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Abstract
The in situ radical polymerization technique has been used for synthesizing different amounts of hydroxyapatite (HAp)–
doped polyhydroxyethylmethacrylate (PHEMA) films. Film-formed hydrogels were obtained, then the investigation of 
swelling behavior and moisture contents of composite hydrogels in aqueous solutions was carried out. The morphological 
and structural properties of the obtained films have been characterized by FT-IR and UV–Vis. spectrophotometer, XRD, 
and SEM analysis. Obtained films have shown transparent and semitransparent properties, which caused excellent UV–Vis. 
barrier properties. Gas transmission qualification of the films was evaluated by C, H, and N elemental analysis. HAp-doped 
and undoped PHEMA films were tested on cherry tomatoes as smart packaging materials. The result of the application test 
exhibits that these films are suitable for use as a preservative packaging of vegetables because of their visual integrity. In 
this way, the whole of these characterization and test results elicits the increase of shelf life of cherry tomatoes and reduction 
of pathogenic caused by food with HAp-doped PHEMA smart porous materials. This study presents HAp-doped PHEMA 
films as alternative packaging material instead of existing materials, which has a negative environmental impact.
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Introduction

Packaging is the materials that extend the shelf life of the 
food by isolating it from the external environment and ensur-
ing the safety of the food inside (Huang et al., 2017; Ma 
et al., 2020). Plastics derived from petrochemicals, such as 
polyethylene and polypropylene, are the most widely used 
packaging materials because of their light, robust, and inex-
pensive properties (Wu et al., 2020; Zhang et al., 2019). 
These petrochemical-based non-degradable plastics cause 
serious environmental pollution and ecological imbalance 
(Kameshwar & Qin, 2016). Existing plastic packaging 
materials cause pollution and toxicity (Gao et al., 2021). 
Organic compounds, initiators, catalysts, plasticizers, and 
solvents used to prepare plastic materials threaten human 
health (Huang et al., 2017). Conventional plastic materials 
only act as physical barriers to food contamination, which 
does not provide sufficient protection (Tang et al., 2016). 

These materials are essential for improving further food 
safety (Gao et al., 2021).

It takes 1000 years for petrochemical plastics to decom-
pose in the earth’s crust (Sumrin et al., 2021). Worldwide 
production of plastics was approximately 370 million tons 
in 2019. About 40% of this amount is packaging materials 
(Koenig-Lewis et al., 2022). Less than 30% of plastic pack-
aging materials can be recycled (Koenig-Lewis et al., 2022). 
For consumers to adopt environmentally friendly, improved, 
and smart materials packaging, it should carefully explain 
that plastic waste causes harm to both human health and the 
environment (Dilkes-Hoffman et al., 2019; Friedrich, 2020; 
Koenig-Lewis et al., 2022). Production of biodegradable, bio-
based food packaging materials has accelerated to replace 
petroleum-based chemicals (Koenig-Lewis et al., 2022).

Ensuring safe storage and food transportation is a pri-
mary responsibility today. In this context, various studies 
improve food packaging systems (Ozdemir & Floros, 2004; 
Rooney, 2005). Such studies increase food’s shelf life, pre-
serve its nutritional value, and ensure food safety (Dainelli 
et al., 2008). Therefore, the active packaging system is one 
of the food preservation features of a package. According 
to Appendini and Hotchkiss (2002), an active packaging 
system can define as the inclusion of supplements in these 
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systems to improve the performance of the packaging mate-
rial (Muratore et al., 2019). In recent years, environmental 
pollution caused by the frequent use of petroleum-based 
packaging materials has become a severe problem (Piyada 
et al., 2013). In the last 20 years, biopolymers developed to 
replace petrochemical-based materials have attracted atten-
tion due to their non-toxic, biodegradable, biocompatible, 
and broad usage areas (El Miri et al., 2015; Shahabi-Ghah-
farrokhi & Babaei-Ghazvini, 2019). Pathogenic contamina-
tion often spoils foods (Thompson et al., 1998). Food safety 
is essential to prevent such contamination and eliminate the 
threat to human and environmental health (Liu et al., 2017). 
In direct proportion to the increase in consumers’ natural 
origin nutritional demands, food safety should also cover 
with healthier protective packaging materials (Muratore 
et al., 2019; Suppakul et al., 2008).

