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Abstract 

Photocatalytic compounds and complexes, such as tris(bipyridine)ruthenium(II), [Ru(bpy)3]2+, 

have recently received attention as light-mediated bactericides that can help to address the need 

for new antibacterial strategies. We demonstrate in this work that the bactericidal efficacy of 

[Ru(bpy)3]2+ and the control of its antibacterial function can be significantly enhanced through 

combination with a plasmonic nanoantenna. We report strong, visible light-controlled bacterial 

inactivation with a nanocomposite design that incorporates [Ru(bpy)3]2+ as photocatalyst and a 

Ag nanoparticle (NP) core as light-concentrating nanoantenna into a plasmonic hybrid 

photoreactor. The hybrid photoreactor platform is facilitated by a self-assembled lipid membrane 

that encapsulates the Ag NP and binds the photocatalyst. The lipid membrane renders the 

nanocomposite biocompatible in the absence of resonant illumination. Upon illumination, the 

plasmon-enhanced photoexcitation of the metal-to-ligand-charge-transfer band of [Ru(bpy)3]2+ 

prepares the reactive excited state of the complex that oxidizes the nanocomposite membrane 



and increases its permeability. The photooxidation induces the release of [Ru(bpy)3]2+, Ag+, and 

peroxidized lipids into the ambient medium, where they interact synergistically to inactivate 

bacteria. We measured seven orders of magnitude decrease in Gram-positive Arthrobacter sp. 

and four orders of magnitude decrease in Gram-negative Escherichia coli (E. coli) colony forming 

units (CFUs) with the photoreactor bactericides after 1-hour of visible light illumination. In both 

cases the photoreactor exceeds the bactericidal standard of a log reduction value (LRV) of 3, and 

surpasses the antibacterial effect of free Ag NPs or [Ru(bpy)3]2+ by more than four orders of 

magnitude. We also implement the inactivation of a bacterial thin film in a proof-of-concept study.  

Key words: photocatalyst, antibiotics, nanoantenna, antibacterial, sterilization, controlled release, 

biofilm. 

 

Introduction 

Effective sterilization and disinfection technologies are essential for human health and well-being, 

in particular for preventing microbial infections from contaminated water, food or drugs, or through 

contact with contaminated surfaces or medical devices and implants. Common antimicrobial 

strategies, such as autoclaving, UV or gamma irradiation, chemical disinfectants or molecular 

antibiotics are not applicable to all samples and face various challenges, including high energy 

consumption, lack of active control mechanisms, collateral damage to biomolecules, and 

development of microbial resistances. There has been an increasing interest in the development 

of alternative bacterial inactivation strategies based on both molecular and nanoparticle-based 

inactivating agents (IAs) in the past decade to address the weaknesses and limitations of 

conventional strategies. Various molecular and ionic compounds, including metal cations1, 

photoreactive complexes2-4 and selected natural products5-6, have been developed as novel 

bactericides. Photocatalysts are a particularly interesting group of bactericides, as they are 



effective against a broad spectrum of bacterial species and as their action can be controlled via 

the irradiation conditions. Tris(bipyridine)ruthenium(II) ([Ru(bpy)3]2+) and its analogues have been 

demonstrated to inactivate bacteria by inducing lipid peroxidation and initiating intracellular redox 

processes.2-4 Excitation of the metal-to-ligand charge transfer (MLCT) band in [Ru(bpy)3]2+ at 430 

nm generates an excited state that is both a good oxidant and reductant and whose reactivity 

defines the antibacterial effect of our photocatalyst. However, the MLCT band in [Ru(bpy)3]2+ has 

a molar extinction coefficient < 10,000 M-1cm-1,7 and moderate absorption is one factor that limits 

the efficacy of the photocatalyst as bactericide. As a result, reliable bacteria inactivation typically 

require [Ru(bpy)3]2+ concentrations in the ppm range.4, 8 Another potential concern is that the 

ground state reactivity of [Ru(bpy)3]2+ can initiate undesirable reactions with biomolecules or entire 

mammalian cells even in the absence of any illumination, and, thus, jeopardize the role of 

[Ru(bpy)3]2+  as light-controlled precision bactericide. This issue is critical especially for 

applications of the photocatalyst in solution or tissue where the molecular complex can easily 

spread through diffusion.  

Metal and semiconductor nanoparticles (NPs) have been developed as nanoscale bactericides 

and can also serve as scaffolds for molecular photocatalysts.9-17 Plasmonic nanostructures that 

support localized surface plasmon resonances (LSPRs), in particular, have been studied for 

effective bacterial inactivation through photodynamic therapy,11, 18 photo-induced reactive oxygen 

species production9-10, 12, 15, 19 or photothermal effect.20 The strong electric (E-) field provided by 

plasmonic NPs can significantly enhance the absorption of molecules localized in their 

evanescent field.21 As the LSPR of Ag NPs at 430 nm overlaps with the MLCT band of [Ru(bpy)3]2+, 

localization of the photocatalyst in the evanescent field of the NPs can enhance [Ru(bpy)3]2+* 

excited state formation7, 22 and potentially further improve the performance of  [Ru(bpy)3]2+ as 

bactericide. Furthermore, it is well known that Ag NPs and Ag+ ions also exhibit antibacterial 

effects.1, 10, 16-17 Considering the complementarity of the antibacterial properties of Ag NPs and 



[Ru(bpy)3]2+ photocatalysts, hybrid NPs-[Ru(bpy)3]2+ nanocomposites represent a promising 

strategy to enhance potency and efficacy of the individual components and to improve the light-

mediated control of the antibacterial effect, ideally to switch the NP properties from benign to 

bactericidal. 

