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SUMMARY

Pseudomonas aeruginosa (P. aeruginosa) biofilms pose substantial challenges in clinical settings due to their 

resistance to conventional antibiotic treatments. This study investigated the influence of reductive stress on 

the formation and eradication of P. aeruginosa biofilms. A series of redox-active compounds were employed 

to assess their impact on both biofilm development and disruption. Among them, hydrazine (HZ) showed 

potent activity. Mechanistic studies revealed that these compounds suppressed pyocyanin production 

and impaired bacterial metabolic activity. A structure-activity relationship analysis highlighted hydroxyl

amine (HA) as a promising candidate, owing to its favorable balance between efficacy and cytotoxicity. 

Notably, quantitative reverse transcription polymerase chain reaction (RT-qPCR) analysis of HA-treated 

P. aeruginosa suggested inhibition of matrix biosynthesis, quorum sensing, and oxidative stress defenses. 

This study provides insights into biofilm management by targeting the redox environment, offering potential 

strategies for the development of redox-based therapies to combat biofilm-associated infections.

INTRODUCTION

Pseudomonas aeruginosa (P. aeruginosa) is an opportunistic hu

man pathogen that develops difficult-to-treat biofilms, posing 

significant threat to immunocompromised individuals, cystic 

fibrosis patients, and those with chronic wounds.1 Biofilms 

formed by P. aeruginosa contribute to the physiological attri

butes that enable the bacteria to evade conventional antibiotic 

treatments, allowing for resistance to develop.2 In medical sce

narios, the accumulation of biofilms can foul implants, trigger 

chronic immune responses, and complicate treatment out

comes.3 Thus, understanding the factors that regulate biofilm 

formation and maturation is of critical importance.

Biofilms are structured communities of bacteria that are en

cased within a self-generated matrix of extracellular polymeric 

substances (EPS), including extracellular DNAs (eDNAs) and 

proteins.4,5 These eDNAs and proteins originate partially from 

lysed and dead bacteria within the community. On one hand, 

they can serve as traps for traditional antibiotics, thus mitigating 

their antibacterial effects on live bacteria within the biofilm ma

trix. On the other hand, these eDNAs and proteins offer a 

network for electron transfer, which is important for quorum 

sensing within biofilms.6,7 While biofilms dampen and minimize 

the impact of typical antibiotics, this dense matrix also leads to 

slow growth of bacteria due to less available oxygen and nutri

ents deep within the biofilm core.8,9 Hence, bacterial commu

nities have collectively evolved a few strategies to survive in 

this challenging environment.10

One of bacteria’s survival strategies involves the production 

and release of redox-active molecules into biofilms. These mol

ecules transfer electrons from the carbon-rich biofilm core 

through the biopolymer to oxygen.10 Oxygen serves as a termi

nal oxidant at the outer region of the biofilm. These redox-active 

molecules include but not limited to pyocyanin, one of the major 

phenazines found in biofilms.11 Pyocyanin (PYO) plays a dual 

and tightly regulated role in P. aeruginosa biofilms. In the hypoxic 

core of mature biofilms, PYO functions as an essential extra

cellular electron shuttle, facilitating anaerobic respiration and 

maintaining redox homeostasis under oxygen-limited or nut

rient-deprived conditions.12,13 However, in aerobic regions of 

the biofilm, pyocyanin undergoes redox-mediated interactions 

with molecular oxygen, facilitating the generation of reactive ox

ygen species (ROS) that promoting oxidative damage to bacte

rial subpopulations.14,15 To balance these opposing effects, P. 

aeruginosa employs spatial compartmentalization, where 

reduced PYO accumulates in anoxic niches, while oxidative 

damage is mitigated in aerobic regions via antioxidant defences, 

such as katA-encoded catalase.16 Additionally, quorum sensing 

regulators (lasR, rhlR) control PYO biosynthesis in response to 

cell density and environmental stress, ensuring that PYO pro

duction aligns with metabolic demand.17 Recent findings also 

suggest that PYO-induced cell death may serve as a pro

grammed sacrifice mechanism, releasing nutrients for surround

ing cells and contributing to metabolic heterogeneity within the 

biofilm community. Perturbing electron transfer pathways via 

small molecular metabolites and biomacromolecules might 
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serve as a feasible approach to regulate biofilm formation and 

elicit biofilm eradication.

Research on the use of antioxidants for biofilm regulation fo

cuses on leveraging their ability to nullify ROS and alleviate 

oxidative stress within bacterial communities.18 Antioxidants, 

including vitamin C, N-acetylcysteine (NAC), flavonoids, mela

tonin, and dithiothreitol (DTT), have demonstrated utility in inhib

iting biofilm formation and enhancing the susceptibility of bio

films to antimicrobial treatments. By lowering oxidative stress, 

these compounds can interfere with bacterial quorum sensing, 

hinder the production of EPS, and disrupt biofilm integrity. DTT 

is known to disrupt biofilms primarily by breaking disulfide bonds 

present in proteins that constitute the biofilm matrix.19,20 In 

contrast, sodium ascorbate removes ROS, which plays a vital 

role in biofilm signaling pathways.21

Research on pro-oxidants, also known as anti-reductants, for 

biofilm regulation exploits their capacity to induce oxidative 

stress by increasing ROS levels within biofilms. Agents such as 

hydrogen peroxide,22,23 sodium hypochlorite,23,24 nitric oxide,25

and metal ions like copper26 and silver27 have been used to 

disrupt biofilm formation and promote biofilm dispersal. These 

compounds generate oxidative damage to bacterial cells and 

the extracellular matrix, compromising biofilm structure, and 

interfering with bacterial signaling processes.28

Despite of the advances mentioned above, a more systematic 

approach is needed to select and screen antioxidants and pro- 

oxidants for more effective biofilm regulation.29 Here, we screen 

a range of redox reagents and discover suitable biofilm redox 

regulators. Rationally designed derivatives of the candidate 

with the best biofilm regulation properties from the array of 

screened molecules were further investigated via biomass 

change, bacteria regrowth capacity, and mammalian cell cyto

toxicity studies. Moreover, the underlying mechanisms by which 

these biofilm regulators exert their antibiofilm effects were 

further elucidated (Scheme 1).

