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Abstract
To improve bacterial photodynamic inactivation (PDI), this work analyzes the photodynamic effect caused by the combina-
tion of photosensitizers (PSs) on two bacterial models and different growth mode. Simultaneous administration of PSs from 
different families, zinc(II) 2,9,16,23-tetrakis[4-(N-methylpyridyloxy)]phthalocyanine  (ZnPPc4+), 5,10,15,20-tetra(4-N,N,N-
trimethylammonium phenyl)porphyrin  (TMAP4+), meso-tetrakis(9-ethyl-9-methyl-3-carbazoyl)chlorin  (TEMCC4+) and 
5,10,15,20-tetrakis[4-(3-N,N-dimethylaminopropoxy)phenyl] chlorin (TAPC) was investigated against Staphylococcus aureus 
and Escherichia coli, in planktonic form, biofilm and growth curve. Various PSs combinations showed greater inactivation 
compared to when used separately under the same conditions but at twice the concentration. However, differences were 
found in the effectiveness of the PSs combinations on Gram positive and negative bacteria, as well as in planktonic or biofilm 
form. Likewise, the combination of three PSs completely stopped E. coli growth under optimal nutritional conditions. PSs 
combination allows extending the range of light absorption by agents that absorb in different areas of the visible spectrum. 
Therefore, PDI with combined PSs increases its antimicrobial capacity using agents’ concentrations and light fluences lower 
than those necessary to cause the same effect as single PS. These advances represent a starting point for future research on 
the potentiation of PDI promoted by the combined use of PSs.
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1 Introduction

Bacterial infections pose a serious health problem that has 
drawn public attention worldwide due to the development 
and spread of antibiotic resistance [1, 2]. Antimicrobial 
resistance (AMR) makes treatments tedious and has adverse 
consequences, such as prolonged hospitalization, increased 
medical cost, overloading the public health system, and 
even increased mortality rates [3, 4]. Furthermore, micro-
organisms naturally have the ability to develop as biofilms. 
Their formation allows them to adapt and protect them-
selves from hostile environments, antimicrobials, and the 
defense mechanisms of the immune system of host organ-
isms. Therefore, bacteria in biofilms are more resistant to 

antimicrobial treatments and host immune defense mech-
anisms than planktonic cell [5, 6]. The viscous matrix of 
biofilm can slow down diffusion and even act as a complete 
barrier against drug penetration, representing a significant 
therapeutic barrier for many antibiotics and a strategy for 
bacteria to develop host resistance [7]. This gives rise to 
biofilms generating infections that cause serious, persistent 
and/or chronic diseases, leading to prolonged hospital stays, 
with upper costs and high mortality. These global health 
threats have stimulated interest in the development of effec-
tive antimicrobial therapies with primary goals focused on 
this problem.

New approach to treat bacteria resistant to antibiotics 
and biofilms is photodynamic inactivation (PDI) [8, 9]. This 
alternative utilizes a photosensitizer (PS), visible light and 
oxygen to produce cytotoxic reactive oxygen species (ROS) 
[10, 11]. As a multiple target strategy, the generated ROS 
can not only oxidize several cellular components (e.g., lipids 
and DNA), that cause destruction of pathogenic microorgan-
ism, but can also attack extracellular polymeric substances 
molecules, causing the degradation of matrix structure 
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[7, 12]. Therefore, this is an interesting therapy due to its 
noninvasiveness, flexibility and minimal risk of inducing 
microbial resistance [13, 14].Furthermore, photoinactivation 
is independent of its AMR pattern and generates a broad 
spectrum of antimicrobial activity; consequently it does not 
require identification of the bacteria and is very useful for 
infections caused by various microorganisms [11, 15].

As a general principle, PDI employs a single photosen-
sitizing agent to induce inactivation of microbial pathogens 
[2, 8]. Most of the PSs investigated for PDI are porphyrinoid 
derivatives, with a heterocyclic ring structure, such as por-
phyrin, chlorins or phthalocyanine [14, 16–18]. Nowadays, 
drug combinations are increasingly used in the treatment of 
many conditions and diseases [19–22]. In particular, differ-
ent combination strategies have been employed to attempt 
to increase bacterial photoinactivation: photodynamic treat-
ment combined with potassium iodide [23, 24], antibiotics 
[25–29], antifungal [30, 31], or host defense mechanisms 
[32], PS incorporated with nanomaterials [33] or administra-
tion of PS covalently linked to an antimicrobial compound 
[34]. However, these approaches are based on the use of a 
merge of therapies with varied mechanisms of action. On the 
other hand, the simultaneous use of PSs for photodynamic 
therapy of cancer has been explored [35, 36]. Nevertheless, 
there is scarce literature on the effect of using light-activated 
PSs mixtures for bacterial inactivation [37, 38]. This combi-
nation could produce distinct impacts, such as potentiation 
or reduction of the photodynamic effect. Therefore, it is nec-
essary to study the application of PDI using different com-
binations of PSs, to determine the consequence on bacteria.

The aim of this study was to explore the photodynamic 
effect of photosensitizing agents, derived from the main 
families of macrocycles, administrated simultaneously in 
bacterial cultures. The combinations of PSs that absorb in 
different areas of the spectrum allow extending the range 
of light absorption to gain PDI efficiency. Thus, according 
to the photochemical properties, the photodynamic action 
of the combined PSs was analyzed in two bacteria models 
(Gram positive and Gram negative), under different bacterial 
growth conditions (planktonic, biofilm) and optimal nutri-
tional conditions (growth curve) to determine the interac-
tions that can cause, using low PS concentrations and doses 
of light.

