Quantitative fluorescent detection of antibacterial activity with pyrene-bearing tannic acid
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Abstract
[bookmark: _Hlk95226234]Quantitative evaluation of the antibacterial activity of conventional antibacterial agents in situ is difficult. In this study, we demonstrated that antibacterial activity can be quantitatively estimated from the photoluminescence intensity of pyrene fluorophores incorporated into tannic acid, a naturally occurring antibacterial agent.
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[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: OLE_LINK5][bookmark: OLE_LINK6]Antibacterial agents play an important disinfecting role in wounds, medical equipment and care, and personal hygiene, making them indispensable in our daily lives.1 In particular, the COVID-19 pandemic has made it an urgent social issue to control the spread of viral and bacterial infections.2 As a countermeasure, disinfection of hands, personal belongings, and equipment has become mandatory in public places and households. This has led to an increased demand for common disinfectants, such as alcohol, hydrogen peroxide, and quaternary ammonium, although the excessive use of disinfectants is a potential threat to human health and the environment.3 For example, ingestion of low concentrations of hydrogen peroxide (3% aqueous solution) has been shown to cause mild gastrointestinal and mucosal irritation, portal vein thrombosis, and vomiting.4 Accidental or intentional ingestion of isopropanol can cause severe respiratory or central nervous system depression.5 Ethanol toxicity has also been associated with respiratory depression, which can cause respiratory arrest, hypothermia, arrhythmia, and in some cases cardiac arrest, hypoglycemia, ketoacidosis, and hypotension.6 In contrast, premixed materials containing antibacterial agents, such as silver ions, exert antibacterial activity when the antibacterial component is eluted from the base material. In other words, if the exact, preferred amount of antibacterial agent on a surface can be determined, it may lead to the proper use of antibacterial agents, thus reducing anxiety toward invisible bacteria. 
We have focused on tannic acid (TA, 1a), a water-soluble polyphenol dendroid, as a naturally occurring antibacterial agent (Figure 1a). 7-10 Recently, we reported that with an n-alkyl substituent, water-soluble TA transforms into hydrophobic TA, which can be used as a water-insoluble non-eluting antibacterial coating (partially n-alkylated tannic acid, PATA).11,12 PATA can be used for the quantitative detection of antibacterial activity because the antibacterial activity of PATA correlates with the amount of PATA applied onto the substrate, unlike conventional eluting type antibacterial agents. Thus, if a hydrophobic fluorophore is introduced as a substituent of PATA, quantitative evaluation of antibacterial ability is possible through in situ fluorescence measurements.


Figure 1. (a) Structure of tannic acid 1a and the pyrene source 2. (b) Synthesis of 1b and 1c.

Among the various fluorophores, pyrene was specifically chosen as the hydrophobic aromatic substituent. Pyrene-bearing TA (PBTA) was prepared by esterification between 2b and the gallic acid moiety in 1a (Figure 1). PBTAs with different numbers of pyrene substituents were obtained by varying the composition ratio of 1a and 2b (Figure 1b). The resulting PBTAs were isolated as light brown solids (Figure S1) and identified by means of 1H and 13C NMR spectroscopies (Figures S15-S18). Successful incorporation of pyrene groups into 1a was confirmed by the appearance of typical aromatic peaks at 7.5–8.5 ppm in the 1H NMR spectra. To optimize the number of pyrene moieties, a series of PBTAs with varying degrees of substitution were prepared. For example, 1b and 1c were prepared with 1.1 and 5.5 equivalents of 1-pyrenebutyryl chloride to 1a, respectively. As a result, 1.0 and 4.6 equivalents of pyrene moieties were introduced into 1b and 1c, respectively. Solubility of PBTAs in common solvents are listed in Table S1, along with the Hildebrand solubility parameter.13 Here, 1.0 µmol of PBTA was dissolved in 1 mL of a solvent, and solubility was evaluated by the naked eye (Figures S2 and S3). PBTAs were soluble in common polar organic solvents, and both 1b and 1c were insoluble in water. However, as the number pyrene moieties increased, solubility in polar solvents decreased, which likely occurred because PBTAs aggregated, facilitated by the relatively strong π-π interactions among the pyrene moieties. Here, it is noteworthy that natural TA consists of a glucose core surrounded by covalently linked gallic acid residues with 25 phenolic hydroxyl groups connected through ester bonds. Therefore, PBTAs, especially 1b with a single pyrene moiety, were expected to retain the original properties of 1a imparted by the phenolic group of gallic acid, such as adhesive, antioxidant, antimicrobial, and antiviral properties, although their solubility in organic solvents was significantly improved by introducing a pyrene moiety into 1a. Indeed, 1b exhibited good binding ability to various substrates when 1b was processed into a thin film via simple solvent casting on various substrates, such as metals and glass. It is likely that the dihydroxyphenyl (catechol) and trihydroxyphenyl (pyrogallol) moieties imparted binding ability through chemical and physical interactions, similar to the adhesion mechanism of 3,4-dihydroxyphenylalanine (DOPA)-enriched adhesive foot protein of blue mussels.14
[image: ]
Figure 2. (a) UV spectra of 1a (black), 1b (blue), and 2a (red) in acetonitrile (10 mmol L-1). (b) Photoluminescence (PL) spectra of 1b (blue) in acetonitrile (10 mmol L-1) and film state (5.1 × 101 nmol cm-2), and 2a (red) in acetonitrile (10 mmol L-1).