RESULTS

Redox potential correlates with biofilm inhibition 

efficacy

We initially selected a range of chemicals with varying redox po

tentials, emphasizing more on the reduction spectrum. The mo

lecular structures and their corresponding redox potentials are 

listed in Figure 1. These chemicals feature redox potentials 

ranging from − 0.75 V to 0.83 V vs. NHE,30–39 spanning across 

pyocyanin, an important redox signaling molecule for biofilm for

mation and maturation. We utilized agar plates to screen the 

selected chemicals and access their impact on biofilm forma

tion. The agar plates were formulated with increasing concentra

tions of the candidates displayed in Figure 1. P. aeruginosa 

PAO1 was inoculated onto the corresponding agar plates and 

incubated at 37◦C for 24 h. The size of colony-based biofilm 

was used to evaluate the impact of candidates on P. aeruginosa 

PAO1 biofilm formation (Figure 2). Persistent biofilm formation 

was observed in sodium ascorbate, and sodium sulfite, even at 

a high concentration of 100 mM. In sharp contrast, the other 

four chemicals completely suppressed the biofilm formation at 

concentrations equal to or above 12.5 mM, except for 

2-mecaptoethanol that yielded a faint colony-shape biofilm at 

this concentration. While a slightly more obvious colony showed 

after the treatment with 6.25 mM DTT, this concentration of hy

drazine treatment afforded no observable biofilm formation. 

These results indicated a positive correlation between the biofilm 

inhibition efficacy and the redox potentials of the tested com

pounds. We further hypothesize that chemicals with redox po

tentials more negative than that of pyocyanin tend to exhibit 

Scheme 1. Reductive stress as a strategy to regulate P. aeruginosa biofilms
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enhanced inhibitory effects on P. aeruginosa PAO1 biofilm for

mation. To further test this correlation, we included D-glucose, 

a common reducing sugar with a redox potential of approxi

mately − 0.1 V.40 However, unlike other reducing agents, 

D-glucose also serves as a carbon source readily metabolized 

by bacteria. As such, it deviates from the observed trend and ex

hibited only moderate inhibitory activity at a high concentration 

(100 mM) (supplemental information, Figure S1). In contrast, its 

non-metabolizable analog, L-glucose, failed to show any notice

able biofilm inhibition at all tested concentrations. These findings 

suggest that metabolic utilization can confound the redox-based 

inhibitory effects and underscore the importance of considering 

both redox potential and metabolic reactivity when evaluating 

biofilm inhibition mechanisms.

Based on preliminary evidence that certain reducing agents in

hibited P. aeruginosa biofilm formation, we proceeded to explore 

potential mechanisms of action. Initially, we accessed the 

impact of these compounds on planktonic viability. Chemicals 

with redox potentials more negative than that of pyocyanin ex

hibited stronger bactericidal activity against free-living cells 

(supplemental information, Figure S2), suggesting that the bio

film formation inhibition started with impacting individual 

Figure 1. Selected chemicals for biofilm regulation 

(A) Redox potentials,30–39 and (B) molecular structures of the selected chemicals.

Figure 2. Agar assay of Pseudomonas aer

uginosa PAO1 biofilm formation upon treat

ment with selected chemicals

iScience 28, 113973, December 19, 2025 3 

iScience
Article

ll
OPEN ACCESS



bacteria. To further quantify the antibiofilm effects of the tested 

compounds, we employed crystal violet staining to measure 

biomass (supplemental information, Figure S3). The assay was 

conducted under two distinct conditions: (1) inhibition of biofilm 

formation, where chemicals were incubated with free bacteria 

and the biomass formation was monitored at the conclusion of 

the experiment; (2) eradication of mature biofilm, where chemi

cals were introduced to established biofilm and the remaining 

biomass was evaluated at the end. These two scenarios repre

sent the two important stages fighting against biofilm.

The results of the biomass formation inhibition and eradica

tion, as measured by the crystal violet assay, were summarized 

in Figure 3. Across the concentration range of 0–100 mM, so

dium sulfite showed negligible effects on both biofilm formation 

and eradication. Despite observable colony biofilm formation at 

high concentrations of sodium ascorbate (Figure 2), the crystal 

violet assay suggested significant biofilm biomass reduction, 

achieving more than 60% inhibition at 100 mM (Figure 3). The 

eradication effects, while slightly compromised, were sustained 

at about 50%, likely due to the complex structure of the pre- 

formed mature biofilm. Different from sodium ascorbate and so

dium sulfite, DTT, TCEP, and 2-mercaptoethanol share redox 

potentials lower than pyocyanin with a decreasing trend 

(DTT < TCEP < 2-mercaptoethanol < pyocyanin). They demon

strated biofilm regulation behavior correlated to their redox 

potential, with 2-mecaptoethanol exhibiting the lowest biofilm 

inhibition and eradication capability among the three. Despite 

having similar redox potentials, DTT outperformed 2-mercaptoe

thanol, likely due to its unique structure, DTT contains two thiol 

groups in a rigid ring enabling efficient intramolecular redox 

cycling and deeper penetration into the biofilm, whereas 

2-mercaptoethanol, bearing a single thiol group, undergoes 

slower intermolecular oxidation, which limits its redox efficiency 

in dense biofilm matrices. Specifically, DTT and TCEP afforded 

relatively similar dose-dependent biofilm inhibition and eradica

tion performance, with a minimal biofilm inhibitory concentration 

(MBIC50) and a minimal biofilm eradication concentration 

(MBEC50) at around 12.5 mM. 2-mercaptoethanol demonstrated 

higher efficiency in mature biofilm eradication (MBIC50 ≈ 
25.0 mM) compared to biofilm formation inhibition 

(MBEC50 > 25.0 mM). The mature biofilm eradication effect 

steadily increased as the concentration increased. However, 

no obvious biofilm formation inhibition effect was observed up 

to 25.0 mM. In sharp contrast to all the other chemicals, hydra

zine exhibited significantly strong inhibition and eradication ef

fects on biofilms at a concentration of 6.25 mM. It is important 

to highlight that hydrazine features the lowest redox potential 

among all the chemicals used in this assay. To further probe 

the observed correlation between redox potential and antibiofilm 

efficacy, we additionally evaluated D-glucose and its non- 

metabolizable isomer, L-glucose. While D-glucose exhibited 

measurable antibiofilm activity, L-glucose showed no significant 

effect on either biofilm formation or eradication across all tested 

concentrations (supplemental information, Figure S4).