2  Materials and methods

2.1  Photosensitizers

Zinc(II) 2,9,16,23-tetrakis[4-(N-methylpyridyloxy)]phth-
alocyanine  (ZnPPc4+), meso-tetrakis(9-ethyl-9-methyl-
3-carbazoyl)chlorin  (TEMCC4+) and 5,10,15,20-tetrakis[4-
(3-N,N-dimethylamino propoxy)phenyl]chlorin (TAPC) 

were synthesized as previously described [39–41]. 
5,10,15,20-Tetra(4-N,N,N-trimethylammoniumphenyl)por-
phyrin  (TMAP4+) was purchased from Aldrich (Milwau-
kee, WI, USA). PS stock solutions (0.5 mM) were obtained 
by dissolution in 1 mL of N,N-dimethylformamide (DMF) 
(Merck, Darmstadt, Germany). The concentration was con-
firmed by spectroscopy. Bacterial cultures were irradiated 
with a Novamat 130 AF (Braun Photo Technik, Nürnberg, 
Germany) slide projector containing a 150 W lamp. Wave-
length range between 350 and 800 nm was selected by 
optical filters with a fluence rate of 30 mW/cm2 at 650 nm. 
Emission spectrum of the light source is depicted in Fig. S1. 
Figure S2 shows the overlap of the emission spectra of the 
lamp and the absorption spectra of each PS. Furthermore, 
Fig. S3 shows the superimposed spectra of the different com-
binations of PSs with the emission spectrum of light used.

2.2  Photodynamic inactivation of planktonic 
bacteria

E. coli and S. aureus strains were used as representatives 
of Gram negative and Gram positive bacteria, respectively 
[42, 43]. Both bacteria were grown in tryptic soy (TS, Bri-
tania, Buenos Aires, Argentina) broth at 37 ºC overnight. S. 
aureus was incubated on a rotator shaker (100 rpm) and E. 
coli under static conditions. Aliquots (100 μL) were asepti-
cally transferred to fresh medium (4 mL) and incubated at 
37 ºC to the mid-log phase (absorbance ~ 0.4 for S. aureus 
and ~ 0.6 for E. coli at 660 nm). Bacteria were then centri-
fuged (3,000 rpm for 15 min) and re-suspended in an equal 
amount of 10 mM phosphate-buffered saline (PBS, pH 7.0) 
solution. Cells were diluted 1/1000 in PBS, corresponding 
to ~  106 colony-forming units (CFU)/mL. In all experiments, 
2 mL of this cell suspension were placed in tubes and the 
appropriate concentration of each PS alone or a combina-
tion was added. All samples were incubated in the dark for 
15 min at 37 ºC. Then the cultures were exposed for different 
time intervals to visible light. Control and irradiated cell 
suspensions were tenfold serially diluted with PBS. Each 
solution was spread in triplicate on TS agar (Agar–agar, 
Britania, Buenos Aires, Argentina), the number of colonies 
formed after 18–24 h incubation at 37 ºC were counted and 
the mean determined.

2.3  Photodynamic inactivation of bacterial biofilm

Biofilm photoinactivation was developed as proposed by 
Reynoso et al. with modifications [43]. Bacteria were grown 
overnight as described above. S. aureus and E. coli fresh 
culture were standardized adjusting the absorbance (0.4 for 
S. aureus and 0.6 for E. coli at 660 nm). Then 100 μL of cell 
suspension was inoculated onto 24 well polystyrene micro-
titer plates (Deltalab, Barcelona, Spain) contained 1.9 mL of 
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TS broth and a sterile acrylic disc (12 mm in diameter) per 
well. Plates were incubated for 24 h at 37 °C with agitation 
(100 rpm). Then the discs with the biofilm were aseptically 
washed twice with PBS (2 mL) to remove non-adherent 
cells. Subsequently, acrylic discs were incubated for 15 min 
with PS in dark, and then exposed to visible light for 30 min. 
Finally, the biofilm was disrupted mechanically with a vor-
tex stirrer (IKA, Wilmington, USA) to take off the adhered 
bacteria. Cellular suspensions were tenfold serially diluted 
with PBS and each solution was quantified by the spread 
plate technique in triplicate. After 18–24 h incubation at 37 
ºC viable S. aureus cells were counted and the number of 
CFU was determined. Additionally, wells containing sterile 
culture medium were included as sterility control.

2.4  Photodynamic inactivation of E. coli growth 
curve

E. coli cultures were grown overnight as described above. 
A portion (60 μL) of this culture was transferred to 20 mL 
of fresh TS broth. Aliquots (2 mL) of this suspension were 
incubated with the PS or with the mixture of PSs at 37 ºC 
and irradiated with visible light throughout the experiment. 
The culture grown was measured by absorbance at 550 nm 
using a Tuner SP-830 spectrophotometer [43].

2.5  Controls and statistical analysis

Control experiments were carried out in the presence of PSs 
without illumination and in the absence of PSs and irradi-
ated. The experiments were repeated separately three times. 
The amount of DMF (< 1% v/v) used in each experiment 
was not toxic to microbial cells. Data were depicted as the 
mean ± standard deviation of each group. Variation between 
each experiment was calculated using the one-way ANOVA, 
with a confidence level of 95% (p < 0.05) considered statisti-
cally significant.

