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A B S T R A C T   

Doxycycline hyclate (DCH) and minocycline hydrochloride (MH) are tetracycline antibiotics and broad-spectrum 
antimicrobial agents. The changes in DCH and MH under blue light (λ = 462 nm) irradiation in alkaline con
ditions (BLIA) were investigated. Deactivation caused by superoxide anion radical (O2

•− ) and deactivation from 
DCH and MH during photolysis on Staphylococcus aureus (S. aureus), including methicillin-resistant S. aureus 
(MRSA), were studied. DCH is relatively unstable compared to MH under BLIA. The level of O2

•− generated from 
the MH-treated photoreaction is lower than that from DCH photolysis, and the DCH-treated photoreaction is 
more efficient at inactivating S. aureus and MRSA at the same radiant intensity. DCH subjected to BLIA decreased 
the viability of S. aureus and MRSA by 3.84 and 5.15 log, respectively. Two photolytic products of DCH (PPDs) 
were generated under BLIA. The mass spectra of the PPDs featured molecular ions at m/z 460.8 and 458.8. The 
molecular formulas of the PPDs were C21H22N2O10 and C22H24N2O9, and their exact masses were 462.44 and 
460.44 g/mol, respectively. These results bolster the photolytic oxidation that leads to DCH-enhanced deacti
vation of S. aureus and MRSA. Photochemical treatment of DCH could be applied as a supplement in hygienic 
processes.   

1. Introduction 

Tetracyclines (TCs) belonging to a group of broad-spectrum antibi
otics interfere with aminoacyl-tRNA binding to the bacterial ribosome 
and inhibit protein synthesis in microorganisms [1]. TCs are extensively 
applied as antibiotics in the clinic and as subtherapeutic growth pro
moters to prevent animal diseases [2]. TCs are formed from tetracyclic 
nuclei, which are composed of various functional groups attached to the 
nucleus, such as chlortetracycline, demeclocycline, doxycycline hyclate 
(DCH), minocycline hydrochloride (MH), oxytetracycline and tetracy
cline (TC). Many functional groups that are attached to tetracyclic nuclei 

change their molecular properties and affect their antibiotic ability. 
Staphylococcus aureus (S. aureus) is often detected in the respiratory 

tract or skin of humans and results in a broad scope of poisons and 
symptoms of disease [3], which are also known as skin and soft tissue 
infections (SSTIs) and accompanied by a broad range of clinical in
fections, such as cellulitis or necrotizing fasciitis. The aetiology of acute 
SSTIs is often aerobic β-haemolytic streptococci and S. aureus infection 
[4]. In 2012, after investigating isolates from 163 medical centres in the 
US, the surveillance programme of Assessing Worldwide Antimicrobial 
Resistance Evaluation (AWARE) determined that S. aureus, Escherichia 
coli (E. coli) and Klebsiella spp. are the most commonly distinguished 
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bacteria, with respective incidence rates of 55.5, 5.9 and 5.5 [4]. 
S. aureus is also one of the most important pathogens for hospital- 
acquired infection and is related to fatal illnesses, such as bacteremia, 
endocarditis and pneumonia [5]. 

The adaptability of S. aureus has led to widespread epidemics in 
humans, and numerous attempts to contain the spread of S. aureus have 
had unsatisfactory results. Transfer of antibiotic resistance genes among 
different staphylococcal strains is the main cause. Methicillin-resistant 
S. aureus (MRSA) carries the mecA gene encoding penicillin-binding 
protein 2a (PBP2a), a transcriptase with a weak affinity for β-lactam 
antibiotics, including penicillin and methicillin, which allows bacterial 
cell wall synthesis in the presence of methicillin [6]. In addition, this 
strain develops resistance to a majority of other common antimicrobial 
agents [7]. MRSA was discovered in 1961 shortly after the introduction 
of methicillin [8]. As a virulent pathogen, MRSA is responsible for dis
eases with onset in both healthcare and community settings [9]. Glob
ally, antimicrobial resistance has been a major health concern among 
human and veterinary medications [10]. Vancomycin is usually 
reserved to treat MRSA infections. Unfortunately, vancomycin-resistant 
S aureus (VRSA) strains have been isolated globally since 2001 [11]. A 
new strategy to surmount drug-resistant S. aureus is urgently needed for 
healthcare providers. 

The antibacterial photodynamic inactivation of bacteria (aPDI) is an 
efficient method for overcoming resistance to bacteria [12,13] because 
it does not depend on the mode of bacterial resistance. aPDI is an 
alternative treatment to SSTIs clinically to reduce nosocomial skin in
fections caused by multi-resistant bacteria [14–17]. Additionally, aPDI 
causes cell death by producing reactive oxygen species (ROS). ROS, e.g., 
hydroxyl radicals, singlet oxygen, superoxide anion radicals (O2

•− ) and 
peroxyl radicals, are reactive oxygen-containing molecules or free rad
icals [18–20]. O2

•− is an intermediate generated by redox reactions. In a 
previous study, the inactivation of E. coli, S. aureus and MRSA was 
achieved by ROS-induced DNA cleavage generated during the photolysis 
of riboflavin [18,21,22]. 