In this manuscript, we investigate the light-dependent antibacterial effect of a photoreactor 

architecture that integrates [Ru(bpy)3]2+ into a lipid-membrane around a Ag NP through systematic 

in vitro studies. We demonstrate that the plasmon-enhanced photooxidation of the passivating 

lipid membrane around the Ag NP through [Ru(bpy)3]2+ triggers the release of [Ru(bpy)3]2+, Ag+, 

and peroxidized lipids into the ambient medium where the compounds achieve a synergistic 

antibacterial effect. We quantify the inactivation performance of the photoreactors and the 

synergistic interactions between the released compounds on planktonic Arthrobacter sp. and E. 

coli. Subsequently, we evaluate the antibacterial effect of the photoreactors against colonized 

bacteria, which are typically more resilient against conventional disinfection techniques than their 

planktonic counterparts, in a bacteria biofilm model as a proof-of-concept for surface sterilization 

applications. 

 

Results and Discussions 

Characterization of Plasmonic Photoreactors 

We illustrate our design of the photoreactor bactericide nanocomposite in Fig. 1A.  [Ru(bpy)3]2+ 

is localized around a 45 nm diameter Ag nanoantenna core through a self-assembled lipid layer, 

which ensures both biocompatibility of the hybrid structure and localization of the photocatalyst in 

the enhanced E-field of the plasmonic nanoantenna when irradiated. We chose Ag NPs as 

nanoantennas as their LSPR overlaps with the MLCT band of [Ru(bpy)3]2+ in the range between 



415-450 nm. The spectral overlap enables a substantial resonant plasmonic enhancement of the 

MLCT and photoreactivity of [Ru(bpy)3]2+, as has been previously demonstrated.7, 22 The 

composition of the lipid layer was inspired by biological membranes with a high degree of 

unsaturated membrane component that can undergo peroxidation to initiate a photo-controlled 

release of Ag+ and [Ru(bpy)3]2+ (vide infra). Specifically, the membrane contained 47 mol % 

zwitterionic DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) as skeletal component, 4.5 mol % 

negatively-charged lipid DOPS (1,2-dioleoyl- sn-glycero-3-phospho-L-serine) to provide 

electrostatic stabilization of the NPs, and 35 mol % cholesterol as “lubricant” to provide membrane 

fluidity. 13.5 mol % Molecular photocatalyst [Ru(bpy)3]2+ is loaded as “cargo” molecules in the 

membrane layer, stabilized by electrostatic and hydrophobic interactions sustained by the lipid 

layer.  

	

Figure 1. Structural Characterizations of the Photoreactor Nanocomposite. 
(A) Scheme of a photoreactor nanocomposite. 
(B) HRTEM image of a photoreactor nanocomposite. 
(C) UV-vis absorbance spectra of water suspensions of photoreactor nanocomposites (red), 
Ag NPs (light grey), [Ru(bpy)3]2+ solution (orange, inset) and a “Mixture” control of Ag NPs 
colloid and [Ru(bpy)3]2+ solution (purple). 
(D) EDX element maps under STEM mode for Ag and Ru K and L edges in the area indicated 
in Fig. S1B. 
	



The lipid layer was tethered to the Ag NPs through an intermediate octadecanethiol (ODT) layer 

that binds covalently to the metal and sustains hydrophobic interaction with the lipids.23-24  

Molecular dynamics simulations in previous studies have indicated that the ODT and lipid layers 

interdigitate under similar experimental conditions.7 To confirm lipid membrane encapsulation of 

the NP cores, we added a small amount of membrane dye into the lipid layer and mapped the 

membrane and NP signal, respectively, through correlated fluorescent and darkfield imaging (Fig. 

S1C). The optical colocalization of membrane and NP core signals confirmed successful lipid 

assembly around the Ag NPs in the photoreactor nanocomposites. High-Resolution TEM 

(HRTEM) images of the photoreactor nanocomposites further confirm a uniform self-assembled 

lipid membrane within 10 nm from the Ag surfaces (Fig. 1B). The [Ru(bpy)3]2+ complex acts as 

membrane stain due to its high electron density and increases the electron contrast of the 

membrane in the TEM images.25 Statistical analysis of 30 randomly-chosen NPs reveals an 

average membrane width of 5.7±1.3 nm. Element mapping results generated by Energy 

Dispersive X-ray Spectroscopy (EDX) in scanning TEM (STEM) mode provide evidence of the 

spatial colocalization of [Ru(bpy)3]2+ and Ag NPs in the photoreactor nanocomposite (Fig. 1D), 

further corroborating the successful encapsulation of the Ag NP cores in a self-assembled 

membrane. The preferential localization of [Ru(bpy)3]2+ in direct vicinity of the metal NPs is ideal 

to achieve an E-field-enhanced photoexcitation of [Ru(bpy)3]2+, as the plasmonic E-field intensity 

decays rapidly with the increase in separation between metal surface and the photocatalyst. The 

size of the NPs chosen for this work (diameter ~ 45 nm) combines relatively low radiative losses 

and moderate dissipative losses, and is therefore ideal for providing high local E-field intensities.26-

28  

We quantified the element compositions of the photoreactor nanocomposites with Inductively 

Coupled Plasma-Mass Spectrometry (ICP-MS). An average 107Ag concentration of 3835±262 ppb 

and a 101Ru concentration of 528±4 ppb was measured from 0.5 mL of photoreactor suspension. 



