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Abstract Hydrogels have become popular as drug carriers. Controlled release of the drugs from 
hydrogels can reduce dosage, inducing prevention of side effects. However, the hydrophilicity of 
hydrogels interferes with controlled release of hydrophobic drugs such as anticancer agents or antibiotics. 
In this study, we developed hydrophobically-modified gelatin (HMG) hydrogel, which was cross-linked 
only by hydrophobic interaction. HMG does not require toxic chemical cross-linkers to form hydrogel. 
In addition, the HMG hydrogel has hydrophobic chambers in its structure which hydrophobic drugs can 
adsorb to and desorb from. In order to control the amount of hydrophobic drugs adsorbed into the 
hydrogel, hydrophobic alkyl chains with different lengths (C4-C12) were incorporated into gelatin 
molecules. Uranine was used as a model for hydrophobic drugs. The adsorption test exhibited that the 
amount of uranine adsorbed in HMG hydrogels could be controlled by varying hydrophobic alkyl chain 
length and that the drug could be released in a controlled manner. These results show that HMG hydrogels 
are promising carriers of hydrophobic drugs. 

1 Introduction 
Many compounds have been developed as candidates of 
practical drugs, but they are rarely used in medical 
practice. It is because the concentration of the drugs at the 
target sites is generally low owing to rapid diffusion by 
vasculature after administration (Kidane and Bhatt, 2005). 
In order to obtain an effective concentration using poorly 
bioavailable drugs, large doses of the drug are required. 
With a large dose, some therapeutic effects can be 
expected, but it causes serious side effects and drug 
retention in the body (Senapati et al., 2018). 

In recent years, drug delivery systems (DDS) have 
attracted much attention. DDS refers to delivering the 
drug in the required amount, for the required time, and at 
the required place. The advantages of DDS induce 
reduction of the dose and frequency of administration of 
the drug, resulting in decrease in side effects at non-target 
sites. Furthermore, this helps to reduce medical expenses. 
In DDS, the drugs are incorporated into polymer network 
to be released from the material in a predetermined 
manner. So far, various synthetic polymers and natural 
polymers have been utilized as drug carriers (Nosrati et 
al., 2019; Yahia et al., 2019; Mauri et al., 2019). 

Hydrogels are a three-dimensional network composed 
of cross-linked hydrophilic polymers that can absorb a 
high percentage of water (Zhou et al., 2011). The 
elasticity of the hydrogel minimizes irritation to 
surrounding tissue after implantation. In addition, low 
interfacial tension between the hydrogel surface and the 

body fluid minimizes protein adsorption, leading to low 
cell adhesion and reduced frequency of negative immune 
responses to the hydrogels (Bhattarai et al., 2010). 
Because of these biological advantages, hydrogels have 
been used as biomaterials for a wide range of applications 
such as tissue engineering and regenerative medicine 
(Saghazadeh et al., 2018). Furthermore, the unique 
physical properties of hydrogels have attracted interest for 
applications as a drug carrier. By controlling the density 
of cross-linking sites in the gel matrix and hydrophilicity 
of polymers, highly porous structures can be easily 
prepared (Hoare et al., 2008). Their porosity allows for 
loading of the drug into the gel matrix and controlling its 
release rate. However, it is difficult to achieve controlled 
delivery of hydrophobic drugs by hydrogel. The reason is 
that it is generally difficult to incorporate the hydrophobic 
drugs into hydrophilic hydrogels (Larrañeta et al., 2018). 
Hydrophobic drugs include many important drugs such as 
anti-cancer drugs and antibiotics (Li et al., 2014). 
Therefore, many hydrogels have been developed as 
carriers of hydrophobic drugs (Nitta et al., 2016; Yan et 
al., 2019). However, most of them require chemical cross-
linkers or polymerization initiators, which may be 
harmful to the living body. 