The phototoxicity of TCs is a notable side effect for patients and may 
be caused by the production of ROS [23]. TC is not stable and is highly 
sensitive to UVA illumination [24]. ROS are generated via TC photolysis 
under illumination by simulated sunlight [25]. The photolysis of 
chlortetracycline [26], demeclocycline [27,28], doxycycline [27,28], 
oxytetracycline [28], and tetracycline [27,29] deactivates E. coli after 
UV light illumination. Huang et al. showed that O2

•− is produced by TC 
under BLIA, which increased the aPDI efficacy of gram-negative E. coli 
and multidrug-resistant E. coli [30]. Under UV or visible light illumi
nation, longer wavelength illumination with less energy is safe for cells. 

DCH and MH are tetracycline antibiotics used to treat many in
fections, and they are the most often prescribed TCs for the treatment of 
acne vulgaris [16]. DCH and MH have four-ring structures at positions 
five, six and seven, as shown in Fig. 1. The structural modification of TCs 
changes their properties. DCH has dose-related phototoxicity to sun
light, while MH shows insignificant photosensitivity [16]. Among the 
phototoxic responses after the treatment of pharmaceutical substances, 

skin irritation after UV and visible light exposure may occur following 
the formation of ROS in the skin, thus leading to oxidative stress to DNA, 
lipids and proteins [31]. The photosensitization of DCH or MH by visible 
light illumination and the generation of O2

•− is worthy of further study 
to examine the role of ROS from DCH or NH photolysis in the 
enhancement of the bacterial inactivation profile by a photolytic 
reaction. 

The process of aPDI working through either type I ( O2
•− , •OH) or 

type II (singlet oxygen, 1O2) photoreaction depends on the photosensi
tizer used during irradiation [32]. Consistent with previous studies 
[30,33–35], O2

•− from the TC photoreaction is deemed important to the 
kinetics of TC photodegradation. Extremely low quantum (ΦΔ) values, 
which were lower than 0.03 for 1O2 generation by TCs upon direct 
photoirradiation, were barely noticed even in the most favourable cases 
[36]. The superoxide anion (O2

•− ) was extensively found in TC aqueous 
solution upon exposure to white light, although the generation of O2

•−

was dependent on the specific absorption wavelength of TC [33,34]. 
Electron spin resonance (ESR) spectrometry and ROS scavenging ex
periments demonstrated that TC photolysis was involved in O2

•− - 
mediated self-sensitized photolysis [35]. Reports indicated the lack of an 
appreciable TEMP-1O2 signal detected in TC solution under light irra
diation, while the six peaks characteristic of the DMPO-O2

•− spin adduct 
were detected, suggesting that O2

•− (but not 1O2) was the species 
generated upon irradiation of TC in solution [35]. Therefore, in terms of 
bacterial inactivation due to ROS from DCH and MH photoreaction, 
O2

•− is the major species produced by direct photolysis in this study. 
Antimicrobial control of infections in humans and animals is a 

worldwide health issue. The evolution of new antibiotics often takes 
decades. DCH or MH can cause degradation of bacteria after illumina
tion with blue light, while little is known about this photodegradation 
process. This study determines the effects of blue light photolysis of DCH 
or MH on the inactivation of S. aureus and MRSA via the generation of 
O2

•− . The microbial viability of S. aureus and MRSA were used to verify 
this technique. 

2. Materials and Methods 

2.1. Photolytic System 

The photolytic system for this study was described previously 
[37,38]. The system consists of a plastic cup that encircled with blue 
LED strip lights (12 V, VitaLED Company, Tainan, Taiwan) in a 
container, as shown in Fig. 2. Blue LED strip lights emit a maximum 
wavelength at 462 nm with a W1/2 of 26 nm (spectral peak width at half- 
height). The reaction solutions were placed in a transparent glass test 
tube on top of a photoreaction cup. A solar power metre (TM-207, 
Tenmars Electronics Co., Taipei, Taiwan) and a power supply were used 
to determine the irradiance of blue light. The plastic cup was maintained 
at 25 ± 3 ◦C and monitored by an infrared thermometer (MT 4, Raytek 
Co., Santa Cruz, CA) during the photolytic reaction. 

Fig. 1. Chemical structures of (A) doxycycline hyclate (DCH) and (B) minocycline hydrochloride (MH).  
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2.2. Chemicals 

Doxycycline hyclate (DCH), phenol, o-aminophenol, m-amino
phenol, 3-dimethylaminophenol, L-methionine, p-aminophenol, potas
sium dihydrogen phosphate, potassium hydrogen phosphate and 
vancomycin (VAN) were purchased from Sigma–Aldrich Co. (St. Louis, 
MO, USA). Minocycline hydrochloride (MH) was ordered from the 
Tokyo Chemical Industry Co. (Tokyo, Japan). Nitro blue tetrazolium 
chloride (NBT) was obtained from Bio Basic Inc. (Markham, Ontario, 
Canada). The structures of DCH and MH are shown in Fig. 1, and those of 
the amino phenol compounds are shown in Fig. 3. A Milli-Q system 
preparation of ultrapure water was used for the solvent throughout this 
study. 

2.3. Blue Light Effects on the Photoreaction of DCH and MH 

The blue light effects on DCH and MH photolytic reactions were 
determined using an ELISA reader (Thermo Fisher Scientific Multiskan, 
Waltham, MA, USA). DCH or MH (0.1 mM) in 100 mM phosphate 

buffered solution at pH 7.8 (PB) was left in the dark and used as a 
control. On the other hand, 0.1 mM DCH or MH was treated with blue 
light illumination at 2.0 mW/cm2 in PB (BLIA) for 0.5, 1.0, 1.5, and 2.0 
h. The absorbance of DCH or MH after the BLIA treatment was measured 
from 200 to 800 nm using an ELISA reader. 

