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ABSTRACT: This article presents a novel radiochromic film for selective detection of low-medium (0–10 kGy) gamma radiation (60Co)

doses. This dosimeter is based on a printed fluorescent multilayer structure comprising a paper substrate having layers of copper

phthalocyanine (DY220) (a green emitter material) on the bottom, and layers of poly[2-methoxy-5(20-ethylhexyloxy)-p-phenylenevi-

nylene] (MEH-PPV) (a green-light absorber, red emitter, and radiation sensitive polymer) on the top. The effect of gamma radiation

on the optical properties of DY220/MEH-PPV was described: it was observed as a strong correlation between radiation dose and fluo-

rescent, color coordinates for CIE (1931) chromatic diagram, and Pantone color reference of the dosimeter. The rate of these changes

can be altered by manipulation of top–bottom layers to represent easily the radiation dose to be determined in a wide range. This

versatile dosimeter has many uses in the field of food radiation for monitoring, quality assurance, and control of the gamma radia-

tion process. VC 2017 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2018, 135, 45729.
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INTRODUCTION

The extension of shelf life is the main objective of the food irradi-

ation process. This method has received worldwide attention not

only due to large post-harvest losses and the increasing concern

about foodborne diseases, but also to the increase in the interna-

tional trade of food products and strict export regulations.1 This

procedure is regulated by the Food and Drug Administration and

has established safety standards for any food irradiated up to an

overall average dose of 10 kGy.2 It involves passing food through

an ionizing radiation field (60Co, 137Cs, high-energy electrons, or

X-ray)3 that can penetrate fruit and vegetables and kill microor-

ganisms, preventing food poisoning and spoilage without signifi-

cantly raising the temperature of the food.4,5 However, a reliable,

quick, and easily operated dosimetry system is necessary for both

process validation and control.6,7

In order to meet the requirements in the radiation processing,

several dosimeters have been successfully developed and used as

routine dosimetry systems for radiation processing, that is, vari-

ous types of radiochromic plastic films,8–17 GafChromic

Dosimetry Media,18–22 and aqueous solutions.6,23–27 Particularly,

radiochromic films have been extensively used for dosimetry in

radiation medicine.28,29 Their high spatial resolution is far supe-

rior to that of ionization chambers and thermoluminescent dos-

imeters, offering greater X-ray sensitivity and the ability to be

used in water without waterproof encapsulation.30 The energy

response of multiple film types, such as “EBT” and “XR” series,

has been studied by several authors.31,32

Although these devices have been extensively reported in the liter-

ature, conjugated polymers, especially poly[2-methoxy-5(20-eth-

ylhexyloxy)-p-phenylenevinylene] (MEH-PPV), a light-emitting

polymer, have been highlighted as a very promising material for

real-time solution-based dosimeters, due to the effects of radia-

tion on the optical properties of MEH-PPV systems.33–39 In gen-

eral, MEH-PPV-based dosimeters may have explored the

radiation effect on the overlap between the emission spectrum of

a light-stable green emitter organic crystal [tris-(8-hydroxyquino-

line)aluminum)] and the absorption spectrum of MEH-PPV sol-

utions, to yield an optically integrated and multifunctional

material. The basic idea behind this concept considers this
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composite material as a luminescent traffic-light dosimeter, that

is, a smart dosimeter, where red represents an underdose and

green standing for the prescribed dose or overdose, while orange-

yellow suggests that the radiation process is ongoing. However,

some major drawbacks to adopting this system are related to the

use of the toxic-chloroform-based dosimeter and to the green

color evaluation of the MEH-PPV/Alq3 system under white light.

These disadvantages may cause harmful effects to humans, mak-

ing it difficult for easy monitoring through the naked eye. This

article seeks to address how to solve these problems.

In our study, the dosimeter consists of a multilayered film structure

based on MEH-PPV and a green copper phthalocyanine pigment

suitable for rotogravure inks. With this in mind, this study reports

the development, characterization and performance evaluation of a

novel, easy-to-read, and real-time printed radiochromic dosimeter

for selective detection of low-medium (0–10 kGy) gamma radia-

tion (60Co) doses, and to satisfy regulatory requirements and qual-

ity assurance in food irradiation processes over a wide dose range.