The same concentrations were used throughout this manuscript unless otherwise noted. UV-Vis 

spectra confirm substantial enhancement of the absorbance for the MLCT band in the 

photoreactors (red) when compared with an aqueous solution of [Ru(bpy)3]2+ (orange, inset) with 

identical 101Ru concentration (Fig. 1C). An enhancement of the MLCT absorbance (at wavelength 

corresponding to maximum) by a factor of 27 was obtained after correcting for the Ag NP 

contribution to the absorbance of the photoreactors. The control of a simple mix of Ag NP colloid 

and [Ru(bpy)3]2+ solution (“mixture”, purple) at identical 107Ag and 101Ru concentrations as in the 

photoreactors achieved only a weak enhancement of the MLCT absorbance. This finding provides 

additional evidence that the spatial colocalization of [Ru(bpy)3]2+ and Ag NP nanoantennas is 

required for a substantial plasmonic enhancement. 

Characterization of Visible Light-Induced Ag+ and [Ru(bpy)3]2+ Release from Photoreactor 

Nanocomposites 

We discovered that the E-field enhanced photocatalytic properties of the photoreactors provide a 

rational strategy to trigger the release of Ag+ and [Ru(bpy)3]2+ through a visible light-initiated and 

[Ru(bpy)3]2+ catalyzed oxidation of the photoreactor lipid membrane. We first quantified the 

release of Ag+ (Fig. 2A, B) and [Ru(bpy)3]2+ (Fig. 2C) from the photoreactors when illuminated 

with 430 nm LED light or in the dark as a function of time through ICP-MS measurement of 107Ag 

and 101Ru in the supernatant after removal of the nanocomposites through centrifugation. Unless 

otherwise noted, we used a 430 nm LED with a power density of 9.76 mW/cm2 in the sample 

plane for all bacteria inactivation assays in this work. We observed almost no Ag+ release from 

photoreactors in the absence of LED photoactivation (black). However, when illuminated, the 

plasmonic photoreactors (“Photoreactor Light”, red) exhibited a much faster Ag+ release than the 

lipid-wrapped Ag NPs with no [Ru(bpy)3]2+ (“LipoAg Light”, blue) (Fig. 2A). The release of 

[Ru(bpy)3]2+ shows overall similar trends as observed for Ag+ (Fig. 2C). After 1-hour illumination, 



237 ppb 107Ag and 44 ppb 101Ru were released from the photoreactor nanocomposite into the 

solution, representing 6.2% and 8.3%, respectively, of the total 107Ag and 101Ru concentration.  

	
Figure 2. Characterization of Light-mediated Compositional Change in the 
Photoreactor Nanocomposite.  
(A-C) ICP-MS results of Ag+ release measured by 107Ag concentration (A, B) and 
[Ru(bpy)3]2+ release measured by 101Ru concentration (C) over time. “Mixture Light”: 
simple mixture control of unwrapped Ag NPs and [Ru(bpy)3]2+ with light; “High 101Ru 
Light”: photoreactor control with 857 ppb 101Ru with light; “LipoAg Light”: lipid wrapped 
Ag NPs without [Ru(bpy)3]2+ with light; “Low Cholesterol Light”: photoreactor control with 
20 mol % cholesterol with light. 
(D-F) TEM images of the photoreactor bactericides before illumination (D), with 1 hour 
of illumination (E) and with 3 hours of illumination (F). Scale bars = 10 nm.	



Importantly, the concentration of photocatalyst loaded in the membrane provides control over the 

release of cations from the membrane. This is illustrated by the faster Ag+ and [Ru(bpy)3]2+ release 

by photoreactors containing a higher loading (101Ru concentration: 857 ppb) of [Ru(bpy)3]2+ (“High 

101Ru light”, dashed red, Fig. 2B, C) than regular photoreactors (101Ru concentration: 528 ppb). 

Another important observation was that the rate of cation release from the photoreactors is 

dependent on the composition of the lipid membrane, in particular, on the cholesterol composition. 

We observed an overall slower ion release rate from a membrane-wrapped nanocomposite 

control with less cholesterol (20 mol %, “Low Cholesterol Light”) (Fig. 2B, C, pink) than for normal 

photoreactors (35 mol % cholesterol). The concentration of the unsaturated cholesterol in the 

photoreactor membrane has a significant effect on the light-mediated release kinetics. 