2.4. Blue Light Effects on the Photoreaction of Amino Phenol Compounds 

Blue light effects on amino phenol compounds, such as phenol, o- 
aminophenol, m-aminophenol, 3-dimethylaminophenol and p-amino
phenol, were determined using an ELISA reader. A 50 mg/L amino 
phenol compound in PB was left in the dark as a control, while a 50 mg/L 
amino phenol compound in PB was treated with BLIA for 2 h. The 
absorbance of the amino phenol compounds treated with BLIA was 
measured from 200 to 800 nm using an ELISA reader. 

2.5. HPLC–MS Assay of DCH Treated with BLIA 

The photolytic products of DCH (PPDs) were studied by HPLC–MS 
analysis, as described previously [39,40]. DCH (0.1 mM) in PB was left 
in the dark as a control, while 0.1 mM DCH in PB was illuminated with 
BLIA for 2 h. DCH and PPDs were analysed using the HPLC–MS 
analytical method. HPLC–MS was performed using an Agilent 1200 se
ries HPLC system connected to an Agilent triple-quadrupole mass 
spectrometer (6410B, Agilent Technologies, Palo Alto, CA) equipped 
with an ion source for electrospray ionization (ESI). DCH and PPDs were 
both detected in negative-ion mode. Nitrogen gas was used as a drying 
gas with a temperature of 350 ◦C and a flow rate of 11 L/min, an in
jection volume of 10 μL, a gas pressure of 50 psi for the nebulizer, a 
capillary voltage of 3.7 kV, a capillary temperature of 280 ◦C and m/z =
100–1000. Data were processed using an Agilent MassHunter worksta
tion software (version B.06.00). 

Elution of DCH and PPDs was achieved via an Agilent Poroshell 120 
EC-C18 threaded column (2.7 μm particle size and 150 mm length × 4.6 
mm inner diameter, Agilent Technologies, Palo Alto, CA). Separation 
was performed by the mobile phase eluent composed of a mixture of 
methanol (solvent A) and 0.1% formic acid (solvent B), which was 
eluted at a flow rate of 0.4 mL/min with a ratio profile described in the 
following. A linear gradient was initiated in intervals of 0–2 min for 
5–20% solvent A; 2–8 min for 20% solvent A; 8–12 min for 20–60% 
solvent A; 12–15 min for 60% solvent A; 15–19 min for 60–95% solvent 
A; 19–24 min for 95% solvent A; and 24–27 min for 95–5% solvent A. 
From 27 to 30 min, 5% solvent A was established as the final mobile 
phase. An injection volume of 10 μL was used for each reaction solution. 

2.6. Effects of DCH, MH and VAN on S. aureus and MRSA under Blue 
Light Illumination 

TC under BLIA was used to deactivate gram-negative E. coli and a 
multidrug-resistant bacterium in a previous study [30]. VAN is 
commonly used for MRSA infections. This study extended the work on 
DCH, MH and VAN with BLIA to the deactivation of gram-positive 
S. aureus and MRSA. 

S. aureus (Taxonomy ID: 10451) from the Bioresource Collection and 
Research Centre and a clinical isolate of MRSA (Taxonomy ID: JD004) 
from the National Cheng Kung University Hospital were grown in LB 
broth at 37 ◦C overnight. Note that MRSA/JD004 was a single clone 
isolated from an infected skin wound instead of an epidemic strain. After 
harvesting, a 0.5 mL culture of S. aureus or MRSA/JD004 was placed into 
a microcentrifuge tube, followed by dilution to an optical density of 0.5 
at 600 nm (OD600) (ca. 1.1 × 107 CFU/mL). 

After 10 min of centrifugation at 10,000 rpm, the supernatant was 
removed. Then, 1 mL DCH, MH or VAN solution (0.1 mM DCH, MH or 
VAN in PB) was added. The mixture was placed in a glass tube and 
treated with BLIA for 2 h. The plate or tube was covered by thick 
aluminium foil to prevent light illumination for dark control. During the 

Fig. 2. Photolytic system.  

Fig. 3. Chemical structures of (A) phenol, (B) o-aminophenol, (C) m-amino
phenol, (D) 3-dimethylaminophenol and (E) p-aminophenol. 
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photolytic reaction, the system was maintained at 25 ± 3 ◦C. After 
photolysis, 0.1 mL reactants were diluted, added to plates of LB agar, 
and incubated overnight at 37 ◦C. Bacterial survival in subsequent 
processes was determined by calculating the number of viable colony 
forming units (CFUs) after overnight growth. Bacterial deactivation was 
measured by log reduction [= (log (D/B)], where B and D are the 
numbers of CFUs after BLIA [B] and the control in the dark [D], 
respectively. 

2.7. O2
•− Assay 

Both direct and indirect methods can be utilized to detect ROS. The 
direct method requires special equipment, such as an electron para
magnetic resonance (EPR) spectrometer, while indirect methods are 
more widely used in biochemical analyses [19]. The nitro blue tetra
zolium (NBT) reduction method is an indirect assay for determining the 
level of O2

•− after NBT is reduced by the O2
•− from intermediates [41]. 