EXPERIMENTAL

The radiochromic dosimeter is based on a multilayer structure

comprising a multi-purpose white office paper (75 g m22) as

substrate, copper phthalocyanine-C32Cl16CuN8 (DY220), and

MEH-PPV-OC1OC6-PPV. The copper phthalocyanine was

obtained from Dyelux Ind�ustria e Com�ercio LTDA (Brazil) and

MEH from Aldrich-Sigma (Germany). All materials were used

as received, without further purification and cleaning.

Radiochromic Film Dosimeter for Gamma Radiation (1.33

MeV, 0–10 kGy Range)

Figure 1 shows the device structure (bottom-left structure) and the

large spectral overlap between DY220 emission and the absorption

of both pristine and photodegraded MEH-PPV, which alters not

only the color, but also the photoemission of the multilayer

DY220:MEH-PPV film from red (before gamma irradiation pro-

cess) to green (after gamma irradiation process). It is important to

note that the optical overlap between DY220 and degraded MEH-

PPV decreases and tends to disappear after radiation exposure.

This device is comprised of DY220 layers (1–10) on a white paper

substrate covered by MEH-PPV layer (1–4). In order to print the

layers, solutions were prepared by dissolving DY220 (10 g L21) in

isopropyl alcohol, while MEH-PPV (1 g L21) in 70 vol % chloro-

form and 30 vol % isopropyl alcohol was present to reduce the

evaporation rate during the printing process. The multilayer films

were printed on multiple steps, one layer at a time, by means of

rotogravure technique on paper substrate at 300 K, which is above

the glass transition (Tg) of MEH-PPV,41 to produce DY220:MEH-

PPV multilayer films with a well-defined and reproducible thermal

history. The rotogravure printer used was the G1 printability tester

from GT Testing Systems Inc. The angle between the doctor blade

and the printing cylinder was fixed at 608 with a pressure of

approximately 6–7 N for this printing system. The printing cylin-

ders used here have a line density of 70 lines cm21, 538 screen angle

and 1408 stylus angle with a 33-lm cell depth. A printing force of

200 N and printing speed of 0.6 m/s were used. The multilayer

films were dried at room temperature overnight in the dark before

being submitted to the cutting process. Rectangular shaped dosim-

eters with dimensions of (5 3 6) mm2 were obtained and were

stored at room temperature. Finally, the dosimeters were protected

from light to avoid both photo and thermal degradation processes.

Gamma Radiation Procedure and Dosimeter Characterization

The irradiation of the device was performed at the Gamma

Radiation Laboratory (LIG) within the Center for Development

Figure 1. Absorption and photoemission spectra obtained from pristine MEH-PPV (OC1OC6-PPV), degraded MEH-PPV40, and DY220 (C32Cl16CuN8).

The visible electromagnetic spectrum shown on top of the graph is intended to be used as a reference. The bottom-left scheme illustrates the general

structure of the radiochromic multilayer organic dosimeter on paper-based substrate. [Color figure can be viewed at wileyonlinelibrary.com]

ARTICLE WILEYONLINELIBRARY.COM/APP

J. APPL. POLYM. SCI. 2018, DOI: 10.1002/APP.4572945729 (2 of 7)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/


of Nuclear Technology (CDTN). The gamma irradiation facility

used in this study consists of a category II multipurpose pano-

ramic irradiator (dry storage), model IR-214, type GB-127

(MDS Nordion, Canada), with a Cobalt-60 source and maxi-

mum radioactive activity of 2200 TBq or 60,000 Ci and 1.33

MeV. The radiation doses used were 0.15, 0.50, 1.00, 3.00, 7.00,

and 10.00 kGy, doses considered useful in food irradiation pro-

cesses,5,42–44 under a dose rate of 20.00 kGy h21. In order to

evaluate the effect of ionizing radiation on the optical properties

of the films, a non-irradiated film (0 kGy) was used as a refer-

ence. The photoemission (PL) spectra of the DY220:MEH-PPV

multilayer films were recorded using a USB2000 Ocean Optics

spectrophotometer, with a violet LED (peak at approximately

415 nm, 400 mcd) as the excitation source. CIE (1931) chroma-

ticity diagram color coordinates were obtained using the PL

spectra of organic films and the Color Calculator Free Software.

