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ABSTRACT 

Antibiotic-resistant bacteria are a severe threat to human health. The World Health 

Organisation’s Global Antimicrobial Surveillance System has revealed widespread 

occurrence of antibiotic resistance among half a million patients across 22 countries, with 

S. aureus, E. coli, and K. pneumoniae being the most common resistant species. 

Antimicrobial nanoparticles are emerging as a promising alternative to antibiotics in the 

fight against antimicrobial resistance. In this work, selenium nanoparticles coated with 

the antimicrobial polypeptide, ε-poly-L-lysine, (Se NP-ε-PL) were synthesized and their 

antibacterial activity and cytotoxicity were investigated. The Se NP-ε-PL exhibited 

significantly greater antibacterial activity against all eight bacterial species tested, 

including Gram-positive, Gram-negative and drug-resistant strains, than their individual 

components, Se NP and ε-PL. The nanoparticles showed no toxicity towards human 

dermal fibroblasts at the minimum inhibitory concentrations, demonstrating a 

therapeutic window. Furthermore, unlike the conventional antibiotic kanamycin, the Se 

NP-ε-PL did not readily induce resistance in E. coli or S. aureus. Specifically, S. aureus 

began to develop resistance to kanamycin from ~44 generations, whereas it took ~132 

generations for resistance to develop to the Se NP-ε-PL. Startlingly, E. coli was not able 

to develop resistance to the nanoparticles over ~300 generations. These results indicate 

that the multifunctional approach of combining Se NP with ε-PL to form Se NP-ε-PL is 

a highly efficacious new strategy with wide-spectrum antibacterial activity, low 

cytotoxicity, and significant delays in development of resistance. 

KEYWORDS: inorganic nanoparticle, antimicrobial peptide, cytotoxicity, antibacterial 

mechanism, antimicrobial resistance 

INTRODUCTION 

The misuse of antibiotics has contributed to the rapid development of antibiotic-resistance,1 

which is currently recognised as a major challenge in the global healthcare systems.2 A recent 

World Health Organisation report highlighted that the current and foreseeable conventional 

antibiotic pipeline is insufficient to meet the rise in antibiotic resistance.3 Hence, new 

approaches to design and develop novel antibacterial agents are urgently needed. 

Nanoparticles are promising non-drug antibacterial agents that offer an attractive alternative to 

antibiotics.4 Silver nanoparticles (Ag NPs) have been the most extensively studied and used 
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antimicrobial nanoparticles, in part because they exhibited effective broad-spectrum 

antibacterial activity.5 However, Ag NPs also showed toxicity to human cells and organs.6-7 

Recently, the antimicrobial activities of selenium nanoparticles (Se NPs) have attracted 

increased attention.8 Unlike silver, selenium is a nutritional element in mammals.9 It performs 

important roles in many biological activities, such as improving the immune responses to 

pathogens and viral antigens,10-11 maintaining proper muscular function,9 and preventing DNA 

oxidation.12 Se NPs can be metabolized in vivo,13 limiting potential accumulation in the body 

and long term toxicity, unlike many other nanoparticle systems. Further, Se NPs have been 

reported to exhibit significantly less toxicity towards human cells than other nanoparticles like 

Ag NPs.14 Taken together, these properties make Se NPs promising antimicrobial agents for 

medical applications. 

Se NPs demonstrated antibacterial activity predominantly against Gram-positive bacteria, 

including drug-resistant species such as methicillin-resistant Staphylococcus aureus (MRSA).8, 

15 However, most previously developed Se NPs showed little to no antibacterial activity against 

Gram-negative bacteria.16 We have made multiple advances in the development of antibacterial 

Se NPs. By simply changing the size of polyvinyl alcohol (PVA) capped Se NPs, we were able 

to drastically reduce the minimum inhibitory concentration (MIC) and the minimum 

bactericidal concentration (MBC) of the particles, without significantly increasing their 

toxicity towards mammalian cells. Specifically, ~80 nm Se NPs exhibited the optimal 

antibacterial activity when compared to particles that were either smaller or larger.8 We also 

extended antimicrobial activity of Se NPs to Gram-negative bacteria such as E. coli through 

capping the particles with a positively charged polymer (a recombinantly produced spider silk 

protein), likely due to stronger electrostatic interactions with the net-negative membrane of the 

Gram-negative bacteria.16  

Engineering the surface chemistry of the Se NPs to provide antibacterial activity towards 

Gram-negative bacteria was a large advance. However, the utility of the spider silk recombinant 

protein capped Se NPs is limited due to problems with colloidal stability. while the spider silk 

recombinant protein capped Se NPs form stable suspension in water, they quickly precipitate 

in culture media. Thus, a new type of Se NP needs to be developed that provides effective 

broad-spectrum antibacterial activity, whilst retaining stability in physiological environments. 

Additionally, the recombinant spider silk protein has no inherent antibacterial activity. Using 

a positively charged antimicrobial peptide (AMP) as the capping layer has the potential to 

generate an Se NP system with broad spectrum antibacterial efficacy against both Gram-

positive and Gram-negative species that is colloidally stable in physiological environments and 

further improve upon the antimicrobial activity by combining the inherent properties of Se NPs 

and AMPs.   

AMPs are generally positively charged and have variable amino acid composition and length 

(from 6 to 100 residues).17 The major antimicrobial mechanism of AMPs is disrupting the 

negatively charged bacterial cell membrane by virtue of their positive charge.18 The 

antimicrobial activity of AMPs is concentration dependent, and the formation of stable pores 

in the bacterial membrane is only achieved when a certain concentration of AMPs bind to the 

bacterial membrane, named the “threshold point”.19-20 However, high concentrations of free 

AMPs often exhibit high toxicity to mammalian cells.21 Therefore, AMPs have had limited 

successful clinical translation to date. Developing technology that capitalises on the 

antibacterial activity of AMPs while minimising their toxicity towards mammalian cells will 

greatly enhance their therapeutic utility. A recent study found that the addition of Se NPs in a 

Se NP-lysozyme hybrid system could reduce the concentration of the AMP required to achieve 
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the same antibacterial efficacy.22 However, this system still needed extremely high 

concentrations of both Se NPs and lysozyme to show antibacterial efficacy, and the most 

efficient nanohybrid system with 330 µg/mL Se NPs and 2000 µg/mL lysozyme, which may 

cause high levels of toxicity to mammalian cells, only showed 74% inhibition of E. coli. The 

antibacterial mechanism and cytotoxicity of this system were not elucidated in this work. 

Although coating with lysozyme increased the zeta potential of Se NPs, but the hybrid system 

still had a net negative charge, which may be one of the reasons why the system had a relatively 

low antibacterial efficacy.  

The AMP ε-poly-L-lysine (ε-PL) was chosen in this work. ε-PL is composed of 25-30 L-lysine 

residues, and it is widely used as a food additive due to the broad spectrum antimicrobial 

activity.23 ε-PL is also water soluble and exhibits low cytotoxicity.24 Additionally, ε-PL 

generally has better antibacterial activity against Gram-negative bacteria than Gram-positive 

bacteria,25 and we hypothesise that combining the complementary bactericidal properties of ε-

PL and Se NPs is an attractive approach to create bespoke, broad spectrum antimicrobial agents. 

