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Abstract: Chlorophyllins are semi-synthetic porphyrins obtained from chlorophyll that—when exposed
to visible light—generate radical oxygen substances with antimicrobial activity. In this work,
chlorophyllins incorporated with polyethylene (PE), polyvinyl alcohol (PVOH), (hydroxypropyl)methyl
cellulose (HPMC), and gelatin (G) were formulated for application as coatings in packages providing
antimicrobial activity after photoactivation. First, the antimicrobial properties of two porphyrins (sodium
magnesium chlorophyllin, E-140, and sodium copper chlorophyllin, E-141) were analyzed against
L. monocytogenes and Escherichia coli. The results indicated that E-140 was more active than E-141 and
that chlorophyllins were more effective against Gram-positive bacteria. In addition, both chlorophyllins
were more efficient when irradiated with halogen lamps than with LEDs, and they were inactive in dark
conditions. Then, coatings on polyethylene terephthalate (PET) film were prepared, and their effect
against the test bacteria was similar to that shown previously with pure chlorophyllins, i.e., greater
activity in films containing E-140. Among the coating matrices, those based on PE presented the least
effect (1 log reduction), whereas PVOH, HPMC, and G were lethal (7 log reduction). The self-sanitizing
effect of these coatings was also analyzed by contaminating the surface of the coatings and irradiating
them through the PET surface, which showed high efficiency, although the activity of the coatings
was limited to L. monocytogenes. Finally, coated films were applied as separators of bologna slices.
After irradiation, all the films showed count reductions of L. monocytogenes and the usual microbial load;
the gelatin coating was the most effective, with an average of 3 log reduction.
Keywords: porphyrin; chlorophyllin; active coating; antimicrobial; photoactivation; self-sanitizing;
bologna

1. Introduction
Recent reports from the World Health Organization (WHO) have pointed out the high incidence
of foodborne diseases as a public health problem [1]. The globalization of food supply has presented
new challenges for food safety and has contributed to the internationalization of the public health
problem of foodborne diseases [1]. Foodborne pathogens are usually eliminated by thermal treatment
during food processing [2]. These methods can inactivate pathogenic microorganisms but could also
reduce nutrients or modify organoleptic and sensory properties. To overcome these disadvantages,
nonthermal treatments, such as high pressure, ultraviolet or pulsed light, or irradiation, have been
developed. However, they are not as effective as thermal ones, have a high application cost [3], and are
not always accepted by consumers [4].
In the last few years, many research groups have been paying attention to antimicrobial food
packaging, a nonthermal treatment that involves the development of active antimicrobial films and