Antibiofilm activity of reducing agents is linked to ROS 

modulation

To investigate whether the antibiofilm activity of the reducing 

agents is mediated via modulation of intracellular ROS levels, 

we performed DCFDA (2′,7′-dichlorofluorescin diacetate) stain

ing to quantify ROS production following chemical treatments. 

As shown in Figure 4, the concentration-dependent ROS 

decreasing trend resembled that of biomass revealed by crystal 

violet assay. This clear correlation observed between ROS level 

and biofilm biomass indicated that these reducing agents might 

disrupt biofilm integrity by imposing strong reductive stress. In 

contrast, agents with weaker antibiofilm effects (sodium ascor

bate and sodium sulfite) showed minimal reduction of ROS 

levels, consistent with their limited efficacy in prior biomass as

says. Interestingly, treatment with high concentrations of sodium 

sulfite not only failed to reduce ROS levels in mature biofilms but 

appeared to restore ROS levels to those of untreated wild-type 

controls. This paradoxical effect may be attributed to sulfite- 

induced oxidative stress under certain conditions.41,42 Addition

ally, we were intrigued by the effect of D-glucose treatment 

on biofilm ROS. Unexpectedly, rather than decreasing ROS 

levels, D-glucose led to a gradual increase in biofilm ROS 

(supplemental information, Figure S5). This observation implies 

that its biofilm-related effects are more likely associated with 

oxidative stress rather than reductive stress.

Structure-activity relationship of hydrazine derivatives

With the prominent inhibition effect from hydrazine (HZ), we pro

ceeded to explore several hydrazine derivatives to explore their 

structure-property relationship. Hydrazine derivatives with 

different substitutions were selected (Figure 5A). Other than hy

droxylamine (HA), all the other derivatives maintain the charac

teristic nitrogen-nitrogen single bond. We systematically 

explored the effect of single nitrogen substituted analogs, 

including mono-alkylated hydrazine as well as di-alkylated 

ones. One of the mono-alkylated hydrazine features a γ-terminal 

alcohol (2-hydroxylethyl hydrazine, HEH) while the other is 

directly conjugated with an electron deficient pyridine at the 

C2 position (2-hydrazinopyridine, HPy). All the di-alkylated hy

drazine derivatives enjoy heterocyclic ring structures. Compared 

to 1-aminopiperidine (AP), 1-amino-4-methylpiperazine (AMP) 

Figure 3. Quantification of inhibition and 

eradication of biofilm via crystal violet 

assay 

(A) Biofilm formation inhibition effect of chemicals 

of interest in a dose-dependent manner. 

(B) Mature biofilm eradication effect of chemicals 

of interest in a dose-dependent manner. Data are 

represented as mean ± SD (n = 3).
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affords an additional tertiary amine while 3-amino-3-azabicy

clo[3.3.0]octane (AAO) presents a heavily constrained aliphatic 

skeleton frequently found in natural products and biologically 

active compounds.43,44

Prior to evaluating the effects of HZ derivatives on biofilm 

biomass, we first assessed their bactericidal activity against 

planktonic P. aeruginosa cells (supplemental information, 

Figure S6). Among the tested compounds, HZ, HPy, and HEH 

exhibited the strongest bactericidal effects, completely inhibiting 

bacterial growth at concentrations as low as 6.25 mM. HA 

showed moderate activity, with growth inhibition observed 

from 12.5 mM and above. In contrast, AAO and AP were less 

effective, requiring at least 25.0 mM and 50.0 mM, respectively, 

to achieve comparable inhibition. AAO showed minimal activity 

even at 100 mM. Crystal violet assays revealed overall consistent 

trends in antibiofilm activity but with some deviation (Figures 5B, 

5C, and S7; supplemental information). HPy was the only com

pound that matched HZ in both biofilm formation inhibition and 

mature biofilm eradication, with MBIC50 and MBEC50 values 

below 6.25 mM. Although HA afforded similarly strong biofilm in

hibition effect, its performance in eradication dropped to a 

MBEC50 of 12.5 mM. Different from its strong tendency to inhibit 

free bacteria, HEH demonstrated dampened activity in biofilm in

hibition and eradiation, with both MBIC50 and MBEC50 values 

Figure 4. Measurement of ROS levels in biofilms treated with selected redundant using DCFDA (2′,7′-dichlorofluorescin diacetate) assay 

(A) ROS detected during biofilm formation treated with different concentrations of selected chemicals for 48 h. 

(B) ROS detected during mature biofilm eradication treated with the different concentration of selected reductant for 48 h. Data are represented as mean ± SD 

(n = 3).

Figure 5. Evaluation of biofilm biomass and bacterial viability following treatment with hydrazine derivatives 

(A) Chemical structures and names of selected hydrazine derivatives. 

(B) Biofilm biomass quantified by crystal violet staining to assess inhibition of biofilm formation. 

(C) Biofilm biomass quantified by crystal violet staining to assess eradication of mature biofilms. 

(D) Bacterial viability during biofilm inhibition analyzed using the Live/Dead BacLight assay. 