Hydrogels used for safe food packaging applications 
have tremendous importance in food packaging applica-
tions to control the moisture balance of products with high 
water content in the package due to their natural structure. 
Moreover, by incorporating inorganic additives into hydro-
gels, the antimicrobial properties of the new material can 
be improved. Hydrogels are three-dimensional polymeric 
chain networks cross-linked by physical or chemical bonds 
that can contain hundreds of times their masses of water 
(Ahmed, 2015; Chang et al., 2010). The swelling behav-
ior of hydrogels, which have a linear or branched struc-
ture due to their ability to absorb large amounts of water, 
is characterized by their ability to add insoluble properties 
to the material due to three-dimensional network structures 
(Hebeish et al., 2013). Hydrogels respond to different envi-
ronmental changes (stimulus) as swelling behavior in water 
(Argin et al., 2014). Because of all these features, it attracts 
great attention to creating smart food packaging systems 
(Chang et al., 2010). Recently, interest in the study areas 
has increased due to the potential of materials with water 
repellency properties, called “absorbent pads,” to both main-
tain the moisture balance of food and minimize microbial 
contamination (Otoni et al., 2016). These new generation 
smart food packaging materials have various functions, such 
as absorption of liquids emitted from the food, modification 
of food and packaging contact in terms of reliability, and 
improved antimicrobial properties. In these functional con-
figurations, water-absorbent hydrogels placed in food pack-
aging are also effective in extending shelf life (Batista et al., 
2019; Fernández et al., 2009). Hydrogels have a porous 
structure and show biodegradability and biocompatibility 
(Dinu et al., 2016; Dragan & Dinu, 2020). Reinforcements 
improve the mechanical properties of porous materials such 
as hydrogels (Dragan & Dinu, 2020).

Hydrogels are polymeric networks that can absorb large 
amounts of water (Wichterle & Lím, 1960). There is a wide 
range of uses that take advantage of this inflatable capacity 

(Caló & Khutoryanskiy, 2015). Drug delivery systems, tis-
sue engineering, and biosensors are just a few of the appli-
cation areas (Alam et al., 2018). However, poor mechanical 
properties are the main factor limiting the use of hydro-
gels in applications (Alam et al., 2018). Approaches such 
as composite formation, cross-linking (Oyen, 2014), and 
nano reinforcement addition (Alam et al., 2018) have been 
developed to minimize these limitations (Alam et  al., 
2018; Oyen, 2014). Thus, the production and design of 
solid hydrogels have been the focus in every field (Pereira 
et al., 2019).

Biodegradable polymers are of great interest due to envi-
ronmental concerns and their potential in biomedical appli-
cations compared to petroleum-based ones. The number of 
studies on these materials, which perform better in all bio-
logical application areas, from agriculture to food packag-
ing, from gene therapy to tissue engineering, is increasing 
daily (Misra et al., 2006; Nair & Laurencin, 2007). Bio-
degradability is one of the most fundamental properties 
of these materials, as this feature ensures that biodegrad-
able polymers do not put an extra burden on today’s severe 
environmental problems. Also, the rate of biodegradation is 
important for specific domains such as crystallinity, crystal 
modification, and molecular alignment (Li et al., 2018). 
2-hydroxyethyl methacrylate (HEMA) is an important mon-
omer due to its hydrophilic structure and active reactive 
feature (Li et al., 2018). Poly(2-hydroxyethyl methacrylate) 
(pHEMA) is a synthetic polymeric hydrogel produced by the 
radical in situ polymerization technique of 2-hydroxyethyl 
methacrylate (HEMA) monomers (Wichterle & Lim, 1960).  
Due to its biocompatibility, PHEMA is a Food and Drug  
Administration (FDA)–approved hydrogel (Montheard et al., 
1992). Improvement of mechanical properties of PHEMA, 
like other hydrogels, eliminates many disadvantages in appli-
cations (Pereira et al., 2019). Hydroxyapatite is an inorganic 
bio-mineral with the chemical formula Ca5(PO4)3OH (HAp). 
Hydroxyapatite, a bio-based material, is frequently used as a 
base material and reinforcement material in various application 
areas (Pereira et al., 2019). In most of the application areas, HAp  
can be used in combination with other molecules and dif-
ferent macromolecules (Mansri et al., 2019).