Our purpose is to develop a toxic chemical cross-
linker-free gelatin hydrogel that can be delivered in the 
bodies by surgical implantation and have an ability to 
control the release of hydrophobic drug. Gelatin is a 
natural polymer derived from collagen and has been 
widely used in medical materials for its biodegradability 
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and biocompatibility (Young et al., 2005). In addition, 
gelatin has many reactive functional groups and is easy to 
modify. In this study, we developed a stable hydrogel 
composed of hydrophobically-modified gelatin (HMG). 
The hydrogel can be prepared without using toxic 
chemical cross-linkers because hydrophobic interaction 
exerted between hydrophobic segment of each molecules 
acts as cross-linking sites. Furthermore, this hydrogel has 
hydrophobic chambers in its structure which hydrophobic 
drugs can adsorb to and desorb from. 

In this study, alkyl groups of various lengths were 
introduced into gelatin by the nucleophilic reaction of 
amines. We investigated the effect of alkyl chain length 
on the swelling ratio of hydrogels, the amount of 
hydrophobic drugs adsorbed and their release behaviour.  

2 Experimental 

2.1 Materials   

Gelatin (type B) was purchased from Sigma-Aldrich  
(Saint Louis, USA). Butanal, hexanal, octanal, dodecanal 
and uranine were purchased from Wako Pure Chemical 
Industries (Osaka, Japan). 2-Picoline borane was 
purchased from Junsei Chemical (Tokyo, Japan). 

2.2 Synthesis of HMGs 

Four types of HMG with alkyl groups of different lengths 
were prepared by the reaction between fatty aldehydes 
and primary amino groups of gelatin. The fatty aldehydes 
used were butyraldehyde (C4), hexanal (C6), octanal (C8) 
and dodecanal (C12). First, gelatin (7 g) was added to 233 
ml of Ca+ and Mg2+ free phosphate buffered saline (CMF-
PBS, pH 7) and heated to dissolve. Then, 167 ml of 
ethanol was added to this solution. Fatty aldehydes were 
dissolved in a small amount of ethanol that was then 
added to the gelatin solution. In order to achieve complete 
substitution, the added molar amount of fatty aldehyde 
was 5 times the amino groups of gelatin. This solution was 
stirred at room temperature for 6 hours to form a Schiff 
base between the fatty aldehyde and the primary amine. 
Then, 2-picoline borane was added to this solution and 
reacted with stirring (24 hours) to reduce an unstable 
Schiff base double bond. The HMG solution was poured 
into 1.2 L of ethanol and precipitated. The precipitate of 
HMG was washed three times with 400 ml of ethanol to 
remove unreacted fatty aldehyde and 2-picoline borane. 
HMG particles were obtained by centrifugation and 
vacuum drying. The hydrophobic group modification rate 
of HMG was measured by the TNBS method (Morcol et 
al., 1997; Yoshizawa and Taguchi, 2014). 

2.3 Preparation of HMG hydrogels 

HMG was dissolved to dimethyl sulfoxide (DMSO) at 
10% (w/v) by heating and stirring. The HMG solution was 
poured into a 12 well plate and frozen at -20℃ for 6 hours. 

Subsequently, DMSO was removed using a lyophilizer to 
obtain a porous dry gel. The dry gel was immersed in 
ethanol and degassed. Then, it was added to CMF-PBS to 
displace the solvent in the gel. 

2.4 Swelling ratio 

HMG hydrogels with different alkyl chain lengths were 
tested. The dry gels were weighed and the hydrogels were 
prepared as described above. The HMG hydrogels were 
immersed in CMF-PBS and removed after 2 hours. 
Excess CMF-PBS on surface of the hydrogels were 
removed using filter paper. The samples were weighed 
after equilibrium swelling. The swelling ratio was 
calculated by Eq. (1). 

𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒 𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫 = �
𝑾𝑾𝒔𝒔 −𝑾𝑾𝒅𝒅

𝑾𝑾𝒅𝒅
� × 𝟏𝟏𝟏𝟏𝟏𝟏 (1) 

where 𝑊𝑊𝑑𝑑(g) and 𝑊𝑊𝑠𝑠 (g) represent the dry and wet weight 
of the HMG hydrogel, respectively.  

