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The aim of this study was to investigate the swelling and degradation behavior

of  a  controlled‐release  system  using  gelatin,  thymol  loading  capacity, 

characterization,  morphology,  and  thymol  release  level  in  relation  to  the

recommended therapeutic dose for varroosis control. In this context, a series

of hydrogels were first produced using a glutaraldehyde (GA) crosslinker and 

swelling  tests  were  performed.  Thymol  loading  was  performed  on  the

appropriate hydrogels, with swelling values between 269% and 431%. Thymol

loading  efficiency was determined  to be between 20.07% and 29.80%.  The

chemical structures of the hydrogels with and without thymol  loading were 

compared  by  Fourier  transform  infrared  spectrometry  (FT‐IR)  and  it  was 

determined  that  thymol  was  loaded  into  the  structure.  The morphological

structures of the thymol‐loaded and unloaded hydrogels were examined by 

scanning  electron microscopy  (SEM).  It was  observed  that  the non‐thymol‐

loaded hydrogel had larger pores than the thymol‐loaded hydrogel. A model 

release environment and measurement system were developed to predict the

release type, level, and duration of the controlled release system in the hive 

air environment. In this model release environment, release tests were carried

out  for  four  weeks  using  different  thymol  application  systems  and  the

measurements were compared. As a result, it was found that the controlled 

thymol release system developed for the control of varroosis showed a more

stable release compared to existing application systems. 
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Introduction  
Varroosis is an external parasitic disease of bees 
characterized by the invasion of honey bee colonies by the 
Varroa destructor mite, which feeds on the haemolymph 
of adult and young bees and causes various damages to the 
colony (4). When measures are not taken against mites, 
colony productivity decreases, susceptibility to other 
diseases increases and colonies may die in more advanced 
stages. Many control methods have been developed 
against the mite, and chemical control methods are the 
most important of these. Thymol is a chemical used for 
varroosis control since the 1980s (1, 13, 35). 

When Varroa mites inhale thymol, which sublimates 
and passes into the hive air, GABA-gated chloride 

channels are blocked. Thus, the acaricidal effect occurs as 
a result of excessive stimulation and convulsions in the 
central nervous system (2, 9, 10, 15). When thymol is 
applied to colonies, acaricidal activity varies in relation to 
environmental temperature and humidity (14). When 
thymol-containing drugs are applied to colonies at 
ambient temperatures lower than 15 °C, queen death may 
occur, and when applied at temperatures higher than 30 
°C, agitation, flight, brood, and adult bee mortality may 
increase (3, 5, 7). Thymol is a chemical with a narrow 
therapeutic window that acts on Varroa mites and honey 
bees by the same mechanism. The topical LD50 of thymol 
is 56.1 μg for adult mites, 210.3 μg for adult worker bees 
and 150.7 μg for bee larvae (17). Thymol is effective 
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against the mite by inhalation at a concentration of 5–15 
μg/L, but at an air concentration of 20 μg/L, it causes 90% 
mortality in bees (20). 

Controlled release systems (CRS) are drug delivery 
systems that allow the active substance to be administered 
at the desired location, concentration, rate and duration. In 
CRS, the active substance is located in a drug reservoir 
coated with a film or in a matrix in which the drug is 
dispersed. From here, slower and more stable release 
processes are realized with different kinetics (11). CRS 
can provide benefits such as administering the dose within 
the therapeutic range, minimizing the amount of drug 
required, reducing side effects, and decreasing the 
frequency of administration (25, 27). In addition, CRS can 
increase the stability of the active substance against 
harmful effects such as temperature, oxidation, moisture, 
and microorganisms and can limit its high volatility (31, 
8). On the other hand, CRS may have various 
disadvantages, such as toxicity or non-biocompatibility of 
the polymer used, unpredictable and poor correlation 
between in vitro release and in vivo release, unwanted 
degradation products, difficulty in dosage adjustment and 
cost (18). 

