy of excitons in ZnO due to the non-degenerate states at the top of the VB.  

This is especially evident given that the spectra collected after exposure to S. aureus and PBS do 

not have this feature. 

 

Impact of Interactions with Bacteria on Surface Charge Dynamics 

SPV light-on transient for the type B sample after the exposure to S. aureus and PBS is 

superposed over the light-on SPV transient for the unexposed and the PBS-exposed type B sample 
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in Figure 91.  The introduction of the bacteria contributes to a decrease in characteristic times for 

some of the faster surface electronic processes.  The type B sample exposed to bacteria exhibits a 

greater, more rapid change in CPD than that for the PBS-exposed type B sample.  This change in 

CPD is smaller than that for the unexposed sample.  Moreover, transients for the bacteria-exposed 

sample do not display some of the faster processes exhibited by the as-received sample.  This 

behavior suggests that interactions with bacteria and PBS lead to changes in the SCR, impacting 

the SPB and near-surface charge dynamics.  This matter will be quantitatively investigated in depth 

in future studies.  As in the PBS-exposed and the as-received type B samples, the saturation times 

observed in light-off transient SPV studies exceeded 105 seconds. 

 

Figure 91: Light on transients for type B sample after exposure to PBS and bacteria. 

 

SPV spectra for the type B sample exposed to S. aureus and PBS exhibit a strong BG 

transition shown in Figure 92, which further supports the hypothesis that the presence of bacteria 

mitigates the impact of interactions between the aqueous phosphates and ZnO.  Furthermore, the 
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sub-bandgap SPV spectra in Figure 93 show a ~ 1.4 eV surface to CB transition, a ~ 2.4 eV VB to 

surface transition, and a ~ 2.6 eV surface to CB transition.  All of these transitions were observed 

in the as-received type B sample.  Given that the ~ 2.6 eV transition was present in both the as-

received and bacteria-exposed samples, but not in the sample exposed to PBS only suggests that 

the aqueous phosphates could be bonding to the surface trap sites associated with this transition.  

This hypothesis will be tested in depth in further studies.   

     

Figure 92: SPV spectrum for type B sample 

after exposure to PBS and bacteria. 

Figure 93: Sub-BG SPV transitions in type B 

sample after exposure to PBS and bacteria. 
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IV. Conclusions 

In our comprehensive studies, implementing such diverse analysis techniques as biological 

assays, SEM imaging, EDX probing, SPV transients as well as SPV and PL spectroscopies, we 

investigated interactions between ZnO, S. aureus bacteria, and various bacterial growth media.  

Through these methods we were able to confirm our hypothesis that surface morphology as well 

as measurable optoelectronic processes and surface charge dynamics of micro and nanoscale ZnO 

are heavily influenced by interactions with different bacterial growth environments.  Our results 

also lead to the following conclusions. 

1. Internalization of ZnO particles is not necessary for bacterial growth inhibition. 

Evaluation of the antimicrobial efficacy through MIC assays with different commercial 

grade nanopowders as well as our larger hydrothermally grown microcrystals yields comparable 

outcomes.  Although some studies suggest a heavy impact of the particle size on the antibacterial 

action [49, 72], this could be limited by the nature of the assays employed.  For example, many 

studies utilized disc diffusion assays, which would logically yield this result as particle size and 

hydrodynamic radius would heavily impact the particles’ ability to diffuse through a medium.  Our 

results show that given a sufficient interaction cross-section between ZnO particles and bacteria, 

the antimicrobial efficacy of our micron-sized particles is comparable to that of commercial 

nanoparticles.  This is especially noticeable considering the fact that a given mass of nanoparticles 

has a substantially higher surface area (from S/V) and a significantly higher number of particles. 