The release of cations from the photoreactors is accounted for by morphological changes of the 

membrane induced by photooxidation. We monitored the membrane around photoreactors with 

TEM after different photoactivation times with the 430 nm LED. Before illumination, a uniform lipid 

membrane layer is observed for the photoreactor, as expected (Fig. 2D). After 1 hour of 

illumination, the density of the membrane layer around the NPs decreased (less contrast) while – 

intriguingly – its width increased, indicating a less densely-packed membrane layer (Fig. 2E). A 

statistical analysis of 20 randomly-chosen particles revealed an average membrane width of 7.7

±2.5 nm after illumination, increased from 5.7±1.3 nm before. After 3 hours, the membrane layer 

further decreased in density and was barely visible (Fig. 2F). In comparison, a lipid-wrapped Ag 

NP control without [Ru(bpy)3]2+ showed an intact membrane even after 3-hour illumination with 

430 nm LED (Fig. S2C). We attribute this photo-induced change to the density and morphology 

of the photoreactor lipid membrane to a continuous lipid peroxidation of the membrane layer. It 

has been previously demonstrated that the peroxidation of unsaturated phospholipids (eg., DOPS) 

by Reactive Oxygen Species and/or photosensitizers can result in the generation of negatively-

charged carboxylates, lipid hydroperoxides such as 6-OOH-cholesterol or PS-OOH, and 



truncated lipid aldehydes.29-33 The migration of lipid peroxidation products to the membrane/water 

interface will lead to an increase in membrane surface area and could account for the observed 

increase in membrane thickness.34  The photo-driven lipid peroxidation of the photoreactor lipid 

membrane transforms the membrane from a dense, closely packed state into a disordered, 

expanded state with lower density.  

The deterioration in the membrane structural integrity is also expected to increase the ion 

permeability of the photoreactor nanocomposites and lead to ion leakage across the partially 

photooxidized membrane architecture.33, 35 These changes could favor the release of Ag+ cations 

and [Ru(bpy)3]2+ from the photoreactor into the ambient aqueous medium. Ag NPs have been 

shown to undergo spontaneous oxidative dissolution to release Ag+ up to µM concentrations 

within hours in neutral aqueous solutions facilitated by interactions with O2 and protons.36-37 

Furthermore, as the photoexcited state of [Ru(bpy)3]2+ is a strong oxidizer, it can also participate 

in the oxidative dissolution of the Ag NP core. We measured the oxidative dissolution reaction 

kinetics of Ag with [Ru(bpy)3]2+. Fits to the concentration versus time reveal a nominal reaction 

order of n = 0.87. A first-order (n = 1) rate constant was calculated to be 0.0083 min-1.  

We conclude that the photoreactor nanocomposites act essentially as Ag+ and [Ru(bpy)3]2+ 

reservoirs until illumination induces the change in the membrane morphology, triggering a 

substantial release of Ag+ (237 ppb) and [Ru(bpy)3]2+ (44 ppb) into the solution. The visible light 

induced morphological transformation of the membrane provides a reliable control mechanism for 

regulating Ag+ and [Ru(bpy)3]2+ release both spatially and temporally through an external signal. 

Arthrobacter sp. and E. coli Inactivation with Photoreactor Bactericides 

The visible light-mediated release of bactericidal Ag+ and [Ru(bpy)3]2+ photocatalyst from the 

photoreactors provides a promising strategy to turn the bactericidal effect on or off. To quantify 

the efficacy of the photoreactor bactericides for bacterial inactivation, we chose Arthrobacter sp., 



a Gram-positive soil bacteria, as a first test species. Arthrobacter sp. has been shown to 

biodegrade bactericidal pyridine and picolines, and chemically reduce high valence metal 

cations38-41 and, therefore, presents a robust test case for molecular and metal-based bactericides. 

We monitored the antibacterial effect of the photoreactor bactericides and appropriate control 

groups either in dark or with a focused 430 nm LED with a light power density of 9.76 mW/cm2 on 

the sample, which is significantly lower than the power densities of recent studies that used Near 

Infrared light or pulsed lasers with powers close to ~1 W/cm2.18, 20 We used Photoreactor NP: 

bacteria ratios of 100:1 and calculated the log reduction values (LRVs) of colony-forming units 

(CFUs) as a function of time as a measure to quantify bacterial inactivation efficacy (see 

Supplemental Information). An LRV≥3 (over 3 orders of magnitude reduction in planktonic 

bacterial CFUs) is considered standard for good bactericidal activity.42-43 The antibacterial effect 

of the 430 nm LED illumination alone was subtracted from all experimental conditions with 

illumination to exclude inactivation caused by illumination only. As shown in Fig. 3A, the 

photoreactor bactericide without illumination (black) does not achieve any measurable 

inactivation. Instead, bacterial growth over the duration of the experiment (1 hour) leads to a 

negative “LRV”. This result confirms the high biocompatibility of the non-illuminated photoreactor 

bactericides that arises from their hierarchical architecture with a lipid membrane defining the 

surface. Importantly, when illuminated, the photoreactor bactericides (red) demonstrate a drastic 

reduction in Arthrobacter sp. CFUs. An LRV of 7.03 (±0.14) is determined for this group after 

photoactivation for 1 hour. In comparison, membrane-wrapped Ag NPs without [Ru(bpy)3]2+ 

(“LipoAg”, with/without light: blue/green) did not show any significant bacterial inactivation. These 

observations prove that the molecular photocatalyst [Ru(bpy)3]2+ is an essential component for 

the initiation of any significant antibacterial effect. The absence of significant bacterial inactivation 

for “LipoAg” also excludes a photothermal effect or optically induced hot carrier redox chemistry 

as causes for the observed inactivation.  