Hydrogels are indispensable materials for CRS. 
Hydrogels are cross-linked, three-dimensional, hydrophilic 
polymeric structures that are insoluble in water and can 
absorb at least 20% or more of their dry mass. Cross-links 
between polymers can be shaped chemically (covalent or 
ionic) or physically (crystallinity) and they are insoluble 
in water thanks to these bonds (28). Hydrogels are widely 
used in biomedical fields such as contact lenses, artificial 
heart, muscle, and skin materials due to their 
biocompatibility (28), as well as in the pharmaceutical 
industry as support materials for controlled drug release 
systems and enzyme immobilizations (29). 

Gelatine is a natural polymer used in pharmaceutical 
and biomedical fields such as drug coating, 
microencapsulation, and hydrogel production. In order for 
the materials to be produced from its aqueous solutions to 
be used for a long period of time, gelatine must be 
subjected to cross-linking, which increases both its 
thermal and mechanical stability. The most widely used 
chemical crosslinker for this purpose is glutaraldehyde 
(GA). The swelling and failure behavior of hydrogels can 
be controlled by changing the crosslinker and polymer 
ratios (30). 

The aim of this study was to develop and characterize 
controlled thymol-releasing hydrogel systems for use in 
varroosis control. To this end, hydrogel systems were 
developed using gelatin polymers, GA crosslinkers, and 
thymol as the active substances. Swelling and thymol 
loading tests were carried out on the produced hydrogels. 
In addition, their chemical structures were examined by 
Fourier transform infrared spectrometry (FT-IR) and their 

morphological structures were examined by scanning 
electron microscopy (SEM). Finally, release tests of a 
thymol-loaded hydrogel were carried out in a model 
release environment for four weeks. It was planned to 
select the appropriate hydrogel for varroosis control 
studies in honey bee colonies. 

 

Materials and Methods 
Materials: Bovine gelatin (Food grade, Alfasol), GA 
(Technical grade, 25%, Merck), sunflower oil (Food 
grade, Yudum), thymol (Technical grade, 99% purity, 
Sigma-Aldrich), and distilled water were used for 
hydrogel production. For chromatographic analyses, 
thymol reference standard (99.6% purity, Dr. 
Ehrenstorfer), acetonitrile (HPLC grade, Sigma-Aldrich), 
n-methyl-2-pyrrolidone (NMP) (Technical grade, BASF), 
and distilled water were used. 
 
Preparation of Hydrogels: 8% and 10% gelatin solutions 
were prepared using distilled water. The solutions were 
kept in an ultrasonic bath at 50 °C for one hour to 
completely dissolve the gelatin. Gelatin solutions and GA 
solutions were added into Falcon tubes at different ratios, 
as shown in Table 1. The tubes were mixed at 1000 rpm 
for 2 minutes and kept at room temperature for 24 hours. 
The hydrogels were removed from the tubes and cut into 
0.5-cm-thick discs with a scalpel. The discs were washed 
three times successively with distilled water to remove 
gelatin and GA that did not enter the crosslinking reaction. 
The hydrogel discs were placed in an oven (IN 260, 
Memmert) set at 30 °C. The discs were weighed daily with 
a precision balance (AK160, Mettler Toledo, Ohio, USA), 
and the drying process was terminated when a constant 
weight was reached. The discs were stored in moisture- 
and light-proof bags until they were used in further 
studies. 
 
 
Table 1. Gelatin Hydrogel Preparation Conditions. 