The effects of DCH and MH under BLIA on the generation of O2
•− were 

determined by NBT reduction due to the photolytic reaction of ribo
flavin and FMN. With minor modifications, this protocol was applied as 
an indicator of O2

•− generation, as previously reported [5,41]. All re
agents were prepared prior to the experiments. The chemical L-methi
onine (0.1093 g) was placed into 75 mL PB, and 0.01 g NBT and 25 mL of 
either DCH or MH at 0.4 mM were placed into the mixed solution. The 
respective concentrations of DCH (or MH), methionine and NBT reached 
0.1 mM, 7.3 mM and 0.12 mM in the solution. The reaction solution was 
treated with BLIA for 0.5, 1.0, 1.5, and 2.0 h at room temperature. O2

•−

produced from the photolytic process reduces NBT to generate blue 
formazan that is detectable at 560 nm. 

The generation of O2
•− in S. aureus from DCH- or MH-treated 

S. aureus subjected to BLIA was determined using the NBT reduction 
method based on protocols reported previously with minor modifica
tions [42,43]. The sample of the S. aureus preparation was basically the 
same as that described in Section 2.6, except that the 0.5 mL culture of 
S. aureus was placed into a microcentrifuge tube, followed by dilution to 
an optical density of 0.05 at 600 nm (OD600) (ca. 1.1 × 106 CFU/mL). 
After 10 min of centrifugation at 10,000 rpm, the supernatant was 
removed. Then, 1 mL of the reaction solution was added. All reagents 
were prepared prior to the experiments. The chemical L-methionine 
(0.1093 g) was placed into 75 mL PB, and 0.1 g NBT and 25 mL of either 
DCH or MH at 0.4 mM were placed into the mixed solution. The con
centrations of DCH (or MH), methionine and NBT in the PB solution 
reached 0.1 mM, 7.3 mM and 1.2 mM, respectively. The mixture was 
placed in a glass tube and treated with or without BLIA for 2 h. The 
mixture was centrifuged for 10 min at 10,000 rpm, and then the su
pernatant was removed. One millilitre of dimethyl sulfoxide (DMSO) 
was added to extract the reduced NBT. Produced from the photolytic 
process, O2

•− reduces NBT to generate blue formazan that is detectable 
at 560 nm. 

2.8. Statistics 

Each test was conducted independently on different days and 
repeated three times. For each independent experiment, the bacterial 
sample was subjected to a specific test requirement. The results are 
expressed as the mean ± standard deviation (SD) of at least three ex
periments. A homoscedastic two-sample t-test was applied to determine 
whether the means of two populations were different. Statistical sig
nificance was set to a p value < 0.05. 

3. Results 

3.1. Colour and Spectral Changes in DCH and MH that Are Subjected to 
BLIA 

The photolysis of DCH and MH that is subjected to BLIA was studied. 

Fig. 4B shows that DCH subjected to BLIA turns pink under alkaline 
conditions (pH 7.8). There was no significant change in colour after 
exposure to the MH solution and BLIA (Fig. 4D). 

Spectral changes in DCH and MH under BLIA are shown in Fig. 5. In 
the dark, DCH exhibits two major absorptions at 272 and 364 nm. Under 
BLIA for 0.5–2 h, the photolysis of DCH results in absorption bands with 
a different profile. DCH is sensitive to blue light, and the absorption at 
364 nm is significantly decreased under BLIA. However, for MHs sub
jected to BLIA for 0.5–2 h, the spectra of the MH solutions are not 
significantly changed, as shown in Fig. 5 (B). Under blue light irradia
tion, the degradation rate constants for DCH and MH are shown below. 

Niu et al. and Huang et al. reported that the effect of illumination 
with solar, UV and blue light on TC photolytic kinetics is described by a 
pseudo-first-order reaction [35,40]. DCH and MH are both tetracycline 
antibiotics. In Fig. 5, the absorption of DCH or MH at 364 nm is detected 
after blue light illumination, and the reaction rate for DCH or MH 
expression is abbreviated as the pseudo-first-order reaction of DCH or 
MH (Eq. 1). Eq. (2) is the integral of Eq. (1) from t = 0 to t = t: 

−
dCDCH

dt
= kappa ×CDCH (1)  

− ln
[

CDCH

C0

]

= kappa × t (2)  

where C0 and CDCH represent the absorbances at t = 0 (initial) and time t 
for DCH at 364 nm, respectively, while kappa is the rate constant for 
apparent decomposition. In Fig. 6, the plot of -ln(C/C0) vs. reaction time 
produces a linear line with a correlation coefficient (R2) for DCH sub
jected to BLIA greater than 0.96; therefore, DCH under BLIA follows 
pseudo-first-order kinetics in this study. The kappa values for DCH and 
MH that are subjected to BLIA are 0.1978 and 0.0336 (h− 1), respec
tively, as shown in Fig. 6. The higher kappa value during the DCH 
photoreaction is ascribed to its photosensitive efficiency under blue 
light. 

3.2. O2
•− Detection by DCH and MH that Are Subjected to BLIA 

The generation of O2
•− from the DCH and MH that is subjected to 

BLIA is determined using the NBT reduction method. The effect on NBT 
reduction of DCH and MH subjected to BLIA for 0.5, 1, 1.5 and 2 h is 
shown in Fig. 7. 