We also quantified light-mediated inactivation of Gram-negative bacteria Escherichia coli (E. coli) 

(Fig. S2A) through photoreactor bactericide and control groups. We observed LRV = 3.93 (±0.66) 

after 1 hour of photoactivation at 430 nm with the photoreactor bactericides. The lower LRV 

compared to Arthrobacter sp. can be partly because of the presence of an extra outer membrane 

layer in E. coli, which is absent in Gram-positive strains.44 For both bacteria, we achieved LRV > 

3, and the observation of substantial LRVs for both Gram-positive and negative bacteria confirms 

that the photoreactor bactericides are broad-spectrum antimicrobial agents.  

	
Figure 3. Study of the Inactivation Properties and Mechanisms of the Photoreactor 
Bactericides. 
(A) Inactivation curves for Arthrobacter sp. with photoreactor bactericides and LipoAg control 
with or without 430 nm LED photoactivation. 
(B) Inactivation curves for Arthrobacter sp. with just Ag NPs, just [Ru(bpy)3]2+, a Mixture 
control of Ag NPs and [Ru(bpy)3]2+ solution, and photoreactor with light. 
(C) Inactivation curves for Arthrobacter sp. with photoreactor bactericides in anaerobic 
conditions or with singlet oxygen (1O2), superoxide (O2-) and hydroxyl radical (.OH) 
scavengers. 
(D) Scheme for the light controlled cation release and inactivation pathway of the photoreactor 
bactericides. 
 



Quantifying the Synergistic Anti-Bacterial Effect Provided by the Hierarchical Photoreactor 

Design 

To understand the role of the individual components of the photoreactor nanocomposite in the 

observed bacterial inactivation, we first measured the log reduction obtained with Arthrobacter sp. 

CFUs from each of the individual components. We quantified the antibacterial effect of “free” Ag+ 

or [Ru(bpy)3]2+ solutions of the same concentration as released by the photoreactor under 

identical visible light illumination as discussed earlier. We also considered unwrapped Ag NPs 

with identical particle concentration as for the photoreactor, and a “mixture” control of Ag NP 

colloid and [Ru(bpy)3]2+ solution. As shown in Fig. 3B and Fig. S3A, both Ag NPs and Ag+ alone 

(with or without illumination) have only a moderate inactivation effect on Arthrobacter sp. with 

LRVs < 2, likely due to the reducing power and metal-resistance of Arthrobacter sp. 39-40, 45 Free 

[Ru(bpy)3]2+ complex (Fig. 3B, orange) achieved LRVs of 1.43 (±0.06) after 1-hour photoactivation 

and of 0.66 (±0.23) in the dark, which confirms the toxicity of the complex due to ground state 

reactivity. The simple “mixture” control (Fig. 3B, purple), which lacks the preferential localization 

of [Ru(bpy)3]2+ within the evanescent E-field of the Ag NPs, achieves an LRV of 3.14 (±0.23), 

which indicates an almost 4-orders-of-magnitude weaker anti-bacterial effect than for the 

photoreactor bactericides (LRV = 7.03) that contain [Ru(bpy)3]2+ embedded within the evanescent 

field of the NPs. This dramatic difference emphasizes the crucial importance of the hierarchical 

photoreactor structure for maximizing antibacterial efficacy.  

For completeness, we also assessed the inactivation properties of the peroxidized lipid products 

that are released from the photoreactors. To that end, we separated the lipid components from 

the photoreactor bactericide after 1 hour of photoactivation and determined the LRVs for 

Arthrobacter sp. (Fig. S3B). We obtained LRVs of 2.19 (±0.38) / 2.39 (±0.22) without / with 430 

nm LED photoexcitation during the inactivation. The essentially identical bactericidal performance 

rules out a light-driven effect in the peroxidized lipid products, but indicates a chemical effect. We 



further validated the antibacterial effect of the peroxidized lipids by adding a reducing agent to the 

isolated lipids prior to their incubation with the bacteria, so as to remove the peroxidized products. 

This treatment reduced the bacteria inactivation of the peroxidation products by one order of 

magnitude. We measured LRV=1.23 (±0.20) for the reduced lipid products after illumination for 1 

hour (Fig. S3B, dotted line) with Arthrobacter sp., confirming that the peroxidized lipid species 

contribute to the net antibacterial effect.  

Importantly, the LRV of the photoreactor (7.03) significantly exceeds the sum of individual 

components of Ag NPs, [Ru(bpy)3]2+ and peroxidized lipid components (5.53). As a measure of 

the gain in antibacterial efficacy resulting from synergistic interactions between the individual 

components incorporated into the photoreactor, we plotted the time for individual components 

and the photoreactor to reach LRV=1 (one order of magnitude reduction in bacterial CFUs) for 

Arthrobacter sp. under illumination in a 3-D isobologram (Fig. S4). The photoreactors reach LRV 

= 1 much faster than predicted by the isobole plane, which indicates a strong synergistic 

amplification of the antibacterial effects of the individual components when combined into the 

photoreactor. In comparison, the simple mixture control of Ag NPs and [Ru(bpy)3]2+ solution 

appears close to and above the isobole plane, which is consistent with a simple additive effect 

without any obvious synergistic gain.  