Finally, the color of the dosimeter was evaluated using a Pan-

tone Color palette. All measurements were performed in the

dark and at room temperature to prevent photo and thermal

degradation processes.

RESULTS AND DISCUSSION

In order to evaluate the optical characteristics of the radiochro-

mic DY220:MEH-PPV dosimeter, this system was exposed to

Figure 2. Photoluminescence spectrum of the dosimeters obtained from different DY220:MEH-PPV multilayer films (a) D8M2, (b) D5M1, (c) D8M3,

(d) D3M3, and (e) D5M4 exposed to gamma radiation doses equal to 0, 0.15, 0.50, 1.00, 3.00, 7.00, and 10.00 kGy. Pictures of the devices before and

after the irradiation process are shown as insets in the graphs. [Color figure can be viewed at wileyonlinelibrary.com]
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radiation from 0 to 10 KGy. However, the results here are from

the dosimeter that showed a color change after a particular dose

of gamma radiation: 0.50, 1.00, 3.00, 7.00, and 10.00 kGy. These

doses are useful in some food irradiation processes, such as

insect disinfestations, parasite disinfestations, shelf-life exten-

sion, elimination of non-spore forming pathogenic bacteria, and

reduction of microbial population in dry food ingredients.5,42–44

In order to ease the discussion of the results, the following

nomenclature was adopted: DLGMLR, where “LG” is the number

of DY220 layers (i.e., green layers) and “LR”, on the other

hand, the number of MEH-PPV layers (red layers). For exam-

ple, D8M2 is the device with eight DY220 layers and two MEH-

PPV layers.

PL spectra of the DY220:MEH-PPV multilayer films exposed to

gamma radiation are shown in Figure 2. Mean values from trip-

licate experiments are used. It should be noted that before the

irradiation process, the D8M2, D8M3, D3M3, and D3M4 devices

presented two bands, one with a peak centered around 505 nm

(green emission) and another one centered around 595 nm

(red-orange emission). In the D5M1 device, it is possible to

observe only one band with a peak centered at 505 nm (green

emission), due to the thickness of the MEH-PPV single layer.

Also from Figure 2, it can be observed that the red-orange

bands disappear with dose levels, while the green emission

(450–650 nm) bands present a substantial increase in intensity.

This result is in agreement with the replacement of vinyl groups

(C@C) by carbonyl groups (C@O) on the MEH-PPV backbone

due to the photoxidation process.35,36,40 Likewise, it is very

important to emphasize that the increase in the intensity of the

green emission occurs until a specific dose for each LR/LG

value, as shown in Figure 3.

From the results shown in Figures 2 and 3, a strong relation

between final color (i.e., saturation color) of the dosimeter for a

specific radiation dose and LR/LG parameters can be noted.

The relation between them is shown in Figure 4. It is observed

that the dose–response of the dosimeter is linearly dependent

on the number of DY220 and MEH-PPV layers, thus being a

readable way to following the gamma exposure, which might be

helpful in order to analyze quality assurance and control of the

food irradiation process. Therefore, depending on the LR/LG

value, it can be used as a dosimeter and label in radiation proc-

essing in the dose range from 0 to 10 kGy.

The effect of gamma radiation dose on the fluorescence of the

device is shown in Figure 5. The color coordinates for CIE

(1931) chromatic diagram of D3M3 and D3M4 devices exposed

to gamma radiation are shown in Figure 5(a,b), respectively.

The results demonstrate the luminescence color variation of the

material from red [x 5 0.31, y 5 0.39 (D3M3) and x 5 0.34,

y 5 0.35 (D3M4)] to green [x 5 0.21, y 5 0.42 (D3M3) and

x 5 0.19, y 5 0.38 (D3M4)]. These values indicate and emphasize

a marked influence of gamma radiation on the emission color

of the DY220:MEH-PPV multilayer films, as previously pointed

out in Figures 2, 3, and 5.