2. Surface polarity exhibits limited contribution to antibacterial action of ZnO 

microcrystals 
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By investigating the antibacterial action of morphologically different microcrystals we 

found that the relative abundance of polar surfaces does not have a significant impact on MIC 

outcomes.  SEM and optoelectronic studies would suggest that different surface and interface types 

interact with bacteria differently.  Whether surface types and morphology contribute to specific 

modes of antibacterial action requires further investigation.  A systematic evaluation of this 

hypothesis will be performed in the future utilizing sensitive surface optoelectronic probes and 

antimicrobial assays. 

3. Direct physical contact between ZnO and bacteria is not necessary for bacterial 

growth inhibition 

Treating MHB growth media with ZnO nano-particles contributes to bacterial growth 

inhibition even if particles are not present during incubation.  This suggests that although physical 

contact between particles and bacteria can contribute to antibacterial action of ZnO, it is not 

necessary.  Furthermore, we found that the degree of bacterial growth inhibition is a function of 

the amount of time MHB was conditioned with ZnO.  This will be examined further in future 

studies utilizing different bacteria.  Upcoming investigations will also utilize molecular filters and 

other methods for isolating ZnO particles from bacteria while allowing particles to interact with 

growth media. 

4. Antibacterial action is heavily influenced by bacterial growth environment 

Killing curves for S. aureus indicate that the antimicrobial activity of ZnO is impacted by 

the growth media components.  Most notably, the presence of aqueous phosphates limits the 

bactericidal efficacy of ZnO in saline by orders of magnitude.  Furthermore, in nutrient rich 

environments, such as e.g. MHB, ZnO exhibits bacteriostatic behavior.  
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5. Growth media and bacteria each lead to damaging of ZnO surfaces and formation 

of new crystalline phases 

SEM studies showed a significant degradation of ZnO microcrystals following interactions 

with bacteria.  Exposure to different growth media alone exhibited less observable surface damage.  

EDX analysis shows that interactions with bacteria and interactions with phosphate-containing 

media yield the formation of new hexagonal bipyramidal crystalline phases containing zinc, 

phosphorus, and oxygen.  Bipyramidal crystals are order of magnitude larger than the ZnO 

particles used in the assay, suggesting that this is not purely a degradation process, but a result of 

dissolution of ZnO followed by nucleation and rapid growth of a different crystalline phase.  These 

phases are not observed when ZnO interacts with saline or MHB unless there is a significant 

interaction between ZnO and bacteria. 

6. Interactions with different growth media impact excitonic processes of ZnO 

Changes in near-bandgap PL emissions suggest dampening or amplifying PL emission 

intensities of possible excitonic recombinations involving the non-degenerate orbital states at the 

VB maximum.  This suggests that impact of growth media components such as phosphate, ZnO 

dissolution as well as interactions with bacteria influence the orbital and crystal field symmetry in 

ZnO near the surface of the particles.  These non-degenerate states likely arise from spin-orbit 

coupling or crystal field splitting.  These phenomena are highly sensitive to the symmetry of the 

electronic orbitals.  Orbital symmetry, in turn, is heavily influenced by the anisotropic crystal 

lattice of ZnO [15].  Therefore, we conclude that there are multiple ways in which interactions 

with growth media and bacteria change the surface electronic structure of ZnO.  Spectral shifts in 

excitonic emission and increases in specific peak intensities after bacteria are incubated in the 

presence of the type B crystals as well as commercial grade nano-powders show that bacterial 
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interactions contribute to specific excitonic recombination processes.  Given that bacteria, PBS, 

saline, and MHB uniquely influence the excitonic processes, one finds a further affirmation of the 

hypothesis that ZnO has multiple venues of bacterial growth inhibition.  These observations 

warrant a continuation of optoelectronic investigations. 