(E) Bacterial viability during biofilm eradication analyzed using the Live/Dead BacLight assay. Viability was quantified using ImageJ; data are shown as mean ± SD 

(n = 3).
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exceeding 12.5 mM. Out of the three disubstituted hydrazine 

molecules, AAO showed the highest efficiency, which was com

parable to HEH, a mono and linear substituted hydrazine deriva

tive. As for AP and AMP, little negative impacts were observed 

on biofilm up to 50.0 mM. At 100 mM, AP inhibited biofilm forma

tion by ∼80% but failed to eradicate mature biofilms. 

Conversely, AMP was more effective in biofilm eradication than 

in inhibition, suggesting that the presence of a tertiary amine 

group may enhance biofilm penetration. Given the pronounced 

antibiofilm activity of HZ and HPy, we conducted more detailed 

concentration-dependent analyses to compare their perfor

mance (supplemental information, Figure S8). Both compounds 

exhibited comparable efficacy in biofilm inhibition and eradica

tion, with HZ displaying slightly superior activity, particularly at 

lower concentrations.

To further assess the viability of biofilm-embedded cells 

following treatment, Live/Dead BacLight staining was per

formed at MBIC50 and MBEC50 concentrations for each com

pound (supplemental information, Table S1, Figures S9, S10, 

5D, and 5E). All derivatives except AP resulted in a much higher 

level of dead bacteria in biofilm compared to the non-treated 

groups. Compounds with potent antibiofilm activity, such as 

HZ, HPy, HA, HEH, and AAO caused a substantial decrease 

in viable cells, consistent with their biomass-reducing effects. 

Conversely, AP resulted in minimal dead cells within biofilm, 

indicating limited impact on both planktonic cells as well as 

biofilm. Notably, HEH displayed the highest dead-cell staining 

during biofilm inhibition but the lowest during mature biofilm 

eradication, suggesting limited biofilm penetration capability. 

Together, these results highlight the structural dependence of 

hydrazine derivatives’ antibiofilm performance, substitution 

patterns, and functional group characteristics jointly influencing 

both biomass reduction and bacterial viability within the biofilm 

matrix.

Hydrazine derivatives suppress bacterial metabolism 

and pyocyanin production

To investigate whether the antibiofilm effects of hydrazine deriv

atives are associated with disruption of bacterial metabolic ac

tivity, we assessed cell viability within biofilms using XTT and re

sazurin reduction assays after 48 h of treatment (Figures 6A–6D). 

Consistent with biofilm biomass measurements, the metabolic 

activity in early-stage biofilm formation (Figures 6A and 6C) 

was significantly suppressed by HZ and HPy in a concentra

tion-dependent manner. Notably, HZ and HPy exhibited the 

most potent inhibitory effect, leading to near-complete loss of 

XTT and resazurin signals at concentrations ≥12.5 mM. HA, 

HEH, and AAO also markedly decreased metabolic activity, 

albeit to a slightly lesser extent. These results suggest that these 

chemicals led to not only biofilm accumulation disruption but 

also bacterial metabolic activity suppression. In mature biofilms 

(Figures 6B and 6D), similar trends were observed. HZ, HPy, and 

HA again induced substantial decrease in both XTT absorbance 

and resazurin fluorescence signals, indicating effective disrup

tion of metabolic activity within preformed biofilms. In contrast, 

AMP exhibited limited effects on metabolic activity across the 

tested concentration range, consistent with their weaker biofilm 

eradication profiles.

To further elucidate the potential mechanisms underlying the 

antibiofilm activity of the tested hydrazine derivatives, we 

focused on the quantification of pyocyanin, a redox-active viru

lence factor essential for P. aeruginosa survival under hypoxic 

biofilm conditions.11 Given the potent antibiofilm efficacy of 

HZ, we first examined whether HZ could be attributed to a direct 

chemical degradation of pyocyanin. Mass spectrometric anal

ysis was performed to compare commercially available pyocya

nin and pyocyanin extracted from wild-type P. aeruginosa PAO1 

before and after incubation with HZ. As shown in Figure S11, 

neither 1.5 mM nor 3.0 mM HZ treatment at 37◦C for 48 h caused 

detectable alterations in the characteristic m/z peaks of pyocya

nin, regardless of its source. These findings indicated that HZ 

does not induce irreversible chemical degradation of pyocyanin 

under the tested conditions. Then we investigated HZ impact on 

pyocyanin production during biofilm formation inhibition pro

cess, as shown in Figure 6E, treatment with increasing concen

trations of HZ led to a dose-dependent decrease in pyocyanin 

levels in both the supernatant and the biofilm fractions. However, 

after normalizing by the bacterial density (Figure 6F), pyocyanin 

levels decreased progressively in biofilm while that in super

natant remained mostly constant with the increasing HZ con

centrations. The final acute increase might result from the 

extremely low bacteria remained in the supernatant fraction. 

These results implied that HZ might inhibit pyocyanin biosyn

thesis in the biofilm, thereby compromising the electron-shut

tling capacity and survival advantage of P. aeruginosa in the bio

film microenvironment.

These findings support the hypothesis that the antibiofilm ac

tivity of selected hydrazine derivatives involves dual aspects: (1) 

direct impairment of bacterial metabolic activity within the bio

film matrix, and (2) inhibition of redox-active virulence factor 

(pyocyanin) production. This metabolic suppression might 

contribute to pyocyanin biosynthesis impairment, thereby lower 

bacterial viability and promote biofilm destabilization.

According to the above assays, we found that HZ and HPy ex

hibited prominent anti-biofilm performance. However, due to the 

inherent resilience of biofilms and their tendency to reform, it is 

critical to assess the potential of biofilm recurrence following 

treatment. Indeed, we conducted the biofilm reformation assay 

by continuously treating biofilms over a 7-day period (Figures 

S12 and S13). The results indicate that HPy was able to maintain 

its inhibitory and eradicating effects for a longer duration 

compared to HZ. However, by the fourth day, biofilms treated 

with both HZ and HPy had returned to pre-treatment levels at 

effective concentration, indicating that the biofilms regained 

their ability to reform. These findings suggest that effective bio

film control using reductants requires higher concentrations or 

prolonged maintenance of MBIC not only for initial inhibition 

but also for preventing recurrence.

