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Highlights 
 

 A successful nano-encapsulation of alkane hydroxylase and lipase in 

chitosan polymer. 

 Different enzyme-chitosan/tripolyphosphate ratios were studied. 

 (5:1) ratio was maintained for the best entrapment efficiency. 

 The half-life of the immobilized enzymes was important, even after 30 

days. 

 

Abstract 

The crude alkane hydroxylase and lipase enzymes from the hydrocarbonoclastic 

bacterium, Alcanivorax borkumensis were entrapped into chitosan nanoparticles 

(CSNPs) by ionotropic gelation method. For an optimal loading efficiency, 

enzyme-chitosan/tripolyphosphate (ENZ-CS/TPP) ratio was investigated. Fourier 

transform infrared spectra and morphology by scanning electron microscopy were 

used to explore and confirm alkane hydroxylase and lipase loaded into CSNPs. 

Seven consecutive ratios were investigated. Entrapment efficiency increased by 

increasing the ratio enzyme-chitosan/TPP. The optimal ratio with the best 

entrapment efficiency that was maintained for both alkane hydroxylase and lipase 

was 5:1. Particle size and zeta potential of the optimal ENZ-CSNPs was 473 nm 

and +21.8, respectively. Entrapment efficiency for alkane hydroxylase loaded 

CSNPs and lipase loaded CSNPs was 58.37% and 67.14%, respectively.  

The immobilized alkane hydroxylase and lipase exhibited more than two folds 

increase in vitro half-life in comparison with the free enzymes maintaining around 
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70% of initial activity after 5 days. This study leads to a better understanding of 

how to prepare CSNPs, how to achieve high encapsulation efficiency and how to 

prolong the release of enzymes from CSNPs.  

KEYWORDS: Nano-encapsulation; chitosan; Alcanivorax borkumensis; alkane 

hydroxylase; lipase. 

 

 

1. Introduction 

The ubiquitous usage of  petroleum hydrocarbons (PHCs) has resulted in their 

frequent detection  in soil and water which causes adverse effects on the 

ecosystem  [1,2]. They affect the biota due to bioaccumulation, i.e. in plants or 

adipose tissues of animals [3,4]. Technologies, commonly used for soil 

remediation, are expensive and can lead to incomplete decomposition of 

contaminants [5]. Furthermore, PHCs do not degrade easily; hence the total and 

ultimate oil removal completely relies on bioremediation carried out by 

hydrocarbonoclastic bacteria that are key players . Importantly, Alcanivorax 

borkumensis, a rod-shaped marine γ-proteobacterium is able to grow on a highly 

restricted spectrum of substrates, predominantly alkanes and many studies have 

demonstrated its pivotal role in oil bioremediation [9–12] 

. The genome of  A. borkumensis has been completely sequenced [13], and many 

genes encoding for enzymes initiating the degradation of these hydrocarbons have 

been detected. The A. borkumensis alkane hydroxylase system is able to degrade a 

large range of alkanes up to C32 and branched aliphatics, as well as isoprenoid 
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hydrocarbons, alkylarenes and alkylcycloalkanes. This spectrum is much larger 

based on the knowledge about alkane hydroxylase complexes. This makes the 

choice to study alkane hydroxylase of a unique importance [13]. Furthermore, 

other than the extensive production of lipase by A. borkumensis, lipase 

demonstrates an important role in oily hydrocarbons biodegradation. In fact, 

lipase activity has been used as a biochemical  parameter for testing hydrocarbon 

degradation and it is an excellent indicator to monitor the decontamination of a 

hydrocarbon polluted site [14].  

 The methods of immobilization of the enzymes, such as micro- and nano-

encapsulation, have been widely investigated [15–22]. In encapsulation, the 

compound is immobilized and separated from the external environment with a 

semi-permeable membrane [23]. This technique may result in improvement of 

enzyme, pH and temperature stability. Moreover, , the advantage is the protection 

of biological material from unfavorable conditions in the external environment. 

Moreover, encapsulation of the enzyme may be the solution for the cost-effective 

system to eliminate the environmental contaminants [23]. 

In most of the reported investigations, pure and costly enzymes were employed 

while it is possible to use the crude enzyme, as in our case, it was a mix of crude 

alkane hydroxylase and crude lipase. 