In this contribution, we test the hypothesis that 80 nm Se NPs coated with ε-PL (Se NP-ε-PL) 

will exhibit improved colloidal stability and enhanced broad spectrum antimicrobial activity 

due to synergy between the Se NPs and the AMP capping layer, and that the effective dosage 

of the AMP can be reduced to limit potential toxicity. Additionally, we hypothesise that the 

ability of bacteria to develop resistance to these particles will be limited due to multimodal 

mechanisms of antibacterial action, and these hypotheses were confirmed by this study.  The 

mechanism study and conclusion also provide insights into the design and fabrication of future 

antimicrobial materials that delay or prevent the development of resistance. Specifically, we 

developed these particles for use in wound care since the infection of chronic wounds is a 

significant and pressing challenge and the antioxidant and anti-inflammatory effects of 

selenium-based NPs are also very beneficial for wound healing.26-27 However, these particles 

likely have a variety of other potential applications such as in anti-infective coatings on 

implantable devices.

 

RESULTS 

Characterization of Se NP-ε-PL 

The preparation process for the Se NP-ε-PL is shown schematically in Figure 1a. TEM images 

show spherical and highly monodispersed particles with diameters of approximately 80 nm 

(Figure 1b). These results are corroborated by the size distribution analysis that found a mean 

particle diameter of 82 nm and a polydispersity index of 0.055 (Figure 1c). ε-PL was adsorbed 

on the Se NPs surfaces electrostatically, resulting in an increase in the zeta potential of the Se 

NPs from a negative value of -7.2 ± 3.9 mV to a positive value of 13.2 ± 2.8 mV (Figure 1d,e). 

It was found that 0.96 ± 0.09 µg of ε-PL adsorbed per µg of Se NPs. 
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Figure 1. Characterization of Se NP-ε-PL. (a) Schematic illustration of the preparation of Se NP-ε-PL; 

(b) TEM image of Se NP-ε-PL (scale bar: 50 nm); (c) size distribution of Se NP-ε-PL measured by 

dynamic light scattering; (d), (e) representative zeta potential distributions of Se NPs and Se NP-ε-PL, 

respectively; (f) the FTIR spectra of PVA (grey curve), PVA capped Se NPs (red curve), Se NP-ε-PL 

(blue curve) and ε-PL (green curve); (g) the sizes of Se NP-ε-PL particles in different dispersants for 

time up to 24 h. 
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Fourier transform infrared (FTIR) was used to investigate the structural features of PVA capped 

Se NPs and Se NP-ε-PL in comparison to plain PVA and ε-PL (Figure 1f). Plain PVA showed 

a peak at 3316 cm-1 corresponding to O-H stretching vibrations. The peaks at 2938 cm-1 and 

2910cm-1 correspond to C-H stretching from the alkyl groups. In comparison, PVA capped Se 

NPs showed a shift in the hydroxyl peak to 3357 cm-1. This blue-shift indicated that PVA was 

conjugated to the surface of Se NPs through its -OH group.8 In the spectrum of plain ε-PL, the 

peaks at 3369 cm-1 and 3224 cm-1 correspond to the primary and secondary amine stretching 

vibrations, respectively.28-29 The peaks at 2929 and 2865 cm-1 are assigned to the symmetric 

and asymmetric C-H stretching vibrations.28-29 The peaks in the ranges around 1690-1630 cm-

1 and 1590-1480 cm-1 are associated with the vibrational modes of primary and secondary 

amide groups.29 The Se NP-ε-PL showed a very similar spectrum to that of plain ε-PL, with 

just small shifts in the N-H and C-H peaks. These results suggest that ε-PL was physically 

adsorbed on the Se NPs. 

The colloidal stability of the Se NP-ε-PL was tested through measuring the size of the particles 

after 0, 6 and 24 h in different dispersants, including ultra-pure water, phosphate buffered saline 

(PBS), Mueller Hinton broth (MHB) and complete Dulbecco’s modified Eagle’s medium 

(DMEM) (Figure 1g). The size of Se NP-ε-PL showed no significant difference after dispersing 

in these dispersants for different times, indicating that Se NP-ε-PL are colloidally stable in 

these four dispersants. 

 

Se NP- ε-PL exhibit broad spectrum antimicrobial properties at significantly lower AMP 

concentrations  

The abilities of the Se NPs, Se NP-ε-PL and pure ε-PL to inhibit the growth of bacteria were 

assessed. Firstly, treatment with Se NP-ε-PL was compared to using a simple blend of the 

equivalent amounts of Se NPs and free ε-PL (Se NPs + ε-PL) on E. faecalis, to investigate 

whether attaching the ε-PL to the Se NPs provided additional benefits. Both the MIC and MBC 

for the Se NP-ε-PL (9.4 ± 3.8 µg/mL and 23.2 ± 0.4 µg/mL, respectively) were found to be 

lower than those for the blend of Se NPs and free ε-PL (15.0 ± 1.6 µg/mL and 42.1 ± 3.7 µg/mL, 

respectively). This indicated that the Se NP-ε-PL did indeed show superior performance 

compared to a simple mixture of the two components toward at least some of the tested bacteria. 

Therefore, the antibacterial performance and mechanisms of action of the Se NP-ε-PL were 

then assessed on a range of types of bacteria. 

The bacterial growth curves for eight types of bacteria in the presence of Se NPs, Se NP-ε-PL 

and pure ε-PL are presented in Figure S1 and Figure S2. The resulting MIC values for each 

antimicrobial agent are shown in Table 1. The Se NPs without ε-PL showed little or no effect 

on the growth of Gram-negative bacteria, as seen by the high MIC values (>200 µg/mL). 

However, significantly lower MICs were observed for Gram-positive strains (~10 µg/mL). 

These observations are consistent with previous findings that Se NP systems generally lack 

efficacy against Gram-negative strains.16 In contrast, ε-PL alone had MIC values ranging from 

7.5 to 27 µg/mL for all bacterial strains.  
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Table 1 The minimum inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) 

values of Se NPs, Se NP-ε-PL and pure ε-PL against eight different strains of bacteria. 
 