Coatings 2018, 8, 328; doi:10.3390/coatings8090328

www.mdpi.com/journal/coatings

Coatings 2018, 8, 328

2 of 14

coatings to act as protective barriers against pathogens present in food products. Polymer films and
coatings can be used as carriers for a wide range of food additives, including various antimicrobials that
could reduce the risk of pathogen growth on food surfaces and thus prolong product shelf life. In this
context, there is increasing demand for natural, healthier additives. Chlorophyllins (water-soluble
sodium magnesium chlorophyllin, E-140, and water-soluble sodium copper chlorophyllin, E-141) are
semisynthetic porphyrins obtained from chlorophyll and used as colorants in dietary supplements
and in cosmetics [2].
When these molecules are exposed to visible light in air, they generate singlet oxygen
and radical oxygen substances, which have antimicrobial activity [2,5]. The cationic 5,10,15,20tetrakis(1-methylpyridinium-4-yl) porphyrin tetra-iodide as photosensitizer has been reported
to provide effective photoinactivation of Pseudomonas syringae pv. actinidiae in kiwifruit leaves
under sunlight irradiation without damaging the plant [5]. Other authors have shown that
chlorophyllin-based photosensitization reduced mesophilic bacteria and inoculated strains of food
pathogens on cherry tomatoes without producing harmful effects on the nutritional quality of the
tomatoes or their antioxidant activity [6].
These molecules are not toxic, and they do not present any effect in dark conditions. There are
few studies about the use of porphyrins in antimicrobial applications. Porphyrin films with nylon or
cellulose have been developed for industrial, household, and medical applications [7,8]. Antimicrobial
activity of phthalocyanine-dyed paper has also been tested against E. coli and A. baylyi by illuminating
for 1 h under lights of various intensities.
However, the application of polymer films or coatings carrying these antimicrobial compounds
to avoid microbial contamination and improve the shelf life of food products has scarcely been
reported. Previous studies with chlorophyllin-based films and coatings have shown their effectiveness
in preventing microbial contamination of cooked frankfurters inoculated with S. aureus and
L. monocytogenes [2]. The antimicrobial activity of chlorophyllins has been found to be dependent on
the choice of light source: quartz lamps, near-infrared lamps, halogen lamps, slide projector lamps,
special photodynamic lamps, or special light-emitting diode lights [9].
The aim of this work was the development of antimicrobial photosensitizer coatings based on
synthetic and biological polymer matrices with various degrees of hydrophilicity, such as gelatin
(G), polyvinyl alcohol (PVOH), polyethylene (PE) and (hydroxypropyl) methyl cellulose (HPMC),
incorporated with two chlorophyllins and exposed to the radiation of halogen lamps and LED lamps as
activation sources. These films were applied on bologna slices to test their antimicrobial effectiveness.
2. Materials and Methods
2.1. Reactive Agents
Water-soluble sodium magnesium chlorophyllin, E-140, and water-soluble sodium copper
chlorophyllin, E-141, were obtained from Natracol (ROHA Europe S.L.U., Torrente, Spain).
Gelatin from porcine skin (G) and (hydroxypropyl) methyl cellulose (HPMC) were supplied by
Sigma (Barcelona, Spain). Low-density polyethylene (LDPE) emulsion (50% w/w) Aquaseal® 2200
(PE) was kindly provided by Paramelt B.V. (Heerhugowaard, The Netherlands), and Gohsenol AH17
polyvinyl alcohol was kindly provided by the Nippon Synthetic Chemical Company (Osaka, Japan).
2.2. Bacterial Strains
Bacterial strains were obtained from the Spanish Type Culture Collection (Valencia, Spain):
L. monocytogenes CECT 911 (ATCC 19112) was used as a model of a Gram-positive bacterium and
Escherichia coli CECT 434 (ATCC 25922) as a model of a Gram-negative bacterium. The strains were
stored in Tryptone soy broth (TSB) with glycerol at −80 ◦ C. For experimental use, the stock cultures
were maintained by regular subculture on agar medium slants at 4 ◦ C and transferred every month.
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A loopful of each strain was transferred to 10 mL of TSB and incubated at 37 ◦ C overnight to obtain
early stationary phase cells.
Bacteria were spread on selective media, PALCAM agar and Mueller Hinton agar, for L. monocytogenes
and E. coli, respectively.
2.3. Methods
2.3.1. Minimum Inhibitory Concentration and Minimum Bactericidal Concentration
Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of
porphyrin were determined for E. coli and L. monocytogenes. The MIC is defined as the amount
or concentration of active compound in which growth inhibition is observed. The MBC is the
concentration in which there is no growth of microorganisms [10]. The procedure, which we have
called the “drops method”, consisted of adding 100 µL of microorganism (107 CFU/mL) and 10 µL of
chlorophyllin prepared at different concentrations ranging between 0.0016 mg/mL and 15 mg/mL.
Chlorophyllins were activated by two lighting systems: three 500 W Haloline 64702 halogen lamps
(Osram) or five 50 W 81.575/Dia LED lights (Electro DH) for 15 min. Their light spectra differ greatly:
LED has its maximum radiation in a thin band close to 450 nm and a medium-intensity wide band with
a maximum at 550 nm and an unimportant contribution in the infrared region, while halogen light
increases in intensity with wavelength, having its maximum in the infrared region [11]. As control
samples, identical experiments were also carried out with (a) samples with chlorophyllins stored
in dark conditions and (b) an illuminated sample without chlorophyllins. After photosensitization,
the suspension of microorganisms was recovered, plated in agar medium, and incubated overnight at
37 ◦ C. Cytotoxicity was calculated as the difference between colony forming units (CFU) counted with
(photosensitizer and illumination) and without photodynamic treatment. Experiments were carried
out in triplicate.
2.3.2. Antimicrobial Coating Preparation
Various matrices were employed as chlorophyllin carriers: gelatin (G), polyethylene (PE),
polyvinyl alcohol (PVOH), and (hydroxypropyl) methyl cellulose (HPMC).
G coating-forming solution was prepared by dissolving 10 g of gelatin in 100 mL of 50% (v/v)
aqueous ethanol for 2 h at 75 ◦ C and adding 25% of glycerol (with respect to polymer dry mass)
as plasticizer.
PE coating emulsion was prepared from a commercial emulsion, previously homogenized for
10 min in an ultrasonic bath. Then, 5% of 2-propanol was added to improve wettability, and the
mixture was stirred for 10 min using a magnetic stirrer at room temperature.
PVOH coating-forming solution was prepared by dissolving 4 g in 100 mL of deionized water
with 10% of glycerol as plasticizer and stirring for 2 h at 75 ◦ C.
HPMC coating-forming solution was prepared by dissolving 2.5 g of HPMC in 100 mL of 50%
(v/v) aqueous ethanol with 20% of glycerol as plasticizer and stirring for 2 h at 75 ◦ C.
G, PE, PVOH, and HPMC coatings were prepared on a 30 µm poly (ethylene terephthalate)
(PET) film. The PET film was set on a glass surface and corona-treated (Model BD-20V corona
treater, Electro-Technic Products, Chicago, IL, USA) to improve coating adherence. Ten grams of the
film-forming solutions was spread using a 50 µm extension bar (Linlab, Logroño, Spain), and the
samples were placed in a homemade drying tunnel equipped with a 2500 W heat source and a 30 W
fan for 3 min until they were completely dry. Coating thickness was calculated as the difference
between the film thicknesses measured with a micrometer before and after the coating process. Finally,
the coatings were stored in glass desiccators containing silica gel at 22 ± 2 ◦ C prior to use.
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2.3.3. Color Measurements
The color of the coated films was measured using a Konica Minolta CM-3500d spectrophotometer
(Konica Minolta Business Technologies, Inc., Tokyo, Japan) set to D65 illuminant/10◦ observer.
Film samples were measured against the surface of a standard white plate, and the CIELAB color space
was used to obtain the color coordinates L* (lightness) [black (0) to white (100)], a* [green (−) to red (+)],
and b* [blue (−) to yellow (+)]. The color was expressed using the polar coordinates L*, C*, h◦ , and ∆E*,
where L* is the same as above, C* is chroma, h◦ is hue angle, and ∆E* = [(∆L*)2 + (∆a*)2 + (∆b*)2 ]1/2 .
Ten measurements were taken of each sample, and three samples of each film were measured.
2.3.4. Antimicrobial Activity of Coatings
Agar Diffusion
First, 100 µL of a bacterial suspension containing approximately 103 CFU/mL was spread on agar
medium, and then a disk of film (2.5 cm diameter) was put over the agar with the coating surface
facing the agar. Samples with and without chlorophyllins were irradiated with five 50 W LED lights
for 15 min. At the same time, samples with and without active agent were treated in dark conditions
by covering the Petri dishes with aluminum foil.
All the plates were incubated at 37 ◦ C for 24 h, and the diameter of the resulting inhibition zone
in the bacterial lawn was measured. The experiment was carried out in triplicate.
Surface Disinfection
The microorganisms to be tested were spread directly on the G, HPMC, PVOH, and PE coatings
(with 1% E-140, and some without antimicrobial agent as controls). For this purpose, the coated films
were placed on Petri dishes with the coating facing up and 100 µL of 105 CFU/mL of L. monocytogenes
or E. coli was spread over them, ensuring direct contact between the bacteria and the coating. In the
case of the E. coli bacteria, 20 or 40 mM of ethylenediaminetetraacetic acid (EDTA) was previously
added to ease mass transport through the outer membrane. They were then irradiated with 5 LED
lights for 15 min. The bacteria were collected with 10 mL of peptone water, and serial dilutions were
made and plated on solid agar medium. The incubation was carried out at 37 ◦ C for 24 h and CFU/mL
was counted. The experiments were carried out in triplicate.
2.3.5. Release of Chlorophyllins
According to Council Directive 85/572/EEC, which determines the list of simulants that should be
used to control the migration of components from materials and objects of plastic material intended to
come into contact with food products, the simulant that best represents a fatty food such as bologna is
vegetable oil. However, since the two chlorophyllins selected are water soluble, we decided to test the
films with 50% ethanol, which is a valid simulant for oil-in-water emulsions. In this case, the exposure
conditions were 10 mL of simulant and an exposure area of 12.5 cm2 (5 cm × 2.5 cm rectangles)
at a refrigeration temperature of 5 ◦ C for 16 days. At 1 h, 2 h, 4 h, 6 h, 24 h, 4 days, 8 days, and 16 days,
samples were analyzed at 655 nm by UV-vis spectrometry (Agilent UV-Visible 8453 Spectroscopy
System, Agilent Technologies, Wilmington, DE, USA). To quantify the concentrations of migrated
porphyrin, a previous calibration with known concentrations in 50% ethanol was prepared.
2.3.6. Application to Bologna Slices
Coatings on PET were used as separators of slices of a real food-bologna. In this test, the antibacterial
activity of PVOH, G, PE, and HPMC with 1% porphyrin E-140 coatings was tested against the usual
microbial load and against L. monocytogenes, which had been previously inoculated. An 800 g piece
of classic bologna containing 50% pork and 15% turkey was purchased and sliced. Slices that were
3 mm thick and 6.8 cm in diameter were prepared, with an average weight per slice of 10.12 ± 0.13 g.
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Slices of bologna were inoculated with 100 µL of 105 CFU/mL of L. monocytogenes spread over their
surface.
Then,
or control-coated film (with/without porphyrin) was placed on the bologna
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3. Results and Discussion
Chlorophyllins
Antimicrobial activity of E-140 and E-141 chlorophyllins was tested against L. monocytogenes and
3.1. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC)
E. coli using two types of irradiation: halogen and LED lights. The results obtained are shown in
of Chlorophyllins
Table 1 (halogen light) and Table 2 (LED light).
Antimicrobial activity of E-140 and E-141 chlorophyllins was tested against L. monocytogenes and
E. coli using two types of irradiation: halogen and LED lights. The results obtained are shown in
Tables 1 (halogen light) and 2 (LED light).
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Table 1. Minimum inhibitory concentration (MIC in mg/mL) and minimum bactericidal concentration
(MBC in mg/mL) of chlorophyllins E-140 and E-141 against L. monocytogenes and E. coli activated by
halogen light (15 min).
Microorganism