3  Results and discussion

3.1  Photosensitizers

The molecular structures of PSs used in this study are repre-
sented in Scheme 1. These agents belong to three large fami-
lies of tetrapyrrolic macrocycles and have been proposed 
as active PSs for the PDI of microorganisms [39–41, 43, 
44]. The spectroscopic and photodynamic properties and the 
spectral area of irradiation of each PSs used in this work are 
summarized in Table 1. The absorption spectra of  TMAP4+, 
 ZnPPc4+,  TEMCC4+ and TAPC in DMF (Fig. 1) present 

Scheme 1  Molecular struc-
tures of  TMAP4+,  ZnPPc4+, 
 TEMCC4+ and TAPC



2436 Photochemical & Photobiological Sciences (2023) 22:2433–2444

1 3

sharp absorption bands indicating that PSs were mainly dis-
solved as monomer in this solvent. These PSs were chosen 
for their excellent individual PDI capabilities and for their 
complementary wavelengths absorption range. In particu-
lar, the  TMAP4+ porphyrin-derived structure exhibits a 
high absorption coefficient at 412 nm (Soret band). In addi-
tion, chlorins derivatives (TAPC and  TEMCC4+) present an 
important absorption band close to this wavelength (422 and 
432 nm, respectively). Likewise, these PSs absorb at longer 
wavelengths, (Q bands, 650–670 nm) in the phototherapeutic 
window (600–800 nm) [40, 41]. On the other hand,  ZnPPc4+ 
exhibits an intense absorption of red light, specifically at 
678 nm [18, 39]. Thus, the light delivered by the irradia-
tion system used allows all PSs to be excited simultaneously 

(350 and 800 nm, Fig. S1). Superposition of the spectral 
emission of the light source with the absorption spectra of 
each PS shows a broad excitation area of the PS, especially 
of phthalocyanine (Fig. S2). Moreover, the overlap of the 
absorption spectra of the PSs together and the lamp emis-
sion show that this capability increases when the chosen 
combinations are between phthalocyanine and porphyrin 
or chlorins. However, it is very similar when porphyrin is 
combined with chlorins (Fig. S3). This correlates with the 
spectral irradiated areas shown in Table 1. The largest irra-
diated area is exhibited by phthalocyanine. In addition, this 
PS is the only one that presents an appreciable absorbance 
in the red zone of the spectrum. Therefore, the incorpora-
tion of  ZnPPc4+ with porphyrins and chlorines allows it to 
extend its absorption zone to the blue zone of the spectrum.

3.2  Photodynamic inactivation of planktonic 
bacteria

Photodynamic activity of each PS  (TMAP4+,  ZnPPc4+, 
 TEMCC4+ and TAPC) was investigated to inactivate S. 
aureus and E. coli planktonic culture at different light doses, 
separately. Figure 2 shows the survival of these microor-
ganisms after PDI. E. coli planktonic cells with  TMAP4+ 
(1 μM) or  ZnPPc4+ (2 μM), were completely inactivated 
after 30 min of irradiation (54 J/cm2) (p < 0.05) (Fig. 2A, 
bars 6 and 10). However, these concentrations were dark 
toxic for planktonic S. aureus (Fig. S4). Therefore, PSs con-
centration was reduced (0.25 μM) (Fig. 2B). Under these 
experimental conditions S. aureus planktonic cells were 
decreased ~ 3.5 log (99.97% of inactivation) for both PSs 
after 30 min irradiation (54 J/cm2) compared with control 
cultures without PS (p < 0.05) (Fig. 2B, bars 6 and 10). 
This significant difference in the photoinactivation capac-
ity of PSs on Gram positive and negative bacteria is largely 
attributed to structural differences in their cell envelopes [18, 
41]. On the other hand, E. coli survival was not modified 
by  TEMCC4+-PDI, even at 10 μM and the longest expo-
sure time to light (Fig. 2A, bar 14). Instead, this PS, at the 
same concentration, inactivates the Gram-positive bacteria 
(Fig. 2B, bars 13 and 14). This PDI depends on irradia-
tion time, decreasing ~ 3 log (99.8%) of inactivation at the 
maximum light dose (p < 0.05). Besides, TAPC diminished 
the viability of both bacteria. The concentration required to 
induce 99.9% inactivation, after 30 min irradiation (54 J/
cm2), was 5 and 1 μM for E. coli and S. aureus, respectively 
(Fig. 2A and B, bar 18). These results are in concordance 
with those previously found for these PSs and microorgan-
isms [18, 39, 41, 44]. Nevertheless, some reports on the 
efficiency of cationic PSs on the PDI of planktonic bacteria 
are difficult to compare, mainly due to the use of different 
bacterial strains, densities and irradiation systems.