Fig. 7 shows that the photolytic effect of DCH or MH on NBT 
reduction was increased in an interval of 2 h under BLIA, suggesting that 
O2

•− was generated from DCH or MH under BLIA in a time-dependent 
manner. The gradients of the NBT reaction curve for O2

•− production 
due to DCH and MH that are subject to BLIA are 0.09 and 0.0261 (h− 1), 

Fig. 4. Colour change in DCH (A, B) and MH (C, D) treated without or with 
BLIA for 2 h. 

J.-M.P. Yuann et al.                                                                                                                                                                                                                            



Journal of Photochemistry & Photobiology, B: Biology 226 (2022) 112370

5

respectively, as shown in Fig. 7. 

3.3. Effects of DCH, MH and VAN that Are Subjected to BLIA on 
S. aureus and MRSA Viability 

The effects of DCH, MH and VAN subjected to BLIA on S. aureus and 
MRSA/JD004 viability were determined in this study. Fig. 8A shows that 
there was no significant difference in the survivability of S. aureus in the 
presence of 0.1 mM DCH, 0.1 mM MH and 0.1 mM VAN in the dark. For 
DCH and MH that were subjected to BLIA for 2 h, there was a significant 
increase in the deactivation rate for S. aureus. The average suppressive 

effects of DCH and MH were subject to BLIA-induced inhibition of 
S. aureus by 3.84 and 1.65 log, respectively (Fig. 8B). 

Fig. 9A shows that there was no significant difference in the sur
vivability of MRSA/JD004 in the presence of 0.1 mM DCH, 0.1 mM MH 
and 0.1 mM VAN in the dark. For DCH and MH subjected to BLIA for 2 h, 
there was a significant increase in the deactivation rate for MRSA/ 
JD004. The average suppressive effects of DCH and MH after BLIA 
treatment on the viability of MRSA/JD004 cells were 5.15 and 2.08 log, 
respectively (Fig. 9B). 

3.4. O2
•− Detection by DCH- or MH-Treated S. aureus that Are Subjected 

to BLIA 

The generation of O2
•− in S. aureus from DCH- or MH-treated 

S. aureus subjected to BLIA was determined using the NBT reduction 
method. As shown in Fig. 10, the absorbance at 560 nm of the NBT re
action for O2

•− production in S. aureus due to treatment without or with 
DCH under BLIA is 0.093 or 0.50. However, Fig. 10 also shows that the 
photolytic effect of DCH-treated S. aureus on NBT reduction was 
increased under BLIA, suggesting that O2

•− in S. aureus was abundantly 
generated. 

3.5. Molecular Determination Using HPLC–MS Analysis 

The structural change in DCH after illumination with blue light was 
investigated in this study. Exposure to BLIA for 2 h reduced 0.1 mM DCH 
and MH by 54.1 and 6.2% compared to its original compounds, 
respectively, based on a calculation from the HPLC–MS assay. As shown 
in Figs. 4, 5 and 6, DCH is photolytically sensitive while MH is relatively 
stable under BLIA. 

The chromatograms of DCH before and after BLIA treatment are 
shown in Fig. 11. After DCH hydrolysis, doxycycline (DC) was eluted at 
19.297 min and displayed a molecular ion m/z at 442.9 (Fig. 12C). The 
photochemical products of DCH (PPDs) were noted at 10.137 and 
15.799 min (Fig. 11B). The MS spectra for PPD-1 and PDD-2 exhibited 
major ion signals at m/z 460.8 and 458.8, respectively, as shown in 
Fig. 12A and B. 

4. Discussion 

A photosensitizer enhances and catalyses the different bonds in a 
molecule via a photochemical reaction to produce ROS. Pathogenic 
bacteria can be deactivated by light illumination with suitable photo
sensitizers. In this study, the aPDI of S. aureus and MRSA/JD004 via 
BLIA-induced ROS from DCH or MH was determined. 

He et al. reported that doxycycline photoactivated with UVA and 
demeclocycline with violet light and UVA deactivated both MRSA and 
E. coli [27]. We showed that riboflavin-5′-phosphate (FMN) photolysis 
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under illumination by blue (λ = 465 nm) or violet light (λ = 405 nm) 
deactivates S. aureus and MRSA effectively [5]. Illumination with violet 
light in the presence of FMN is more effective for the deactivation of 
S. aureus than blue light at the same radiant intensity [5]. Wong et al. 
reported that with a shorter wavelength at violet light, the UV over
lapping region can be risky to skin cells [5], while light with a longer 
wavelength is safer because it has a lower energy. Thus, the DCH- 
mediated blue light aPDI in this study may be safe. 

TCs have been widely used to treat many skin conditions, such as 
infections, inflammation, or both. DCH and MH are often used to treat 
acne vulgaris [16]. In terms of the sensitivity to blue light illumination in 
PB at pH 7.8, DCH-based BLIA treatment produced more O2

•− than the 
MH-based treatment. Currently, fluorescent lamps are being replaced by 
white LED lamps because LED lamps are more efficient. A white LED 
light source may be feasible for BLIA in aPDI. The spectrum of a white 
LED lamp comprises multiple colours of light, and the wavelengths of 
the major emitted maxima are 454 and 521 nm [18]. The efficiency with 
which O2

•− is produced under white LED light via NBT reduction is 
approximately 75% of that using blue LED light [18]. 