Hydrogel 
Code 

Gelatin 
(%) 

GA  
(%12.5 mL) 

GA/Gelatin 
Ratio 

G-1 8 0.2   6.25 x 10-3

G-2 8 0.4 12.50 x 10-2 
G-3 8 0.8 25.00 x 10-2 
G-4 8 1.6 50.00 x 10-2 
G-5 8 2.4 75.00 x 10-2 
G-6 8 3.2 1.00 
G-7 8 4.0 1.25 
G-8 10 0.2 5.00 x 10-2 
G-9 10 0.4 10.00 x 10-2 
G-10 10 0.8 20.00 x 10-2 
G-11 10 1.6 40.00 x 10-2 
G-12 10 2.4 60.00 x 10-2 
G-13 10 3.2 80.00 x 10-2 
G-14 10 4.0 1.00 
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Swelling Test: The dried hydrogel discs were placed in 
sample containers containing 100 mL distilled water and 
placed in an oven (IN 260, Memmert) set at 30 °C. The 
discs were removed from the water at regular intervals and 
dried superficially with filter paper. The weighed discs 
were returned to the water and placed in the oven. 
Weighing was continued until a constant weight was 
reached for each disc. The test was carried out on three 
samples. The mean percentage swelling values (S%) were 
calculated by Equation 1 (29) (md: dry weight, mw: wet 
weight). 

S (%)= 
mw-md

md
 ×100     (1) 

 
Thymol Loading and Loading Efficiency Determination: 
Thymol-loaded samples were prepared by using G-3 and 
G-10 hydrogels, which were prepared with gelatin 
solutions at different concentrations and exhibited the 
most ideal properties in terms of swelling and structural 
stability. Although thymol's solubility in water is very 
low, its solubility in vegetable oils is high (6). 
Accordingly, thymol was added to the gelatine solutions 
in two different ways before the cross-linking step, 
following the procedure, described in the section on the 
preparation of hydrogels. In the first group (T), pure 
thymol in solid form was added at weights of 0.5 g, 1 g, 
and 1.5 g. In the second group (OT), 1 mL, 2 mL, and 3 
mL of 50% thymol-sunflower oil solutions were added to 
the tubes, respectively. Then, thymol-loaded hydrogels 
were produced by adding GA crosslinker. Table 2 presents 
the prepared samples and their codes. 
 
 
Table 2. Preparation Conditions of Thymol Loaded Gelatin 
Hydrogel. 

Hydrogel 
Code 

Gelatin  
(%) 

GA 
(%12,5, 

mL) 

Thymol 
(g) 

Thymol/Sunflo
wer Oil 
Solution 

(mL) 

(G-3)-T1 8 0.8 0.5 - 

(G-3)-T2 8 0.8 1.0 - 

(G-3)-T3 8 0.8 1.5 - 

(G-3)-OT1 8 0.8 - 1.0 

(G-3)-OT2 8 0.8 - 2.0 

(G-3)-OT3 8 0.8 - 3.0 

(G-10)-T1 10 0.8 0.5 - 

(G-10)-T2 10 0.8 1.0 - 

(G-10)-T3 10 0.8 1.5 - 

(G-10)-OT1 10 0.8 - 1.0 

(G-10)-OT2 10 0.8 - 2.0 

(G-10)-OT3 10 0.8 - 3.0 

 

The hydrogel discs were extracted with acetonitrile 
to determine thymol loading efficiencies. Three samples 
were prepared for each hydrogel series and the thymol 
content was measured using HPLC-DAD (Thermo 
Scientific, Dionex Ultimate 3000). Analytical separation 
was achieved with a C18 (250 mm x 4.60 mm, 5 μ ACE) 
column. Acetonitrile and water were used as the mobile 
phase in a 75/25 ratio at a flow rate of 1 mL/min. Samples 
were injected into the system in a volume of 20 μL. The 
detection of thymol peaks was performed in 5 minutes and 
at 278 nm. The drug loading efficiency of the hydrogel 
series was calculated by Equation 2 (38). 

Load൴ng Eff൴c൴ency (%)= 
Total Thymol Mass ൴n Hydrogel

Total Hydrogel Mass
 ×100    

(2) 
 
FT-IR Analysis: Fourier Transform Infrared 
Spectroscopy (FT-IR) analyses (Spectrum Two™, Perkin 
Elmer) were performed to determine whether cross-
linking between gelatin and GA was present and to prove 
the presence of thymol loaded in the hydrogel structure. 
For this purpose, direct spectra of dry samples of pure 
gelatin, G-10 hydrogel, and thymol-loaded (G-10)-OT1 
hydrogel were taken. The scans were carried out in the 
wavelength range 4000-450 cm1 with a MIR TGS 
detector at 4 cm-1 resolution and 0.2 cm-1 scan rate 
conditions and the spectra were compared. 
 
