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Abstract 

The aim of the current study was to present a simple method for the fabrication of quantum dot (QD)/polymer films for possible 
use as a luminescent material in medical applications. To this aim the poly(methyl methacrylate) (PMMA) polymer matrix was 
modified in order to host Zinc Copper Indium Sulfide encapsulated by an outer core of Zinc Sulfide (ZnCuInS/ZnS) QD 
nanocrystals, through dispersion. Four composite PMMA films of ZnCuInS/ZnS nanocrystals with maximum emission at 530 nm 
and concentrations of 1.0, 4.0, 6.0 and 10.0 %w/v, were prepared. X-ray irradiation and scanning electron microscopy (SEM) 
micrographs were used to evaluate the volume homogeneity of the final samples, as a measure of QD dispersion. The coefficient 
of variation (CV) estimated from homogeneity measurements, increased with increasing concentration, for the 1.0, 4.0 and 6.0 
%w/v samples. The minimum CV value was obtained for the 10.0 %w/v sample which is attributed to the incorporation of 
sonication in the final product, during the fabrication process. Homogenous dispersion was observed from the SEM micrographs. 
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1. Introduction 

QDs are inorganic semiconductor nanocrystals with sizes ranging from 2-10nm (Feng et al. 2019; Saatsakis et al. 
2019a). During fluorescence stimulation, quantum dots are excited by radiation of specific energy and emit in different 
wavelengths, depending on their size (Zych et al. 2003; Kim et al. 2007; Ganesan et al. 2018; Saatsakis et al. 2019b). 
Their excellent chemical and physical properties, such as the high energy conversion efficiency, the high extinction 
coefficient, tunable emitting wavelength, the broad excitation spectrum, and the resistance to photobleaching have 
attracted the interest of the scientific community providing quite impressive results (Konstantatos et al. 2007; Del 
Sordo et al. 2009; Rauch et al. 2009; Stodilka et al. 2009; Baharin et al. 2010; Konstantatos and Sargent 2011; Öberg 
et al. 2017). QDs are 20 times brighter and 100 times more stable than traditional fluorescent indicators (Chan 1998). 
During the last years, QDs have been employed in many areas like solar cells, transistors, LEDs, medicine and biology 
applications, as well as, quantum computing (Giepmans et al. 2005; Michalet 2005; Yu et al. 2006; Jamieson et al. 
2007; Luo et al. 2011; Lawrence et al. 2012; Son et al. 2012; Fiaczyk and Zych 2016; Nikolopoulos et al. 2016; Zeler 
et al. 2016; Saatsakis et al. 2017; Wu et al. 2018; Saatsakis et al. 2019b).  

QDs that contain Cadmium or Mercury have been used in the above areas; however, for biomedical applications, 
QDs must meet additional criteria since toxic compounds are not allowed. Under the prism of nontoxicity, Cadmium 
free Zinc Copper Indium Sulfide encapsulated by an outer core of Zinc Sulfide (ZnCuInS/ZnS) QDs might be an 
interesting candidate for medical applications (RoHS 2014; Saatsakis et al. 2019c). Another important factor which 
dictated the use of ZnCuInS/ZnS QDs was the fact that they emit light in the green region of the optical spectrum, 
being compatible with the most common digital optical sensors which are utilized in biomedical instrumentation 
(Michail et al. 2010; Michail et al. 2018a; Michail et al. 2018b; Michail et al. 2019). Multiple methods have reported 
for the preparation of QD films (Seferis et al. 2016; Dong et al. 2017; Martini et al. 2018; Seferis et al. 2018; Martini 
et al. 2019; Anastasiou et al. 2020). Previous work of our group introduced a simple method for the fabrication of 
composite films using a mixture of powder scintillators and Polymethyl methacrylate (PMMA) (Valais et al. 2017a). 
PMMA is a well-known thermoplastic which is widely used in biomedical applications (Allcock et al. 2003; 
Balamurugan et al. 2004; Valais et al. 2017b; Michail et al. 2018b). Various fatigue experiments have been carried in 
order to examine the structural integrity of PMMA polymers for various applications (Domínguez Almaraz et al. 2017; 
Okeke et al. 2019). The in vitro and in vivo biocompatibility of PMMA has been studied extensively and its resins are 
broadly used in medicine (Thomson et al. 1992). In ophthalmology, intraocular lenses are made of PMMA while in 
orthopedic surgery PMMA is used as bone cement in joint replacements, screw fixation in bone and filler for bone 
cavities and skull defects (Thomson et al. 1992; Hollick et al. 1999). Also, in dentistry PMMA is used in dental 
prostheses (Gautam et al. 2012; Huettig et al. 2016; Domínguez Almaraz et al. 2017). In this study, the PMMA polymer 
matrix host was modified in order to incorporate ZnCuInS/ZnS QD nanocrystals, for possible use in medical 
applications.  
Fabrication of compound films with layers of different QD concentrations could affect the optical properties of the 
compound films, i.e. refractive index, back scattering, etc., as was depicted in previous studies (Chen et al. 2008; 
Kumar et al. 2017), lead to the minimization of the reflected UV radiation, thus, increase the amount of radiation that 
contributes to the production of luminescent light. To this aim, different concentrations of the QDs were dispersed 
within the polymer matrix. Volume homogeneity as a measure of QD dispersion of the composite films was assessed 
using medical X-ray images and scanning electron microscopy (SEM) micrographs.  
 