Table 1  Spectroscopic and photodynamic properties of photosensitiz-
ers

ε molar absorption coefficient (L  mol−1  cm−1), ΦΔ quantum yield of 
singlet oxygen production
a Spectral irradiated area; wavelength range 350–700 nm
b Ref. [44] in water
c Ref. [39] in DMF
d Ref. [40] in DMF
e Ref. [41] in DMF

Photosensitizer Absorption 
λmax (nm)

Area  (cm−1) a ελmax ΦΔ

TMAP4+ 412 0.73 ×  10–11 1.78 ×  105b 0.65c

ZnPPc4+ 678 1.48 ×  10–11 1.10 ×  105c 0.59c

TEMCC4+ 432 1.38 ×  10–11 1.24 ×  105d 0.49d

TAPC 422 1.20 ×  10–11 1.15 ×  105e 0.54e

Fig. 1  Absorption spectra of  TMAP4+ (black line),  ZnPPc4+ (red 
line),  TEMCC4+ (green line) and TAPC (blue line) in DMF
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Figure 3 shows the results of testing the photodynamic 
action of simultaneous administration of PSs against E. 
coli (Fig. 3A) and S. aureus (Fig. 3B) planktonic cells. 
The concentration of each PS was half of that tested sepa-
rately, except for  TEMCC4+ on E. coli cell. In this case, 
the same concentration was used due to the low photoin-
activation obtained. The use of lower concentrations of the 
PSs is intended to investigate whether similar results can be 
obtained or their activity enhanced by using half the con-
centration as when the PSs are used separately. This would 

be doubly beneficial, being more environmentally friendly 
and economical. Thus, this experiment was compared with 
the photoinactivation produced with the same PSs separately 
(Fig. 2) to determine the effect caused by the combinations 
of PSs. Complete inactivation of planktonic E. coli with 
 TMAP4+ (0.5 μM) +  ZnPPc4+ (1 μM) was accomplished 
after 30 min irradiation (54 J/cm2) (p < 0.05) (Fig. 3A, bar 
5). This inactivation was similar to that found with these PSs 
separately (Fig. 2A, bars 6 and 10). Total bacterial eradica-
tion did not allow distinguishing the enhancement of the 

Fig. 2  PDI of A E. coli 
planktonic cells incubated 
with different PS for 30 min 
at 37 ºC in dark and exposed 
to different light doses. (1) 
Control cultures without PS and 
irradiated 30 min (54 J/cm2), 
(2) Control cultures without PS 
in dark, (3–6) 1 µM  TMAP4+, 
(7–10) 2 µM  ZnPPc4+, (11–14) 
10 μM  TEMCC4+ and (15–18) 
5 µM TAPC, in dark, irradiated 
5 min (9 J/cm2), 15 min (27 J/
cm2) and 30 min (54 J/cm2), 
respectively and B S. aureus 
planktonic cells incubated with 
different PS for 30 min at 37 ºC 
in dark and exposed to different 
light doses. (1) Control cultures 
without PS and irradiated 
30 min (54 J/cm2), (2) Control 
cultures without PS in the dark, 
(3–6) 0.25 µM  TMAP4+, (7–10) 
0.25 µM  ZnPPc4+, (11–14) 
10 μM  TEMCC4+ and (15–18) 
1 µM TAPC, in dark, irradiated 
5 min (9 J/cm2), 15 min (27 J/
cm2) and 30 min (54 J/cm2), 
respectively. Values represent 
mean ± standard deviation of 
three separate experiments. 
*p < 0.05, compared with con-
trol cultures cells
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PDI effect at the same light dose (54 J/cm2). However, at 
shorter light doses, a greater death can be observed when 
both PSs were administered simultaneously, compared to 
the effect shown by the PSs separately, at double concen-
tration. Likewise, the combination of  TMAP4+ (0.5 μM) 
with TAPC (2.5 μM) induced a complete decrease in E. coli 
viability after 30 min of illumination (54 J/cm2). In this case, 
an increase in the inactivation of Gram-negative bacteria is 
observed relative to TAPC alone (3 log, 5 μM, Fig. 2A, bar 

18). Furthermore, after 15 min of irradiation (27 J/cm2), 
the mutual use of  TMAP4+-TAPC inactivated 99.999% of 
planktonic E. coli in contrast to the effectiveness of these 
agents separately, (99.97% and 99.77%), respectively, under 
the same irradiation conditions. Therefore, this combination 
presents an enhancer effect with respect to the effect caused 
by TAPC alone. On the other hand, the administration of 
phthalocyanine with chlorins,  TEMCC4+ or TAPC (Fig. 3A, 
bar 17 or 21), drastically reduced the photodynamic effect of 

Fig. 3  PDI of A E. coli 
planktonic cells incubated 
with different PS combina-
tions for 30 min at 37 ºC in 
dark and exposed to different 
light doses. (1) Control cultures 
without PS and irradiated 
30 min (54 J/cm2), (2–5) 0.5 µM 
 TMAP4+  + 1 µM  ZnPPc4+, 
(6–9) 0.5 µM  TMAP4+  + 10 µM 
 TEMCC4+, (10–13) 0.5 µM 
 TMAP4+  + 2.5 µM TAPC, (14–
17) 1 µM  ZnPPc4+  + 10 µM 
 TEMCC4+ and (18–21) 1 µM 
 ZnPPc4+  + 2.5 µM TAPC, and 
B S. aureus planktonic cells 
incubated with different PS 
combinations for 30 min at 37 
ºC in dark and exposed to dif-
ferent light doses. (1) Control 
cultures without PS and irradi-
ated 30 min (54 J/cm2), (2–5) 
0.125 µM  TMAP4+  + 0.125 µM 
 ZnPPc4+ (6–9) 0.125 µM 
 TMAP4+  + 5 µM  TEMCC4+ 
(10–13) 0.125 µM 
 TMAP4+  + 0.5 µM TAPC, (14–
17) 0.125 µM  ZnPPc4+  + 5 µM 
 TEMCC4+ and (18–21) 
0.125 µM  ZnPPc4+  + 0.5 µM 
TAPC in dark, irradiated 5 min 
(9 J/cm2), 15 min (27 J/cm2) and 
30 min (54 J/cm2), respectively. 
Values represent mean ± stand-
ard deviation of three separate 
experiments. *p < 0.05, com-
pared with control cultures
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 ZnPPc4+ (Fig. 2A, bar 10), but maintained the photodynamic 
action of TAPC or  TEMCC4+ against E. coli (Fig. 2A, bar 
18 or 14). Similarly, when  TEMCC4+ and  TMAP4+ were 
combined (Fig. 3A, bar 9), chlorin nullifies the effect of 
 TMAP4+. Therefore, the combined use of  TEMCC4+ with 
porphyrin or phthalocyanine has a lower photodynamic 
effect against E. coli planktonic cultures with respect to the 
action of these PSs separately. Nevertheless, TAPC only 
decreases the photodynamic action of  ZnPPc4+, without 
affecting the action of  TMAP4+.