Cytotoxicity assessment identifies hydroxylamine as a 

promising candidate

To assess the clinical translational potential of the hydrazine de

rivatives, their cytotoxicity toward mammalian cells was evalu

ated using CCK-8 assays in HEK293T cells (Figure 7). Though 

HZ and HPy exhibited comparable efficacy in both biofilm forma

tion inhibition and mature biofilm eradication, they showed 
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slightly different cytotoxic profiles. Specifically, HZ demon

strated acceptable cytotoxicity (∼75% cell viability) up to 

1 mM while HPy exhibited a dramatic increase in cytotoxicity be

tween 0.3 and 1 mM. Considering the MBICs of HZ and HPy be

ing ∼1.1 mM and 1.3 mM, HPy had no suitable therapeutical win

dow, and HZ featured a very narrow window to balance 

cytotoxicity and its biofilm inhibition efficacy. Interestingly, HA, 

which exhibited moderate antibiofilm activity, demonstrated 

desirable biocompatibility with HEK293T cells, indicating its 

promise as a lead compound for further structural optimization. 

In contrast, HEH and AAO showed significant cytotoxicity even 

at their MBIC50 concentrations. Notably, AP and AMP, despite 

their limited antibiofilm activity, also displayed substantial cyto

toxicity at concentrations above 12.5 mM, thereby further 

limiting their potential as therapeutic candidates. Taken 

together, HA stands out as the most promising candidate, 

balancing moderate antibiofilm efficacy with favorable cytocom

patibility. However, the MBEC50 of HZ and HA led to less than 

75% HEK293T cell viability. In another word, neither HZ nor HA 

afforded sufficient efficacy in biofilm formation inhibition and 

mature biofilm eradication within the cytocompatibility concen

tration range. These results highlight the importance of structural 

determinants in balancing antimicrobial activity and host cell 

compatibility. Future studies should focus on refining struc

ture-activity-toxicity relationships to optimize the therapeutic 

window and improve the safety and efficacy of biofilm-targeted 

treatments.45

Hydroxylamine inhibits genes for matrix formation, 

quorum sensing, and stress defense

To further elucidate the mechanism underlying HA’s antibiofilm 

activity, we analyzed the transcriptional profiles of key genes 

associated with exopolysaccharide biosynthesis (pelA, pslA),46

oxidative stress response (katA),47 and quorum sensing 

Figure 6. Elucidating the potential mechanisms underlying the antibiofilm activity of the tested hydrazine derivatives 

(A) Metabolic activity of biofilms during formation, assessed by XTT assay. 

(B) Metabolic activity of mature biofilms, assessed by XTT assay. 

(C) Resazurin-based assessment of metabolic activity during biofilm formation. 

(D) Resazurin-based assessment of metabolic activity in mature biofilms. 

(E) Pyocyanin levels in the supernatant and biofilm fractions of P. aeruginosa PAO1 after 48 h of hydrazine treatment. 

(F) The ratio of pyocyanin levels to bacterial cell density in the supernatant and within the biofilm. Data in all panels are represented as mean ± SD (n = 3).
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regulation (lasR)48 in both biofilm-embedded and planktonic P. 

aeruginosa PAO1 cells (Figure 8 and Table S2). Quantitative 

reverse transcription polymerase chain reaction (RT-qPCR) re

sults revealed that HA treatment markedly suppressed pelA 

and pslA expression in both biofilm and planktonic states, indi

cating a broad inhibition of matrix polysaccharide synthesis. In 

parallel, lasR expression was consistently downregulated, sug

gesting that HA interferes with the Las quorum sensing circuit, 

which may further limit biofilm development and virulence factor 

production. Interestingly, katA expression in biofilm cells was 

significantly lowered, implying that HA impairs oxidative stress 

defense within the biofilm microenvironment, potentially 

increasing bacterial susceptibility to ROS. In contrast, katA tran

scription in planktonic cells remained largely unchanged, high

lighting a biofilm-specific effect. Taken together, these transcrip

tional changes indicate that HA disrupts biofilm integrity through 

simultaneous suppression of matrix synthesis, quorum sensing, 

and oxidative stress defenses. This mode of action, combined 

with HA’s favorable cytocompatibility, underscores its potential 

as a promising candidate for antibiofilm applications. Moreover, 

these findings support our mechanistic hypothesis that reductive 

stress destabilizes biofilm architecture by targeting key regulato

ry and structural pathways. This aligns with previous studies 

showing that oxidative stress tends to promote EPS synthesis 

as a protective response to environmental threats,13,49,50 further 

emphasizing the critical role of redox imbalance in modulating 

biofilm physiology and resilience.

DISCUSSION

This study demonstrated reductive stress modulation as a 

powerful strategy to combat P. aeruginosa biofilms. We evalu

ated a panel of chemicals spanning a range of redox potentials 

and observed that compounds with redox potentials more nega

tive than that of pyocyanin generally exhibited enhanced inhibi

tory effects on biofilm formation. Our systematic investigation 

of redox-active compounds highlighted that hydrazine and its 

Figure 7. Cytotoxicity assessment in 

HEK293T cells treated with varying concen

trations of hydrazine derivatives 

(A) Cytotoxicity of HZ and HPy. 

(B) Cytotoxicity of HEH and AAO. 

(C) Cytotoxicity of AP and AMP. 

(D) Cytotoxicity of HA. All data were determined by 

the CCK-8 assay. Data are presented as mean ± 

SD (n = 3). Pentagram symbols indicate the 

MBIC50, while hexagram symbols represent the 

MBEC50 for each compound.

derivatives, particularly, HZ and HPy, 

display significant antibiofilm activity. 