This article includes the desired improved food packaging 
material with biodegradable polymers containing non-toxic 
nanomaterials. It aims to test various parameters such as 
antimicrobials, water swelling, pH indicators for preserva-
tion, ease of use, food preservation, and long shelf life for 
the obtained packaging material. Therefore, it provides alter-
native materials for traditional food packaging systems. In 
recent years, polymer-based, inorganic-doped smart com-
posite materials have been used as smart packaging mate-
rials in many food groups from liquid foodstuffs to meat 
products, vegetables, and fruit groups (Abdolsattari et al., 
2022; Albahr et al., 2022; Demarco et al., 2022; Duarte 
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et al., 2022; Emir et al., 2022; Vélez-Erazo et al., 2022). 
Each study to date has played a crucial role in improving the 
storage conditions, shelf life, nutritional value, and logisti-
cal transportation of the food chain which is most important 
for human health and resilient to environmental conditions. 
Metal oxides have been widely preferred as inorganic rein-
forcement materials in the studies (e.g., CuO, ZnO, AlOx) 
(Abdolsattari et al., 2022; Albahr et al., 2022). Although 
the use of metal oxides in packaging materials has many 
advantages in terms of physicochemical and antibacterial 
properties, ionic interactions with nutrients severely limit 
the amount of metal oxides in composites. On the other 
hand, nanocomposites, which have been widely used in 
recent years, are also frequently used in packaging mate-
rials (Duarte et al., 2022; Luo et al., 2022; Youssef et al., 
2022). Because food and human health safety studies of 
nanomaterials are still ongoing, these materials may encoun-
ter safety issues in mass production. Considering all these 
limitations, this study overcomes these limitations with the 
mineral HAP, which can be produced both naturally and syn-
thetically. Furthermore, the studies can be divided into two 
groups: those that purchase the polymers used commercially 
and those that synthesize polymers from monomers. Com-
mercially purchased and synthesized laboratory-scale prod-
ucts have common problems that increase the cost of raw 
material production when analyzed from an economic point 
of view. In this study, PHEMA was produced from HEMA 
monomer using an in situ polymerization technique with 
a minimum energy-saving method and with a low budget. 
The most common synthesis methods in the literature are 
compaction reactions, open ring polymerization, metal cata-
lysts, radiation grafting polymerization, electrospinning, etc. 
(Abdolsattari et al., 2022; Albahr et al., 2022; Duarte et al., 
2022; Liu et al., 2022; Youssef et al., 2022). The main dif-
ference of this study is that these techniques require more 
energy and advanced technology, as well as additional pre-
cautions during the production phase due to the toxic effects 
of the by-products. This work provides a highly efficient 
polymerization reaction using negligible amounts of cross-
linkers and initiating agents, while making a big difference 
in providing ease of production at low temperatures, in a 
short time, in the desired size and quantity. Moreover, this 

study, with its unique synthesis packaging material and its 
diverse and versatile analysis methods, fills knowledge gaps 
that the existing literature fails to fill.

Experimental

Materials and Methods

The films obtained for use as a smart packaging material with 
a different amount (0.05%wt, 0.1%wt, and 0.5%wt) of HAp 
(hydroxyapatite) (supplied from Aldrich Chemistry) additive 
during the polymerization of HEMA. HAp was an inorganic 
reinforcement chemical. Along with the study, deionized 
water was used in all experimental setups. While synthesis of 
the PHEMA (poly(2-hydroxyethyl methacrylate) hydrogels, 
HEMA (hydroxyethylmethacrylate) (supplied from Aldrich, 
97%) was used as a monomer (2.5 M), APS (ammonium 
persulfate) (supplied from Sigma-Aldrich, ≥ 98.0%) was 
used as an initiator (0.005 M), NNMBAAm (N, N –meth-
ylene bis(acrylamide)) (supplied from Sigma-Aldrich, 99%) 
was used as a cross-linker (0.05 M), and TEMED (N, N, N′, 
N′-Tetramethylethylenediamine) (supplied from Sigma, Life 
Science, ≥ 99%) was used as a catalyst. In situ radical polym-
erization technique was enforced to obtain HAp-doped and 
undoped PHEMA films.

Preparation of HAp‑Doped PHEMA Films

PHEMA hydrogels were synthesized by the in situ radical 
polymerization technique. The concentrations of the reac-
tants were optimized, such as 2.5 M monomer, 0.005 M 
initiator, and 0.05 M cross-linker. HAp as an additive was 
poured into the polymer solution (0.05%wt., 0.1%wt., and 
0.5%wt.) at 50 °C, 16 h. Solutions were poured into the glass 
Petri dishes (60 × 15 mm) by equal volume (15 mL). Then, 
films were kept at 40 °C overnight. A schematic illustration 
of intermolecular attractions between PHEMA and HAp is 
given in Fig. 1. As seen in Fig. 1, Ca2+ ions attack -OH 
groups of PHEMA in the presence of a radical initiator. 
Sample identification is reported in Table 1.

Fig. 1   A schematic illustration 
of mechanism between PHEMA 
and HAp
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Characterization of HAp‑Doped PHEMA Films

Fourier transform infrared (FT-IR) spectra of the HAp-
doped and undoped PVA films were evaluated by Perkin 
Elmer, Spectrum 100 in the attenuated total reflection 
(ATR) mode between 400 and 4000 cm−1 with a 4 cm−1 
resolution. X-ray diffraction (XRD) patterns of the com-
posite films were acquired in a Panalytical Empyrean dif-
fractometer with CuKa radiation of 45 kV, 40 mA, and a 
scanning range between 10 and 60°. Field emission scanning 
electron microscopy (FESEM) images of the films’ surfaces 
were obtained by Carl Zeiss, Supra 40VP microscope, with 
the samples sputter-coated previously under vacuum with 
platinum, and applied 10 kV of acceleration voltage. Quan-
tification of elements was achieved by electron dispersive 
X-ray spectroscopy (EDX). Gas transmission properties of 
the films were evaluated by LECO, a CHNS-628 elemental 
analysis device. Carbon, hydrogen, and nitrogen contents 
of HAp-doped and undoped PHEMA films were tested by 
burning in the furnace at 950 °C. UV–Vis. measurements 
were measured between 200 and 700 nm to determine the 
light barrier properties (Jayakumar et al., 2019). All films 
were cut into rectangular pieces and placed in a UV–Vis. 
spectrophotometer (Perkin Elmer, Lambda 25).