As shown in Fig. 9B, in the absence of light exposure, DCH had 
negligible effects on MRSA/JD004 survival. Papkou et al. reported that 
the evolutionary resistance of S. aureus is related to the activity of the 
efflux pump [44], which can contribute to the intrinsic resistance of the 
bacteria towards antibiotics, such as ciprofloxacin [44–46]. The bacte
ricidal agent should achieve the inhibition of bacterial growth at a rate 
of at least 3 log reduction [19]. As shown in Figs. 8 and 9, the DCH- 

treated photoreaction inhibited the growth of S. aureus and MRSA/ 
JD004 by 3.84 and 5.15 log, respectively, while MH-based BLIA deac
tivated bacteria by less than 3 log. The DCH-treated photoreaction was 
found to be more efficient in S. aureus or MRSA/JD004 inactivation than 
the MH-treated photoreaction at the same radiant intensity. DCH is 
sensitive to blue light treatment, as evidenced by O2

•− , which is formed 
by a photolytic reaction of DCH under BLIA, as shown in Fig. 7. A pre
vious study showed that the cleavage of both the supercoiled plasmid 
DNA of E. coli and genomic DNA of S. aureus can be induced by O2

•−

from FMN photolysis [5,18,21]. ROS from the photoreaction of FMN 
may either occur within cells or be conveyed from the outside by passing 
through membranes. Based on these observations, excessive DNA strand 
breakage was believed to be associated with the depletion of cellular 
ATP and NAD+ levels, i.e., interference with ATP synthesis, which 
eventually led to cell death [47]. 

According to our previous study, for S. aureus under blue light (λ =
465 nm) illumination at 2.0 mW/cm2 for 120 min (energy dose, 14.4 J/ 
cm2) and violet (λ = 405 nm) illumination at 1.0 mW/cm2 for 20 min 
(energy dose, 1.2 J/cm2), the inactivation rates were 26.3 and 27.1%, 
respectively [5]. The inactivation capacity of violet light was greater 
than that of blue light at the same radiant intensity [5]. Maclean et al. 
reported that wavelengths of irradiation longer than 430 nm without 
exogenous photosensitizer were ineffective in killing S. aureus cells, 
suggesting that endogenous porphyrins in S. aureus have a maximum 
inactivation at 405 ± 5 nm [48]. 

The viability of S. aureus and MRSA/JD004 under blue light (λ = 462 
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Fig. 8. Effects of the photolysis of DCH, MH and VAN that were subjected to BLIA for 2 h on the (A) viability and (B) deactivation rate of S. aureus. Data are expressed 
as the mean ± SD, where n = 5. Statistically significant differences (p < 0.05) between two groups are indicated by different letters above each bar. 
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nm) illumination alone at 2.0 mW/cm2 for 120 min (energy dose, 14.4 
J/cm2) was decreased by 0.54 (second bar, PB (BLIA), Fig. 8A) and 0.35 
log (second bar, PB (BLIA), Fig. 9A), respectively. In Fig. 10, the level of 
O2

•− produced in S. aureus subjected to BLIA is low, i.e., the effects of 
endogenous photosensitizers on the reduced viability of S. aureus under 
BLIA are quite minor compared to what occurred in the presence of DCH 
in this study. However, under the same conditions, DCH subjected to 
BLIA decreased the viability of S. aureus and MRSA/JD004 by 3.84 and 

5.15 log, respectively. The generation of O2
•− in DCH-treated S. aureus 

subjected to BLIA was extensively increased, as shown in Fig. 10. The 
strongly enhanced effects caused by exogeneous photosensitizers (DCH) 
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Fig. 11. Total ion chromatogram obtained via an HPLC–MS assay of (A) 0.1 
mM DCH solution and (B) DCH that was subjected to BLIA for 2 h. 
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on the inactivation of S. aureus and MRSA/JD004 under BLIA reach up 
to 3.3 and 4.8 log, respectively, and these values are much higher than 
those achieved by endogenous intracellular photosensitizers alone. 
These results bolster the finding that DCH under BLIA leads to enhanced 
deactivation of bacteria and has the potential to eradicate bacteria on a 
wound. 

DCH-treated photoreaction significantly decreased the growth of 
both S. aureus and MRSA/JD004 examined in this study. Moreover, in 
terms of bacterial growth reduction, Souza et al. reported that MRSA 
strains were more susceptible to aPDI than methicillin-susceptible 
Staphylococcus aureus (MSSA) strains under low irradiation fluences 
[49]. During indocyanine green (ICG)-based aPDI (ICG-aPDI), the killing 
of the S. aureus resistant was achieved at lower amount of ICG compared 
to the bacterial effect observed in the wild-type S. aureus [50] The dif
ference in the deactivation between resistant and wild-type strains of 
S. aureus is hypothetically due to variation of their outer layer structures 
in the binding or uptake of photosensitizers [51,52]. Additionally, 
MRSA might be more sensitive to the hydrolysis products of TC during 
and after irradiation, due to the lack of detectable PBP2a as no mecA 
expression was noticed in MRSA/JD004 after ICG-aPDI, making the 
bacteria more sensitive to oxacillin, cefoxitin, erythromycin, or tetra
cycline, which is partly related to mecA complex gene deletion [53]. In 
our previous study, TC-treated photoreaction inhibited the growth of 
MDR E. coli by 4 to 5 log, and the photolysis product of TC without light 
exposure could inactivate 30% MDR E. coli [30]. The photolytic product 
of TC increased the adversity risk to bacteria after BLIA. Tetracyclines 
therefore function as dual-action light-activated antibiotics by killing 
MRSA and E. coli in the presence of light and preventing their regrowth 
afterwards in the dark [27,54]. DCH-treated photoreaction inhibited 
MRSA/JD004 growth via ROS production in this study. After BLIA, 
MRSA/JD004 might become more sensitive to the treatment of both 
DCH and its photolysis product, which might bring a higher adversity 
risk to the bacteria. 