Strains 
Gram 

MIC (µg/mL) MBC (µg/mL) 

Se NPs ε-PL Se NP-ε-PL Se NPs ε-PL Se NP-ε-PL 

S.aureus + 10.1 ± 6.6 7.5 ± 1.0 6.0 ± 0.3 35 ± 14 50.6 ± 3.5 17.5 ± 7.8 

MRSA + 11.5 ± 4.8 11.6 ± 2.0 8.6 ± 4.2 22.2 ± 2.0 149 ± 37 23.6 ± 1.0 

E.faecalis + 10.4 ± 5.8 27.1 ± 2.2 9.4 ± 3.8 119 ± 1 134 ± 10 23.2 ± 0.4 

E.coli - 340 ± 200† 13.2 ± 0.5 19.5 ± 9.2 1830 ± 830‡ 24.3 ± 1.2 24.7 ± 0.6 

A.baumannii - 229 ± 10† 21.6 ± 7.0 13.8 ± 1.2 440 ± 290‡ 50.0 ± 0.2 63 ± 17 

P.aeruginosa - 290 ± 66† 9.5 ± 3.6 12.5 ± 0.5 520 ± 290‡ 25.0 ± 0.1 25.0± 0.2 

K.pneumoniae - 255 ± 29† 12.0 ± 0.6 12.3 ± 0.2 660 ± 310‡ 12.9 ± 0.4 12.6 ± 0.1 

K.pneumoniae 

(MDR) 

- 363 ± 46† 26.5 ± 0.5 26.2 ± 0.4 1140 ±160‡ 24.7 ± 0.5 25.0 ± 1.1 

* All data are expressed as mean ± standard deviation (s.d.) of the biological replicates. † As Se NPs 

showed no total inhibition of growth of these bacteria within the tested concentrations, these MIC values 

calculated through linear fitting are only estimates for comparison. ‡ As Se NPs showed no total killing 

of these types of bacteria within the tested concentrations, these MBC values calculated through linear 

fitting are only estimates for comparison. 

All the Gram-positive bacteria treated with Se NP-ε-PL had similar or lower MIC values 

compared to treatment with either component alone, potentially indicating cooperative action 

between the two components. The Gram-negative bacteria treated with Se NP-ε-PL exhibited 

an order of magnitude reduction in the MIC compared to Se NPs alone, illustrating that 

modifying the surfaces of Se NPs with cationic groups expanded the efficacy of Se NPs towards 

Gram-negative species.16 The MIC values for Gram-negative strains treated with Se NP-ε-PL 

were similar to those for ε-PL alone. However, it is important to recognise that the Se NP-ε-

PL particles contain approximately 50% ε-poly-L-lysine by weight. These results are significant 

because they allow for similar antibacterial properties to be obtained when using half the dose 

of the AMP. Such an advance could allow for the reduction in the amount of potentially toxic 

AMPs used in antibacterial treatments and could reduce the cost of such treatments by 

minimising the amount of the costly AMPs required.  

The MBC values of the Se NPs, Se NP-ε-PL and ε-PL for the eight types of bacteria were 

determined via a colony forming unit assay. The results are shown in Figure S3 and Table 1.  

The colony forming unit (CFU) results showed that Se NPs had higher antibacterial activity 

against Gram-positive bacteria compared to ε-PL alone. In contrast, the ε-PL exhibited 

significantly better antibacterial activity against Gram-negative species in comparison to the 

Se NPs. However, only the combined Se NP-ε-PL showed strong antimicrobial properties 

against all eight types of bacteria tested. These results were confirmed through the MBC 

analysis. Coating the Se NPs with ε-PL resulted in markedly lower MBC values than for ε-PL 

alone and similar or lower values than for the Se NPs against the Gram-positive bacteria. Most 

prominently, Se NP-ε-PL had an MBC value that was approximately five times lower than the 

Se NPs or ε-PL alone against E. faecalis. When tested on Gram-negative bacteria, Se NP-ε-PL 

showed much lower MBC values than those for Se NPs and very similar values to those for 

pure ε-PL, despite the Se NP-ε-PL containing only half as much ε-PL. 
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Se NP-ε-PL use multiple mechanisms of action to kill bacteria 

Four different potential mechanisms of action were assessed to investigate how the 

nanoparticles exert their antibacterial properties: Adenosine triphosphate (ATP) depletion, 

reactive oxygen species (ROS) generation, membrane depolarisation, and membrane 

disruption. S. aureus and E. coli were chosen as model Gram-positive and Gram-negative 

bacteria, respectively. E. faecalis was included because the Se NP- ε-PL showed a much higher 

bactericidal efficacy toward this type of bacteria than either Se NPs or ε-PL alone.   

ATP is the intracellular energy source and plays a vital role in respiration, metabolism, and 

enzymatic reactions.30 The depletion of cellular ATP in bacteria is a characteristic of energy-

uncoupling effects, and would suggest a potential mechanism by which Se NP- ε-PL interfere 

with cellular metabolism.31 Hence, the effects of Se NPs, Se NP-ε-PL and pure ε-PL on 

bacterial ATP level were investigated(Figure 2a-c). Se NPs showed greater ATP depletion 

activity than ε-PL in the Gram-positive bacteria S. aureus and E. faecalis, whereas ε-PL 

exhibited higher ATP depletion effects than Se NPs in the Gram-negative bacteria E. coli. 

However, the Se NP-ε-PL were as good or better at depleting ATP when compared to all other 

treatments for all tested bacteria.  

The oxidative stress induced by high ROS production in response to nanoparticles is another 

important antibacterial mechanism.32 Therefore, the effect of Se NPs, Se NP-ε-PL and pure ε-

PL on bacterial ROS production were investigated (Figure 2d-f). Se NPs significantly increased 

the number of high ROS producing Gram-positive bacteria, S. aureus and E. faecalis, in a dose 

dependent manner. ε-PL exposure resulted in a slight increase in the number of high ROS 

producing Gram-negative bacteria E. coli, but not in that of the Gram-positive bacteria, S. 

aureus and E. faecalis. This may because Gram-negative bacteria are more sensitive to 

positively charged molecules than Gram-positive bacteria.33 Se NP-ε-PL showed a moderate 

effect between those of Se NPs and ε-PL towards S. aureus and E. faecalis. For the Gram-

negative bacteria E. coli, Se NP-ε-PL exposure resulted in the greatest percentage of high ROS 

producing cells, potentially indicating a cooperative effect between the nanoparticles and the 

ε-poly-L-lysine coating. 

Cell membrane depolarisation is another well-established mechanism of action of antimicrobial 

agents.34 Therefore, the ability of the antimicrobial agents to depolarise the bacterial 

membranes was investigated (Figure 2g-i). Bacteria in pure MHB were used as the untreated 

control and bacteria treated with carbonyl cyanide chlorophenylhydrazone (CCCP, a standard 

depolarisation agent) were used as a depolarized control. Se NP exposure resulted in few cells 

with depolarised membranes. However, Se NP-ε-PL and pure ε-PL were able to depolarise the 

membranes of similar numbers of bacteria. Interestingly, CCCP is a standard depolarising 

agent, yet shows minimal activity towards E. coli in contrast to the Se NP-ε-PL which showed 

strong depolarisation activity. 