Chitosan (CS), a derivative form chitin, is a biopolymer widely used in different 

immobilization methods, such as the immobilization of methanotroph cells for the 

production of methanol reported by Patel et al.,  [24,25] or the encapsulation of 

strawberry polyphenols reported by Pulicharla et al., [26]. Its success is due to 

non-toxicity, biodegradability, biocompatibility, easy accessibility and low-cost 
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[23]. The generation of chitosan particles may be obtained in two ways [27]. The 

first involves the covalent bonds formed between chitosan and cross-linker, like 

glutaraldehyde. The other method uses the electrostatic interactions between 

positively charged CS and a negatively charged polyanion, e.g. commonly 

utilized tripolyphosphate (TPP).  

There are several reports on the immobilization of enzymes on chitosan polymer. 

However, encapsulating enzymes from the interesting hydrocarbonoclastic 

bacteria A. borkumensis in chitosan nanoparticles is innovative and may provide a 

deeper knowledge of particle application on a petroleum hydrocarbon 

contaminated site. Hence, in this study, the optimization of enzymes 

encapsulation using chitosan nanoparticles generated by TPP and glutaraldehyde 

was studied. Enzymes release study, as well as kinetic of release, was performed 

and half-life was investigated. 
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2. Materials and methods 

2.1 Materials 

All chemical reagents of highest purity, such as high molecular weight chitosan 

(100-300 kDa), sodium tripolyphosphate (TPP), acetic acid (99.7%), hexadecane 

(99%), nicotinamide adenine dinucleotide phosphate (NADPH), Dimethyl 

sulfoxide (DMSO), p-nitrophenol (p-NP) and p-nitrophenyl palmitate (p-NPP) 

were purchased from Fisher Scientific or Sigma-Aldrich (Ontario, Canada). 

Phosphate buffer saline (PBS) and other reagents used were of analytical grade. 

The strain, Alcanivorax borkumensis was purchased from DSMZ (Braunschweig, 

Germany). Double distilled water (DDW) was produced in the laboratory using 

Milli-Q/Milli-Ro Millipore system (Massachusetts, USA). 

2.2 Bacterial strain  

Alcanivorax borkumensis strain SK2 (DSM 11573) was used in this study. A. 

borkumensis was sub-cultured and streaked on agar plates, incubated for 72 h at 

30±1 °C and then preserved at 4±1 °C for future use. Standard media consisted of 

(per liter of distilled water): 23 g NaCl, 0.75 g KCl, 1.47 g CaCl2 . 2H2O, 5.08 g 

MgCl2. 6H2O, 6.16 g MgSO4. 7H2O, 0.89 g Na2HPO4. 2H2O, 5 g NaNO3, and 

0.03 g FeSO4. 7H2O [28]. The media was supplied with 3% (v v-1) hexadecane as 

ACCEPTED M
ANUSCRIP

T



7 
 

the carbon and energy source and the growth was monitored at 30±1 °C, 150 rpm 

for 72h. Agar plates were prepared with the same media and agar was added at 18 

g/L. 

The enzymes used in this work were produced in controlled conditions of a 5 L 

bioreactor using 5% (v v-1) of motor oil as sole carbon source for the growth of  

Alcanivorax borkumensis.All the details of this fermentation are explained in our 

previous work (unpublished data). Results of protein concentration, alkane 

hydroxylase activity and lipase activity obtained during the fermentation time are 

presented in Fig. S1.   

2.3 Total protein assay 

Total protein concentration was determined according to the Bradford [29] 

method. The principle of this assay is that the binding of protein molecules to 

Coomassie dye under acidic conditions results in a color change from brown to 

blue. 

2.4 Sonication  

A. borkumensis cell pellet (1 g) frozen at -20 °C was re-suspended in phosphate 

buffer (1 mL, 0.1 M, pH 8.0). The mixture was sonicated by using two 

frequencies of ultrasounds (22 kHz and 30 kHz) for 6 min at 4 °C and centrifuged 

at 13 000×g for 20 min. The supernatant was used as a crude intracellular enzyme 

extract.  