TCs are phenolic compounds that are unstable and easily dissociate a 
proton to form a phenolate anion via an electron transfer mechanism in 

alkaline aqueous circumstances [55]. After photodegradation of the 
tetracycline antibiotics TC and chlortetracycline (CTC) under simulated 
sunlight, the quantum yields of direct photolysis increased from 3.4 ×
10¡4 to 1.1 × 10¡2 and 3.3 × 10¡4 to 8.5 × 10¡3, respectively, within 
the pH range of 6 to 9 [25,26]. 

The normal intact skin is acidic and has a pH value of 4.5–5.0. Shukla 
et al. reported the baseline pH of acute and chronic wounds, either 
infected or noninfected, in 50 patients from a single wound clinic, and 
most of the pH values were greater than 8.5. Only after the wound 
condition improved and exudate levels decreased did the pH decrease to 
less than 8.0 [56]. Elevated wound fluid pH was reported to correlate 
with an increased risk of wound infection. The mean pH value of 
infected wounds was 7.2 (pH 6–pH 9), which is higher than the mean pH 
of 6.5 in uninfected wounds [57]. The increase in pH value is proposed 
as a good indicator of local wound infection in second-degree burn 
wounds. The pH rose (turned alkaline) prior to the onset of clinical signs 
of local infection in 6 cases compared to 20 noninfected cases [30,58]. 
For the healing of skin wounds, the effects of pH on human primary 
keratinocyte and fibroblast functions show that both cell types tolerate a 
wide range of pH values very well (pH 5.5–9.5), although alkaline 
conditions significantly enhanced cell proliferation. Moreover, in vivo 
experiments in a rat full-thickness wound model indicated that a pro
longed, strongly acidic environment prevents both wound closure and 
re-epithelialization while an alkaline environment did not have any 
negative impact [59]. DCH is a tetracycline antibiotic that is unstable 
under blue light illumination in alkaline aqueous conditions. As shown 
in Fig. 7, aerobic oxidative photolysis of DCH via BLIA generated a high 
level of O2

•− and in turn decreased the viability of both S. aureus and 
MRSA/JD004 to a huge extent, suggesting that the aPDI of bacteria in 
the presence of exogeneous photosensitizers and light activation can be 
used to treat skin and soft tissue infections. 

The different levels of photodegradation caused by BLIA between 
DCH and MH can be at least partially explained by their structural dif
ferences. Both DCH and MH share a linear fused tetracyclic nucleus 
(rings labelled A, B, C and D) that differs at positions five, six and seven 
of these two antibiotics, such as the dimethyl amino group attached to 
ring D of MH, as shown in Fig. 1. Assuming that the methyl group 
attached to ring C of DCH has little effect on the degradation process, the 
lower photosensitivity of MH is most likely due to its dimethyl amino 
group attached to ring D of MH, which does not exist in DCH. The effect 
of blue light illumination on amino phenol compounds, such as phenol, 
o-aminophenol, m-aminophenol, 3-dimethylaminophenol and p-amino
phenol photolysis, has been determined. The spectra for phenol, m- 
aminophenol, 3-dimethylaminophenol and p-aminophenol in PB at pH 
7.8 remained unchanged after BLIA treatment for 2 h, as shown in 
Fig. 13A, C, D and E. However, for o-aminophenol in PB with BLIA, the 
spectrum significantly differed from that of the dark control, as shown in 
Fig. 13B. 

The hydroxyl group of ring D and carbonyl oxygen of ring C within 
both DCH and MH can form hexagonal intramolecular hydrogen bonds. 
The formation of intramolecular hydrogen bonds is tightly associated 
with the nonradiation intersystem crossing (ISC) process of amino
fluorenones, i.e., S1↔T1 states [60]. The ISC process occurs after 
photoexcitation, thus leading to the less favourable process phospho
rescence and increasing the electronic agitation of the molecule. These 
changes are presumably followed by photodegradation of molecules that 
contain intramolecular hydrogen bonds, which was evidenced in o- 
aminophenol illuminated by blue light, but not phenolic compounds 
that are attached with m- or p-amino substituents or phenol alone, as 
shown in Fig. 13, suggesting the role of intramolecular hydrogen 
bonding in the degradation of phenolic compounds examined herein. 
For the low photosensitivity of MH, the dimethylamino group, a strong- 
electron donating group, of ring D in MH may donate electrons to the 
phenolic ring via a resonance effect. These changes increase the elec
tronegative charge of the carbon atom of ring D by which − OH is 
attached, decrease the electronegativity of the oxygen atom of − OH, 

Fig. 12. Electron ionization mass spectra for DC and the PPDs from DCH that is 
subjected to BLIA: ion spectral products of [M–H]− are noted for DCH that is 
illuminated with blue light. The selected precursor ion is m/z 443, and the 
proposed fragments are shown. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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likely decrease the exposure of the hydroxyl hydrogen nucleus, and 
weaken the intramolecular hydrogen bond between the carbonyl oxygen 
and the H atom of the − OH of ring C and D, respectively, thereby 
reducing the extent of high-energy ISC and decreasing the level of 
photodegradation in MH compared to what occurs in DCH. 