Damage to the lipid bilayer of the bacterial membrane is another common mechanism of action 

that can result in bacterial death.35 Bacteria with a damaged lipid bilayer will stain positive for 

propidium iodide (PI), indicating that exposure to an antibacterial agent disrupted their 

membrane.20 The ability of our antimicrobial materials to disrupt bacterial membranes was 

assessed by quantifying the percentage of PI positive cells, and these data are presented in 

Figure 2j-l. Se NPs were the least effective at disrupting the bacterial membranes. However, 

Se NP-ε-PL and pure ε-PL showed significant membrane disruption effects for the three types 

of bacteria tested.  
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Figure 2. Investigation of antibacterial mechanisms: (a-c) ATP levels, (d-f) the percentage of cells that 

are producing high quantities of reactive oxygen species (ROS), (g-i) the percentage of cells that have 

a high degree of membrane depolarization, and (j-l) the percentage of propidium iodide (PI) positive 

bacterial cells of S. aureus, E. faecalis and E. coli treated with specified concentrations of Se NPs, Se 

NP-ε-PL or pure ε-PL, with bacteria in pure MHB as a control. One-way ANOVA analysis was adopted 

to compare means of experimental groups, * represents the P-value < 0.05, ** represents the P-value < 

0.01 and *** represents the P-value < 0.001. The asterisk(s) directly marked on a bar indicate(s) this 

group is significantly different to all other groups treated at the same concentration. 
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In order to observe cytopathic effects, helium ion microscopy (HIM) was used to observe the 

bacterial morphology after treatment with Se NPs, Se NP-ε-PL or pure ε-PL, with bacteria in 

pure MHB as a control (Figure 3). The results corroborate the general trends in antibacterial 

activity seen in the other data presented herein. Specifically, the Gram-positive bacteria, S. 

aureus and E. faecalis, were damaged by all three antimicrobial treatments as seen through 

changes in cell shape and surface morphology. Many cells were also lysed, expelling their 

contents into the surrounding environment. Additionally, what appear to be Se NP-ε-PL 

attached to the bacteria was observed (pink arrows in Figure 3c,g).  

Unlike the Gram-positive bacteria, significant cell damage was not observed for the Gram-

negative bacteria treated with Se NPs. Additionally, few particles were found to adhere to 

surface of the E. coli and K. pneumoniae (Figure 3j,r); instead, many nanoparticles were 

observed in the environment surrounding these bacteria. These two bacteria have significantly 

higher negative surface charges than the other bacteria tested here (Table S1). Likely, the 

negatively charged Se NPs were unable to bind to the more negatively charged bacteria due to 

electrostatic repulsion. The Se NPs could still interact and attach to the surfaces of A. 

baumannii (Figure 3n) which has a lower negative zeta potential, similar to S. aureus and E. 

faecalis.  (Table S1). However, as a Gram-negative bacterium, A. baumannii has a typical 

double lipid bilayer membrane system.36 Even when Se NPs attach to the outer lipid bilayer of 

the bacteria, they may not be able to cross the periplasmic space and interact with the inner 

lipid bilayers. This may explain why these bacteria were not highly susceptible to damage by 

the Se NPs without ε-PL and showed relatively large MIC and MBC values. However, damage 

towards all Gram-negative bacteria species treated with either ε-PL or Se NP-ε-PL was 

observed. Additionally larger numbers of the Se NP-ε-PL particles were seen attaching to the 

Gram-negative bacteria, potentially due to more favorable electrostatic interactions (pink 

arrows in Figure 3k,o,s).  
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Figure 3. Helium ion microscopy images of bacteria. (a-d) S. aureus, (e-h) E. faecalis, (i-l) E. coli, (m-

p) A. baumannii and (q-t) K. pneumoniae with Se NPs, Se NP-ε-PL or pure ε-PL, with bacteria in pure 

MHB as a control. Yellow and pink arrows indicate Se NPs and Se NP-ε-PL attached to the bacteria, 

respectively. 

 

Resistance development assessment 

The development of antimicrobial resistance is a significant healthcare challenge. Next 

generation antibacterial agents must be designed to limit or eliminate the development of future 

resistance. However, the development of resistance to nanoparticles remains largely unstudied. 
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In these experiments, the development of resistance in S. aureus to Se NPs and Se NP-ε-PL 

and E. coli to Se NP-ε-PL over 300+ generations was assessed to determine if we can generate 

a nanoparticle system that prevents or significantly delays the development of antimicrobial 

resistance. Resistance studies were not performed for E. coli to Se NPs as this bacterial strain 

is largely insensitive to this treatment. Kanamycin was used as a conventional antibiotic control. 

S. aureus began to develop resistance to kanamycin after only 44 generations (Figure 4a), as 

seen by the increase in the MBC value. Resistance towards nanoparticles was observed, but 

not until significantly longer exposure times. The onset of resistance in S. aureus to the Se NPs 

was observed at 110 generations and at 132 generations for the Se NP-ε-PL (Figure 4a). 

Interestingly, the fold change in MBC for S. aureus towards the Se NPs was very high (~50), 

while it remained at ~3.5 for both the antibiotic control and the Se NP-ε-PL. Startlingly, E. coli 

developed resistance to kanamycin at 52 generations; however, the bacteria were unable to 

develop resistance to the Se NP-ε-PL over the entire 312 generations tested (Figure 4b). This 

data illustrates that bacteria do have the capacity to develop resistance to antimicrobial 

nanoparticles. However, if the particles are designed appropriately, the onset of resistance can 

be significantly limited and potentially eliminated.  

 

 

Figure 4. Resistance development (fold change in MBC). (a) Resistance development of S. aureus with 

Se NPs, Se NP-ε-PL or kanamycin; and (b) Resistance development of E. coli with Se NP-ε-PL or 

kanamycin. 

 

Se NP-ε-PL do not exhibit cytotoxicity towards human dermal fibroblasts 

In addition to exhibiting strong antibacterial properties, next generation antimicrobial agents 

must also exhibit cytocompatibility with mammalian cells at therapeutic doses. Since these 

particles were designed for use in the treatment of chronic wounds, human dermal fibroblasts 

were selected to illustrate the cytocompatibility of the particles. Specifically, the viabilities of 

human dermal fibroblasts (HDFs) after exposure to Se NPs, Se NP-ε-PL or pure ε-PL were 

assessed using an assay that measures the metabolic activity of the cells as a proxy for cell 

viability (Figure 5). The viability of HDFs after treatment with Se NPs at concentrations lower 

than or equal to 10 µg/mL showed no significant difference to that of the untreated control 

(Figure 5a). Se NP-ε-PL showed no significant cytotoxicity up to and including doses of 25 

µg/mL (Figure 5b), while ε-PL treatment showed no cytotoxicity over the full range of 
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concentrations used in this study (Figure 5c). International Standard ISO 10993-5 describes 

assessment of in vitro cytotoxicity and states that reductions in viability of < 30% are not 

considered as toxic effects.37 As such, the Se NPs at concentrations up to 25 µg/mL and Se NP-

ε-PL up to 50 µg/mL were not classified as cytotoxic after 24 h of exposure. These results are 

corroborated by a lactase dehydrogenase (LDH) release assay, as shown in Figure S4.   