E-140

E-141

MIC

MBC

MIC

MBC

L. monocytogenes

0.0031

0.10

2

10

E. coli

0.0031

0.63

3

11

Table 2. Minimum inhibitory concentration (MIC in mg/mL) and minimum bactericidal concentration
(MBC in mg/mL) of chlorophyllins E-140 and E-141 against L. monocytogenes and E. coli activated by
LED light (15 min).
Microorganism

E-140

E-141

MIC

MBC

MIC

MBC

L. monocytogenes

0.025

0.400

−

−

E. coli

0.100

0.630

−

−

The first important data were that the MIC values were higher against E. coli than against
L. monocytogenes. In general, Gram-positive bacteria are more sensitive than Gram-negative bacteria to
chemical compounds owing to the protection of the outer membrane surrounding the Gram-negative
cell wall, which restricts the diffusion of antimicrobial substances [12,13]. Caires et al. [14] reported on
the antimicrobial activity of two photosensitizers—eosin methylene blue and chlorophyllin sodium
copper salt (E-141)—and showed that eosin methylene blue was able to photoinactivate E. coli and
S. aureus, while E-141 was only active against S. aureus. In that test, the maximum concentration
tested was 50 µM, which was much lower than the 4.15 mM obtained in this study. However,
it is difficult to compare the published results because the important parameters of the photoactivation
process—intensity, time, and type of radiation—were either different or were not provided. In this test,
15 min was enough to induce photoactivation, much less than the 120 min employed elsewhere [14].
It is also important to note that although both chlorophyllins presented high antimicrobial activity,
porphyrin E-140 was much more effective (with much lower MIC and MBC values) than E-141.
With regard to the type of photoactivation, halogen lights were more effective than LED lights. The use
of LEDs slightly reduced the efficacy of E-140 against L. monocytogenes and E. coli. Other authors
have reported the antimicrobial effectiveness of zinc complexes of tetrakis (N-methylpyridinium-4-yl)
tetraiodide porphyrin and tetrakis (N-methylpyridinium-4-yl) tetraiodide phthalocyanine impregnated
in paper using an inexpensive consumer LED lamp as activation mechanism [9].
In the case of E-141, porphyrin appeared to be inactive when exposed to the radiation of LED
lamps, and neither the MBC nor the MIC of the two tested bacteria was found. Our hypothesis is
that the LED lamps employed did not emit radiation of sufficient intensity in the wavelength range
necessary for E-141 activation. Moreover, copper chlorophyillins have been reported to present low
yield of singlet oxygen [15].
Finally, two control tests were carried out. In one, the two microorganisms were exposed to the
chlorophyllins in darkness; in the other, they were exposed to radiation without porphyrin. The two
microorganisms tested reflected the absence of antimicrobial effect, indicating that chlorophyllins were
nontoxic for the two model bacteria, and light radiation alone did not produce antimicrobial activity.
3.2. Development of Coated Films
G, PE, PVOH, and HPMC coatings on PET film with and without 1% of E-140 or E-141 were
successfully obtained. They were homogeneous, without discontinuities, flexible, transparent,
had a light green color when the chlorophyllins were added, and with thicknesses that are shown
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in Table 3. As can be seen, the coating thicknesses varied according to the polymer material as
a consequence of the different solid content of the film-forming solution and the polymer density;
the PE-based materials were the thickest, while PVOH and HPMC were the thinnest. The incorporation
of chlorophyllins in the coatings did not significantly affect thickness.
Table 3. Thicknesses (µm) of films and coatings with and without chlorophyllin.
Coatings
Materials