Moreover, dual use of  TMAP4+-ZnPPc4+ on planktonic 
cultures of S. aureus showed an enhancement of photody-
namic action, after 15 and 30 min irradiation (27 and 54 J/
cm2, respectively) (Fig. 3B, bars 4 and 5), compared with 
these PSs separately (Fig. 2B, bars 5, 6, 9 and 10), at the 
same light doses but at twice the concentration (p < 0.05). 
The combination of both PSs allowed reducing the concen-
tration used in the treatments with respect to the compounds 
separately to obtain effective photoinactivation [39, 41, 43]. 
This effect is due to the small overlap of the spectra of both 
PSs. This minor superposition allows both PSs to excite and 
produce ROS. In addition, these PSs have the highest quan-
tum yield of singlet oxygen production. Thus, both mol-
ecules can absorb light, be photoactivated and yield more 
ROS than when PSs are alone. Otherwise, less inactivation 
was observed when phthalocyanine was combined with 
chlorins  (TEMCC4+ or TAPC) (Fig. 3B, bars 17 or 21) or 
when porphyrin was added with  TEMCC4+ (Fig. 3B, bar 9) 
than with these PSs alone, as on E. coli planktonic cultures. 
The addition of chlorin reduces the amount of light that the 
other PS (porphyrin or phthalocyanine) can absorb (Fig. S3) 
and consequently decreases their subsequent ROS produc-
tion. However, the simultaneous administration of TAPC-
TMAP+ does not produce significant differences regarding 
its separate photodynamic action on S. aureus. This could 
be because both PSs are very effective separately and, at 
such low concentrations, the potentiation effect cannot be 
distinguished.

According to the results obtained, the combinations of 
PSs that possess their maximum absorption peak in differ-
ent areas of the spectrum maintain their effectiveness when 
they are photoactivated together. Furthermore, in most cases, 
its activity is enhanced, even at one-half the concentration 
used when PS is alone. However, this effect depends on the 
combination of PSs used and the microorganism to be inacti-
vated. Previous investigation observed that the simultaneous 
use of curcumin (λmax 428 nm) and methylene blue (λmax 
665 nm), which absorb in different spectral areas but do 
not belong to the group of tetrapyrrolic macrocycles, did 
not result in an additive action against S. aureus, since the 
same inactivation as when the PSs were applied separately 
was found [38]. The authors reported that the combined use 
of the nitrogen-based-PS and curcumin mainly produced a 

competition between them for the formation of ROS and 
1O2. This is because curcumin acts as an oxygen trap.

On the other hand, the use of PSs that absorb in the same 
area of the spectrum shows light attenuation by another PS 
(Fig. S3). This effect allows inducing the activation of a 
single PS and, therefore, only generates ROS that cause 
similar damage to that produced when it is the only agent. 
Furthermore, PSs with reduced photokilling capacity, such 
as  TEMCC4+, decreases the effectiveness of PSs that are 
photoactive when alone. Nevertheless, the literature on com-
bining PS molecules to photoinactivate microorganisms is 
limited to a few reports. One of these studies investigated 
the photoinactivation of planktonic S. aureus induced by the 
combined use of PSs to improve the PDI, but linking them 
covalently to form dyads [45]. The photodynamic activity of 
the cationic porphyrin-fullerene  C60 dyad on S. aureus was 
greater than that obtained with the separate dyad moieties. 
However, the dyad concentration was much higher than that 
of the PSs used in this work. Moreover, it is easier to add 
them separately, to avoid the many synthesis steps [46].

3.3  Photodynamic inactivation of bacterial biofilm

Microbial biofilms are known to be difficult to inactivate 
due to the anionic hydrophilic polymeric matrix that coats 
them, which decreases the penetration and availability of 
PSs and light in the deeper layers and therefore reduces the 
photosensitizing process [7, 43]. Consequently, the con-
centration of PSs was doubled with respect to that used 
on planktonic cultures. Control cultures displayed that 
the viability of the bacteria was unaffected by increas-
ing the concentration of these PSs in the dark or by light, 
separately (Fig. S5). Figure 4 shows that all PSs and their 
combinations significantly reduced the survival of E. coli 
biofilm compared to the control (Fig. 4, line 1) (p < 0.05). 
The photoinactivation of PSs against E. coli biofilm, 
after 30 min irradiation, followed the increasing order: 
 TEMCC4+  < TAPC <  ZnPPc4+  <  TMAP4+. This inactiva-
tion sequence was the same as that found on E. coli plank-
tonic cultures, but employing twice the concentration of each 
PS. Besides, PSs were used at very different concentrations 
between them: 20, 10, 4 and 2 μM, respectively. Although 
the highest concentrations of PSs used were those of chlor-
ins, they were the least efficient on Gram-negative bacteria.