In order to obtain color comparisons and measurements of

color-dose–dependence for the dosimeters developed, Figure 6

shows a standardized color chart for food irradiation manage-

ment and pictures from the DY220:MEH-PPV multilayer films

exposed to high doses of gamma radiation (>0.5 kGy). It

should be noted that all pristine devices present a red-orange

Figure 3. PL intensity at the maximum peak emission wavelength (kmax)

from DY220:MEH-PPV multilayer films obtained from the spectra from

Figure 2 as a function of the gamma radiation dose. The arrows indicate

the specific radiation dose described in the text. [Color figure can be

viewed at wileyonlinelibrary.com]

Figure 4. Linear relationship between the gamma radiation dose of the

most intense PL (kmax) obtained from the spectra in Figure 2 as a func-

tion of the coefficient number of red layers and green layers (LR/LG). Full

lines denote the linear regression line. [Color figure can be viewed at

wileyonlinelibrary.com]
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color, but the color tone changes due to the number or layers

of the MEH-PPV film. It can be seen from the color chart

that the color of the devices changes to green with radiation

exposure.

It is important to observe that the “red-green” color change

occurs for a different dose for each device, such as: 0.50 kGy for

D8M2, 1.00 kGy for D5M1, 3.00 kGy for D8M3, 7.00 kGy for

D3M3, and 10.00 kGy for D3M4. Consequently, a color chart

was easily obtained from the color comparison between the

DY220:MEH-PPV dosimeters and a Pantone color code,45 as

shown in Figure 6. By standardizing the color of D8M2, D5M1,

D8M3, D3M3, and D5M4 after they had been exposed to 0, 0.15,

0.50, 1.00, 3.00, 7.00, and 10.00 KGy, a single or a strip dosime-

ter can be read by visual comparison to the color chart, to take

the dose measurement as represented in Figure 7. This result is

very important because it shows the possibility of developing

versatile dosimeters for different purposes.

It is clear from these results that the rate of the color changes

in DY220:MEH-PPV hybrid materials can be altered by manip-

ulating the organic systems, thus allowing the development of

dosimeters for a specific gamma radiation dose. In addition,

from a review of the materials cost used in the device (paper,

DY220, MEH-PPV), it was concluded that the individual value

of these devices is <$0.50.

Figure 5. CIE (1931) chromaticity diagram obtained from DY220:MEH-PPV multilayer films exposed to gamma radiation doses equal to 0, 0.15, 0.50,

1.00, 3.00, 7.00, and 10.00 kGy. The diagrams were obtained using the PL spectra shown in (a) Figure 1(d); (b) Figure 1(e); and the Radiant Imaging

Color Calculator Free Software. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 6. Standardized color chart for gamma radiation based on the color changes of DY220:MEH-PPV multilayer films. On the left, the pictures show

the real color change in the devices after exposure to radiation doses equal to 0, 0.15, 0.50, 1.00, 3.00, 7.00, and 10.00 kGy; and on the right, the picture

shows the Pantone color code. The dashed lines in the pictures indicate the color of the device when the stipulated dose was reached. [Color figure can

be viewed at wileyonlinelibrary.com]
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CONCLUSIONS

The results reported here clearly demonstrate the feasibility of

using DY220:MEH-PPV multilayer film gamma radiation

(60Co) dosimeters for a wide dose range. The saturation color

of the dosimeters changed linearly as the dose increased, and

can be manipulated according to the desired application by

changing the number of DY220 and MEH-PPV layers. These

results allow for the development of novel color-indicator dos-

imeters, where red represents underdose and green the dose to

be determined. In fact, the DLGMLR structure has been revealed

as a multipurpose, easy-to-read, low-cost, user-friendly, and

real-time dosimeter for low-medium doses. Additionally, the

results support the idea of a novel detector for monitoring,

quality assurance and control of food irradiation processes.
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