2.5 Adsorption test  

The hydrophobic drug adsorption performance of the 
HMG hydrogel was studied by batch testing. Uranine was 
used as a model for hydrophobic drugs. The HMG 
hydrogels swollen with CMF-PBS were immersed in 2.5 
× 10−5 mol/L uranine solution (4 mL) and shaken (130 
rpm) at 4 ℃ for 24 hours to achieve adsorption 
equilibrium. The dry weight of the hydrogel was 0.03 g. 
The uranine concentration was determined by measuring 
the fluorescence intensity using a flexible microplate 
reader (Infinite M200 FA, Wako Pure Chemical 
Industries, Osaka). The excitation wavelength of uranine 
was 485 nm and the fluorescence wavelength was 535 nm. 
The adsorption capacity 𝒒𝒒  (mol-uranine/g-gelatin) of 
uranine to the HMG hydrogel was calculated based on the 
difference in concentrations between the initial and final 
solution. 𝒒𝒒 was expressed by Eq. (2). 

𝒒𝒒 =
(𝑪𝑪𝟎𝟎 − 𝑪𝑪𝒆𝒆)𝑽𝑽

𝒎𝒎
(2) 

where 𝐶𝐶0 (mol/L) and 𝐶𝐶𝑒𝑒 (mol/L) indicate the initial and 
equilibrium uranine concentrations, respectively. 𝑉𝑉 (L) is 
the volume of the uranine solution and 𝑚𝑚 (g) is the dry 
weight of the HMG hydrogel.  

2.6 Desorption test 

The desorption of uranine from HMG hydrogel (C12) was 
investigated by immersing loaded hydrogel in fresh 0.6 ml 
of CMF-PBS. The solution was withdrawn over time and 
the amount of uranine desorbed from the hydrogel was 
determined by a microplate reader. In order to reproduce 
the body fluid clearance by organs in the bodies, the 
solution was replaced every 6 hours with fresh CMF-PBS. 
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Cumulative uranine release 𝐶𝐶𝐶𝐶 (%) was calculated as the 
ratio of the desorption amount at the time 𝑡𝑡  to the 
adsorption amount before release. 𝐶𝐶𝐶𝐶 was given by Eq. (3). 

𝑪𝑪𝑪𝑪 =
𝑪𝑪𝒕𝒕𝑽𝑽𝒕𝒕 + ∑𝑪𝑪𝒏𝒏𝑽𝑽𝒏𝒏 − 𝑪𝑪𝒆𝒆𝑽𝑽𝒆𝒆

𝒒𝒒𝒆𝒆
× 𝟏𝟏𝟏𝟏𝟏𝟏 (3) 

where 𝐶𝐶𝑡𝑡 (mol / L) and 𝑉𝑉𝑡𝑡 (L) respectively represent the 
concentration of uranine at the time of sampling and the 
solution volume. Further, 𝐶𝐶𝑒𝑒  (mol / L) and 𝑉𝑉𝑒𝑒  (L) 
represent the concentration and volume of the uranine 
solution held by the HMG hydrogel before release.  𝑞𝑞𝑒𝑒 
(mol) is adsorption amount of uranine before release. 
∑𝐶𝐶𝑛𝑛𝑉𝑉𝑛𝑛 (mol) is the amount of uranine extracted by 
sampling.  

3 Results and Discussion  

3.1 Synthesis of HMGs and preparation of HMG 
hydrogels 

In this study, HMG with different alkyl chain lengths were 
synthesized (Figure 1A). The modification rate of the 
hydrophobic group was measured by quantifying amino 
groups of gelatin by the TNBS method (Table 1). All 
obtained HMG had a high modification rate of more than 
90%. The modification rate slightly decreased as the alkyl 
chain length increased. This is because a fatty aldehyde 
with longer alkyl chain behaves as a steric hindrance by 
itself, resulting in decrease in contact frequency with the 
amino groups. Figure 1B shows possible physical cross- 
linking sites of HMG hydrogel. By freezing the HMG 
solution, solid crystals of DMSO would form and grow, 

while excluding the HMG molecules as an impurity. The 
phase separation results in the generation of HMG-rich 
solution phases in the solution. In the HMG-rich solution 
phase, hydrophobic groups of HMG assemble with each 
other by hydrophobic interaction to form physical cross-
linking sites. Porous dry gels are obtained by removing 
DMSO from the constructs by drying.  