Moreover, the simultaneous administration of PSs was 
studied. The combination use of  TMAP4+-ZnPPc4+ (1 and 
2 μM, respectively) (Fig. 4, line 6) produced an indifference 
result since PDI of E. coli biofilm was similar to the death 
caused by  TMAP4+ (2 μM) (Fig. 4, line 2) and  ZnPPc4+ 
(4 μM) (Fig. 4, line 3), individually. Besides, the simulta-
neous administration of porphyrin with  TEMCC4+ (1 and 
10 μM, respectively) (Fig. 4, line 7) induced the same pho-
todynamic effect as 2 μM  TMAP4+ (~ 3.7 log decrease). 
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Likewise, the combination  TMAP4+-TAPC (Fig. 4, line 8) 
or  ZnPPc4+-TAPC (Fig. 4, line 10) provokes a similar impact 
to TAPC (Fig. 4, line 5). Nevertheless, the combined use of 
 ZnPPc4+-TEMCC4+ (2 and 10 μM, respectively) (Fig. 4, line 
9) generated a significant improvement in the photodynamic 
effect against E. coli biofilm. Surprisingly, this combination 
results in a ~ 4.6 log decrease from control (p < 0.05), and a 
1 log and 3.5 log improvement in  ZnPPc4+ and  TEMCC4+, 
respectively.

Furthermore, the photodynamic effect of PSs against S. 
aureus biofilm was studied (Fig. 5). Control cultures showed 
that the biofilm was unaffected by the higher dose of light 
or by PSs in the dark (Figure S6). This indicated that the 
decrease in the number of CFUs obtained after irradiation 
was induced by the photosensitizing activity of the agents. 
Thereby, illumination for 30 min with 0.25 µM of porphyrin 
derivative performs a ~ 3.2 log reduction in biofilm survival 
(Fig. 5, bar 2), while photodynamic activity induced by the 
same concentration of  ZnPPc4+ was ~ 1 log (Fig. 5, bar 3), 
compared to control (Fig. 5, bar 1) (p < 0.05). However, 
the PDI of S. aureus biofilm was enhanced by simultane-
ous administration of these PSs, achieving the highest kill 
of ~ 4.4 log (Fig. 5, bar 6) (p < 0.05). Moreover, this destruc-
tion was achieved at half the concentration used when PS 
were tested alone. On the other hand, administration of 
 TEMCC4+ (10 µM) yielded a ~ 2.7 log decrease in S. aureus 
biofilm viability (Fig. 5, bar 4) (p < 0.05). Nevertheless, the 

combined use of this PS with  TMAP4+ generated a reduc-
tion in photokilling activity, causing a decrease of ~ 1.7 log 
(Fig. 5, bar 7) (p < 0.05). Moreover, the administration of 
 TEMCC4+ with  ZnPPc4+ produces an intermediate inactiva-
tion respect to the effect produced by these PSs separately 
(~ 2 log) (Fig. 5, bar 9) (p < 0.05). S. aureus biofilm inactiva-
tion with TAPC (2 µM) reduces viability by 2 log compared 
to control (Fig. 5, line 5) (p < 0.05). The combination of 
TAPC-ZnPPc4+ (Fig. 5, bar 10) did not result in significant 
differences with respect to the photoinactivation produced 
by these agents separately. However, the addition of TAPC 
to porphyirin reduced the death caused by  TMAP4+ (Fig. 5, 
bar 8).

The results obtained after S. aureus biofilm photoactiva-
tion with combined PSs have the same sequence as those 
found on planktonic cultures. In contrast, the photody-
namic effects observed between E. coli planktonic and bio-
film forms with a combination of PSs were not the same, 
especially in the case of the simultaneous administration 
of  TEMCC4+ with  ZnPPc4+. This combination did not 
decrease the viability of planktonic cultures compared to 
the untreated culture, while on biofilms it produced the high-
est PDI. This may be because the combination of these PSs 
provides a higher absorption of light in the red region, which 
could allow better penetration into the biofilm matrix struc-
ture [16]. The sum of the absorbance in the phototherapeutic 

Fig. 4  PDI of E. coli biofilm incubated with different PSs or com-
binations of them for 15  min and irradiated with visible light 
for 30  min (54  J/cm2). (1) Control culture without PS in dark, 
(2) 2  µM  TMAP4+, (3) 4  µM  ZnPPc4+, (4) 20  µM  TEMCC4+, 
(5) 10  µM TAPC, 6) 1  µM  TMAP4+  + 2  µM  ZnPPc4+, (7) 1  µM 
 TMAP4+  + 10 µM  TEMCC4+, (8) 1 µM  TMAP4+  + 5 µM TAPC, (9) 
2 µM  ZnPPc4+  + 10 µM  TEMCC4+ and (10) 2 µM  ZnPPc4+  + 5 µM 
TAPC. Values represent mean ± standard deviation of three separate 
experiments. *p < 0.05, compared with biofilm without PS