Elucidating the Mechanism of Bacteria Inactivation through Photoreactor Bactericides 

To further characterize the light-controlled Ag+ and [Ru(bpy)3]2+ release pathway and associated 

inactivation mechanism(s), we next performed bacteria inactivation experiments with 

photoreactors under anaerobic conditions (Fig. 3C, red dashed) to probe the effect of oxygen. 

The photoreactor-associated LRV for Arthrobacter sp. with 1-hour illumination dropped to LRV 

=2.13 (±0.44) under anaerobic conditions. This result clearly shows that O2 is a key factor in the 

activation of the antibacterial properties of the photoreactors. Without light, a similar LRV 

(=2.21±0.19) was achieved under anaerobic conditions (Fig. S3A), indicating that this level of 



inactivation could be due to light-independent ground state reactivity of the photocatalyst, and/or 

formation of reactive oxygen species (ROS) produced from H2O through photoinduced water 

oxidation reactions.  

We hypothesize that the photoexcitation of [Ru(bpy)3]2+ in the presence of O2 generates ROS to 

induce the lipid membrane oxidation in the photoreactors, which then subsequently initiates 

release of antibacterial Ag+ and [Ru(bpy)3]2+ into the medium. Three types of ROS are likely to be 

generated from [Ru(bpy)3]2+ in H2O in the presence of O2: singlet oxygen (1O2), superoxide anion 

(O2
-) and/or hydroxyl radicals (·OH).8, 46-48 To test our hypothesis and to determine the specific 

types of ROS that participate in the inactivation of bacteria, we quantified LRVs for illuminated 

photoreactors in the presence of different ROS scavengers: sodium azide (scavenger for 1O2), 

MnTBAP (scavenger for O2
-) and mannitol (scavenger for ·OH) as demonstrated in previous 

researches.49 As shown in Fig. 3C, both 1O2 (dashed brown) and O2
- (dotted green) scavengers 

significantly reduce the inactivation of the bactericides. These two groups exhibit almost identical 

LRVs of around 4 after 1 hour of illumination, which suggests a similar role of 1O2 and O2
- in 

inducing lipid membrane peroxidation and cation release. ·OH scavengers (dashed purple) do 

not obviously affect the antibacterial activities. This can be due to the relatively short lifetime 

of ·OH (half-life 10-9 s) compared to the other two species (half-life 10-6 s).50  

Based on the above analysis, we summarize the model shown in Fig. 3D for the light-driven 

antibacterial pathway of photoreactor bactericides. Upon resonant illumination of the Ag NP 

plasmon, rapid E-field-enhanced photoexcitation of [Ru(bpy)3]2+ generates Ru*(II) photoexcited 

states through MLCT, which can react with O2 or H2O in the liquid to produce various ROS. These 

ROS, as well as the photoexcited Ru*(II) state, will then affect the chemical composition of the 

photoreactor lipid membrane through peroxidation of cholesterol and unsaturated phospholipids 

(eg., DOPS). These reactions result in changes in chemical composition and the restructuring of 

the photoreactor membrane, which increases the ion permeability of the photoreactor 



nanocomposites. Eventually, these morphological changes result in the oxidative dissolution of 

the Ag NP and the release of Ag+ ions, membrane-bound [Ru(bpy)3]2+ and peroxidized lipid 

species into the aqueous solution. In the medium the ions can subsequently achieve superior 

antibacterial effects. The visible light-controlled ion release is subject to spatial and temporal 

control through the chosen illumination conditions, which could be used for localizing the 

antibacterial effect. 

How do the released cations from the photoreactor inactivate the bacteria? We then used 

Scanning Electron Microscopy (SEM) imaging of Arthrobacter sp. before and after inactivation to 

obtain insights on this question (Fig. 4, S5). Notably, after inactivation, a large number of pores 

with lateral dimensions of tens-to-hundreds of nanometers in diameter are clearly visible in the 

bacteria cell surface after treatment with our photoreactors (Fig. 4C, D, S5, arrowed areas). This 

perforation effect was unique to the photoreactors, suggesting a cooperative effect by released 

Ag+ and [Ru(bpy)3]2+ as underlying cause. Control experiments using Ag NPs only at an equivalent 

NPs: bacteria ratio of 100:1 (Fig. S3C), an identical concentration of [Ru(bpy)3]2+ as in the 

photoreactors (528 ppb), or even a 100-fold increased concentration of [Ru(bpy)3]2+ (Fig.  S3D) 

are all insufficient to produce holes in the bacterial cell wall. Only when we increased the Ag NP 

concentration by a factor of 100 to achieve a NP: bacteria ratio of 10000:1, did we observe the 

damages of the cell surface (Fig. S3E, F). The formation of pores indicate that the effect of the 

photoreactors is localized on the cell surface, which is consistent with perforation observations 

from earlier Ag-based antibacterial research.17 Ag+ cations have been demonstrated to bind to 

surface proteins that contain  thiol (-SH) groups,1 and to induce local membrane damage to ion 

channels, such as K+ channels or Non-Selective Cation Channels (NSCCs).51 We conclude that 

the observed localized perforation of the membrane could arise from (1.) damages to selected 

bacterial surface ion channels that subsequently enlarge to pores and/or (2.) the local effect of 

photoreactor NPs whose radius of action is determined by the diffusion of the released ions. 