This activity stems from their interference 

with pyocyanin-mediated electron trans

fer and suppression of bacterial meta

bolism. A study on structure-property re

lationships revealed that both the 

substitution patterns and redox potential 

are critical factors influencing the efficacy of biofilm inhibition 

and cytocompatibility. Notably, HA demonstrated an optimal 

balance between antibiofilm activity and safety for mammalian 

cells, making it a promising candidate for further development. 

RT-qPCR profiling further showed that HA treatment leads to 

extensive transcriptional suppression of genes crucial for biofilm 

development (pelA, pslA), quorum sensing (lasR), and oxidative 

stress defense (katA in biofilms). This suggests that HA’s mech

anism of action includes the simultaneous disruption of struc

tural, regulatory, and protective systems within the biofilms. 

These findings illuminate potential redox-based strategies for 

biofilm management, which could be applicable in medical de

vices, environmental biocontrol, and industrial settings. We envi

sion that these reductants could be developed into anti-biofilm 

coatings for medical implants, including but not limited to pros

thetic joints and catheters, to defer biofilm formation while poly

mer-based hydroxylamine materials could be designed to miti

gate biofouling in industrial settings, such as waste-water 

treatment and processing pipelines.

To enhance our understanding of the underlying mechanisms, 

future research will investigate additional biofilm-related pheno

types such as bacterial motility and quorum sensing. These as

says will clarify whether biofilm inhibition results directly from 

redox stress or involves more complex regulatory networks 

affected by redox imbalances. Additionally, the finding that 

both pro-oxidants and antioxidants can disrupt biofilms sug

gests a potent dual-targeting strategy. This approach would 

exploit the spatial redox heterogeneity10,13 of P. aeruginosa bio

films: employing pro-oxidants to dismantle the oxidized outer 

matrix while simultaneously deploying reductants to interrupt 

quorum sensing and electron transport in the reduced, hypoxic 

core, thereby achieving synergistic efficacy.

Limitations of the study

Our study has several limitations that should be acknowledged. 

First, all experiments were conducted in vitro using the standard 

laboratory strain P. aeruginosa PAO1. The efficacy of these 
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reductive agents against clinical isolates or in a more complex 

in vivo infection model remains to be determined. Second, while 

we identified hydroxylamine (HA) as a promising candidate due 

to its favorable balance of efficacy and cytotoxicity, its antibio

film activity was less potent than that of hydrazine (HZ) or 

2-hydrazinopyridine (HPy). The therapeutic window for the 

most effective compounds is narrow, highlighting the need for 

further structural optimization to enhance efficacy while mini

mizing host toxicity. Lastly, our mechanistic investigation 

focused on transcriptional changes of a few key genes; a more 

comprehensive approach using proteomics, transcriptomics, 

and or metabolomics could provide deeper insights into the 

global cellular response to reductive stress.
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strain

All experiments were performed with Pseudomonas aeruginosa PAO1, which was a gift from Prof. Yongxin Li from the University of 

Hong Kong. This is a standard laboratory-adapted strain. Bacteria were cultured in Luria-Bertani (LB) medium for overnight growth or 

Tryptic Soy Broth (TSB) for biofilm assays at 37 ◦C. Sex is not a relevant biological variable for this bacterial model.

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Pseudomonas aeruginosa PAO1 Gift from another lab N/A

Chemicals, peptides, and recombinant proteins

Luria-Bertani (LB) Beyotime Cat# ST158

Tryptic Soy Agar (TSA) Sigma-Aldrich Cat# 22091

Tryptic Soy Broth (TSB) Sigma-Aldrich Cat# T8907

Dulbecco’s modified Eagle’s 

medium (DMEM)

Gibco Cat# 11965-092

Fetal Bovine Serum (FBS) Gibco Cat# 10270106

Penicillin and streptomycin Gibco Cat# 15140-122

Hydrazine monohydrate Sigma-Aldrich Cat# 207942

Dithiothreitol (DTT) Aladdin Cat# D265376

Tris(2carboxyethyl) phosphine (TCEP) Energy chemical Cat# W830194

2-mercaptoethanol Bio-Rad Cat# 1610710

Pyocyanin Sigma-Aldrich Cat# P0046

Sodium ascorbate Aladdin Cat# S105025

Sodium sulfite Aladdin Cat# S572396

hydroxylamine (HA) Macklin Cat# H828371

2-hydroxylethyl hydrazine (HEH) Aladdin Cat# H113414

3-amino-3-azabicyclo[3.3.0]octane (AAO) Aladdin Cat# A124225

1-Aminopiperidine (AP) Aladdin Cat# A113934

1-amino-4-methylpiperazine (AMP) Aladdin Cat# A151724

2-hydrazinopyridine (HPy) Aladdin Cat# H133458

D-Glucose Macklin Cat# D810594

L-glucose Bide Cat# 54827

Crystal violet Sigma-Aldrich Cat# C0775

2′,7′-dichlorofluorescin diacetate (DCFDA) Aladdin Cat# H131224

Resazurin sodium salt Thermo Fisher Cat# B21187.03

XTT sodium salt Aladdin Cat# X100982

TRIzol® Invitrogen Cat#15596018

Critical commercial assays

LIVE/DEADTM BacLightTM 

Bacterial Viability Kit

Thermo Fisher Cat# L7012

Cell Counting Kit-8 Beyotime Cat# C0039

PrimeScriptTM RT reagent Kit Takara Cat# RR047A

TB Green® Premix Ex Taq Takara Cat# RR420A

Experimental models: Cell lines

Human Embryonic Kidney (HEK293T) cells ATCC N/A
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Cell line

Human Embryonic Kidney (HEK293T) cells (ATCC® CRL-3216TM) were purchased from ATCC used for cytotoxicity assays. The cells 

were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS) and 1% penicillin/ 

streptomycin at 37 ◦C in a 5% CO2 incubator. Cell line was authenticated by morphology and growth characteristics; no mycoplasma 

contamination was detected by PCR assay.