Control

E-140 and E-141

G

4.66 ± 1.63

5.16 ± 1.16

PVOH

2.28 ± 1.79

2.00 ± 1.03

PE

25.00 ± 1.87

25.17 ± 2.70

HPMC

2.14 ± 1.06

2.42 ± 1.61

The most significant effect of the addition of the chlorophyllins to the coatings was the yellowish
(E-140) or greenish (E-141) color induced. Table 4 shows the color coordinates in the CIELAB system for
different coatings, including chromaticity (C*) and tone (h). As can be seen, in general, the coated films
presented high luminosity as revealed by the L* values ranging between 83 and 90. The only exceptions
were the coatings based on PE-incorporated chlorophyllins, which presented a considerable reduction
in luminosity. The addition of E-140 provided coatings with a yellowish color, which is characterized
in CIELAB coordinates by positive b* values and low negative a* values. As a consequence of this,
the tone of the coatings was characterized by values ranging between 95 and 110◦ . The incorporation
of E-141 provided a greener color, with higher negative a* values and positive b* and tone values
ranging between 107 and 135◦ . With respect to saturation or chromaticity, the values were greater for
E-141 samples than for E-140. Comparing the polymeric materials, C* values were greatest for the
thickest material (PE).
Table 4. Color coordinates L*, a*, b*, chromaticity (C*) and tone (h in ◦ ) of films coated with gelatin
(G), polyvinyl alcohol (PVOH), polyethylene (PE), (hydroxypropyl)methyl cellulose (HPMC) without
(control) and with active agents (E-140 and E-141).
Coatings

a*

b*

L*

C*

h

−0.23 ± 0.02
−2.50 ± 0.01 b
−3.02 ± 0.07 a

a

0.64 ± 0.02
8.18 ± 0.03 a
9.31 ± 0.01 a

c

88.04 ± 0.01
85.77 ± 0.01 b
83.61 ± 0.04 a

b

G

Control
E-140
E-141

c

0.68 ± 0.05
8.55 ± 0.01 a
9.78 ± 0.01 a

109.84 ± 0.02 c
106.99 ± 0.02 a
107.97 ± 0.01 b

PVOH

Control
E-140
E-141

0.16 ± 0.04 a
−2.89 ± 0.01 b
−5.02 ± 0.01 c

0.32 ± 0.02 b
9.76 ± 0.03 a
7.89 ± 0.01 a

88.04 ± 0.02 c
85.26 ± 0.01 b
83.12 ± 0.01 a

0.36 ± 0.05 a
10.18 ± 0.02 c
9.35 ± 0.01 b

115.26 ± 0.01 b
106.54 ± 0.05 a
122.47 ± 0.02 c

PE

Control
E-140
E-141

−0.32 ± 0.01 c
−4.73 ± 0.01 b
−26.24 ± 0.02 a

-0.23 ± 0.02 a
38.06 ± 0.01 b
28.12 ± 0.02 b

89.23 ± 0.01 c
69.79 ± 0.02 b
67.51 ± 0.03 a

0.40 ± 0.06 a
38.35 ± 0.04 b
38.46 ± 0.04 c

216.41 ± 0.02 c
97.09 ± 0.01 a
133.01 ± 0.02 b

HPMC

Control
E-140
E-141

−0.26 ± 0.03 c
1.11 ± 0.01 b
−3.02 ± 0.04 a

0.38 ± 0.04 a
3.15 ± 0.02 b
3.41 ± 0.01 c

88.64 ± 0.05 c
87.69 ± 0.05 b
85.72 ± 0.03 a

0.47 ± 0.01 a
3.34 ± 0.04 a
4.56 ± 0.03 a

124.54 ± 0.04 b
109.33 ± 0.01 a
131.53 ± 0.01 c

a–c Different letters in the same column for a coating indicate significant differences (Tukey’s adjusted analysis of
variance, p < 0.05).

Figure 2 shows, as examples, photos of the different coatings. As can be seen, in the PE
coatings there was a clearly visible alteration of the color of the material after incorporation of both
chlorophyllins. On the other hand, the color of the HPMC coatings with E-140 or E-141 was hardly
distinguishable from the control.
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Figure 2. Images of the PET films coated with G, PVOH, HPMC, and PE for the control and the films
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product. Therefore,
coated
containing
E-140
were selected to verify the effectiveness of porphyrin
diffusion method
andfilms
the surface
disinfection
method.
incorporated in various polymer matrices. For this purpose, two methods were used: the agar diffusion
3.3.1. Agar Diffusion Method
method and
the surface disinfection method.
The antimicrobial capacity of G, PVOH, PE, and HPMC films incorporating 1% of chlorophyllin
E-140
was studied
against L. monocytogenes and E. coli using the agar diffusion method. The results
3.3.1. Agar
Diffusion
Method
obtained showed that the G, PVOH, and HPMC films had a bactericidal effect against both