2.5 Alkane hydroxylase assay 

Alkane hydroxylase activity was measured using a cofactor (NADPH) depletion 

assay to determine relative activities. The supernatant containing the enzyme was 

diluted into phosphate buffer (0.1 M, pH 8), alkane substrate (0.5-1 mM), and 
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dimethyl sulfoxide (DMSO; 1%, v/v). Alkanes were added to the buffer using 

alkane stock solutions in DMSO. The reaction was initiated by addition of 

NADPH (200 µM), and the oxidation of NADPH was monitored at 340 nm [30]. 

The alkane substrate used was hexadecane. 

 

2.6 Lipase assay 

The lipase activity assay was conducted based on the spectrophotometric method 

described by Schultz et al., [31] with some modifications. The stoichiometric 

release of p-nitrophenol (p-NP) was measured from cleavage of p-nitrophenyl 

palmitate (p-NPP). p-NPP stock solution at concentration 100 mM was prepared 

in acetone and 30 µl was added to 2.82 mL of measuring buffer (0.1 M sodium 

phosphate, 10% v/v acetone, 4% v/w Triton X-100, 0.2% w/v gum arabic, pH 

8.0). The prepared solution was incubated for 5 minutes in 60˚C water bath. 

Subsequently, it was cooled to 29˚C, added to a pre-warmed cuvette (29˚C), 

containing 150 µl of the lipase solution and placed into the temperature controlled 

spectrophotometer (Spectrophotometer CARY 300 UV-VIS). No mixing and no 

agitation were carried out. The measurements were conducted at 410 nm.  

2.7 Preparation of the chitosan nanoparticles  

Chitosan nanoparticles (CSNPs) were generated based on the ionotropic gelation 

technique, which exploits the electrostatic interaction between cations (amine 

group of chitosan) and a polyanion (TPP) [26]. 

Firstly, chitosan (CS) at a concentration of 2.5 mg/mL was dissolved in 2% acetic 

acid solution, and the pH was adjusted to 5.5 using 0.5 M NaOH. CS solution was 

constantly stirred for 1 h, with the speed ranging between 200 and 300 rpm. TPP 
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stock solution was prepared by dissolving TPP in deionized water to obtain its 

final concentration at 0.25 mg/mL. Subsequently, CS and TPP solutions were 

filtered via 0.45 μm membrane. A mixture of intracellular and extracellular 

enzymes of 10 mg/mL concentration (1:1 w/w) was added to chitosan solution 

and stirred for 15 minutes at ambient temperature. Later, TPP solution was added 

dropwise to enzyme-chitosan (ENZ-CS) solution, with different ratios (1:1 to 

7:1). All the suspensions were stirred for 1 hour at 250 rpm. Afterward, 0.03% 

(v/v) of glutaraldehyde was added to all solutions and stirred for an extra hour at 

the ambient temperature. Finally, the suspensions were ultracentrifuged at 47,815 

x g for 2 h at 4 °C. The supernatant was separated and used to estimate the 

entrapment efficiency by measuring the unbound proteins. The pellet containing 

nanoparticles (NPs) was suspended in deionized water and used for further 

analysis.  

2.8 Encapsulation efficiency  

As mentioned earlier, the encapsulation efficiency (EE) was established by 

measuring the concentration of free enzyme in the supernatant, separated after 

ultracentrifugation.   EE was calculated using the Equation (1): 

Eq.(1) 𝐸𝐸 =
𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑧𝑦𝑚𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑢𝑠𝑒𝑑 𝑖𝑛 𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛−𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑟𝑒𝑒 𝑒𝑛𝑧𝑦𝑚𝑒

𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑧𝑦𝑚𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑢𝑠𝑒𝑑 𝑖𝑛 𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛
∗

100 

2.9 Characterization of enzyme-loaded chitosan nanoparticles: Particle size 

and zeta potential  

The dynamic light scattering technique (25˚C, detection angle 90˚) was used to 

determine the particle size, size distribution (polydispersity index (PDI)) and zeta 
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potential of nanoparticles. All measurements were performed using Zetasizer 

(Malvern Instruments, US). The average particle size was approximated as the z-

average diameter. The width of the distribution was defined as the PDI.  

All measurements were performed in triplicate, and the results were reported as a 

mean ± standard deviation. 