According to previous results, several major pathways of DCH pho
todegradation are proposed, such as hydrolysis, photolysis, electron 
transfer, and production involving O2

•− and •OH, as shown in Eqs. 3–6. 
The O2

•− from the DCH photoreaction is important to the kinetics of 
DCH photodegradation. Chen et al. showed that O2

•− was generated by 
photolysis of TC under illumination by simulated sunlight [25]. The 
superoxide anion radical O2

•− disproportionally forms O2 and H2O2, and 
H2O2 can be further decomposed to •OH by light illumination [61]. Liu 
et al. examined the •OH that occurs in an aqueous solution of oxytet
racycline (OTC) under UV light illumination and concluded that oxygen 
can accept an electron to form O2

•− , which is reduced to yield H2O2 and 
then •OH [62]. The •OH radical species generated from the photolytic 
cleavage of the peroxidic bond in H2O2 can attack organic molecules 
[61]. The hydroxylation byproducts via dehydration from the OTC 
photoreaction can be generated in an aqueous OTC solution under UV 
light illumination [62]. Niu et al. also showed that TC directly reacts 
with O2

•− in the photoreaction and undergoes self-sensitized photolysis 
mediated by O2

•− [35]. The transformation products of TC exhibit 
evolution profiles in a time-dependent manner during TC photo
degradation [63]. DCH is a tetracycline antibiotic that is unstable under 
blue light illumination in alkaline aqueous conditions. As shown in 
Fig. 7, the aerobic oxidative photolysis of DCH activated via illumina
tion generated a high level of O2

•− . According to those previous results, 
several major pathways of DCH photodegradation are proposed and 

shown in the following equations. 

DCH+O2 + e−
hv
→

hydrolysis
DC•+ +O•−

2 (3)  

O•−
2 +H+ + e− →

hν HOO• (4)  

2 HOO• +H2O→H2O2 +O2 (5)  

H2O2 + e− →
hν 2 •OH (6) 

Based on the results in this study, we also present the proposed 
mechanism of the DCH photoreaction under blue light illumination in 
Fig. 14. First, for the N-demethylation and two monohydroxylation 
processes shown in Fig. 7 and Eqs. (3)–(6), both O2

•− and •OH could be 
formed by the photosensitized oxidation of DCH under blue light illu
mination. Doxycycline (DC) can be formed via DCH hydrolysis, as shown 
in Fig. 11. DC can achieve an electronically excited state, and then 
molecular oxygen can receive an electron from the excited DC, thus 
forming the N-centred amine radical cation of DC (DC•+) (Fig. 14C). 
Then, deprotonation (− H+) of α-C led to the formation of a carbon- 
centred radical. The C-centred radical reacted rapidly with dissolved 
oxygen to produce a peroxyl radical species with further loss of a su
peroxide anion radical (O2

•− ), which yields an iminium cation [64,65]. 
It is well known that imine is chemically unstable in aqueous solution 
and may undergo hydrolysis quickly to form the aforementioned N- 
demethylation product and an abundance of the characteristic com
pound D (m/z 429, C21H22N2O8) or 4-demethyldoxycycline (Fig. 14D). 
As an electrophilic species, •OH reactions primarily occur by hydrogen 
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abstraction, addition to a double bond and electron transfer [62]. C8-C9 
of aromatic ring D and C11a–C12 of ring B are sensitive to diffusible •OH 
due to hydroxyl addition to these double bonds [62,66]. According to 
the light-induced autoreaction that formed the most characteristic mo
lecular ions ([M-H]− ), i.e., m/z 461, and they correspond to byproduct 
PPD-1 (C21H22N2O10) formed via oxidation at C9 and C12 (Fig. 14E) 
[62,65]. Alternatively, •OH attacks the phenolic moiety of the doxycy
cline molecular structure (B ring), thus forming the C12 radical of the N- 
centred amine cation of DC (Fig. 14F) because the monohydroxylation 
process occurs at the C11a–C12 enolic double bond of ring B, which is 
sensitive to •OH addition [66]. Light-induced hydroxylation forms the 
most characteristic molecular ion ([M-H]− ), i.e., m/z 459, and it is 
attributed to the byproduct PPD-2 (C22H24N2O9) generated via oxida
tion of C12, as shown in Fig. 14G [30,35]. 

5. Conclusions 

The effect of blue light irradiation on the viability of Staphylococcus 
aureus (S. aureus) and MRSA with doxycycline hyclate (DCH) and min
ocycline hydrochloride (MH) photolysis were studied. DCH is sensitive 
to blue light illumination, whereas MH is insensitive because of their 
structural difference. Chromatography results show that the chromo
genic photolytic products of DCH are formed by blue light irradiation 
under alkaline conditions. DCH illuminated by blue light undergoes 
photolytic oxidation with a quantum yield of O2

•− and increases the 
deactivation rate of S. aureus and MRSA due to ROS. The findings for 
antibacterial photodynamic deactivation of bacteria can be used to treat 
diseases, such as surface skin or deep subcutaneous infections, by 
installing an optical fibre to transfer blue light to the infected tissues. 
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