Scanning Electron Microscopy (SEM) Analysis: For the 
determination of hydrogel morphology, surface 
topography, and microstructure, 1 cm-thick discs were 
formed from thymol-loaded hydrogel ((G-10)-OT1) and 
non-thymol-loaded hydrogel ((G-10)-O1) with the help of 
a scalpel. The hydrogel discs were allowed to swell in 
distilled water at room temperature for 48 hours. The discs 
removed from the water were kept in the refrigerator at -
20 °C overnight and frozen. The frozen discs were placed 
in a lyophilization device (FreeZone1, Labconco, Canada) 
and dried at -40 °C for 10 days (22). From the dried discs, 
smaller sized samples were prepared with a razor blade. 
The samples were coated with a 3.0 nm (±0.5 nm) thick 
layer of gold (Au) in a coating device (Cressington Sputter 
Coater 108 Auto, Watford, UK). The coated samples were 
imaged by SEM (VEGA3 SBU-EasyProbe, TESCAN, 
Czech Republic) under 15.0 kV (19). 
 
Release Study: Release studies of thymol-loaded (G-10)-
OT1 hydrogel were performed in order to examine the 
kinetics of thymol release under laboratory conditions and 
to evaluate the suitability in terms of the therapeutic 
window. A model release environment shown in Figure 1 
was created with variables such as temperature, humidity, 
and hive ventilation that are effective on the 
pharmacological and toxicological processes of thymol in  
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Figure 1. Release System: A-acclimatisation cabinet, B- balance, C-fan, D-hive, E-gas washing bottles, F-flow meter, G-air vacuum 
pump, H-peristaltic pump, I-HPLC DAD system. 

 
colonies in nature (12, 14, 16, 26, 33, 34, 36). In this setup, 
bee, honey, and beeswax compartments and variables that 
may affect the release level, such as fluid dynamics, were 
ignored. For the release test, three experimental groups 
containing equal weights of thymol were formed. A 
reference drug containing thymol approved for use in the 
control of varroosis, pure thymol, and hydrogel ((G-10)-
OT1) samples containing 12.5 g of thymol were used for 
four weeks. 

A plastic hive with Langstroth hive dimensions was 
placed in an air-conditioned cabinet (Weiss WK 111–
180). A fan, data logger, and balance equipment were 
installed in the hive. Samples were placed on the balance 
sheet. The hive was isolated in such a way that air inlets 
and outlets were provided only by pipes. The fan was 
operated at 400 rpm (37). The temperature of the chamber 
was periodically increased by 5 °C from 10 °C to 35 °C 
with software (Simpati 4.50) and then decreased again 
until the temperature reached 10 °C, creating a 24-hour 
temperature cycle. Hive air passed through pipes (A-60-
G, Tygon) was vacuumed by an air pump (Aco 9601, 
Hailea) at an average speed of 0.42 L/min, adjusted by a 
flowmeter (LZT 4 T). The vacuumed air was sequentially 
passed through three gas washing bottles containing 500 
mL volumes of a 10% NMP solution. The air was then 
returned to the hive through a gas scrubber bottle 
containing silica gel to trap excess moisture. The humidity 
level inside the hive was monitored in terms of 40%–60% 
relative humidity limits. The total amount of thymol 
retained in the solutions sent from the gas washing bottles 
to the HPLC loop system by capillary tubes and peristaltic 
pumps was measured daily by the HPLC-DAD device. At 
the end of four weeks, thymol adsorbed on the hive wall 
was collected according to a method given in the literature 

(32). In addition, the weight changes of the samples were 
measured daily with a balance. 