Swelling Behavior of HAp‑Doped PHEMA Films

The swelling behavior of obtained hydrogels was examined 
in aqueous solutions, and the swelling response of the sam-
ples was recorded. Gel conversion (GC %), cross-linked (CL 
%), and swelling (S %) values of the samples were calcu-
lated by Eqs. (1), (2), and (3), respectively (Gokmen et al., 
2021). m0 is defined total amounts of monomer, cross-linker, 
and initiator; m1 is the weight of the hydrogels; m1′ is the 
weight of the dried hydrogel, and m2 is the weight of the 
hydrogel after being washed twice the time; mt is the weight 
of the swollen hydrogel at t time, and mi is the dry weight 
at time zero.

(1)GC(%) =
m

1

m
0

× 100

One essential property of hydrogels is swelling behavior in 
liquids (Dragan & Dinu, 2020). The pore structure of hydro-
gels quickly removes solvent molecules from the environ-
ment during swelling (Dragan & Dinu, 2020). Calculations of 
water content at equilibrium (EWC, Eq. (4)) and water vapor 
transmission rate (WVTR, Eq. (5)) were used to explain the 
swelling behavior of hydrogels (Dragan & Dinu, 2020).

Wt and Wd represent the weights of the hydrogel in the 
swollen state at time t and in the dried state, respectively. 
We is the weight of the swollen hydrogel at equilibrium. Wi 
is the weight of the swollen hydrogel and Wf is the weight 
of the swollen hydrogel measured after 24 h outside the sol-
vent. At Eq. (5), t is the 24 h and A is the area of the piece of 
hydrogels in the m2 unit (Dragan & Dinu, 2020).

The moisture content (MC) of the films cut into 2 × 2 
cm2 dimensions was calculated by Eq. (6) (Haghighi et al., 
2021). Each sample was constant weighted at 105 ± 2 °C. 
In Eq. (6), M0 presents the weight of the hydrogel at room 
temperature, and M is the weight of the hydrogel which was 
constantly weighted.

Food Packaging Application

To investigate the packaging activity, cherry tomatoes were 
covered by HAp-doped and undoped PHEMA films and 
tracked for 21 days. As a control sample, uncovered toma-
toes were placed into Petri dishes and followed under the 
same conditions. It is crucial to select undamaged tomatoes 
covered by washed films for the application test. Shrink-
age of the control sample and coated samples was tracked 
and photographed at room temperature. The fresh keeping 
effect of HAp-doped films was determined by measuring the 
weight loss rate of cherry tomatoes (Eq. (7)).

(2)CL(%) =
m

2

m
�

1

x100

(3)S(%) =
mt −mi

mi

× 100

(4)EWC =
We −Wd

We

× 100

(5)WVTR =
Wi −Wf

At
× 100

(6)MC(%) =
M

0
−M

M
0

× 100

(7)Wloss(%) =
W

0
−WL

W
0

× 100

Table 1   Sample identification

Reactants

Sample 
name

HEMA Initiator Cross-
linker

Catalyst HAp

HJ 2.5 M 0.005 M 0.05 M 20 µL -
HJ-2 2.5 M 0.005 M 0.05 M 20 µL 0.0025 g
HJ-3 2.5 M 0.005 M 0.05 M 20 µL 0.005 g
HJ-4 2.5 M 0.005 M 0.05 M 20 µL 0.025 g



2696	 Food and Bioprocess Technology (2023) 16:2692–2704

1 3

where W0 and WL were the weighted of cherry tomatoes 
before packaging and after packaging, respectively.

Results and Discussion

FT‑IR

The polymerization was first evaluated by ATR-FT-IR 
spectroscopy. The absence of absorption bands of the meth-
acrylate group of the HEMA monomer at 829 cm−1 and 
1648 cm−1, which is attributed to CH out-of-plane and C–C 
stretch vibrations, respectively, confirms that vinyl carbon 
groups are formed as a result of the polymerization (Castro 
et al., 2019). The presence of a band of stretching vibration 
at 1709 cm−1 is attributed to the presence of C = O groups 
belonging to PHEMA (Wang et al., 2022; Yavuz et al., 2016). 
In another study, C = O stretching vibrations of PHEMA and 
HEMA were observed at 1728 cm−1 and 1719 cm−1, respec-
tively (Wang et al., 2023). It can be said that in the presence 
of radical initiator, the C = O band of the cross-linked films 
shifts to 1709 cm−1. In Fig. 2, FT-IR spectra of PHEMA 
biofilms containing different amounts of HAp are given. The 
black line belongs to plain PHEMA. FT-IR spectra of nano-
composite hydrogels encoded with HJ-2 (0.05%wt.), HJ-3 
(0.1%wt.), and HJ-4 (0.5%wt.) are shown with red, blue, 
and green lines, respectively. The bands belonging to the 
phosphate group confirming the formation of HAp in film 
samples were obtained in the 1100 cm−1 and 575 cm−1 range 
as seen in previous studies (Mahroug et al., 2019; Mansri 
et al., 2019). The corresponding FT-IR spectra of HAp were 
obtained in agreement with previous results in the literature 