The antimicrobial
of film
G, PVOH,
PE, degree
and HPMC
filmsasincorporating
1% 5.of chlorophyllin
microorganisms,capacity
while the PE
had a certain
of inhibition,
can be seen in Table
E-140 was studied against L. monocytogenes and E. coli using the agar diffusion method. The results
Table 5. Microbiological counts (log CFU/mL) on the surface of the agar in the area under the coated
obtained showed
that the G, PVOH, and HPMC films had a bactericidal effect against both
films and antimicrobial effect expressed as log reduction values (LRV).
microorganisms, while the PE film had
a certain degree of
inhibition, as can be seen in Table 5.
Dark Conditions
Light Conditions
Coatings

Control

E-140

Control

E-140

LRV

Listeria monocytogenes
Table 5. Microbiological counts
(log CFU/mL) on the surface of the agar in the area under the coated
G
6.90 ± 0.02 7.02 ± 0.01 7.09 ± 0.01 no growth
7.09
films and antimicrobial effect
expressed
as log reduction values (LRV). 7.25
PVOH
7.13 ± 0.05 7.24 ± 0.04 7.25 ± 0.73 no growth
PE
7.05 ± 0.05 6.95 ± 0.01
Dark6.95
Conditions
HPMC
± 0.01 6.90 ± 0.02
Escherichia coli
Control
E-140
G
7.01 ± 0.02 7.02 ± 0.01
Listeria monocytogenes PVOH
7.23 ± 0.02 7.01 ± 0.04
PE
7.12 ± 0.03 6.95 ± 0.03
G
6.90 ± 0.02
7.02 ± 0.01
HPMC
7.01 ± 0.01 6.90 ± 0.02

Coatings

7.38 ± 0.70
7.01± 0.02

6.73 ± 0.05
0.65
Light7.01
Conditions
no growth

Control

7.04 ± 0.01
7.47 ± 0.67
7.40 ± 0.70
7.09
7.04 ± 0.04

no growth
no growth
6.79 ± 0.03
± 0.01
no growth

E-140

7.04
7.47
0.67
no
7.04

growth

LRV

7.09

PVOH

7.13 ± 0.05

7.24 ± 0.04

7.25 ± 0.73

no growth

7.25

PE

7.05 ± 0.05

6.95 ± 0.01

7.38 ± 0.70

6.73 ± 0.05

0.65

HPMC

6.95 ± 0.01

6.90 ± 0.02

7.01± 0.02

no growth

7.01

Escherichia coli
G

7.01 ± 0.02

7.02 ± 0.01

7.04 ± 0.01

no growth

7.04

PVOH

7.23 ± 0.02

7.01 ± 0.04

7.47 ± 0.67

no growth

7.47

PE

7.12 ± 0.03

6.95 ± 0.03

7.40 ± 0.70

6.79 ± 0.03

0.67

HPMC

7.01 ± 0.01

6.90 ± 0.02

7.04 ± 0.04

no growth

7.04
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The results showed that the most hydrophilic films, i.e., with a higher degree of affinity for
water,
water, presented
presented aa greater
greater antibacterial
antibacterial capacity.
capacity. It is possible that the excited oxygen reacts with
water molecules to produce hydroxyl
hydroxyl radicals
radicals that have a longer lifetime and are more active against
bacteria [16]. Accordingly, it was observed that photoexcited G, PVOH, and HPMC films with 1%
chlorophyllin E-140 had a lethal effect on L. monocytogenes
monocytogenes or
or E.
E. coli
coli in
in the
the area
area covered
covered by
by the
the films.
films.
In the case of PE-coated films, a certain degree of inhibition was seen, but it was less than that with
the other films,
films, despite
despitethe
thehigher
higheramount
amountofofporphyrin
porphyrin
present
owing
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greater
thickness
of
present
owing
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greater
thickness
of the
the
coating.
absence
of water
this
hydrophobicpolymer
polymermay
maylimit
limitthe
the photoactivation
photoactivation to the
coating.
TheThe
absence
of water
in in
this
hydrophobic
formation of singlet oxygen, which rapidly reduces to triplet oxygen without interacting with the
cells. Another
is that
affinity
and PE causes
itsaggregation,
Anotherexplanation
explanation
is the
thatlow
the
low between
affinity chlorophyllin
between chlorophyllin
and
PE causes
and
this results and
in a this
lower
production
of singlet
oxygen.
films
that developed
mainly by
itsaggregation,
results
in a lower
production
of The
singlet
oxygen.
The filmsacted
that developed
contact,
although
in
the
case
of
the
PVOH,
G,
and
HPMC
matrices,
an
inhibition
halo
of
ca.
5 mm halo
was
acted mainly by contact, although in the case of the PVOH, G, and HPMC matrices, an inhibition
observed
around
the
films.
of ca. 5 mm was observed around the films.
Bozja et
et al.
al.(2003)
(2003)tested
tested
antimicrobial
activity
of porphyrins
grafted
nylon-6
thethe
antimicrobial
activity
of porphyrins
grafted
ontoonto
nylon-6
fibersfibers
with
with
polyacrylic
acid.
They
found
that
the
antimicrobial
system
developed
was
very
effective
against
polyacrylic acid. They found that the antimicrobial system developed was very effective against S.
S.
aureus
but
had
effectononE.E.coli
colibacteria
bacteriaatatany
anylight
lightintensity
intensity [7].
[7]. There
There have
have been some similar
aureus
but
had
nonoeffect
studies, such as the one carried out in 2008
2008 in
in which
which the
the effectiveness
effectiveness of
of E-140
E-140 porphyrin-bearing
porphyrin-bearing
gelatin films
films as
asantibacterial
antibacterialagents
agents[2]
[2]was
was
demonstrated
against
S.
aureus
and
L. monocytogenes,
demonstrated against S. aureus and L. monocytogenes,
but
but
found
to have
no effect
on Salmonella
spp.E.and
coli bacteria
after photoactivation
with
waswas
found
to have
no effect
on Salmonella
spp. and
coliE.
bacteria
after photoactivation
with 30,000
30,000
luxes
five minutes.
luxes for
fivefor
minutes.
3.3.2.
Surface Disinfection
Disinfection
3.3.2. Surface
The
surface
and
then
illuminated
in order
to verify
whether
they
The coatings
coatingswere
wereinoculated
inoculatedononthe
the
surface
and
then
illuminated
in order
to verify
whether
could
be
self-sanitized
by
photoactivation.
As
an
example,
Figure
3
shows
the
results
obtained
with
they could be self-sanitized by photoactivation. As an example, Figure 3 shows the results obtained
gelatin
films films
contaminated
with Listeria.
As can
seen,
therethere
is growth
both both
in theincontrol
plateplate
that
with gelatin
contaminated
with Listeria.
Asbe
can
be seen,
is growth
the control
was
exposed
to
light
and
in
the
plate
with
porphyrin
films
that
was
kept
in
darkness.
By
contrast,
that was exposed to light and in the plate with porphyrin films that was kept in darkness. By contrast,
irradiated
irradiated samples
samples containing
containing porphyrin
porphyrin E-140
E-140 showed
showed no
no microbial
microbial growth.
growth.