2.10 Fourier Transform Infrared Spectroscopy 

The characteristic of the bonding between generated nanoparticles with 

encapsulated enzymes was analyzed by Fourier Transform Infrared Spectroscopy 

(FTIR) in transmission mode (Cary 670 FTIR Spectrometer). This technique 

helps to identify possible functional groups, which are responsible for 

nanoparticles stabilization. Spectra were performed at resolution 4 cm-1, in the 

range of 4000-400 cm-1 with 100 scans.  

2.11 Morphological observations 

The morphology and size of the generated nanoparticles were investigated using 

scanning electron microscopy (SEM) (Carl ZeissEVO®50). The SEM samples 

were prepared by placing small drops of the diluted solution of nanoparticles on 

the aluminum foil and then dried at room temperature. The foil was fixed on the 

SEM instrument and coated with gold metal using a sputter coater.   

2.12 In vitro enzyme release study 

Encapsulated crude enzyme release from the nanoparticles complex was 

performed in two solutions: double distilled water (DDW) (pH 7) and phosphate 

buffer saline (PBS) solution (pH 7.4). Enzyme-loaded CS nanoparticles were 

suspended in each of these solutions. Later, they were incubated at ambient 

temperature. At specific time points, the samples of nanoparticles were collected 
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and centrifuged for 30 minutes, 25,000 x g, 4 ˚C. The supernatant was separated 

to measure the free alkane hydroxylase and lipase activities.  

 

2.13. Stability of the free and immobilized enzymes 

 Double distilled water was used for measuring the stability of the free and 

immobilized alkane hydroxylase and lipase. Solutions of the immobilized and free 

enzyme were slowly homogenized and incubated at room temperature to measure 

the stability of both enzymes in time. Samples were drawn at 1, 5, 10, 15, 25 and 

30 days for the determination of relative activity of enzymes. 

2.14. Statistical analyses 

Data in this study was summarized as the mean ± standard error (SD). Release 

profiles of enzymes from chitosan nanoparticles in both DDW and PBS were 

statistically evaluated using analysis of variance (ANOVA). Data from the three 

replicates of enzymes release were expressed as the mean ± standard deviation. 

3. Results and discussion 

3.1 Optimization of ENZ-CS and TPP mass ratio 

Enzyme-loaded Chitosan nanoparticles (ENZ-loaded CSNPs) containing 

embedded alkane hydroxylase and lipase were prepared by ionotropic gelation 

technique.[32]. Based on the electrostatic interaction between the positively 

charged amino group of CS and oppositely charged phosphate of TPP. This 

technique was slightly modified by including glutaraldehyde at the end of the 

reaction, where the Schiff base reaction led to the higher stability of the 

nanoparticles by polymer crosslinking. 
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The choice of adding TPP into the protein-CS solution rather than adding TPP 

into CS solution was based on a previous study of Bahreini et al., [27] on enzyme 

encapsulation. In this study, both methods were tested and resulted in higher 

entrapment efficiency when adding TPP prior to mixing enzyme with chitosan, 

but no significant differences were observed in the particle size and zeta potential. 

This observation can be explained by possible interactions of the enzyme 

molecules with CS polymer before the addition of the cross-linker [27]. 

CS-TPP mass ratio was stated as a key parameter that influences the TPP and 

ENZ-CS cross-linking efficacy for nanoparticles formation. In fact, Jonassen et 

al., 2012 and Koukarass et al., 2012 [33,34] have reported that the long-term 

physical stability of chitosan nanoparticles cross-linked with TPP is affected by 

the ionic strength, the chitosan concentration, and the chitosan/TPP ratio 

employed in the particle preparation. Thus, an optimization study of ENZ-CS/TPP 

ratio was carried out to obtain the higher encapsulation efficiency. In fact, the 

nanoparticles formation started spontaneously after adding TPP to the ENZ-CS 

solution; the rapidity of their reaction is due to the molecular linkage between the 

positively charged chitosan amino groups and oppositely charged TPP phosphate 

ions [35]. 

Thus, chitosan mixed with the crude enzyme and TPP mass ratio varied from 1:1 

to 7:1 as given in Table 1.   