Fig. 5  PDI of S. aureus biofilm incubated with different PSs 
or combinations of them for 15  min and irradiated with vis-
ible light for 30  min (54  J/cm2). (1) Control culture without PS 
in dark, (2) 0.25  µM  TMAP4+, (3) 0.25  µM  ZnPPc4+, 4) 10  µM 
 TEMCC4+, (5) 2  µM TAPC, (6) 0.125  µM  TMAP4+  + 0.125  µM 
 ZnPPc4+, (7) 0.125 µM  TMAP4+  + 5 µM  TEMCC4+, (8) 0.125 µM 
 TMAP4+  + TAPC 1 µM, (9) 0.125 µM  ZnPPc4+  + 5 µM  TEMCC4+ 
and (10) 0.125  µM  ZnPPc4+  + 1  µM TAPC. Values represent 
mean ± standard deviation of three separate experiments. *p < 0.05, 
compared with biofilm without PS
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window increases the penetration of light in the biofilm and 
activates the molecules that are found deeper in it. As stated 
above, the disintegration and elimination of bacterial biofilm 
is more difficult than the inactivation of bacteria in a plank-
tonic state [43]. For this reason, the possibility of combin-
ing PSs with other compounds, such as inorganic salts [23, 
24] or antimicrobials (antibiotics [25, 26, 28] or antifungals 
[30]) to optimize or enhance the photoantibiofilm action, has 
been investigated. However, there is no bibliography that 
analyses the simultaneous addition of two PSs in solution 
for the PDI of bacterial biofilms.

3.4  Photodynamic inactivation of E. coli growth 
curve

The consistency of the bacterial suspending medium can 
strongly influence the efficacy of the antimicrobial PDI [43, 
47, 48]. For this reason, to investigate the photodynamic 
effect of the PSs combination on bacteria under optimal 
nutrition conditions, growth curves were analyzed. Micro-
bial growth curves are performed in a nutrient-rich culture 
medium (TS broth). The high concentration of nutrients 
present in this culture medium allows the bacteria to rep-
licate freely, in contrast to the starvation they suffer from 
being in a medium without the necessary nutrients, such as 
PBS. Consequently, it is more difficult to stop their develop-
ment and inactivate them [43, 49]. On the other hand, these 
nutrients are mostly proteins, which bind to PS, inhibiting 
its photodynamic action [48, 50]. For these reasons, the PS 
concentration and light doses required to obtain inactivation 
results comparable to those found in PBS must be higher. 
In addition, the growth curve assay is intended to mimic the 
conditions under which PDI might be performed in a food 
or nutrient-dense area (such as the food industry or hospi-
tals). First, the photodynamic consequences produced on the 
E. coli growth curve by each PS separately were studied. 
The results found allow observing that E. coli cultures with 
PSs without illumination or without PS and irradiated did 
not show growth delay compared to cultures without PS in 
dark (p > 0.05) (Fig. 6). However, E. coli growth curves with 
 ZnPPc4+ (10 µM) or  TEMCC4+ (20 µM), separately, showed 
an absorbance decrease at 550 nm reached in the stationary 
phase with respect to control cultures (p < 0.05), displaying 
a similar behavior between them. In contrast, growth curves 
with  TMAP4+ (2 µM) or TAPC (10 µM) presented an elon-
gation of the lag phase, reaching the stationary phase after 
8 h of treatment. This represents a significant decrease in 
the growth rate compared to the growth curve without PS in 
the dark (p < 0.05).

Subsequently, the photodynamic action of combined 
PSs against E. coli growth curve was studied. First, the 
effect of mixing non-irradiated PSs on the growth curve 
of E. coli was analyzed. The growth curves treated with 

a combination of PSs without illumination or without PS 
and irradiation exhibited the same behavior as the control 
curve (without PS and without irradiation) (p > 0.05). As can 
be observed in Fig. 7, E. coli growth curve in the presence 
of the  TMAP4+  +  ZnPPc4+ combination showed an elon-
gation of the lag phase and reached the stationary phase 
with lower absorbance than the control curve (p < 0.05). 
However, this combination caused a lesser antibacterial 
effect than that obtained by  TMAP4+ alone. As is known, 
 ZnPPc4+ and  TMAP4+ produce 1O2 efficiently (Table 1) 
[39, 44]. Therefore, it is possible that the production of 
these reactive species generated by one PS may negatively 
affect the other, decreasing its antibacterial action [38]. 
Furthermore, the curves with  TMAP4+  +  TEMCC4+ or 
 ZnPPc4+  +  TEMCC4+ combinations displayed a notable 
decrease in the exponential phase, reaching the stationary 
phase with lower absorbance than their respective curves 
in the dark (p < 0.05). On the other hand, cultures with 
the combinations containing TAPC  (TMAP4+  + TAPC 
and  ZnPPc4+  + TAPC) caused the curves to not reach the 
exponential phase until after more than 6 h of irradiation. 
Finally, E. coli growth curve was analyzed when the com-
bination of three PSs  (TMAP4+  +  ZnPPc4+  +  TEMCC4+ or 
 TMAP4+  +  ZnPPc4+  + TAPC) was added. Both combina-
tions cause a reduction in the rate of bacterial duplication in 
the dark. However, the cytotoxic activity of both mixtures 
increases considerably when the cultures were irradiated 