Figure 3. Microbial growth of L. monocytogenes. Left to right: control
control G
G film
film which
which had
had been
been irradiated,
irradiated,
G film with E-140 which had been kept in darkness, and G film with E-140 which had been irradiated.

Similar results were obtained for the other films:
films: HPMC, PVOH, and PE. This shows that the
films developed can be self-sanitized in case of possible contamination simply by subjecting them to
visible light irradiation
irradiation for
for 15
15 min.
min.
However,
E. E.
colicoli
was
observed
with
anyany
of the
filmsfilms
that
However,no
noclear
clearbactericidal
bactericidaleffect
effectagainst
against
was
observed
with
of coated
the coated
contained
E-140.
These
results
are
in
agreement
with
other
authors
who
obtained
an
antimicrobial
that contained E-140. These results are in agreement with other authors who obtained an
effect
against Gram-positive
using porphyrins
grafted
onto nylon
fibers but
effectbut
on
antimicrobial
effect against bacteria
Gram-positive
bacteria using
porphyrins
grafted
ontofound
nylonnofibers
E.
coli bacteria
anyE.light
intensityat[7].
Aslight
explained
previously,
this may be
due to thethis
extra
protection
found
no effectaton
coli bacteria
any
intensity
[7]. As explained
previously,
may
be due
of
in Gram-negative
bacteria.
The outer membrane
of The
Gram-negative
bacteria
to the
the outer
extra membrane
protection of
the outer membrane
in Gram-negative
bacteria.
outer membrane
of
plays
an important
role, which
to their
resistance
many active
agents
that are
effective
Gram-negative
bacteria
plays is
anrelated
important
role,
which istorelated
to their
resistance
tovery
many
active
against
Gram-positive
bacteriaagainst
[17]. The
resistance ofbacteria
Gram-negative
to photosensitization
agents that
are very effective
Gram-positive
[17]. Thebacteria
resistance
of Gram-negative
has
beentowidely
reported [18,19].
In order
to increase
permeability
of increase
E. coli, we
40 mM
bacteria
photosensitization
has been
widely
reportedthe
[18,19].
In order to
theadded
permeability
of E. coli, we added 40 mM EDTA (ethylenediaminetetraacetic acid) to the 100 μL dilution of E. coli.
EDTA is a chelating agent that destabilizes the outer membrane and may facilitate access of free
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EDTA (ethylenediaminetetraacetic acid) to the 100 µL dilution of E. coli. EDTA is a chelating agent
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3.4. Migration of Chlorophyllins from Coatings to the Food Simulant
3.4. Migration of Chlorophyllins from Coatings to the Food Simulant
The release of chlorophyllin E-140 was studied in 50% ethanol as a fatty food simulant in
The release
chlorophyllin
E-140 was
in 50% ethanol
as a fatty
in
accordance
with ofDirective
85/572/EEC
priorstudied
to application
on bologna
slices.food
Thesimulant
regulation
accordancethat
withthe
Directive
prior to application
bologna
The regulation
stipulates
stipulates
results85/572/EEC
of overall migration
obtained on
must
be inslices.
accordance
with the
overall
2 established
that the results
migration
obtainedin
must
be in accordance
limit of
migration
limitofofoverall
10 mg/dm
Directive
2002/72/ECwith
andthe
inoverall
Royal migration
Decree 866/2008,
2
10
mg/dm
established
in materials
Directive 2002/72/EC
and in in
Royal
Decree
866/2008,
which are
related
which
are both
related to
and plastic objects
contact
with
food products.
Theboth
results
are
to materials
and plastic
objects in contact with food products. The results are shown in Figure 4.
shown
in Figure
4.

Figure 4.
Concentration of
of E-140
E-140 released
released from
from G,
G, PVOH,
PVOH, HPMC,
HPMC, and
and PE
PE coatings
coatings on
on PET
PET in
in fatty
fatty
Figure
4. Concentration
simulant
as
a
function
of
time.
simulant as a function of time.