 

 

Figure 5. Viability of human dermal fibroblasts after 24 h exposure to different concentrations of (a) Se 

NPs, (b) Se NP-ε-PL and (c) pure ε-PL. PC is the positive control. A One-way ANOVA followed by 

Tukey’s Post Hoc test was used to compare means of experimental groups, * p-value < 0.05, ** p-value 

< 0.01 and *** p-value < 0.001. The asterisk(s) directly marked on a bar indicate(s) this group is 

significantly different to all other groups. 

   

 

DISCUSSION 

Antibacterial efficacy and cytocompatibility of Se NP-ε-PL 

Previously reported Se NPs showed relatively low antibacterial efficacy, with MIC values 

higher than 60 µg/mL against the common Gram-positive bacteria, S. aureus,38-44 and even 

worse performance against Gram-negative bacteria, showing no significant effect39, 43 or high 

MIC values: >100 µg/mL against E. coli38, 42, 45 and P. aeruginosa40, 42-43, 46 and >250 µg/mL 

against K. pneumoniae.44, 46 In our previous work, ~80 nm PVA capped Se NPs  were fabricated 

and showed strong antibacterial efficacy against S. aureus and MRSA, with MIC values of 

only 16 ± 7 µg/mL and 12 ± 2 µg/mL, respectively.8 However, these NPs still had very weak 

antibacterial activity against Gram-negative bacteria. We developed positively charged Se NP 

by coating the particles with a positively charged recombinant spider silk protein and illustrated 

improved antibacterial activity against Gram-negative bacteria.16 However, the poor colloidal 

stability of these Se NPs under physiological conditions significantly limits their potential 

medical applications. Additionally, assays done with similarly sized particles made fully of the 

recombinant spider silk did not show significant antimicrobial capacity. This data indicated 

that they positive surface charge enhanced the antimicrobial properties of the particles by 

improving electrostatic interactions between the particles and cells.  However, the positive 

charges displayed by the spider silk were not antimicrobial in and of themselves. In the present 

work, Se NPs were coated with ε-PL through a simple adsorption step to create the positively 

charged Se NP-ε-PL system. These particles were superior to previous selenium-based 

antimicrobial nanoparticles in that they are colloidally stable in cell culture media, exhibit 

broad spectrum antimicrobial activity against Gram-positive, Gram-negative, and drug-
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resistant bacteria, and the polycationic capping layer has inherent antimicrobial activity. 

Relatively low MIC values were found for the Se NP-ε-PL against the three Gram-positive 

bacteria strains tested (6.0-9.4 µg/mL) (Table 1). More significantly, for the five Gram-

negative bacteria strains tested the MIC values for the Se NP-ε-PL were dramatically lower 

than those for the Se NPs without the ε-PL coating, with an order of magnitude lower dose 

required to reach the MIC (12.3-26.2 µg/mL). These results indicate that the Se NP-ε-PL 

system exhibits synergy for some bacteria (e.g., E. faecalis) compared to mixtures of free 

nanoparticles and AMP, and it is the only treatment with good broad-spectrum activity against 

all eight types of bacteria tested. Additionally, the antimicrobial activity of Se NP-ε-PL was 

comparable to or better than treatment with Se NPs alone or ε-PL alone. In addition to excellent 

antimicrobial activity, a successful antibacterial nanoparticle system requires mammalian 

cytocompatibility at therapeutic doses. The cytotoxicity results indicated that the safe 

concentration of Se NP-ε-PL is up to 50 µg/mL for HDFs, while the MICs of Se NP-ε-PL 

against the eight different types of bacteria tested are around 6 - 26 µg/mL, significantly lower 

than 50 µg/mL. With the exception of the MBC of Se NP-ε-PL against A. baumannii (63.0 ± 

17.0 µg/mL), the MBCs of the Se NP-ε-PL to the different types of bacteria tested are around 

13 - 25 µg/mL, also well below the level required to observe any cytotoxic effects. Notably, 

the viability assay was performed on HDFs after 24 h exposure to Se NP-ε-PL, while the 

antibacterial tests were performed only after 1.5 h exposure to Se NP-ε-PL, indicating the acute 

toxicity of Se NP-ε-PL towards the bacteria and the relatively benign interactions with the 

human cells at the tested concentrations. These results illustrate that the Se NP-ε-PL system 

has the potential to be a potent broad-spectrum antimicrobial material in medical applications.  

Additionally, the Se NP-ε-PL system has many advantages when compared to other 

antimicrobial nanoparticle systems. Comparing to metallic nanomaterials such Ag-5 and Au-

NPs,47 Se NPs are made from an essential trace element and show much lower toxicity toward 

mammalian cells.14 Moreover, Se NPs can be metabolized and excreted through urine, allowing 

for eventual removal from the body.13 In contrast, the silver and gold are not a part of the body’s 

elemental composition and are relatively stable and long lasting in the body.48-49 Numerous 

types of metal oxide NPs have also been explored for antibacterial applications, such as ZnO 

NPs50, TiO2 NPs51 and CuO NPs.52 However, they generally exhibit high MIC and MBC values 

(> 100 µg/mL).50-52    

Organic antibacterial nanomaterials have also shown promise; however, they are generally less 

stable than the inorganic antibacterial materials, especially at high temperatures and 

pressures.53 The recently developed structurally nanoengineered antimicrobial peptide 

polymers (SNAPPs) exploit the interactions of positively charged peptide components with 

Gram-negative bacteria, similarly to this work. They showed antibacterial effects against 

Gram-negative bacteria both in vitro and in vivo.54 However, their MBC values were higher 

than the Se NP-ε-PL developed here, with MBC values against E. coli, P. aeruginosa and K. 

pneumoniae of 31.5 ± 2.6, 62.2 ± 3.5 and 67.5 ± 3.5 µg/mL, respectively.  

It is important to note that dissolved biomolecules such as serum proteins may adsorb onto the 

surface of antibacterial nanoparticles in vitro or in vivo. This adsorbed protein layers, known 

as a biocorona, may impact the antibacterial efficacy and cytocompatibility of these particles.55-

56 Future work will focus on assessing the performance of these nanomaterials in more 

physiologically relevant in vitro and in vivo systems. However, it is important to note that Se 

NP systems (without AMP coatings) have been shown to retain significant antimicrobial 

activity in in vivo animal models.57  
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Se NP-ε-PL exert their antimicrobial effects via multiple mechanisms of action 

The antimicrobial mechanisms identified for Se NP-ε-PL include ATP depletion, increased 

ROS production, membraned depolarisation, and membrane disruption, as illustrated in Figure 

6. The four mechanistic assays performed in this work are well-established in the literature, 

and they have been shown to initiate a cascade of events that can lead to cell death. For instance, 

ATP is the main energy source of cells, and the depletion of ATP exerts a negative impact on 

many biological processes including cell division and membrane transport, leading to the loss 

of viability of bacteria.58 Excessive ROS production can induce transposition of transcription 

factors; increase of cytoplasmic calcium concentration; and damage DNA, cell membranes and 

cell proteins, resulting in the death of bacterial cells.59 The disruption of membranes causes 

damage to the physical and functional integrity of cells, leakage of cytosolic contents, and 

eventually cell death.60 Depolarization of bacterial membranes can affect various cellular 

processes associated with bacterial viability since membrane potential plays an important role 

in regulating a wide range of bacterial physiology and behaviors, including ATP synthesis, pH 

homeostasis, membrane transport, motility, electrochemical communication, the spatial 

organization of the cytoskeleton and cell division.61  

Additionally, Se NPs and ε-PL have been shown to exert antibacterial properties through other 

mechanisms not assessed here including damage to genetic material62 and various cellular 

proteins.63 It is likely that some of these additional mechanisms of action are occurring in this 

system also.   