2. Materials and Methods 

PMMA (Poly Methyl MethAcrylate) powder (average Mw ~120000 by GPC) and liquid MMA monomer were 
purchased from Sigma- Aldrich and Alfa Aesar respectively, both with purities reaching 99%. PMMA and MMA 
were mixed in a ratio of 1:2.5 (Valais et al. 2017) in order to produce a slurry, with optimum viscosity for further 
handling and processing. ZnCuInS/ZnS QDs (particle size: 5 nm, emission wavelength: 530±15nm, cadmium free, 
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hydrophobic) were purchased from PlasmaChem GmbH in powder form. Different amounts of QD (25, 100, 150 and 
250 mg) were diluted in 1 mL toluene (Fluka Chemica, purity >99%). The dilution process was facilitated using an 
ultrasonic bath (TRITON – TR USR070) and a vortex (Velp Scientifica Zx3) (Figure 1).  

 

Fig. 1. Vortex (Velp Scientifica Zx3) and ultrasonic bath (TRITON – TR USR070) for the dilution process. 

Furthermore, 1.5 mL of the slurry PMMA/MMA was introduced in each QD solution, followed by vortex stirring. 
The final product of QD concentrations, namely: 25, 100 and 150 mg was poured into flexible silicone molds while 
the final product of QD concentration 250 mg underwent sonication for 5 minutes before it was poured into a flexible 
silicone mold too.  

Molds filled with the final products were put under vacuum for 15 minutes to remove entrapped air bubbles from the 
mixture. Removal of any residual solvent was accomplished by putting the samples in a vacuum oven (Vaciotem T, 
model 4001489) for 24h at 50 °C. The produced samples were labeled as QD25 (25mg QD/mL toluene, 1.0 %w/v in 
QD), QD100 (100mg QD/mL toluene, 4.0 %w/v in QD), QD150 (150mg QD/mL toluene, 6.0 %w/v in QD) and 
QD250 (250 mg QD/mL toluene, 10.0 %w/v in QD), whereas the QD number indicates the amount of QD in 
milligrams within the sample (Figure 2). 

 

Fig. 2. The produced compound films samples, from left to right: QD25 (25mg QD/mL toluene, 1.0 %w/v in QD), QD100 
(100mg QD/mL toluene, 4.0 %w/v in QD), QD150 (150mg QD/mL toluene, 6.0 %w/v in QD) and QD250 (250 mg QD/mL 

toluene, 10.0 %w/v in QD). 
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3. Results and Discussion 

The X-ray images were acquired from the Siemens Mammomat Inspiration mammography unit with 32 KV tube 
voltage and 8 mAs tube current product, providing a dose of 0.4807 mGy (Figure 3). The mammography unit 
incorporates a direct-to-digital amorphous selenium (a-Se) detector with dimensions of 24 cm x 30 cm. The X-
ray tube anode material is Molybdenum and Tungsten (Mo/W) and the filter Molybdenum and Rhodium 
(Mo/Rh). The source to detector distance (SDD) is 65 cm.  

 

Fig. 3. The produced compound films samples on the Mammography X‐ray unit. 