 

Results 
Swelling Test Results: Among the hydrogels synthesized 
with different ratios of gelatin and GA composition, it was 
aimed to determine at least two hydrogels that provided 
the highest level of swelling while maintaining their 
robustness as a result of swelling tests. As shown in Figure 
2 and Figure 3, it was determined that the %S initially 
increased with time and then remained constant at the end 
of 48 h. The average %S values were determined as 431% 
(± 42.90) for the most swelling hydrogel G-1 and 269%   
(± 17.61) for the least swelling hydrogel G-14. It was 
determined that all hydrogels completed the 48-hour 
swelling test without disintegration and with an average 
swelling of 349% (± 53.94). Two hydrogels (G-3 and G-
10) with the highest level of swelling, robust structure, and 
homogenous appearance were selected to be tested in 
thymol loading studies. 
 
Thymol Loading Results: The thymol loading efficiency 
results for the synthesized hydrogels were compared as 
shown in Figure 4. The average thymol loading efficiency 
was calculated to be 25.26% (± 3.05). In general, it was 
observed that in hydrogels loaded with pure solid thymol, 
the thymol was oriented towards the outer surface of the 
hydrogel. Thymol loaded as dissolved in sunflower oil 
was found to be homogeneously distributed in the 
hydrogel matrix structure. The hydrogel coded (G-
10)OT1, which exhibited a robust structure and 
homogeneous appearance as well as above-average 
loading efficiency, was selected for use in release             
trials. 
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Figure 2. Swelling-Time Graph of Hydrogels (8%). 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 3. Swelling-Time Graph of Hydrogels (10%). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Timol Loading Efficiency Graph of 
Hydrogels. 
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Figure 5. FT-IR Spectra of gelatin (A), Hydrogel (G-
10) (B), Thymol Loaded Hydrogel (G-10)OT1 (C). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. SEM Images of Non-Thymol Loaded Hydrogel (G-10)O1 (A- 2 mm, B-1 mm) and Thymol Loaded Hydrogel (G-10)OT1 
(C- 2 mm, D-1 mm). 
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Figure 7. Time Graph of Thymol Concentration in 
Hive Air. 
 
 
 
FT-IR Results: The spectra of pure gelatin, G-10 
hydrogel, and (G-10)-OT1 hydrogel were compared as 
shown in Figure 5. The spectra of gelatin and G-10 
hydrogel are generally similar to each other. After the 
crosslinking reaction, the narrowing of the amine (N-H) 
peak at 3283 cm-1 of gelatin and the decrease in the 
primary amine content of gelatin in the hydrogel (G-10) 
structure were observed. In the spectrum of (G-10)-OT1 
hydrogel, characteristic C-H bond peaks of thymol were 
observed at 2924 cm-1 and 2854 cm-1. 
 
Scanning Electron Microscopy Results: When evaluated 
in terms of macroscopic findings, it was observed that the 
hydrogels obtained after freezing at -20 °C and the 
subsequent lyophilization process were suitable for 
disintegration. As shown in Figure 6, when compared to 
microscopic findings, there are significant differences 
between the hydrogels in terms of pore size and internal 
structure appearance. It was determined that there were 
pores in the matrix structure with an average diameter of 
280 µm (±17.74) for the non-thymol-loaded (G-10)O1 
hydrogel and 78.39 µm (±11.63) for the thymol-loaded 
(G-10)OT1 hydrogel. 
 
Results of Release Study: At the end of the release studies, 
it was determined by gravimetric measurements that 5.28 
g of pure thymol, 5.38 g of reference drug and 1.87 g of 
hydrogel ((G-10)OT1) occurred due to the sublimation of 
thymol. The amounts of thymol released from pure 
thymol, the reference drug, and thymol-loaded gelatin 
hydrogel (G-10)OT1 for four weeks and measured daily 

were converted to determine the amount of thymol in 1 L 
of in-hive air, and the in-hive air thymol concentration 
time plot is shown in Figure 7. The in-hive air thymol 
concentrations were calculated as the lowest 26 µg/L, 19 
µg/L, 27 µg/L, the highest 408 µg/L, 381 µg/L, 76 µg/L, 
and the mean 160.72 µg/L (± 109.30), 153.53 µg/L (± 
107.88), and 44.81 µg/L (± 14.95) for pure thymol, 
reference drug, and hydrogel, respectively. The release 
continued continuously for four weeks in all three groups. 