EDX measurements confirmed Ag+ binding to the bacteria (Arthrobacter sp.) under our 

experimental conditions (Fig. S6). The oxidative properties of [Ru(bpy)3]2+ could further accelerate 

the membrane perforation effect through formation of truncated aldehyde species from 

unsaturated membrane components and, thus, contribute to the experimentally observed efficient 

membrane perforation.33 Such damages to the cell-wall and cell membrane integrity abrogate the 

osmotic pressure balance across the cell membrane, and would eventually lead to cell death. 

Furthermore, it is conceivable that these bacterial cell surface pores increase the permeability for 

bactericidal Ag+, [Ru(bpy)3]2+ and peroxidized lipids. The reactive species can cause intracellular 

damage after passing the protective bacterial membranes, further enhancing bacterial cell death.  

	
Figure 4. Characterization of the Effect of Photoreactors on Bacteria Surface with SEM. 
(A, B) SEM images of the Arthrobacter sp. before inactivation  
(C, D) SEM images of the Arthrobacter sp. after 1 hour of illumination for inactivation with photoreactor 
bacteriocides. See also Fig. S5. 
 



Inactivation of a Bacterial Biofilm 

The superb inactivation of planktonic bacteria provided by photoreactor bactericides motivates 

further the characterization of their efficacy against bacterial biofilms, where bacteria are 

embedded in a complex extracellular matrix (ECM) composed of polysaccharides, proteins and 

nucleic acids secreted by the cells. Due to the protective function of the ECM, bacteria in a biofilm 

typically show higher resilience against conventional molecular and nanoscale IAs,52-53 motivating 

the development of new strategies against bacterial biofilms. In this section, we tested the 

efficiency of the photoreactor bactericides against resilient bacterial biofilms.  

We cultured Arthrobacter sp. into biofilms on silicon wafers and glass slide substrates in Peptone 

Yeast Extract Glucose (PYEG) media for 7 days in the dark at 37 ℃	using a previously reported 

protocol.52 The biofilm was then incubated with the photoreactor bactericides (1x1010 NPs/mL) at 

room temperature for 1h. Fig. 5A, B shows representative Scanning Electron Microscopy (SEM) 

images of the biofilm after incubation with photoreactors. The images show densely packed 

bacteria connected by extracellular matrix (ECM). Darkfield Microscope image illustrates a 

multilayer bacterial film with live bacteria (Fig. S7). The photoreactor-treated bacterial biofilm  

samples were covered by a glass slide and illuminated by white light from a halogen lamp that 

has a measured power density of 105 mW/cm2 in the sample plane for up to 90 min. Propidium 

iodide (PI) staining was used to monitor the illumination time course for inactivation efficacy as 

was previously described.54 PI is specific to dead or dying cells and is not permeable through 

intact membranes. After incubation of the photoreactor-containing biofilms with PI, fluorescence 

images of the biofilm were taken after 10, 30, 60, 90 min of white light illumination (Fig. 5C-F). 

The images show an increase in PI fluorescence intensity in the film as function of time, confirming 

that the photoreactors are effective against the biofilm. We also performed control experiments of 

(1.) biofilms exposed to visible light illumination in the absence of photoreactors, and (2.) biofilms 

with photoreactors but without photoactivation (Fig. S8). Neither controls demonstrated 



noticeable inactivation even after 90 min compared to the photoreactors with photoactivation, 

confirming that the inactivation effect indeed results from the photo-induced effect of the 

photoreactor bactericides. 

Conclusion 

In summary, we have demonstrated visible light-controlled bacteria inactivation through a hybrid 

photoreactor bactericide architecture incorporating Ag NPs as plasmonic nanoantennas and 

[Ru(bpy)3]2+ as photoredox catalyst. The hybrid nanostructures are stable and biocompatible in 

the absence of illumination, with the NPs are encapsulated by intact membranes. In contrast, low 

power visible light illumination induces the degradation of the NP membrane, triggers the release 

of Ag+, [Ru(bpy)3]2+ and peroxidized lipids from the photoreactors, initiates damages to bacterial 

membranes and cell walls, and ultimately leads to cell death. The released bactericidal species 

generated by the photoreactor act synergistically to inactivate Gram-positive and negative 

	
Figure 5. Characterization of the Inactivation of Arthrobacter sp. Biofilm.  
(A, B) SEM images of the biofilm incubated with photoreactor bactericides before inactivation. 
(C-F) Fluorescence images of a time course of biofilm inactivation after stained with Propidium Iodide taken at (C) 
10 minutes, (D) 30 minutes, (E) 60 minutes and (F) 90 minutes of illumination. Scale bars = 4 µm. 
 