METHOD DETAILS

Agar growth assay for selected reagents against P. aeruginosa biofilm

A 3 mL P. aeruginosa PAO1 LB culture was initiated from a colony on a LB agar plate and grown overnight (16-24 hours) at 37 ◦C with 

shaking at 220 rpm. Following the overnight incubation, the culture was diluted with LB liquid medium to achieve the desired optical 

density (OD600 = 0.1) for initiating experiments. Subsequently, tryptic soy agar (TSA) medium was prepared in 6-well plates. Various 

concentrations of selected reagents (0, 6.25 mM, 12.5 mM, 25.0 mM, 50.0 mM, and 100.0 mM) were added, each at 20 μL, to 2 mL of 

TSA medium and mixed thoroughly. This mixture was then transferred to the 6-well plates and allowed to solidify. After preparing the 

plates, 5 μL of the diluted P. aeruginosa PAO1 culture (OD600 = 0.1) was applied to each agar plate. The plates were then incubated at 

room temperature for 72 h in the dark to form mature biofilm, and the resulted colony-based biofilm was photographically recorded 

for comparison.

Antimicrobial activity test for selected reagents against P. aeruginosa

Overnight cultures of P. aeruginosa PAO1 were prepared as described above and diluted in fresh LB broth to an OD600 of 0.1. Aliquots 

(20 μL) of the standardized suspension were inoculated into 2 mL LB broth containing test reagents at final concentrations of 0, 6.325, 

12.5, 25.0, 50.0, or 100.0 mM. Cultures were incubated at 37 ◦C with shaking at 220 rpm for 24 h. Bacterial growth was quantified by 

measuring OD600 using a microplate reader, with untreated cultures serving as controls.

Quantitation of biofilm biomass

This assay was adapted from methods described in previous studies.51,52 A 3 mL LB culture was initiated from a single colony on a LB 

agar plate. The culture was grown overnight (16–24 h) at 37 ◦C with shaking at 220 rpm. After the overnight incubation, it was diluted 

with LB liquid medium to an optical density (OD600) of 0.1 to start the experiments. For the inhibition assay, 10 μL of the diluted bac

terial solution was inoculated into each well of a 96-well plate containing 100 μL of various concentrations of reagents in Tryptic Soy 

Broth (TSB) medium. The plates were then incubated at 37 ◦C for 2 days. For the eradication assay, 10 μL of the diluted bacterial 

solution was first seeded into each well of a 96-well plate containing 100 μL of TSB medium and incubated at 37 ◦C for 2 days to 

allow biofilm formation. Following this, each well was treated with 100 μL of different concentrations of reagents in TSB medium 

for another 2 days. For post treatment bacteria regrowth assay, 10 μL of the diluted bacterial solution was inoculated into each 

well for the inhibition and eradication treatments were carried out as mentioned above accordingly, but treatments were applied 

continuously for up to 7 days. After treatment, the supernatant was removed, and each well was washed three times with 200 μL 

of PBS. The biofilms were then fixed with 100 μL of methanol for 15 min, after which the methanol was replaced with 200 μL of 

0.1% crystal violet and left to stain at room temperature for 15 min. The wells were then washed three times with 200 μL of sterile 

water to remove excess dye. Once air-dried, the stained biofilms were redissolved by adding 200 μL of 30% acetic acid to each 

well. The absorbance at 595 nm was measured using a microplate reader to quantify the biofilms.

DCFDA assay for biofilm ROS quantification

Reactive oxygen species (ROS) levels in biofilms were determined using DCFDA (2’,7’-dichlorofluorescin diacetate) as described 

previously with minor modifications.53–55 Biofilms obtained from the inhibition and eradication assays (Section quantitation of 

biofilm biomass) were gently washed three times with 200 μL PBS, followed by staining with 200 μL DCFDA (10 μM) for 30 min at 

37 ◦C in the dark. The probe solution was then carefully removed to avoid disturbing the biofilm structure, and wells were washed 

2–3 times with sterile PBS to remove excess and unbound dye. Fluorescence intensity of the oxidized product (DCF) was measured 

using a fluorescence spectrophotometer at an excitation wavelength of 485 nm and an emission wavelength of 535 nm.

Live/Dead BacLight viability assay

The viability of biofilm-embedded cells was determined using the LIVE/DEADTM BacLightTM Bacterial Viability Kit (Thermo Fisher Sci

entific) according to the manufacturer’s instructions, with minor modifications. Biofilms obtained from inhibition or eradication assays 

(Section quantitation of biofilm biomass) were treated with the MBIC50 or MBEC50 concentrations of each hydrazine derivative 

(Table S1) in 20 mm glass-bottom confocal dishes. Following treatment, supernatants were removed, and biofilms were gently 

washed three times with 1 mL PBS to eliminate non-adherent cells. A staining solution was prepared by mixing 3 μL SYTO 9 and 

3 μL propidium iodide in 1 mL deionized water. 200 μL of this solution were added directly to the biofilm, and dishes were incubated 

for 20 min at room temperature in the dark. Samples were then rinsed with deionized water to remove excess stain, residual liquid 

was carefully aspirated, and 1 mL deionized water was added to prevent drying prior to imaging.
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Quantification of pyocyanin levels in biofilms treated with hydrazine

Pyocyanin (PYO) levels in wild-type P. aeruginosa biofilms were quantified following established protocols with modifications.56–58

Biofilms were generated in 6-well plates under eradication assay conditions as described in Section quantitation of biofilm biomass, 

and treated with hydrazine hydrate (HZ) at 6.3, 12.5, 25.0, 50.0, or 100.0 mM, with untreated wells serving as controls. After 48 h of 

treatment, supernatants and biofilms were processed separately. For supernatants, 2 mL of culture medium was collected, and 

OD600 was measured. Chloroform (600 μL) was added, and the mixture was vortexed until the lower organic phase turned blue. 