The ENZ-CS/TPP ratio of 5:1 showed the highest alkane hydroxylase and lipase 

encapsulation with 58.3% for alkane hydroxylase and 67.1% for lipase. Moreover, 

the calculation of the specific activity of the encapsulated alkane hydroxylase and 

lipase confirmed the results with best encapsulation shown for the ratio 5:1 with 
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3.9 U/µg and 11.7 U/ug, respectively. The ratio 4:1 for the encapsulated alkane 

hydroxylase showed the same specific activity as the ratio 5:1 (3.9 U/µg).  Further 

decrease in ENZ-CS/TPP ratio led to the aggregation of the particles and high 

reaction response rate. The higher the volume of TPP, the more turbid the solution 

became, indicating a shift to higher particle size [34]. Comparable results were 

found by Zhang et al., [36] who reported an optimum ratio of 5:1 resulting in the 

finest particle size, while Koukaras et al., [37] reported an optimum of 4:1. 

Low ratios of 1:1 to 4:1 showed the appearance of high turbidity, due to the 

increased aggregation of nanoparticles and a shift to higher particle size. 

Jonassem et al., [38] confirmed the high turbidity when switching from a particle 

size of   720.4 nm to 1032 nm. Thus, these ratios were discarded. Nanoparticle 

aggregation takes place under some conditions, such as inappropriate 

homogenization speed, or higher concentration of cross-linker [39]. 

Furthermore, with the decrease in ENZ-CS/TPP mass ratio from 7:1 to 1:1, zeta 

potential increased from +21.1 to +36.7 mV, respectively, and pH of the resulting 

formulation ranged from 5.64 to 5.89.  The diminution of zeta potential occurred 

due to the reduction of chitosan -NH3
+ groups caused by further enzyme loading 

[27]. The crude enzyme was used for nanoparticle loading, thus the enzyme 

solution contained a mixture of proteins, which possess various physicochemical 

features (i.e. pI, structure). Hence, during cross-linking, the negatively charged 

groups on protein surface was neutralized by positively charged amine groups of 

chitosan as shown in Fig. 1 (protein A situation). Additionally, -NH3+ groups on 

the enzyme surface might be counteracted by polyanionic TPP molecules (Fig. 1, 

protein B situation). This results in compression of the proteins inside the 
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particles and on their surface. The nanoparticles, as potential protein carriers, 

must be able to ionically hold the active molecules. Thus, the sufficient zeta 

potential value is essential for these nanoparticles. Particles with zeta potential 

between 20 – 25 mV exhibit relative stability [40]. On the other hand, alkane 

hydroxylase encapsulation increased from 0% to 58.7% with decreasing ENZ-

CS/TPP ratio from 7:1–5:1 and increased lipase encapsulation from 1.5% to 

67.1% for the same ratios. And even further decrease in ENZ-CS/TPP ratio 

resulted in no significant change in the encapsulation of ENZ and in fact 

increased the particle size.  

The immobilization of lipase on SnO2 hollow nanotubes investigated by Anwar et 

al., [15] showed an efficiency of 89%. Also, lipase nanohybrid synthesized using 

cobalt chloride studied by Kumar et al., [21] exhibited 181% higher activity 

compared to the free lipase. Moreover, Gill et al., [41] reported 59% and 70% of 

laccase encapsulation efficiency when using alginate and silica incorporated into 

alginate, respectively as supports. Patel et al., [42] demonstrated the improvement 

of the immobilization efficiency of laccase, from 83.5% to 90.2%, when using 

glutaraldehyde as a cross linker.  

3.2 Fourier Transform InfraRed spectrometry study 

The FTIR spectra for the enzyme (A), CS (B), CS blank NPs (C), and ENZ-

loaded CSNPs (D) are shown in Fig. 2. The peaks at 2,967 cm−1 in the enzyme 

spectrum (A) and at 3,292 cm−1 in the CS spectrum (B) relate to the stretching of 

O-H and N-H bonds. In the CSNPs spectrum (C), the peak at 3,292 cm−1 becomes 

much more intense; pointing out the –NH3
+ interactions with negatively charged 

TPP. A corresponding peak in the ENZ-loaded CSNPs (D) at 2840 cm−1  becomes 
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wider; this effect is attributable to the participation of the enzyme in hydrogen 

bonding and -NH group interactions [43].  