The release
release ofofchlorophyllins
chlorophyllinsfrom
from
PVOH,
HPMC
coatings
on was
PETvery
waslow—
very
The
G, G,
PVOH,
andand
HPMC
coatings
on PET
low—practically
zero—indicating
that
there
was
no
substantial
migration.
This
means
the
antimicrobial
practically zero—indicating that there was no substantial migration. This means the antimicrobial
effect was
forfor
thethe
chlorophyllins
to
effect
was produced
producedby
bythe
thegeneration
generationofoffree
freeradicals
radicalsand
andititwas
wasnot
notnecessary
necessary
chlorophyllins
migrate
to
the
simulating
medium.
On
the
other
hand,
the
PE
coatings
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a
maximum
release
to migrate to the simulating medium. On the other hand, the PE coatings presented a maximum
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of 6.4 mg/dm
2 (according to the surface of each coating, which was 0.125 dm2), which was less
release
of 6.4 mg/dm
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limit limit
set byset
legislation
(10 mg/dm
2).
than the overall migration
by legislation
(10 mg/dm
In
the
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of
the
other
coatings,
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obtained
In the case of the other coatings, the low migration obtained makes
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it unnecessary
unnecessary to
to calculate
calculate
migration
limits,
and
therefore
they
can
be
used
as
packaging
systems
for
fatty
food.
In
this
migration limits, and therefore they can be used as packaging systems for fatty food. In this case, case,
they
they were
with bologna
The
factthe
that
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was observed
in PEbe
could
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testedtested
with bologna
slices.slices.
The fact
that
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releaserelease
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in PE could
due be
to
due to several
First,
the thickness
ofcoating—well
the PE coating—well
25 µm—results
a large
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factors.factors.
First, the
thickness
of the PE
above 25above
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amount
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forLDPE
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a
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which
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isolated
in
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LDPE
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the material
comeswith
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LDPE
matrix.
When
the material
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the
porphyrin
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close
to
the
surface
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released,
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in
Figure
4.
In
other
located close to the surface is immediately released, as observed in Figure 4. In the other the
matrices
matrices
there
would
be
specific
interactions
between
E-140
and
the
polymers,
keeping
the
agent
in
the
there would be specific interactions between E-140 and the polymers, keeping the agent in the
package
compatible chemical
chemical environment.
environment. Similar
Similar release
release results
results
package where
where porphyrin
porphyrin molecules
molecules have
have aa compatible
were
observed
for
films
containing
E-141
(data
not
shown).
were observed for films containing E-141 (data not shown).

3.5. Application to Food
Once the antimicrobial and self-sanitizing capacity of the films had been determined, their
effectiveness when applied to a real food was studied. The experiment was carried out with G,
HPMC, PE, and PVOH coatings on PET films used as bologna slice separators.

their separation, forming a two-phase matrix in which the agent is isolated in small regions dispersed
in the pure LDPE matrix. When the material comes into contact with a solvent medium, the porphyrin
located close to the surface is immediately released, as observed in Figure 4. In the other matrices
there would be specific interactions between E-140 and the polymers, keeping the agent in the
package where porphyrin molecules have a compatible chemical environment. Similar release results
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were observed for films containing E-141 (data not shown).
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PET
films
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separators.
HPMC, PE, and PVOH coatings on PET films used as bologna slice separators.
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food product
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to test
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the coatings
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has aa high
high water
water activity
activity
(a
w = 0.970) and is therefore very susceptible to spoilage by microorganisms. The antimicrobial effect
(aw = 0.970) and is therefore very susceptible to spoilage by microorganisms. The antimicrobial effect
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of the
the films
films was
was studied
studied against
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which was
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on the
the bologna
bologna surface
surface and
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against
the
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of
this
meat
product.
The
results
are
shown
in
Figure
5.
against the usual microbial load of this meat product. The results are shown in Figure 5.
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Figure 5. Antimicrobial
Antimicrobial activity
activity of
of (a)
(a) G,
G, (b)
(b) PVOH,
PVOH, (c)
(c) PE,
PE, and
and (d)
(d) HPMC
HPMC coatings
coatings on
on PET
PET films
films
Figure
applied to bologna
bologna slices.
applied

There was
was no
no microbial
microbial growth
growth of
of Salmonella
Salmonella spp.,
spp., enterobacteria,
enterobacteria, or
or coliform
coliform bacteria
bacteria on
on any
any
There
sample.
Control
coatings
and
coatings
kept
in
darkness
showed
no
antimicrobial
effect,
confirming
sample. Control coatings and coatings kept in darkness showed no antimicrobial effect, confirming
the nontoxicity
nontoxicity of
of the
the active
active agents
agents without
without photoactivation.
photoactivation. However,
However, coatings
coatings with
with E-140
E-140 exposed
exposed
the
to
LED
lights
inhibited
microbial
growth
of
L.
monocytogenes
successfully.
The
greatest
antimicrobial
to LED lights inhibited microbial growth of L. monocytogenes successfully. The greatest antimicrobial
effect was observed with the G coating and the least with the PE coating. The HPMC and PVOH
coatings were slightly less effective than G (Figure 5).
Growth of the microbial load was also inhibited in irradiated samples with chlorophyllin. Lactic,
mesophilic, and psychrophilic bacteria and Pseudomonas were significantly reduced. Once again,
the G coatings presented the greatest antimicrobial effect against all the microorganisms tested.
The highest efficiency was observed against psychrophiles and mesophiles, with reductions of 2.87
and 2.30 log, respectively. In the case of lactic acid bacteria and Pseudomonas, although the degree of
inhibition was lower, it was also considerable. The HPMC and PVOH coatings with chlorophyllin
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presented similar degrees of inhibition against all the microorganisms studied, ranging between 0.76
and 1 log. Finally, the antimicrobial effect of the PE coatings was lower, ranging between approximately
0.24 and 0.69 log.
Results showed that all the coatings developed in this study had antimicrobial activity, with gelatin
being the most effective matrix. This is possibly due to its morphology that facilitates the release of
free radicals produced by the porphyrin molecule, which is responsible for the antimicrobial action.
It should also be taken into account that the G coatings were thicker, and therefore there was a greater
amount of agent in absolute values than in the HPMC and PVOH coatings. The application of the
gelatin coating would be very useful given gelatin is a component that is usually present in many foods
and does not constitute a risk when it forms part of the surface of a package intended for food use.
To confirm the absence of effects on the organoleptic properties of the product and because the
release of chlorophyllin could produce a green color, the color of the bologna slices was measured
before and after the photoactivation treatment. The parameters L* [black (0) to white (100)], a* [green
(−) to red (+)], and b* [blue (−) to yellow (+)] were obtained, and the polar coordinates, chroma C*,
and hue angle h that were calculated are shown in Table 6.
Table 6. The color coordinates L*, a*, b*, the chromaticity (C*), and the tone (h in ◦ ) of bologna slices
covered with G, PVOH, PE, and HPMC coatings on PET before and after photoactivation.
a*