The improved antibacterial activity of the Se NP-ε-PL compared to Se NPs and ε-PL is likely 

due to the improved electrostatic interaction between the particles and bacteria and the 

complimentary mechanisms of action through which the nanoparticles and AMP exert their 

antibacterial activities. Much of the antibacterial activity of Ag NPs is thought to arise from 

the Ag ions shed from the particles.64  In contrast, selenium is sparingly soluble in aqueous 

conditions.65 As such, it is expected that physical contact between the particles and the bacteria 

is necessary to achieve their antibacterial activity. Generally, the surface potential of bacterial 

membranes is negative.16 Changing the surface charge of the Se NPs to be positive through 

adsorption of the ε-PL enabled improved electrostatic interactions between the Se NP-ε-PL and 

the bacteria. This is best seen through the interaction of the particles with E. coli and K. 

pneumoniae, the bacteria with the largest negative surface charges (Table S1). The HIM images 

showed that the negatively charged Se NPs were largely unable to attach to the bacterial 

membranes (Figure 3). However, the positively charged Se NP-ε-PL particles were able to bind 

to the bacterial membranes (Figure 3). 

Additionally, cooperative effects between the Se NPs and ε-PL were observed for the Se NP-

ε-PL particles. This is best seen in the ATP depletion studies and the ROS production studies. 

In both assays, neither antibacterial agent alone was able to greatly impact all three of the tested 

bacteria. Only the Se NP-ε-PL system was able to significantly reduce ATP levels and promote 

ROS production for all three types of bacteria (Figure 2).  

Furthermore, the Se NP-ε-PL particles showed strong antibacterial properties at significantly 

lower AMP concentrations. This is likely due to the local high concentration of AMP present 

at the particle interface. Membrane disruption models require a threshold concentration of 

AMP to be present before membrane disruption can occur.19-20 By adsorbing the AMP 

molecules to the particle surface, regions of high AMP concentration are created, and these 

regions of local high density are likely able to disrupt the bacterial membrane, even when the 

bulk concentration of AMP is below the threshold point.  This also explains why the Se NP-ε-
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PL particles showed greater antibacterial properties compared to treatment with Se NPs and 

free ε-PL. This mechanism is similar to that hypothesised for the structurally nanoengineered 

antimicrobial peptide polymers (SNAPPs). The SNAPPs are star polymers with either 16 or 32 

arms, and it is believed that their strong antibacterial properties arise due to the multivalence 

of AMPs that acts to increase their local concentration.54  

 

 

Figure 6. Schematic of the hypothesized antibacterial mechanism of Se NP-ε-PL. The Se NP-ε-PL can 

attach to the bacterial cell membrane through electrostatic interactions. The Se NP-ε-PL will then 

damage bacterial cell through promoting ROS production, depleting ATP, changing membrane 

potential and disrupting the membrane (indicated by red solid arrows). The Se NP-ε-PL has the potential 

to induce DNA damage and protein damage as well (indicated by red dashed arrows).62-63 Additionally, 

the excessive amount of ROS can also induce damage of DNA and protein59 (indicated by yellow dashed 

arrows). 

 

Bacterial resistance 

The development of bacterial resistance to nanoparticles is generally considered less likely than 

to conventional antibiotics because nanoparticles can kill bacteria through multiple 

mechanisms of action.4 Therefore, the multiple antibacterial mechanisms of Se NP-ε-PL are 

expected to limit the development of antimicrobial resistance in comparison to many antibiotics 

that have only a single antibacterial mechanism. To illustrate this, kanamycin was selected as 

the antibiotic control in this work. Kanamycin exerts its antibacterial properties through a 

single mechanism, interfering with protein synthesis by binding to the bacterial ribosome. 
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During the long-term resistance assays, S. aureus and E. coli were able to rapidly develop 

resistance to kanamycin, after only 44 and 52 generations, respectively. In contrast, S. aureus 

developed resistance to the Se NP-ε-PL particles until 132 generations and the E. coli failed to 

develop resistance over the entire 312 generations of the assay. Interestingly, S. aureus 

developed resistance to the PVA-capped Se NPs at an earlier timepoint, 110 generations. These 

results support the theory that designing bespoke antimicrobial agents that leverage a larger 

number of antimicrobial mechanisms can limit the future development of resistance. Beyond 

the development of the next generation Se NP-ε-PL particles presented in this study, these 

results also elucidate fundamental design criteria for the creation of future antibacterial agents. 

Particularly, this work illustrates that designing particle-bacterial membrane interactions can 

be key towards improving antibacterial activity of particles and that appropriate layering of 

antimicrobial mechanisms can delay – and potentially eliminate – the development of 

resistance. 

In general, the development of bacterial resistance to nanoparticles is largely unexplored. What 

work has been done has almost extensively focused on Ag NPs64 and Au NPs.66 It was shown 

that bacteria could develop resistance to Ag NPs through the production of the flagellin protein 

that causes aggregation of Ag NPs and reduces their antibacterial activity.64 Additionally, 

researchers have reported that E. coli can develop resistance to Au NPs after only 21 

generations, though the mechanism remains unknown.66  

The authors are not aware of any previous reports on the development of resistance to selenium 

nanoparticle systems. The present work demonstrated that S. aureus can develop resistance to 

Se NP-ε-PL particles. However, significantly longer times were needed for the bacteria to 

acquire resistance in comparison to an antibiotic control and the Au NPs previously reported. 
66  Startlingly, E. coli failed to develop resistance to the Se NP-ε-PL particles after more than 

300 population doublings (24 days of culture). In contrast, two strains of E. coli were 

previously reported to develop resistance to Ag NPs after 6 and 13 days of culture, 

respectively.64 These results may indicate that bacteria are less likely to develop resistance to 

Se NP-ε-PL than to Ag NPs and Au NPs. However, the different strains of bacteria and the 

different concentrations of NPs used in the long-term assays can affect the development of 

resistance limiting the conclusions that can be drawn through comparing these studies.  