In CS blank NPs, the 1,562 cm−1 peaks of -NH2 bending vibration shifts to 1,630 

cm−1 and became sharper. This can be a hydrogen bond and amide bond linkage 

in chitosan with phosphoric groups of TPP; inter- and intra-molecular interactions 

are enhanced in CS blank NPs [44]. A shift from 1,017 cm−1 to a peak at 1,051 

cm−1 in CS blank NPs to a sharper peak at 1010 cm−1  in ENZ-loaded CS NPs 

corresponds to the stretching vibration of the P =O groups.  

Two high-intensity peaks at 1,550 cm−1 (amide I bending) and 1,400 cm−1  (amide 

II bending) in ENZ-loaded CSNPs correspond to the small intensity peaks at 

1,393 and 1,247 cm−1  in the enzyme spectra and to the peaks at 1,562 cm−1   and 

1,370 cm−1   in CS spectra. These results prove successful loading of the enzyme 

in CSNPs and also indicates some interactions between CS with TPP and the 

crude enzyme [45]. 

3.3 Morphology study 

Fig. 3 shows the morphological characteristics of CSNPs (A), ENZ-loaded 

CSNPs (B) and the supernatant of chitosan solution containing the non-

encapsulated enzymes (C). From the SEM images, it can be noticed that CSNPs 

(A) have a spherical morphology with some irregularities on the surface (white 

needle-like structures). ENZ-loaded CSNPs (B) are also spherical, however, their 

surface smoothens. In both cases, the particles aggregate, which may have been 

generated during drying step [46]. As for the morphology of the supernatant (C), 

it shows the same rough spherical morphology as Fig. 3 (A) with non-regular 

spheres in between which are obviously the enzymes. Furthermore, the 
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nanometric size estimated through DLS (Dynamic Light Scattering) of the 

enzymatic preparation is correlated to the average particle size revealed by SEM 

which is ~ 430 nm. 

In Fig. 3 (A), a fairly uniform particle size distribution (the average size is ~ 203 

nm) and the smooth border around the CS blank NPs was noticed.  In Fig. 3 (B), 

ENZ-loaded CSNPs showed an asymmetrical, but smoothened spherical shape 

that is obviously induced by the presence of the enzyme. It can also be noted that 

the size of the core of the ENZ-loaded CSNPs (the average size is ~ 430 nm) is 

approximately 2-fold larger than the particle size of CSNPs. Consequently, it 

could be assumed that the significantly increased size of the ENZ-loaded CSNPs 

estimated through SEM and also through DLS is due to the enzymes that coated 

the surface. The protein effect on the nanoparticle size and their shape due to the 

chitosan-protein ionic interaction has been previously reported by Rampino et al., 

[35]. Furthermore, in another study of Sadighi et Faramarzi, [47], it was 

discovered that laccase immobilization on the surface of CSNPs induced a change 

in the nanoparticles morphology. Unloaded chitosan nanoparticles were reported 

as polyhedron shaped, however, due to the bovine serum albumin incorporation in 

CS, the particles became spherical and smooth surfaced which is comparable to 

this study [48].  

3.4 In vitro alkane hydroxylase and lipase release study 

Fig. 4 shows alkane hydroxylase and lipase release profiles from the ENZ-loaded 

CSNPs in two different solutions (DDW and PBS) that have approximately the 

same pH as the ones that can be found in petroleum contaminated water and soil. 

Alkane hydroxylase loaded CSNPs incubated in DDW (pH 7) (Fig. 4 (A)) showed 
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no release until the first 24 h. A release of 3.2% was shown starting from 48h, 

36.7% release for one week, and 74.3% release for 17 days. Alkane hydroxylase 

release in PBS was negligible after 3 hours (1.2%), 33.4% release during 24 h, 

45.2% release during 48 h and 80.3% release after 8 days only. Further increase in 

release time resulted in no significant change (p>0.05). 

Lipase loaded CSNPs incubated in DDW (pH 7) (Fig. 4 (B)) showed no release 

until the first 24 hours with 4.8% release. A 41% release was shown for one week, 

and 79.3% release during 17 days. Alkane hydroxylase release in PBS with 

started after 2 hours (1.3%). 52.8% release was shown during 24 h, 60.9% release 

during 48 h, and 88.1% release after 8 days only. After 8 days no significant 

change in release was shown (p>0.05). Several factors influence the burst release 

of enzyme from CSNPs such as pH of the solution and ionic strength of PBS [27]. 