1b in solvent and cast film was further characterized through UV–vis and photoluminescence (PL) measurements (Figure 2). Pristine TA (1a) showed a broad UV absorption band at 𝜆max = 270 nm, originating from the gallic acid moiety of TA. By introducing a pyrene moiety to 1a, new absorption bands appeared at 220, 260, 275, 320, and 345 nm, which were assigned to the pyrene moiety. To avoid overlapping absorption bands from TA and the pyrene moiety in the range of 220–320 nm, the excitation wavelength for PL measurements of 1b was chosen to be 350 nm. For PL measurements, 1b was dissolved in acetonitrile (10 mmol L-1), and 2a was used as the reference. Completely dissolved 2a exhibited typical15 vibronic bands at 370, 400, and 420 nm. However, 1b exhibited a broad, unstructured band ranging from 425 to 550 nm, centered at approximately 460 nm, in addition to vibronic bands from the monomeric pyrene moiety. These bands arise because the two pyrene rings of the formed excimer are close to each other, i.e., within ~0.33 nm.13 Furthermore, when 1b was fabricated into a thin film, only the broad band of the excimer appeared, whereas the monomer peaks disappeared. Considering that 1b has a single pyrene moiety, an equilibrium favoring the co-existence of the excimer and monomer likely existed in the solution state (Figures 3a-c). However, this equilibrium shifted toward the excimer state during the drying process.
[image: ] 
Figure 3. (a) AMF image of 1b on mica substrate (b) chemical structure and schematic image of 1b. (c) Proposed assembly structure of 1b in solution state (c) and in solid (d). 

The surface morphology of the 1b thin film was characterized using atomic force microscopy (AFM) images. As shown Figure 3d, 1b formed highly developed fibril networks with 1.5~1.8 nm in height, which is in good agreement with an extended distance between the ends of the galloyl moieties (~2.0 nm) in 1b estimated by a density functional theory calculation (Figure S14). On the other hand, pristine 1a forms spherical aggregates under the same casting condition (Figure S12). Thus, 1b likely spontaneously assembled via intermolecular π-π interactions between the pyrene moieties, leading to the formation of highly developed fibril networks (Figures 3d). Furthermore, self-quenching of the pyrene moiety in 1b did not occur as the amount of 1b cast on the surface increased, supporting the absence of unstructured aggregates of the pyrene moiety (Table 1). Additionally, 1b formed the thin films by simple casting, further supporting the formation of highly developed fibril networks. This unique P property of 1b in addition to the formation of fibril networks enabled us to estimate the amount of antibacterial agent, leading to quantitative evaluation of antibacterial activity on substrates.
Polyphenols are known to exhibit antibacterial activity against various bacteria because of the physiological effects of the aromatic hydroxyl group, such as inhibition of hydrolytic enzymes, specific interactions for inactive microbial adhesion, binding to the cell wall/membrane, and metal ion complexation.7-10 By taking advantage of this feature, we previously demonstrated that PATA can be used as a non-eluting type antibacterial coating because unreacted phenolic moieties can exert antibacterial effects.11 More importantly, the introduction of alkyl substituents to 1a does not affect the antibacterial activity but suppresses the elution of PATA into the aqueous medium. This feature enabled us to develop a unique renewable antibacterial coating. However, in the case of PATA, at least 20 % of phenolic hydroxyl groups must be modified with alkyl groups to obtain good solubility in common organic solvents. In contrast, 1b, with only one pyrene moiety introduced, was insoluble in water and was expected to be a highly effective antibacterial coating. To test our hypothesis, direct contact antibacterial activity of 1b cast on glass plates (5.1 ×101~-2 nmol cm-2) was evaluated using Escherichia coli16 (E. coli) (Table 1). An uncoated glass substrate was used as the control. E. coli was incubated on various 1b coatings at 35 °C for 24 h. The results showed that E. coli was completely killed when 1b was cast at a concentration of more than 5.1 nmol cm-2. As the amount of 1b cast on the substrate decreased, the antibacterial effect gradually weakened and was lost at a concentration of 5.1 × 10-2 nmol cm-2. In the case of PATA, we have confirmed that all E. coli was killed at ~102 nmol cm-2.11 Considering that, 1b has a similar or better antibacterial property to PATA, implying that the effective amount of polyphenol units exposed on the surface are almost comparable among PATA and 1b.