Fig. 6  PDI of the growth curve of E. coli with 2 µM  TMAP4+ (●), 
10  µM  ZnPPc4+ (▲), 20  µM  TEMCC4+ (▼) and 10  µM  TAPC4+ 
(◆) and irradiated with visible light in TS broth at 37  °C. Con-
trol cultures without PS and irradiated (■), without PS in dark (□) 
and cultures with 2 µM  TMAP4+ (○), 10 µM  ZnPPc4+ (△), 20 µM 
 TEMCC4+ (∇) and 10  µM  TAPC4+ (◇) in dark. Values represent 
mean ± standard deviation of three separate experiments. *p < 0.05, 
compared with growth curve without PS in dark
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with visible light, accomplishing a total photoinactivation 
(p < 0.05). The latter effect can be attributed to the photo-
dynamic action produced by the combination of PSs, which 
enhances the inactivation of E. coli cells, demonstrating a 
significant increase in the PDI effect. Therefore, these find-
ings indicate that the combination of three PSs belonging to 
different families (porphyrin, phthalocyanine and chlorin) 
is highly efficient to arrest E. coli cells, even under optimal 
growth conditions cultures. Previous studies have shown 
that the photodegradation lifetime of porphyrin is approxi-
mately 1.5 h in homogeneous media [51]. However, the pho-
tobleaching time is nearly doubled in a biological medium 
in the presence of bacterial cells [52]. In the present work, 
despite the fact that this inactivation is carried out with long 
periods of irradiation, most of the combinations of PSs man-
age to reduce the bacterial doubling time in less than 3 h, 
preventing E. coli from reaching the exponential phase or 
lengthening the lag phase.

On the other hand, it is known that exposure to visible 
light has a phototoxic effect on some bacteria since these 
microorganisms are capable to produce endogenous porphy-
rins [53, 54]. For this reason, the S. aureus growth curve 

without PS and irradiated was first determined. The results 
demonstrated that the in vitro growth curve exposed to radia-
tion could not reach the exponential phase (Figure S5). This 
is because S. aureus, through the photo-stimulation of its 
endogenous intracellular porphyrins, induce cell death [53]. 
Therefore, it was not possible to perform S. aureus growth 
curves with PSs and PS combinations.

The combination of different PSs for the photoinac-
tivation of bacteria is not a widely studied methodology 
and even less under optimal growth conditions. Only a 
research group studied the effect of combining different PSs 
(hypericin, Photofrin II and meso-tetrahydroxyphenylchlorin 
(mTHPC)) on a strain of S. aureus growing in TS broth cul-
ture medium. The results obtained did not show complete 
inhibition of bacterial growth, and on the contrary, the use of 
hypericin presented growth stimulation, causing an antago-
nistic effect compared to the photodynamic action exerted by 
these PSs separately [37]. On the other hand, another investi-
gation evaluated the use of two PSs (the cationic hydrophilic 
pyridinium zinc phthalocyanine and 14C-labeled protopor-
phyrin IX) activated by light, but with a different methodol-
ogy. The methodology used consisted first of pre-treating 
the E. coli cells with a PS, washing, adding the other PS and 
finally irradiating. Although greater incorporation of PSs 
was observed with this methodology, it did not result in an 
increase in PDI [55]. However, the combination of the PSs 
used in this work allows a complete inactivation of E. coli 
under optimal replication and growth conditions and with 
very low PSs concentrations. Therefore, it is interesting to 
continue investigating the combination of PS under differ-
ent experimental conditions, to determine the combination 
of PSs that is required depending on the microorganism to 
be inactivated, its mode of growth and the culture medium 
in which it develops.

4  Conclusions

The combination of PSs allows the simultaneous use of 
agents that absorb in different regions of the visible spec-
trum, extending the range of light absorption. This permits 
both PSs to be excited simultaneously, producing a greater 
amount of ROS and, consequently, a greater death of micro-
organisms. However, the antimicrobial photoactivity of the 
combined PSs depends on the macrocycle, the microorgan-
ism, its mode of growth, and the culture medium in which it 
is found. In most cases, the combined use of PSs increases 
its antimicrobial capacity even with lower concentrations of 
the agents and shorter irradiation periods than those neces-
sary to cause the same effect as a single PS. Consequently, 
this highly efficient combined strategy can provide higher 
photodynamic effects than conventional photodynamic 
treatments. This could result in an additional benefit to be 

Fig. 7  PDI of the growth curve of E. coli with 2  µM 
 TMAP4+  + 10  µM  ZnPPc4+ (●), 2  µM  TMAP4+  + 20  µM 
 TEMCC4+ (▲), 2  µM  TMAP4+  + 10  µM TAPC (◆), 10  µM 
 ZnPPc4+  + 20  µM  TEMCC4+ (▼), 10  µM  ZnPPc4+  + 10  µM 
TAPC (★), 2 µM  TMAP4+  + 10 µM  ZnPPc4+  + 20 µM TAPC (◄) 
and 2  µM  TMAP4+  + 10  µM  ZnPPc4+  + 10  µM  TEMCC4+ (►) 
and irradiated with visible light in TS broth at 37  °C. Control cul-
tures without PSs and irradiated (■), without PSs in dark (□) and 
cultures with  TMAP4+  +  ZnPPc4+ (○),  TMAP4+  +  TEMCC4+ 
(△),  TMAP4+  + TAPC (◇),  ZnPPc4+  +  TEMCC4+ (∇), 
 ZnPPc4+  + TAPC (☆),  TMAP4+  +  ZnPPc4+  + TAPC (◃) and 
 TMAP4+  +  ZnPPc4+  +  TEMCC4+ (▹) in dark. Values represent 
mean ± standard deviation of three separate experiments. *p < 0.05, 
compared with growth curve without PS in dark
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provided by this therapy since it would cover a wide range 
of wavelengths capable of absorbing without the need to use 
large concentrations or doses of light. Therefore, a combina-
tion of different PSs is a simple and effective way to improve 
PDI.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s43630- 023- 00461-x.
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