7. Deep defect states and specific surface electronic traps interact with bacteria and 

growth media components in distinctly different ways 

RT and LT PL studies showed an increase in the relative intensity of defect luminescence 

after ZnO particles were exposed to saline, PBS, and bacterial environments.  This is especially 

pronounced in the case of our hydrothermally grown microcrystals, which could be a result of the 

in-house grown as-received crystals having a lower defect density relative to the commercial-grade 

nanoscale powders.  PL studies of the Sigma Aldrich nanopowders, however, showed that 

interactions between ZnO and MHB lead to a reduced relative intensity of deep-defect emission.  

Additionally, the presence of aqueous phosphates in PBS reduces the relative intensity of the deep 

defect emission when compared to saline-exposed samples.  Bacteria interacting with ZnO in the 

PBS environment reduces the contribution of the phosphate ions to this phenomenon.  Therefore, 

we suggest that bacteria consume phosphates from the media or from the ZnO surface states they 

are bound to. 

SPV spectroscopy studies of the type B crystals before and after exposure to saline, PBS, 

and PBS with bacteria suggests peculiar interactions between ZnO and each different environment.  

The weakening of the BG signal after exposure to PBS suggests a heavy impact of phosphates on 

the ZnO surface electronic structure.  The absence of the SPV 2.6 eV surface trap-to-CB transition 

of a in the PBS-exposed sample suggests that phosphates interacting with this surface trap could 

contribute to the observed decrease in the BG signal and changes in the SPV transients.  Bacteria 
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exposure of the samples results in a strong SPV BG signal as well as the observation of all expected 

electronic transitions.  Therefore, the manner in which bacteria interact with ZnO surfaces is 

distinctly different from that of PBS. 

8. SCR is heavily impacted by phosphate-containing growth media as well as 

bacteria 

We conclude that interactions with aqueous phosphates and bacteria have a significant 

impact on SCR of ZnO.  The SPV light-on transients show slower processes contributing to smaller 

overall change in CPD.  Qualitative analysis of SPV transients for the type B sample exposed to 

saline, PBS, and bacteria suggests that interactions with the aqueous phosphates interact with ZnO 

crystalline surfaces in such a way that significantly impacts the SCR and SPB.  When both bacteria 

and PBS interact with the type B surface, the changes in SCR and near-surface charge dynamics 

are different from those in the case when ZnO interacts with PBS alone.  Systematic 

characterization of surface optoelectronic processes influenced by bacteria will be studied in the 

future. 

 

Our results indicate that conventional approaches for characterizing antibacterial action of 

ZnO are limited since they often don’t address the fundamental phenomena involved.  In further 

investigations of the antimicrobial nature of ZnO, one should systematically control numerous 

impact parameters and utilize surface-sensitive experimental methods. 
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V. Future Work 

We have established that in order to fully understand mechanisms behind antibacterial 

action of micro- and nano-scale ZnO it is necessary to comprehensively study the impact of 

bacterial and biological environments on ZnO surfaces.  This includes changes in antimicrobial 

efficacy, surface charge dynamics, optically active defect density, excitonic behavior, etc.  We 

propose the following studies as the next steps in investigating the antimicrobial activity of ZnO. 

It is important to understand how ZnO reacts to and conditions bacterial growth media.  

Since ZnO does not fully dissolve in the growth media, there is a saturation time after which further 

exposure of ZnO to a medium will not condition the medium.  This could be due to the saturation 

of the ZnO particle surfaces or the saturation of the growth medium solution.  To investigate this 

phenomenon, we suggest to examine changes in MIC for ZnO samples before and after they are 

used to condition the growth media.  Additionally, we propose to test the ability of ZnO to 

condition additional batches of growth media after being used to fully treat an initial batch.  We 

observed that exposure to different types of growth media and bacterial environments impacts the 

electronic structure and surface morphology of ZnO.  Therefore, it will be suitable to characterize 

ZnO crystal properties before and after the samples are used to fully condition the growth media.  

PL and SPV studies in conjunction with the growth media conditioning experiments can elucidate 

characteristics of optically active surface defects involved in ZnO treatment of growth media that 

are different from those involved in interactions with bacteria. 