(Chaudhuri et al., 2016; Hui et al., 2015). O–P–O bending 
modes were seen at 552 cm−1 and 665 cm−1 regions in HJ-2 
and HJ-4. The 2475 cm−1 (green line) band was assigned 
to the P-O–H stretching mode and the 1451  cm−1 band 
was assigned to the P–O–H in-plane bending mode. Other 
films, except HJ-4 in Fig. 2, were found to have a similar 
IR spectrum. This indicates that the surfaces have the same 
functional groups. Also, in HJ-2 spectrum, a small amount 
of HAp was observed in the bands; but in HJ-3, there are 
no peaks of HAp could be observed in the spectrum due to 
the limitations arising from the choice of the area where the 
analysis was performed. Surface functional group diversity 
was revealed in HJ-4, where the increasing amounts of HAp 
were the highest (0.5%wt.). Also, according to the literature, 
the peak at 569 cm−1 is due to the PO4

3− bending modes of 
the apatite structure (Mary et al., 2016). These bands of HAp 
are also compatible with the XRD results of the samples.

XRD

In Fig. 3, the XRD pattern of the HAp-doped and undoped 
PHEMA films is given. Accordingly, in the XRD spec-
trum of the PHEMA film with the highest HAp content 
(HJ-4), peaks compatible with Reference code: ICDD data 
98–015-1414, Apatite, hexagonal structure was observed. It 
is seen from the spectrum that the amorphous XRD peaks 
of PHEMA decrease with the addition of HAp (Koçyiǧit 
et al., 2013). On the other hand, as the amount of HAp in 
the films increased, the crystal peaks of HAp in the spec-
trum increased. A composite film with the highest HAp 
concentration (0.5% by weight) (HJ-4) exhibited the maxi-
mum number of HAp peaks in Fig. 3. This was explained 
in previous studies because at high HAp concentration, the 
grains are highly oriented, and thus the crystallinity of the 

Fig. 2   FT-IR spectrum of HAp-doped and undoped PHEMA films 
(black line: HJ; red line: HJ-2; blue line: HJ-3; and green line: HJ-4) Fig. 3   XRD pattern of HAp-doped and undoped PHEMA hydrogels
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composite is improved as observed from the XRD peaks 
(Chaudhuri et al., 2016).

SEM–EDX

In Fig. 4, the morphological image of plain PHEMA hydro-
gel without HAp additive is given in two different magni-
fications in the picture of picture. While it was seen how 
homogeneous the surface was at 1000 × magnification, 
the microporous structure of PHEMA was observed at 
5000 × magnification.

SEM images of HAp-doped PHEMA films are given in 
Fig. 5. Accordingly, HAp is mostly homogeneously dispersed 
on the polymer matrix. When the film surfaces were examined 
at each magnification by SEM analyses, no particles were 
found inside or at the edges of the pores. Due to this observa-
tion, it is stated that the HAp distribution on the film surfaces 

is homogeneous. However, agglomeration occurred on the 
surface of the composite films at the highest concentration 
(HJ-4). HAp also showed an effect on the porosity of the films 
(Temel et al., 2020). Compared to the plain PHEMA film sur-
face, the surface porosity decreased at all other three concen-
trations (HJ-2, HJ-3, and HJ-4). However, while it is expected 
that the swelling behavior will decrease in direct proportion 
to the shrinkage of the pores, contrary to expectations, the 
swelling rates of the films increased when the amount of HAp 
increased due to the water-holding ability of HAp.

The semi-quantitative EDX results of PHEMA films pre-
pared in this study, doped and undoped with different amounts 
of HAp, are given in Table 2. It was confirmed that HAp addi-
tion increased when looking at the atomic Ca and P amounts 
on the plain PHEMA surface. Although HJ-2 and HJ-3 were 
similar due to their low HAp amounts, atomic Ca and P values 
were found 0.53% and 0.81%at., respectively, in HJ-4.