bacteria in solution and colonized as a biofilm. The hybrid photoreactor approach significantly 

enhances the antibacterial efficacy of the photocatalyst as bactericides. The photoreactor 

composites released lower concentrations of 101Ru (44 ppb) and requires lower light power 

densities (< 10 mW/cm2) than previous studies of free [Ru(bpy)3]2+ that used 101Ru 4, 8 

concentrations ³ 0.1 ppm and power densities of 1 W/cm2 to achieve reliable bacteria 

inactivation.18, 20 The photoreactor bactericides achieved over 7 orders of magnitude reduction for 

Arthrobacter sp. CFUs, and around 4 orders reduction for E. coli. The visible light-dependence of 

the cation release provides a reliable control mechanism for the initiation of inactivation, which 

paves the path to spatial and temporal regulation of the antibacterial activity. The photoreactor 

bactericides introduced in this work represents an alternative broad-spectrum antimicrobial 

strategy with a broad range of applications, ranging from inactivating of bacteria on surfaces and 

medical devices to wound sterilization. 

 

Materials and Methods 

Preparation of the Plasmonic Photoreactor Bactericides 

Lipid mixture containing chloroform solutions of 4.5 mol % DOPS, 47 mol % DPPC and 35 mol % 

cholesterol (all from Avanti Polar Lipids) is mixed with 13.5 mol % methanol solution of “cargo” 

photocatalyst [Ru(bpy)3]Cl2 (Sigma Aldrich) to have a total amount of 1.15 µmol. The mixture was 

rotary evaporated at 34 oC for 10 minutes to form a thin film before being desiccated overnight in 

a Round Bottom Flask (RBF). Liposomes were generated by tip sonication of the mixture in water 

suspensions. The liposomes were then combined with 1010 Ag NPs (hydrodynamic diameter 

44.23±0.62 nm measured by Dynamic Light Scattering, DLS) in the presence of octadecanethiol 

(ODT, Sigma Aldrich). The ODT binds to the Ag NP through covalent interaction and allows 

tethering of the lipid through hydrophobic interactions. The NPs/lipids/ODT mixture was shaken 



and incubated at room temperature for 12 hours to yield a uniform yellow suspension. The 

suspension was then centrifuged, washed with water, combined and stored at 4°C for later use. 

Preparation of Bacteria and Inactivation Assays 

One colony of Arthrobacter sp. (NRRL B3728) was inoculated in ISP2 media and incubated at 

28 °C for 16 hours at 180 rpm on a shake incubator. An approximated 109 bac/mL bacterial 

suspension in growth media and 1011 bactericides/mL water suspension were mixed equivocally. 

Growth media was added to yield an inactivation mixture containing 1010 NPs and 108 bacteria 

(100:1 ratio) in 300 µL total volume. Inactivation experiments were carried out in glass cuvettes 

(Starna Cells) with 1 cm light paths; and with illumination of a focused 430 nm LED (ThorLabs). 

The LED was measured to generate an incident light power of 105 mW over an 18.5 mm diameter 

light spot, generating an incident power density of 9.76 mW/cm2. After the inactivation assays, 

the mixture was diluted with media and spread and plated on ISP2/LB agar plates to form visible 

colonies and to be counted for viable colony-forming units (CFUs) at 10 min, 30 min and 1 h of 

inactivation. We compared the number of CFUs with a Feed group that was kept in dark and had 

an identical concentration of bacteria and liquid volume but does not contain any inactivating 

agents. We calculated Log Reduction Values (LRVs) based on experimentally measured colony-

forming units (CFUs) obtained for various experimental conditions relative to the Feed. The effect 

of LED only is accounted for by subtracting the LRVs obtained at different time points with LED 

only and no photoreactor from LRVs of each with-photoactivation group.  

Preparation and Inactivation of Bacterial Biofilms 

The preparation of biofilm from Arthrobacter sp. was performed following reported procedure.52 A 

colony of Arthrobacter sp. was inoculate and incubated at 28 °C for 16 hours at 180 rpm for 16 

hours. Then, 50 µL of this overnight culture was inoculated in a glass test tube containing 5 mL 

of PYEG media to give a cell concentration of 105 bacteria/ml. A piece of either silicon wafer or 



glass slide (VWR) is put into the test tube as a growth substrate for the biofilms. The cells were 

cultured at 28 °C under static condition for 7 days prior to the inactivation study. At day 7, 

photoreactor nanocomposites at a concentration of 1010 NPs/mL were added to the growth 

solution for all groups except the “no photoreactor” control, and incubated at room temperature in 

dark for 1 hour. For SEM imaging, biofilms on silicon wafer substrate were used, fixed with 4% 

formaldehyde and imaged. For inactivation of the biofilm, 500 nM of propidium iodide (PI) solution 

was first used to stain the bacteria. After incubation at room temperature in dark for 15 minutes, 

inactivation and fluorescence imaging of biofilms was carried out on an Olympus Inverted 

Microscope. For inactivation, a tungsten lamp with a 0.0004 mW measured light power was used 

through a condenser. We measure the light spot generated by the condenser to have a 22 µm 

diameter, thus giving a power density of 105 mW/cm2. The biofilm was imaged after 0, 10 min, 30 

min, 60 min and 90 min of illumination.  
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