3.2 Swelling ratio 

The swelling ratio of hydrogels is an important factor for 
drug delivery applications because it has a large effect on 
diffusion rate of drugs and their flexibility. The difference 
in the appearance of the gels and the swelling ratio are 
shown in Figure 2. All samples showed good swelling 
properties of 600–1200%. The swelling ratio decreased as 
alkyl chain length increased. The swelling ratio was well 
correlated with alkyl chain length of HMG. This is 
because as alkyl chain length increases, hydrophobic 
interactions acting between the molecules become 

Table 1. Conditions for synthesizing HMG. 

 
Figure 2. Images (A) and swelling ratio (B) of HMG 
hydrogels with different alkyl groups (n=3). 
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Figure 1. (A) Nucleophilic substitution reaction between amino groups of gelatin molecules and fatty aldehyde. (B) Possible cross-
linking sites of HMG hydrogel. 
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stronger. As a result, the HMG molecules come close to 
each other, and form denser polymer network. Another 
factor affecting the swelling ratio may include 
hydrophilicity of polymer. As the alkyl chain length 
increased, the affinity of the polymer to water decreases, 
and amount of water molecules binding to HMG 
molecules decreases. The swelling ratio could be 
controlled by changing the alkyl chain length of HMG. In 
addition, the swelling ratio may be controlled by changing 
the modification ratio of the hydrophobic group. This 
swelling test indicated that HMG hydrogels still retained 
hydrophilic nature even after modification with 
hydrophobic segments. 

3.3 Adsorption test  

HMG hydrogel has many hydrophobic segments in its gel 
matrix. They can adsorb hydrophobic drugs. By observing 
the cross-sections of the hydrogels, it was confirmed that 
uranine was adsorbed not only to the hydrogel surface but 
also into the inside (date not shown). The amount of 
uranine adsorbed by HMG hydrogels with different alkyl 
chain lengths is shown in Figure 3. The adsorption amount 
of uranine increased as the alkyl chain length of the HMG 
molecules increased. This is because the increase in alkyl 
chain length intensifies the hydrophobic interaction acting 
between the hydrophobic drug and the HMG hydrogel. 
These results suggest that the HMG hydrogel can control 
the adsorption amount of hydrophobic drug by changing 
the alkyl chain length. 

3.4. Desorption test   

In this experiment, the HMG hydrogel with the longest 
alkyl chain length (C12) was used. About 35% of uranine 
was released just after soaking in the buffer to reach 
adsorption equilibrium (Figure 4). Uranine was further 
released when the hydrogel was transferred to a fresh 
buffer (6, 12 and 18h). In the body, kidneys filter waste 
materials involving drugs from body fluid and reduce 
their concentration. In such environment, the drugs would 
continue to be released from the hydrogel. Thus, these 
results suggest that HMG hydrogels can continue to 
release hydrophobic drugs in the body. 

4 Conclusion 

By modifying fatty aldehydes, gelatins with hydrophobic 
groups of different alkyl chain lengths (C4-C12) were 
synthesized, and physically cross-linked hydrogels were 
formed without using harmful chemical cross-linking 
agents. HMG hydrogels were able to control swelling 
characteristics and the adsorption amount of hydrophobic 
drugs by changing alkyl chain length. In addition, uranine 
was released from the HMG hydrogel (C12) according to 
the adsorption equilibrium. Testing suggested that HMG 
hydrogels show potential as hydrophobic drug carriers. 
These advantages make HMG hydrogels a promising 
biomaterial for localized drug delivery systems. 
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