Fig. 4   The picture in picture of 
undoped PHEMA hydrogel at 
1000 × and 5000 × magnifica-
tions

Fig. 5   HAp-doped PHEMA 
hydrogels a HJ-2 (0.05%wt.), 
b HJ-3 (0.1%wt.), and c HJ-4 
(0.5%wt.)
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Gas Transmission

Obtained films’ gas transmission properties were investi-
gated under N2, air, and smoke (COx) for 5 min, separately. 
The samples were humidified before gas exposure. Carbon, 
hydrogen, and nitrogen contents of HAp-doped and undoped 
PHEMA films which have known initial weight were meas-
ured by burnt in the furnace at 950 °C. The oxygen content 
of the samples was calculated by completing the total C, H, 
and N elements up to 100. C, H, N, and O contents of HAp-
doped and undoped PHEMA biofilms are given in Fig. 6. 
According to the results, the carbon and oxygen amounts of 
plain PHEMA and HAp-doped PHEMA films, which were 
not exposed to any gas, were almost the same (~ 50%wt. 
carbon and ~ 40%wt. oxygen).

On the other hand, N2, air, and COx gas exposures 
showed an increase in the amount of oxygen compared to 
the initial values. When N2 was passed through the films, 
the film with the highest oxygen content (70%wt.) was 
the HJ-4-coded film (marked with a “star shape” in the 
bar indicated by HJ-4-N2). As expected in the behavior 
of films exposed to air, HJ-4 with the highest amount of 

HAp contains 63% O2, while HJ contains 72% O2. While 
the amount of HAp shrinks the PHEMA pores on the film 
surfaces, it retains a large amount of O2 due to the chemical 
structure of HAp. Also in plain PHEMA, which is coded 
with HJ-air and marked with a “triangle,” the large pore 
structure shows the barrier property in gas transmission. 
Similar results were observed with COx (smoke) exposure. 
The high amount of O2 obtained in each gas exposure can be 
interpreted by the fact that the Ca and PO4

3− groups of HAp 
retain a high amount of water vapor, NOx, and COx gases. 
The gas permeability results of these films, developed for 
use in food packaging, significantly reduce the transmission 
of oxygen and water vapors, two unfavorable gases in the 
packaging (Nguyen et al., 2021). These properties showed 
that the produced films are suitable for packaging materials.

UV‑Light Transmission

The UV barrier property of packaging materials is an 
important parameter that should examine to reduce lipid 
oxidation in foods, prevent loss of nutritional value, 
eliminate color and taste deterioration, and extend food 
shelf life (Haghighi et al., 2020). UV–Vis. transmissions 
of HAp-doped and undoped PHEMA films are given 
in Fig. 7 in the range of 200–700 nm. According to the 
results, the UV-light transmission of the films decreased 
as the amount of HAp increased. In the wavelength range 
of 200–700 nm, plain PHEMA (HJ coded) used as the 
control sample showed the highest UV-light transmission 
property. As seen in Fig. 7, each film’s visible light trans-
mission is higher than the UV transmission.

Table 2   EDX analysis of samples

Samples Elements ( %at.)

C O Ca P

HJ 67.21 32.79 - -
HJ-2 66.77 32.82 0.01 0.41
HJ-3 66.11 33.43 0.01 0.46
HJ-4 65.86 32.80 0.53 0.81

Fig. 6   C, H, N, and O contents 
of HAp-doped and undoped 
PHEMA biofilms
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Swelling Behaviors of the HAP‑Doped/Undoped 
PHEMA Films

To determine the swelling behavior of the films in water, 
the films were cut into 1 × 1 cm2 pieces. The weights of the 
first dry state were measured and recorded (m0). Each piece 
of film was placed in 5 mL of distilled water to examine 
its swelling properties. After wiping the excess water on 
the films with filter paper for different time intervals until 
the 50th h, the weights of the swollen state were taken and 
recorded (mt). The GC %, CL %, EWC, WVTR, and MC % 
values of the films were calculated using Eqs. (1), (2), (4), 
(5), and (6) and are given in Table 3. According to these 
results, the films achieved polymerization and cross-linking 
with 100% conversion. For plain PHEMA, the conversion 
is 93%. The reason for this can be given as the error in the 
weighing taken after polymerization (Temel et al., 2019a, 
b). According to Table 3, the films’ equilibrium water con-
tent (EWC) was calculated as approximately 61% for plain 
HEMA and 64%, 63%, and 63% for HAp-doped PHEMA 
films, respectively. The amount of EWC increased as HAp 