 

CONCLUSION 

In this work, Se NP-ε-PL were fabricated, and their cytotoxicity and antibacterial activity were 

assessed. Se NP-ε-PL exhibited highly effective antibacterial activities on all eight different 

species of bacteria tested, including some drug-resistant strains. Considering antibacterial 

efficacy on both Gram-positive and Gram-negative bacteria, Se NP-ε-PL was found to be 

superior to both Se NPs alone and ε-PL alone. It was further demonstrated that bacteria are 

much less likely to develop resistance to Se NP-ε-PL than to traditional antibiotics for the two 

common strains tested, including S. aureus and E. coli. The efficient and wide-spectrum 

antibacterial activity of Se NP-ε-PL, low cytotoxicity, and low propensity to develop resistance 

in bacteria demonstrate the potential of Se NP-ε-PL to become a valuable new type of 

antibacterial agent. 
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METHODS 

The synthesis of Se NPs and Se NP-ε-PL 

Chemical reduction was used to fabricate Se NPs from SeO2 with Na2S2O3 as the reducing 

agent and PVA as the stabilising agent. PVA was dissolved in water at 10 mg/mL and SeO2 

was added to a final concentration of 5 mM. A separate solution of Na2S2O3 in water was made 

at 0.4 M and 10 mL of this solution was added to 10 mL of the PVA/SeO2 solution under 

magnetic stirring. After 2 h of reaction, the solution was immediately transferred to 1.7 mL 

Eppendorf tubes (1 mL per tube) and centrifuged at 15500 g for 10 min. The reaction liquid 

was replaced with water, and the Se NPs were redispersed using a vortex mixer. This rinsing 

procedure was repeated and then the Se NPs were redispersed in PBS and sterilized by filtering 

through 0.22 µm Millex-GV (PVDF) filters (Merck, Massachusetts, USA). 

For the preparation of Se NP-ε-PL, the sterilized Se NP solution (100 µg) was centrifuged at 

15500 g for 10 min. and the PBS solution was removed. Then the Se NPs were redispersed in 

1 mL of a filter-sterilized solution of 2 mg/mL ε-PL in water. After 8 h immersion in the peptide 

solution, the particles were separated by centrifugation at 15500 g for 10 min, resuspended in 

1 mL sterilized PBS and stored at 4 °C until use.  

Characterization of the nanoparticles 

The Se NP-ε-PL were observed using transmission electron microscopy (TEM, TECNAI F20) 

with an accelerating voltage of 200 keV. The size distributions and zeta potentials of Se NP- 

ε-PL in water were measured by using Zetasizer (Malvern, ATA Scientific) at 25 °C, setting 

selenium as the material with a refractive index of 2.6 and an absorption of 0.5, and water as 

the dispersant with refractive index of 1.330, a viscosity of 0.8872 cP and a dielectric constant 

of 78.5.67  

To measure the total Se concentration of the Se NP and Se NP-ε-PL suspensions, the particles 

were dissolved in nitric acid, and inductively coupled plasma-optical emission spectrometry 

(ICP-OES, Varian 720-ES) was used to determine the Se ion concentrations. 

The concentration of ε-PL was determined as previously reported.68 Briefly, 80 µL trypan blue 

(Gibco, UK) solution was added to 1.92 mL sample solution. After 1h incubation at 37 °C, the 

solution was centrifuged at 15500 g for 5 min. Then 1 mL of the supernatant was transferred 

to a cuvette, and its absorbance was recorded using a UV–visible spectrophotometer (Varian 

50Bio) at wavelengths of 200 nm to 800 nm. A standard curve at the peak wavelength of 585 

nm from 0 µg/mL to 20 µg/mL (Figure S5) was used to determine the ε-PL concentrations. 

FTIR analysis of PVA, PVA capped Se NPs, Se NP-ε-PL and ε-PL in the range of 4000-800 

cm-1 was conducted on a Tensor-II spectrometer (Bruker). 

The colloidal stability of the Se NP-ε-PL in different dispersants was tested, namely, water, 

PBS, MHB and complete DMEM (DMEM with 10% foetal bovine serum (FBS), 100 U/mL 

penicillin and 100 μg/mL streptomycin). First, 100 µg/mL Se NP- ε-PL were dispersed in 1 

mL of each dispersant for 0, 6 and 24 h at 37°C, then the particle suspensions were centrifuged 

at 15500 g for 10 min. The dispersants were removed, and the Se NP- ε-PL were gently washed 

three times with water, then redispersed into water. Finally, the sizes of these particles were 

measured using Zetasizer (Malvern, ATA Scientific) at 37 °C, setting selenium as the material 

and water as the dispersant. 
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Antibacterial tests 

Two different methods were used to test the antibacterial activity of Se nanoparticles: bacterial 

growth inhibition and a CFU assay. The methods used to determine the MIC and MBC used a 

plate microdilution method based on the CLSI 2015 guidelines M0769 and M2670, respectively 

as detailed below. Two independent experiments were performed. 

Bacterial growth inhibition test. The bacterial strains methicillin-sensitive Staphylococcus 

aureus (S. aureus) ATCC 29213, methicillin-resistant S. aureus (MRSA) ATCC 43300, 

Enterococcus faecalis (E. faecalis) ATCC 29212, Escherichia coli (E. coli) ATCC 25922, 

Acinetobacter baumannii (A. baumannii) 2208 ATCC19606 , Pseudomonas aeruginosa (P. 

aeruginosa) strain PAO1-LAC ATCC 47085, Klebsiella pneumoniae (K. pneumoniae) ATCC 

13883 and clinically isolated strain K. pneumoniae (MDR) FADDI-KP628, were obtained from 

the culture collection of The Melbourne Dental School, University of Melbourne, Australia. 

Bacteria were cultured in MHB at 37 °C. Serial two-fold dilutions of Se NPs, Se NP-ε-PL or 

pure ε-PL in 50 µL of PBS were added to each well of a 96-well microplate, followed by 50 

µL of MHB with 2.5×106 bacteria/mL. The plate was put into an iEMS microplate reader 

(Pathtech Pty Ltd, Melbourne, Australia) at 37 °C to monitor bacterial growth by measuring 

the absorbance at a wavelength of 630 nm for 24 h. Background absorbance values due to the 

Se NP or Se NP-ε-PL solutions were subtracted from the measured values.  

To calculate the MIC, the absorbance values of the bacteria growth curves at the time point 

when the stationary phase started (tsps) were determined and calculated as a percentage of the 

untreated control (Z=ODa/ODb×100%, where ODa is the absorbance of experimental groups 

and ODb represents the absorbance of the negative control group, both at tsps after subtraction 

of the culture medium background values). Then concentration-inhibition curves were plotted 

(Z vs. concentration), and a linear regression analysis used to determine the MIC at which Z 

becomes zero (Figure S6a).  

CFU assay. Serial two-fold dilutions of Se NPs, Se NP-ε-PL or pure ε-PL in 50 µL of PBS 

were added into each well of 96-well microplates, followed by 50 µL MHB with 2.5×106 

cells/mL bacteria. After incubating the microplate at 37 °C for 90 min., the bacterial solutions 

were diluted to 10-1, 10-2, 10-3 and 10-4 times, then 10 µL of each solution was transferred onto 

agar plates. The agar plates were incubated overnight, then the bacterial colony forming units 

were counted.  