Table 1. Comparison of dynamic contact antimicrobial activity of control and 1b-coated glass substrates.
	Concentrationa (nmol cm-2)
	Viable cellsc
(cfud cm-2)
	PL intensity 
at 470 nmf (cpsg)

	5.1 × 101
	<10e
	680,000

	5.1 × 100
	<10e
	39,000

	5.1 × 10-1
	9.8 × 102
	2,400

	5.1 × 10-2
	[bookmark: OLE_LINK7][bookmark: OLE_LINK8]1.8 × 105
	340

	0b
	3.2 × 105
	0


[bookmark: _Hlk92287483]aAmount of 1b on the glass substrate. b Uncoated glass plate (5 × 5 cm2). c The initial concentration of bacteria was ~10-5 cfu mL-1. dcfu = colony forming unit. eNo colony formation was observed. fExcitation wavelength ex = 350 nm was employed for PL spectroscopy (Figure S9). Bandwidths of emission and excitation were set to be 2 nm. gcps = counts per second.

Because both PL intensity and antibacterial activity were proportional to the cast amount of PBTA, correlation between PL intensity and antimicrobial activity was clarified (Table 1). Figure 4 is a double logarithmic plot of PL intensity (cps) and number of viable cells after 24 h of antibacterial testing. Consequently, in the region between 102 and 105 cps of the PL intensity, antibacterial activity decreased in correlation with PL intensity, and it can be expressed as . Here, x and y axis indicate PL intensity (cps) and viable cells (cfu cm-2), respectively. In addition, when the PL intensity was more than 105 cps, bactericidal effect was evident because no bacteria survived. Therefore, it was successfully demonstrated that antimicrobial activity can be quantitatively evaluated from the PL intensity of the 1b-coated substrates. The fluorescence intensity of the 1b applied on a substrate did not change after 2 weeks in the air (Figure S13). In addition, antibacterial tests were conducted after the thin films were exposed to air for three weeks. These results suggest that this system is viable for the long term.
[image: ]
Figure 4. Relationship among the number of viable cells and the PL intensity of 1b in the thin film. Both x and y axes are expressed as logarithmic scales.
In conclusion, we demonstrated that the PL intensity of pyrene-bearing tannic acid (PBTA) can be used for the quantitative evaluation of antibacterial activity. The pyrene moiety was introduced into tannic acid as a fluorophore and hydrophobic moiety to produce PBTAs. In particular, 1b formed highly developed fibril networks, most likely via π-π interactions, among the pyrene moieties. As a result, 1b was able to form stable thin films. Its antibacterial ability showed a clear correlation with PL intensity between 102 and 105 cps originating from pyrene excimer in 1b. This finding will enable us to easily visualize the amount of effective antibacterial agents, leading to the appropriate use of antibacterial agents. In addition, because the visible antibacterial agent proposed in this study is soluble in a variety of organic solvents, various water-insoluble non-eluting antibacterial formulations can be prepared to prevent the spread of infectious diseases.
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