was added to the PHEMA films. The highest EWC value is 
seen in HJ-2 because HAp is homogeneously distributed on 
the film surface without agglomerate. The interpretation of 
the homogeneity of HAp particle distributions was based 
on SEM images. The water content of hydrogels at equilib-
rium appears to be increased in HAp-doped hydrogels com-
pared to non-doped hydrogels. HAp-doped PHEMA films 
are more hydrophilic than plain PHEMA films. Therefore, 
the presence of HAp in the composite caused an increase 
in the EWC value. As the amount of HAp in the content 
increased, the hydrogel networks became more hydrophilic 
and absorbed more water (Yang et al., 2016). Although the 
amounts of HAp in HJ-3 and HJ-4 are quite different, the 
similar EWC values in both hydrogels mean that the inter-
molecular interaction of HAp molecules in the films with 
PHEMA is strong at increasing HAp amounts. Looking at 
the WVTR values of the films, as the HAp amount increases, 
the WVTR of the films slightly reduces from ~ 344,000 to 
254,000 g.day−1.m−2. Reducing WVTR is vital in increas-
ing the shelf life of packaged foodstuffs (Haghighi et al., 
2021). The moisture content (MC) of the films is presented 
in Table 3. The MC values ranged from 4.5 to 6%. Moisture 
content was calculated according to Eq. (6). After the films 
were taken out of the oven, they were kept in a desiccator 
for 30 min to avoid sudden moisture and then weighed; for 
each film, triplicates were tested. According to these results, 
the moisture content of the plain PHEMA hydrogel is 6.19%. 
As the amount of HAp increased, the % moisture content of 
the films decreased. Also, the amount of free water vapor 
decreased (Jayakumar et al., 2019). HAp-doped PHEMA 
films, which show more swelling behavior than undoped 
PHEMA films, shrink when dried at 105 °C. The moisture 
content of the shrinking composite films is less. HAp-doped 
PHEMA intermolecular interactions have the ability to retain 
more water when the films swell in water, and contain less 
moisture in the shrinkage behavior. As a result, the interac-
tion between the polymer-inorganic reinforcing material is 
stronger than the polymer–polymer interaction.

% Swelling values were calculated according to Eq. (3) 
and are given in Fig. 8. According to Fig. 8, each film 
reached a swollen equilibrium state after 24 h. In addition, 
swelling values increased as the HAp content in the films 
increased. The reason for this is the water-holding ability 
of Ca/P ratios in the amount of HAp. In agreement with the 
literature, the addition of HAp improved the hydrophilicity 
of the films (Chaudhuri et al., 2016). As can be seen from 
the figure, the swelling of the films in water occurred rapidly 
and the equilibrium water uptake was reached after 24 h. 
Compared to PHEMA (160%), the water swelling rate of 
HAp-doped PHEMA films increased significantly (about 
180%). The addition of HAp to the hydrogel network may 
have contributed to this result by introducing more hydro-
philic functional groups (-OH) (Bayramoǧlu et al., 2002). 

Fig. 7   UV–Vis. transmissions of HAp-doped and undoped PHEMA 
films

Table 3   The GC %, CL %, EWC, WVTR, and MC % values of the 
films

CL (%) GC (%) EWC (%) WVTR 
(g.day−1.
m−2)

MC (%)

HJ 100.29 92.99 61.19 343,888.9 6.19
HJ-2 100.04 107.05 64.03 329,777.8 5.75
HJ-3 100.03 104.75 63.32 315,041.3 5.85
HJ-4 100.13 104.26 63.47 254,133.3 4.47
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Although the swelling values for HJ-2, HJ-3, and HJ-4, 
which reached equilibrium in Fig. 8, are close to each other, 
the swelling rates of the hydrogels are not the same from the 
beginning. According to this result, films with higher HAp 

content swelled faster as expected. When the films reached 
equilibrium, depending on the amount of HAp, the films 
rapidly reached saturation and did not swell at a higher rate.

Food Packaging Application

It is crucial to demonstrate the application of HAp-doped 
and undoped PHEMA films in food packaging (Min et al., 
2020). Cherry tomatoes, which can easily deform due to 
their shelf life and sensitive outer skin, were selected for 
the application test in this study. HAp-doped and undoped 
PHEMA biofilms application for cherry tomatoes packag-
ing was tested at room temperature (25 °C) for 21 days. 
The experiment was divided into five groups: the control 
group (coded by Control) and the HAp-doped and undoped 
PHEMA biofilms coded HJ, HJ-2, HJ-3, and HJ-4. The 
degree of decay of cherry tomatoes was recorded by pho-
tographing (Min et al., 2020). Photos of cherry tomatoes 
packaged by HAp-doped and undoped PHEMA biofilms and 
unpackaged tomato samples are given in Fig. 9. Figure 9 
shows the changes in the cell wall morphology of cherry 
tomatoes over time. Figure 9 shows that fresh tomatoes are 
full of moisture on day zero. In Fig. 9, samples covered 
with HAp-doped and undoped PHEMA film are given in 

Fig. 8   % Swelling values of the HAp-doped and undoped PHEMA 
films

Fig. 9   Cherry tomatoes were 
photographed after storage for 
21 days. Left to the right; plain 
PHEMA (HJ), 0.05%wt. HAp-
doped PHEMA (HJ-2), 0.1%wt. 
HAp-doped PHEMA (HJ-3), 
0.5%wt. HAp-doped PHEMA 
(HJ-4) composite coatings
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the image of day zero. In later photo shoots, the films were 
temporarily removed. On the 7th day, the unpackaged tomato 
started to shrivel, which can be seen from the changes in its 
morphology. On the 14th day, film-coated cherry tomatoes 
started to shrivel. In the following days, the surfaces of the 
tomatoes became slightly dry and wrinkled. At the end of the 
21st days, all the tomatoes have almost completely lost their 
moisture and shriveled. The results showed that the films 
effectively extended the shelf life of tomatoes.