Figures 4 and 5 show the resulted X-ray images of the compound polymer films that were obtained in order to 
assess the volume homogeneity as a result of Zinc Copper Indium Sulfide encapsulated by an outer core of Zinc 
Sulfide QD dispersion. Excellent PMMA homogeneity achieved; however, the formation of QD clusters as a 
result of aggregations was also revealed. QD25, QD100, and QD150 developed a significant amount of QD 
clusters while QD250 performed much better due to the use of sonication. QD aggregations are apparent in the 
compound films QD100 and QD150. Even though the fabrication process to produce the QD25 sample was 
identical, aggregations in this sample are not macroscopically visible due to the small QD concentration. The 5 
minutes sonication during fabrication process diminished aggregations in the sample with the highest QD 
concentration (QD250).  
Table 1 shows the coefficient of variation (CV) values calculated as the ratio of the standard deviation to the 
mean. The CV values increases as the QD concentration increases while for the QD250 sample the CV value 
drops dramatically due to the 5 minutes sonication incorporated in the fabrication method.  

 

Table 1. CV of the prepared ZnCuInS/ZnS/PMMA films. 

Concentration 
(mg)

SD CV 

25 3.578 0.015796 

100 5.365 0.026304 

150 12.504 0.081544 

250 6.328 0.047958 
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Fig. 4. X‐ray imaging of the Q25 (left) and QD100 (right) compound films. 

 

 

Fig. 5. X‐ray imaging of the Q150 (left) and QD250 (right) compound films. 
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The thicker QD250 sample required SEM imaging despite the resolution limitations of SEM compared to 
transmission electron microscopy (TEM). A sample micrograph is shown in Figure 6. The CV was measured in 
each sample. In this image can be seen only a few aggregations. From this image homogenous QD dispersion 
can be observed, but we assume that an increased sonication time would lead to even better QD dispersion and 
fewer QD clusters. Excessive aggregation can lead to the formation of QD clusters which behave like energy 
traps and can trigger several excitation energy transfer processes, due to short interparticle distances, like FRET, 
etc. Photoluminescence quenching and energy trapping due to energy migration in the QD lattice has been well 
described (Martín-García et al. 2013; Alejo et al. 2017). 

 

 

Fig. 6. SEM image of the QD250 sample. 

4. Conclusions 

In this research, we present a simple method for the fabrication of QDs/PMMA films. Homogeneity of the PMMA 
matrix and QDs dispersion was evaluated by means of X-ray irradiation. Excellent PMMA homogeneity was achieved; 
however, the formation of QD clusters as a result of aggregations was also revealed. The samples with concentrations 
25, 100, and 150 mg developed a significant amount of QD clusters while the sample with concentration 250 mg 
performed much better due to the use of sonication process. Homogenous dispersion was observed from SEM 
microscopy. Our team is currently working on further optimization of the fabrication method including, pre-
polymerization of MMA which could lead in minimization of QD clustering and better QD dispersion, as well as, on 
other parameters like the sonication and steering duration, polymerization temperature and the vacuum applied for the 
degassing process. Also, fabrication of QD/PMMA films with layers of different QD concentrations could minimize 
the reflected radiation, thus maximize the radiation contributed to luminescence. 
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The thicker QD250 sample required SEM imaging despite the resolution limitations of SEM compared to 
transmission electron microscopy (TEM). A sample micrograph is shown in Figure 6. The CV was measured in 
each sample. In this image can be seen only a few aggregations. From this image homogenous QD dispersion 
can be observed, but we assume that an increased sonication time would lead to even better QD dispersion and 
fewer QD clusters. Excessive aggregation can lead to the formation of QD clusters which behave like energy 
traps and can trigger several excitation energy transfer processes, due to short interparticle distances, like FRET, 
etc. Photoluminescence quenching and energy trapping due to energy migration in the QD lattice has been well 
described (Martín-García et al. 2013; Alejo et al. 2017). 

 

 

Fig. 6. SEM image of the QD250 sample. 

4. Conclusions 

In this research, we present a simple method for the fabrication of QDs/PMMA films. Homogeneity of the PMMA 
matrix and QDs dispersion was evaluated by means of X-ray irradiation. Excellent PMMA homogeneity was achieved; 
however, the formation of QD clusters as a result of aggregations was also revealed. The samples with concentrations 
25, 100, and 150 mg developed a significant amount of QD clusters while the sample with concentration 250 mg 
performed much better due to the use of sonication process. Homogenous dispersion was observed from SEM 
microscopy. Our team is currently working on further optimization of the fabrication method including, pre-
polymerization of MMA which could lead in minimization of QD clustering and better QD dispersion, as well as, on 
other parameters like the sonication and steering duration, polymerization temperature and the vacuum applied for the 
degassing process. Also, fabrication of QD/PMMA films with layers of different QD concentrations could minimize 
the reflected radiation, thus maximize the radiation contributed to luminescence. 
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