Morphological and optoelectronic studies of commercial grade nanoparticles and 

hydrothermally grown micro-crystals after interactions with bacteria should continue.  In future 

studies, these experiments should include the use of bacterial mutants of S. aureus.  Utilizing 

genetic mutants with specific discrepancies from the wild type will allow to pinpoint certain 
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favored ZnO-bacteria interactions over others.  Since ZnO has numerous mechanisms by which it 

could inhibit the growth of bacteria, this allows quantification of the efficacy of those mechanisms.  

This could be done by comparing MIC and killing curve assay results of different mutants with 

different commercial grade nanopowders as well as hydrothermally grown microcrystals.  

Furthermore, optoelectronic studies of ZnO samples would elucidate surface electronic defects 

related to the different hypothesized mechanisms driving the antimicrobial behavior of ZnO.  SPV 

will also help us better understand the response of ZnO surfaces and surface charge dynamics to 

its interactions with different genetic mutants, thereby relating specific surface electronic 

processes of ZnO to specific mechanisms of action.  Moreover, temperature dependent PL studies 

of these samples will help relate specific mechanisms of antibacterial action to excitonic processes, 

surface defect density and crystal field symmetry.  

In addition to continued investigations into the commercial grade nanopowders and 

morphologically controlled, hydrothermally grown microcrystals, it will be beneficial to 

investigate the interactions between bacteria as well as growth media with ZnO thin films with 

specific surface morphologies and exposed crystallographic planes prepared, e.g., via atomic layer 

deposition (ALD).  ALD allows for a high degree of control with respect to surface morphology, 

thus giving us the ability to control the nature of the ZnO surfaces exposed to the biological 

environments.  Novel exposure experiments will be performed by incubating bacteria in a shallow 

dish containing different types of growth media and various ALD thin films.  Morphological and 

optoelectronic studies of these ZnO films before and after these experiments will allow to 

investigate with a high degree of precision how different ZnO crystalline surfaces respond 

optoelectronically to consequences of interactions with bacteria.  Moreover, utilizing thin films 

over micro- and nanoparticles reduces the number of interfaces involved.  In SPV experiments, 
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interfaces are oftentimes detrimental to the quality of the signal.  The use of thin films could greatly 

improve the S/N in SPV transient and spectroscopic studies. 
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Antibacterial action of micro- and nanoscale ZnO is well-documented and has been 

thoroughly studied in recent years.  Although many studies hypothesize several possible 

mechanisms involved, the fundamental nature of interactions leading to ZnO inhibiting bacterial 

growth are still not well identified.  We investigated the nature of interactions between ZnO crystal 

surfaces and extracellular material putatively involved in bacterial growth inhibition.  In this study, 

we used hydrothermally-grown ZnO microcrystals and commercial grade ZnO nanopowders as 

antibacterial agents against Staphylococcus aureus bacteria utilizing antimicrobial assays, 

optoelectronic probes, and electron microscopy.  MIC and killing curve assays demonstrated that 

internalization of ZnO particles by the bacteria is not necessary for bacterial growth inhibition.  

Furthermore, while physical contact between bacteria cells and ZnO particles contributes to growth 

inhibition, antibacterial action is still observed without physical contact.  These assays also 

revealed that the composition of growth media heavily influences the antibacterial action of ZnO.  

In conjunction with biological assays, electron microscopy of ZnO samples revealed that both 



 

bacteria and phosphate-rich growth media lead to the formation of new crystalline phases.  

Bacterial environments also damage ZnO crystalline surfaces.  Photoluminescence and surface 

photovoltage experiments revealed substantial changes in ZnO excitonic behavior and surface 

optoelectronic process after interactions with growth media as well as bacteria.  S. aureus interact 

with ZnO surfaces in a substantially different manner than any of the growth media used.  Results 

of these optoelectronic studies agree with the observations from the biological assays. 

 