Weight loss of fruit and vegetables is related to the evapo-
ration of water in their structure (Min et al., 2020). Rapid 
water loss is one of the most critical factors that cause food 
to shrink and rot (Min et al., 2020). Due to the low mechani-
cal strength of cherry tomatoes, it is a sensitive food type 
with a short shelf life and fast shrinkage. Weight loss of the 
films was calculated by Eq. (7). As seen in Fig. 10, cherry 
tomatoes’ cell respiration and water evaporation rate are 
most significant under unpackaged conditions. Therefore, 
the highest weight loss was observed in the control sam-
ple. However, weight loss was reduced when tomatoes were 
packaged with PHEMA films. HAp-doped PHEMA films 
for packaged applications on cherry tomatoes delay evap-
oration and water loss. The % weight loss of unpackaged 
tomatoes (control sample) is the highest among the films, 
with 33%. The weight loss of plain PHEMA-coated tomato 
(HJ) after 21 h is 23%. The moisture retention properties 
of HAp due to Ca2+ and PO4

3− ions caused the tomatoes to 
remain without shrinkage for extended periods. Thus, toma-
toes retain moisture in their structures longer. It extends their 
shelf life. In addition, as seen in Fig. 10, the weight loss of 
the control sample occurs rapidly from the 1st day, while the 
weight loss of packaged tomatoes takes more time. The best 
moisture-holding ability was achieved in the HJ-2-coded 

film (18%), in which HAp was homogeneously distributed. 
The expected result was obtained in tomatoes packaged with 
HJ-2. HAp in the polymer matrix is responsible for moisture 
retention in cherry tomatoes. The best result was obtained 
in the film where the polymer-inorganic material interaction 
was the best, not as the amount of HAp increased. Accord-
ing to Fig. 10, intermolecular interactions are stronger than 
intramolecular interactions in HJ-2. In HJ-3, intramolecular 
interactions are higher than intermolecular interactions. In 
HJ-4, which has the highest amount of HAp, the interac-
tion between HAp molecules is more than polymer–polymer 
interaction. The excess amount of HAp caused HJ-4 to be a 
better moisture barrier than HJ-3.

Conclusion

Active and smart packaging, protection of food from the 
external environment, and good transportation are the 
most critical features desired. With technological innova-
tions, studies are constantly improving, and this develop-
ment provides safe packaging and longer shelf life to foods. 
This study provides information on using HAp-doped and 
undoped PHEMA biofilms as smart packaging materials. 
The investigated parameters, water barrier properties, UV 
barrier properties, gas transmission properties, application 
field tests, and structural and morphological characteriza-
tions were discussed. The obtained films were transparent, 
flexible, and exhibited good mechanical properties. The 
films produced as packaging materials were obtained in 
good appearance and homogeneous thickness. The findings 
of the elastic physical behavior of the films were visually 
monitored instead of mechanical properties. These values 
will be presented quantitatively in complementary studies 
where stress–strain tests and biodegradable behavior will be 
examined. The same can be said for homogeneous thickness. 
Structural characterization results showed good compat-
ibility between various HAp amounts and polymer. On the 
other hand, as HAp addition increased, the amount of het-
erogeneous phase in the films also increased. Thus, ensuring 
the homogeneous distribution of HAp in the films was the 
most critical challenge in this study. According to the XRD 
analysis results, the matrix crystallinity was significantly 
affected by the presence of HAp particles. The morpholo-
gies of the films were examined by SEM analysis. Accord-
ingly, the micro- and mesoporous structure of the films is the 
most important structural feature affecting the results in gas 
transmission, swelling behavior, and weight loss tests. The 
advantage it brings, apart from using the films obtained in 
food packaging, also allows development. It opens up new 
opportunities for new material conversions. Considering 
their swelling behavior, adding HAp to the PHEMA matrix 
improved the hydrophilicity of the films. The films obtained 

Fig. 10   Weight loss of the plain PHEMA, HAp-doped PHEMA, and 
control films
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in this study can keep the environment dry by absorbing 
the resulting moisture from the tests performed on cherry 
tomatoes, thus preventing the rapid deterioration of foods. 
The data obtained from the study results showed that such 
films could be an alternative to traditional method pack-
aging materials. This study focused on physicochemical 
and analytical characterizations. Commercialization efforts 
will be accelerated with biological activity tests, mechani-
cal strength tests, and market research planned to be carried 
out in the follow-up study. Commercial availability of HAp-
doped PHEMA composite biofilms will result in future mar-
ket research. Currently, the results of this study show that it 
is a promising packaging material that can meet the market’s 
needs with food safety and increased shelf life.
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