The upper aqueous phase was discarded, and 200 μL of 0.2 N HCl was added to the chloroform phase. After vertexing, the upper 

aqueous layer turned red. The tubes were left to stand until phase separation was complete. For biofilms, residual biofilm in the wells 

was resuspended in TSB by sonication, and OD600 was measured. Chloroform (300 μL) was added, and the extraction was performed 

as described above, using 100 μL of 0.2 N HCl for the final step. In both cases, the upper aqueous layer containing pyocyanin was 

collected, and absorbance was measured at 520 nm. Pyocyanin levels were normalized to bacterial density (OD600) for comparative 

analysis.

XTT and resazurin assays for biofilm metabolic activity

Biofilm metabolic activity was quantified using XTT and resazurin assays following established protocols with modifications.59–62 Bio

films were prepared under inhibition and eradication assay conditions as described in Section quantitation of biofilm biomass, with 

treatments consisting of the tested hydrazine derivatives at 0, 6.3, 12.5, 25.0, 50.0, or 100.0 mM. For the XTT assay, 200 μL of XTT 

working solution (0.2 mg/mL XTT supplemented with 0.02 mg/mL PMS) was added to each well, and plates were incubated for 3 h at 

37 ◦C in the dark. Absorbance was then measured at 490 nm using a microplate reader. For the resazurin assay, 100 μL of resazurin 

working solution (0.02 mg/mL in PBS) was added to each well, and plates were incubated for 2 h at 37 ◦C in the dark. Fluorescence 

was recorded at an excitation wavelength of 550 nm and an emission wavelength of 590 nm using a fluorescence 

spectrophotometer.

Cytotoxicity assay

HEK293T cells were seeded in a 96-well plate at a density of 104 to 105 cells per well, using 100 μL of DMEM medium supplemented 

with 10% FBS and 1% penicillin/streptomycin. The cells were cultured in a CO2 incubator at 37 ◦C for 24 h to allow for adhesion and 

growth. Following this initial incubation, various concentrations of reagents were added to the wells. The plate was then returned to 

the incubator and allowed to incubate for an additional 2 days to assess the cellular response to the reagents. After the 48-hour in

cubation, the supernatants of the wells were carefully removed and replaced with 100 μL of fresh DMEM containing 10% FBS, 1% 

penicillin/streptomycin, and 10% CCK-8 solution in each well. This working solution allowed for the assessment of cell viability. The 

plate was then incubated for an additional 1 h in the CO2 incubator at 37 ◦C and gently mixed on an orbital shaker for 1 min. Finally, the 

absorbance was measured at 456 nm using a microplate reader to quantify the cell viability.

RNA extraction

For RNA isolation, P. aeruginosa PAO1 was cultured under both planktonic and biofilm conditions. For planktonic growth, the over

night culture was then diluted to an optical density of OD600 = 0.1 in LB medium and further incubated at 37 ◦C with shaking at 220 rpm 

for 18–20 h to maintain free-living growth. In contrast, biofilm cultures were established by inoculating the same diluted suspension 

(OD600 = 0.1) into 3 mL LB medium in 15 mL Falcon tubes, followed by static incubation at 37 ◦C for 18–20 h, which allowed for biofilm 

formation. Total RNA was extracted using TRIzol® reagent following a modified standard protocol.63 Briefly, bacterial pellets were 

resuspended in 1 mL TRIzol and homogenized by vigorous pipetting. Phase separation was achieved by adding 0.2 mL chloroform, 

followed by vortexing for 15 s and incubation at room temperature for 10 min. After centrifugation at 12,000 × g for 15 min at 4 ◦C, the 

aqueous phase containing RNA was carefully transferred to a new tube, and RNA was precipitated by adding 0.5 mL isopropanol per 

1 mL TRIzol used. The mixture was incubated for 10 min at room temperature and centrifuged at 12,000 × g for 10 min at 4 ◦C. The 

resulting RNA pellet was washed with 1 mL of 75% ethanol, vortexed briefly, and centrifuged at 7,500 × g for 5 min at 4 ◦C. Ethanol 

was discarded, and the pellet was air-dried for 5–10 min, taking care to avoid over-drying. Finally, RNA was dissolved in 20–50 μL 

RNase-free water or TE buffer and stored at − 80 ◦C until further analysis.

qRT-PCR

Total RNA obtained from planktonic and biofilm cultures was treated with TURBOTM DNase (Invitrogen) at 37 ◦C with shaking at 

300 rpm for 30 min to remove genomic DNA, followed by Proteinase K digestion at 37 ◦C with shaking at 300 rpm for 15 min to elim

inate residual proteins. The purified RNA was subsequently reverse transcribed into cDNA using the PrimeScriptTM RT reagent Kit 

(Takara) according to the manufacturer’s protocol. qRT-PCR was performed on a Bio-Rad CFX96 Touch Real-Time PCR Detection 

System using TB Green® Premix Ex TaqTM (Tli RNase H Plus, Takara). Primer sequences for target genes are provided in Table S2. 

Amplification was conducted under the following cycling conditions: initial denaturation at 95 ◦C for 3 min, followed by 39 cycles of 

denaturation at 95 ◦C for 10 s and annealing/extension at 63 ◦C for 30 s.48 A final denaturation step at 95 ◦C for 5 s was applied before 

performing melting curve analysis to verify amplification specificity. The ribosomal protein gene rpsL served as the internal reference 

for normalization. Relative expression levels of target genes were calculated using the comparative Ct (2–ΔΔCt) method, based on 

normalized threshold cycle (Cq) values.64
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QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were performed in triplicate (n=3) unless otherwise stated. Data were presented as mean ± standard deviation (SD), 

as specified in the figure legends. Statistical analyses were performed using GraphPad Prism software. For quantitative assays such 

as crystal violet, DCFDA, XTT, and resazurin, the value ’n’ represents the number of independent biological replicates. For the Live/ 

Dead BacLight assay, viability was quantified using ImageJ software from three independent experimental images. The relative gene 

expression in qRT-PCR was calculated using the Ct (2–ΔΔCt) method, error bars define the variation around the mean of the replicates, 

*p < 0.05 were used to determine the statistical significance of differences.
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