 

Discussion and Conclusion 
According to the results of the swelling tests, it was 
determined that increasing the crosslinker ratio in the 
hydrogel led to lower swelling values. In this respect, 
results consistent with published studies were obtained 
(29, 30). 

As a result of the cross-linking reaction between 
gelatin and GA, the aldimine bond (CH=N) is formed 
between the amino groups of gelatin and the aldehyde 
groups of GA, and the primary amine content of gelatin is 
reduced. In addition, in the comparison of the samples, 
only in the spectrum of (G-10)OT1 hydrogel, 
characteristic C-H bond peaks of thymol were observed at 
2924 cm-1 and 2854 cm-1. As a result, the FT-IR findings 
in terms of cross-linking with GA in the hydrogel structure 
and the presence of thymol in the matrix structure are 
consistent with the literature (24, 39). 

Using the hydrogel technique with gelatin, a natural 
polymer, a thymol-loadable CRS was formed with an 
average yield of 25.26% (± 3.05). The pores in the 
hydrogel matrix structure were measured at 280 µm 
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(±17.74) for (G-10)O1 hydrogel and 78.39 µm (±11.63) 
for thymol (G-10)OT1 hydrogel. In terms of these 
properties, it is evaluated that the results are compatible 
with the previous studies on controlled release of thymol 
(8, 23, 25). When evaluated in terms of macroscopic 
findings, it is in accordance with the literature that the 
hydrogels obtained after freezing at -20 °C and subsequent 
lyophilization exhibit a structure suitable for 
disintegration (22). This may be thought to be due to 
thymol, which is the only known difference between the 
two hydrogel compositions. Probably, thymol in the 
structure creates a difference in the heat transfer rate in the 
freezing process and therefore larger ice crystals are 
formed in the non-thymol structure during freezing. 
Larger ice crystals also push the gelatin chains more and 
cause larger pore sizes (19, 22). 

As a result of gravimetric measurements, pure 
thymol and the reference drug, which initially contained 
equal amounts of thymol, released thymol at similar 
weights. Similarly, it is noteworthy that the lowest and 
highest concentrations reached in the in-hive air thymol 
concentration-time graphs were very similar for pure 
thymol and the reference drug. This indicates that the 
reference drug formulation was designed for rapid release 
of thymol. The observation of thymol concentrations 
above the therapeutic window in all three release trial 
groups is probably due to the unpredictable and poor 
correlation between in vitro and in vivo test results (21). 
However, disadvantages such as these may be experienced 
in the development stages of CRS (18). This situation may 
be caused by factors that cannot be established in vitro but 
may be important in the pharmacokinetics of thymol. 
Hydrogel release was lower than that of pure thymol and 
the reference drug in both gravimetric measurements and 
in vitro air thymol concentration-time graph evaluation. In 
addition, the closeness of the average, highest, and lowest 
thymol concentration values obtained with hydrogel 
release indicates that a more stable release is exhibited 
compared to the other groups. It is evaluated that the 
controlled thymol release system developed in terms of a 
slow, continuous, and constant rate of thymol release, 
more efficient use of the active substance, and minimizing 
environmental damage is compatible with the literature 
(25, 27). 

In conclusion, the controlled thymol release system 
developed and tested in this study for the control of 
varroosis infestation was found to exhibit more stable 
release compared to existing application systems. The 
controlled release system has promising potential 
advantages in terms of the effective use of highly volatile 
active substances with a narrow therapeutic window, such 
as thymol, in the control of varroosis and the protection of 
colony health. 
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