b*

L*

C*

h

G control

before
after

16.30 ± 0.04 a
14.12 ± 0.02 b

10.30 ± 0.04 a
12.70 ± 0.02 b

56.59 ± 0.04 b
50.48 ± 0.02 a

19.28 ± 0.04 c
18.99 ± 0.02 c

32.30 ± 0.17 b
41.97 ± 0.06 b

G E-140

before
after

15.95 ± 0.05 a
14.10 ± 0.03 a

9.24 ± 0.05 a
14.07 ± 0.03 b

56.62 ± 0.05 b
50.29 ± 0.03 a

18.44 ± 0.05 a
19.92 ± 0.03 b

30.09 ± 0.13 b
44.94 ± 0.10 c

PVOH control

before
after

17.70 ± 0.05 a
13.53 ± 0.03 b

9.68 ± 0.05 a
12.48 ± 0.03 b

57.10 ± 0.05 b
50.47 ± 0.03 a

20.17 ± 0.05 a
18.41 ± 0.03 b

28.66 ± 0.21 b
42.69 ± 0.17 a

PVOH E-140

before
after

17.47 ± 0.03 a
14.74 ± 0.01 b

9.42 ± 0.03 a
13.34 ± 0.01 b

57.06 ± 0.03 b
50.99 ± 0.01 a

19.85 ± 0.03 a
19.88 ± 0.01 a

28.33 ± 0.10 b
42.13 ± 0.09 a

HPMC control

before
after

16.20 ± 0.03 b
13.48 ± 0.02 a

10.38 ±0.03 a
12.34 ± 0.02 b

55.27 ± 0.03 b
50.23 ± 0.02 a

19.24 ± 0.03 b
18.43 ± 0.02 a

32.65 ± 0.07 b
41.41 ± 0.29 a

HPMC E-140

before
after

15.99 ± 0.04 b
12.94 ± 0.07 a

10.56 ± 0.04 a
12.56 ± 0.07 b

55.37 ± 0.04 b
50.51 ± 0.07 a

19.17 ± 0.04 b
18.03 ± 0.07 a

33.44 ± 0.21 b
44.16 ± 0.07 c

PE control

before
after

17.59 ± 0.03 a
13.26 ± 0.03 b

10.65 ± 0.03 a
12.04 ± 0.03 b

54.36 ± 0.03 b
50.78 ± 0.03 a

20.57 ± 0.03 b
17.91 ± 0.03 a

31.20 ± 0.27 b
42.26 ± 0.06 a

PE E-140

before
after

16.61 ± 0.02 a
14.80 ± 0.01 c

10.53 ± 0.02 a
12.39 ± 0.01 b

55.87 ± 0.02 b
50.54 ± 0.01 a

19.67 ± 0.02 b
19.30 ± 0.01 b

32.37 ± 0.08 b
39.95 ± 0.10 c

Coatings

Activation

a–c

Different letters in the same column indicate significant differences (Tukey’s adjusted analysis of variance,
p < 0.05).

The bologna slices were displaced towards the + a coordinate, i.e., towards red and slightly
towards the + b coordinate (yellow), which is logical given their rosy hue.
In general, irradiation produced a slight decrease in the luminosity of the bologna slices
and a slight shift to the left of the b* coordinates. However, these color modifications were not
distinguishable to the naked eye. On the other hand, no color difference was observed between
samples with and without porphyrin submitted to the same treatment (darkness or light). Therefore,
from the data shown above, it can be confirmed that no substantial release of porphyrin to the
bologna took place. Similar results were reported in a study of chlorophyllin gelatin films applied
as wraps to frankfurter sausages, which found no substantial differences between uncoated and
coated products [2].
Finally, it can be concluded that chlorophyllin-based photosensitization of coated films is
an effective way of reducing the population of microorganisms naturally present in meat and poultry
products and as a way of improving asepsis of packaging materials through their self-sanitizing
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function. Moreover, this efficiency has also been demonstrated when light is applied through the
supporting material (in this case, PET) if the material is transparent to visible light. This aspect is of
great importance because it would greatly facilitate carrying out its antimicrobial or self-sanitizing
function in food products that have already been packaged. The process that has been developed in this
study, which requires only white light, could become an alternative food process that is nonchemical,
nonthermal, inexpensive, and environmentally friendly.
The films developed could be applied as part of a package intended for meat derivatives—either as
an external protective cover or as separators of cold cuts—or in some dairy products, such as
fresh cheese. In addition, the films developed could be used to wrap food that are sensitive to
microbial contamination in daily use, such as pieces of cooked ham that are not immediately
consumed completely but are rather manipulated (cut) on a number of occasions before being
completely consumed, therefore making them potential vectors for the transmission of microorganisms.
These films could be used to cover the cut surface and protect it from microbial spoilage thanks to the
photoactivation induced by the white lights of refrigerated displays in grocery stores. Furthermore,
this active packaging does not require any agent release, thereby increasing food shelf life without
substantial changes in aroma, flavor, or color.
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