To calculate the MBC, concentration-killing curves were plotted with CFUs/mL as a function 

of antibacterial agent concentration, and linear regression analysis was used to estimate the 

lowest concentration (MBC) at which the CFU/mL would be zero (Figure S6b). 

Antibacterial mechanism tests 

In order to investigate the possible mechanisms of action of the nanoparticles on examples of 

Gram-positive and Gram-negative bacteria, the selected bacterial strains were each cultured in 

MHB at 37 °C. Serial two-fold dilutions of Se NPs, Se NP-ε-PL or pure ε-PL in 50 µL of PBS 

were added into the wells of 96-well microplates followed by 50 µL MHB with 2.5×106 

cells/mL of the selected bacteria. 50 µL MHB with 2.5×106 cells/mL bacteria added to 50 µL 

PBS acted as the untreated control for the different tests described below. 
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ATP tests. To assess the levels of ATP in the bacteria, a set of the 96-well microplates was 

incubated for 1 h at 37 °C, then transferred to room temperature for further 30 min incubation. 

100 µL of BacTiter-GloTM reagent (Promega, Australia) was added into each well, then mixed 

on an orbital shaker and incubated for 5 min. The luminescence was recorded using a 

microplate reader (PerkinElmer 1420 Multilabel Counter VICTOR3). A standard curve was 

generated by measuring the luminescence of 10-fold serial dilutions of ATP from 1 µM to 10 

pM in 100 µL MHB after mixing for 1 min with 100 µL of the BacTiter-GloTM reagent. 

ROS production tests. ROS production levels were measured on a set of the 96-well microplates 

after 90 min. Incubation at 37 °C, by adding CellROX® Orange Reagent to each well to a final 

concentration of 750 nM. The cells were further incubated for 1 h, then the fluorescence from 

the CellROX® Orange Reagent was measured on FL-3 (red fluorescence channel) using a Cell 

Lab Quanta SC MPL flow cytometer (Beckman Coulter). Two independent experiments were 

done for this test, and two technical replicates were done in each independent experiment. 

Membrane potential change tests. Membrane potential changes in the bacteria with three 

different treatments (prepared as above) were detected relative to the untreated control and a 

fully depolarized control using a BacLight Bacterial Membrane Potential Kit (Invitrogen). 

CCCP was added to the untreated control at a final concentration of 5 µM as the fully 

depolarized control. 3,3‘-diethyloxacarbocyanine iodide (DiOC2(3)) was added to all wells at 

a final concentration of 3mM. The DiOC2(3) exhibits green fluorescence in all bacterial cells 

when it is at low concentrations, but it will be more concentrated in healthy bacterial cells that 

maintain their membrane potential, and the fluorescence at the higher concentration shifts to 

be red. After 1h of incubation at 37 °C, the extent of depolarization of the cell membranes was 

assessed using a Cell Lab Quanta SC MPL flow cytometer (Beckman Coulter) to measure the 

ratio of cells that exhibited red fluorescence (FL-3) to those that displayed green fluorescence 

(FL-1). Gates were drawn based on the untreated (polarized) and CCCP-treated (fully 

depolarized) controls. Two independent experiments were done for this test, and two technical 

replicates were adopted for each independent experiment. 

Membrane disruption tests. Disruption of the bacterial membranes was assessed after 

incubating the 96-well microplates for 90 min. At 37 °C. 0.1% of SYTO 9 and 0.1% of 

propidium iodide (PI) were added to each well and incubated again for 5 min. SYTO 9 is a 

green-fluorescent nucleic acid stain which can stain both live and dead Gram-positive and 

Gram-negative bacteria. PI is a red-florescent nuclear and chromosome counterstain but is not 

permeant to cells with intact plasma membranes.  A Cell Lab Quanta SC MPL flow cytometer 

(Beckman Coulter) was used to measure the percent of PI-positive cells to show the fraction 

with increased membrane permeability.20 Two independent tests were performed, and two 

parallel samples were used in each test for each variation. 

HIM images. The morphologies of bacterial strains methicillin-sensitive S. aureus, E. faecalis, 

E. coli, A. baumannii, and K. pneumoniae after treatment with Se NPs, Se NP-ε-PL or pure ε-

PL were observed using Helium Ion Microscopy (HIM, Zeiss, Germany). The samples for this 

assessment were prepared as follows. Firstly, 100 µL of PBS solution with 125 µg/mL Se NPs, 

Se NP-ε-PL or pure ε-PL was added to each well of 96-well microplates, with 100 µL pure 

PBS used as an untreated control. Then, 100 µL of MHB with 1.25×107 /mL bacteria was added 

to each well. After 90 min. incubation at 37 °C, 10 µL of both treated and untreated bacteria 

was dropped onto clean silicon wafers, then placed in an oven at 37 °C for 20 min. to dry. The 

dried samples were transferred to a 12-well plate, 2.5% glutaraldehyde was added to each well 

to fix the bacterial cells for 1 h, then gradient ethanol solutions (30%, 50%, 60%, 70%, 80%, 
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90%, 95% and 100%) were used for dehydration. The prepared samples were finally dried in a 

fume hood overnight before imaging. 

Bacterial resistance tests 

 The ability of methicillin-sensitive S. aureus to develop resistance to Se NPs and Se NP-ε-PL 

and the ability of E. coli to develop resistance to Se NP-ε-PL over an extended period in culture 

were tested. Tests were also run using the antibiotic kanamycin for comparison. First, a single 

S. aureus or E. coli colony from an agar plate was inoculated into 20 mL MHB and cultured 

overnight at 37 °C. The bacteria suspensions were diluted to 2.5×106 cells/mL. Then Se NPs, 

Se NP-ε-PL or kanamycin was added into 10 mL of the bacteria suspensions and cultured for 

24 h (~11 generations growth of S. aureus and ~13 generations of E. coli). Each of the 

antibacterial agents was added at its MBC50 (the concentration that kills 50% of the bacteria) 

for each bacterial strain. The number of generations, N, was calculated using Equation (1). 

2 6
( )
2.5 10

C
N Log=


                                                  (1) 

where N represents the number of generations and C represents the concentration of bacteria 

after 24 h culture (bacteria/mL). 

These bacteria suspensions were diluted again to 2.5×106 cells/mL, and 10 mL of each of the 

diluted suspensions was treated with Se NPs, Se NP-ε-PL or kanamycin at MBC50 and cultured 

for 24 h. These steps were repeated daily until over 300 generations of growth had occurred. 

After every 48 h, a CFU assay was performed on the bacteria, and the MBCs of the antibacterial 

agents were calculated as described above and plotted as a function of the number of 

generations since the start of the experiment. 

Cytotoxicity tests on human dermal fibroblasts  

Cytotoxicity assays were performed as previously reported.8 A brief description of the protocol 

can be found in the SI. 

 

Statistical analysis  

Data in this work are expressed as means ± standard deviation. Statistical analysis was 

performed by one-way analysis of variance (ANOVA) followed by Tukey’s post hoc tests 

using SPSS 25.0 and p-values less than 0.05 were considered statistically significant. 
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