Firstly, pH is a crucial parameter in the stability and release of the protein from 

the CS matrix. The pKa value of CS is 6.5, thus the -NH2 groups of CS are 

protonated at lower pH (-NH3
+). However, when pH is higher than its pKa the 

amine group is converted to non-ionized state. This results in the reduction of the 

cross-linking area with negatively charged TPP molecules [49,50]. Moreover, 

with the increase of pH, the increased permeation of water occurs [51]. Hence, at 

neutral pH of this study, the CSNPs may undergo elongation due to the diffusion, 

which leads to an extension of particle size and release of protein. 

The CS-TPP interaction may also be influenced by the ionic strength of the 

media. The presence of NaCl in PBS buffer at lower or moderate concentrations 

resulted in enhancement of the CSNPs swelling, which attenuated the CS-TPP 

interaction and disintegrated NPs [52]. Hence, the CSNPs increase their volume 
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by swelling and then their structure collapses which lead to the biomolecule 

release. This may be the reason for the faster release of enzymes in PBS solution 

than in DDW solution.  

3.5 Kinetics of the release study 

The ENZ release from CSNPs was fitted to the most common kinetic models to 

determine the release characteristics. The parameters of the release study for 

various mathematical models are presented in Table 2. Based on the higher 

linearity of the plots (R2>0.97), the best model that fits the alkane hydroxylase 

release in DDW is a zero-order kinetic model. This results in their slow release 

from CS matrix, however, the release does not depend on the concentration of the 

initial enzyme [53,54]. This result can be confirmed by diffusional release 

exponent value (n~1).  In the case of the release of alkane hydroxylase in PBS, it 

followed Higuchi kinetic model (R2>0.93) [55]. The results suggested that the 

discharge of the biomolecule is based on the Fick’s diffusion law [53]. Hence, the 

release of the biomolecule depends on the diffusion rate throughout the CS matrix 

in both cases.  

The lipase release in DDW and PBS followed the Korsmeyer-Peppas model [56]. 

In DDW, the diffusional release exponent value was between 0.5 and 1, thus the 

lipase discharge is non-Fickian (anomalous transport). However, in PBS sthe n 

value decreased (n<0.5), which suggests that lipase release depended on the 

diffusion (Fick’s first law).  

As can be observed, the kinetic model depends on the media in which CS-ENZ 

particles are present. As discussed earlier, PBS has higher ionic strength than 

DDW, which results in CS particles swelling and faster release than in solutions 
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with low ionic strength [57]. Hence, the release kinetic model changes with the 

alteration of the media. Furthermore, alkane hydroxylase and lipase do not follow 

the same release model. This suggests that the interaction between the media and 

CSNPs differs due to the variable structure or overall charge (pI). 

3.6 In vitro half-life of free and immobilized enzymes 

In general, the free enzymes are not stable and rapidly lose their activity [58] . 

Gradual and faster depletion of catalytic activity with time and recovery problems 

after reactions limited the applications of free enzymes. Thus, different 

immobilization technologies were investigated to overcome these barriers [60]. 

The higher half-life of the enzyme reflects their stability and is one of the main 

standards to estimate the performance of enzyme. Consequently, immobilized 

enzymes are considered more performant compared to the free enzyme. Fig. 5 (A) 

and Fig. 5 (B) exhibit the profiles feature of the free and immobilized alkane 

hydroxylase and lipase. Both enzymes were kept at room temperature for up to 30 

days and their activities were determined periodically to evaluate their half-life. 

The results demonstrated that both alkane hydroxylase-loaded CSNPS and lipase-

loaded CSNPs had longer half-life than the free enzymes in a one month study 

period. Moreover, the deactivation constant kd is lower for both immobilized 

enzymes than that for the free enzymes (Table 3) which was also reported in 

previous studies [18].  

During the first 5 days of incubation, free alkane hydroxylase lost 43% of its 

activity while immobilized alkane hydroxylase lost only 21% of the activity. 

Lipase free enzyme lost 58% of activity after the first 5 days while the 

immobilized form of lipase maintained 72% of its activity. After 30 days, free 
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alkane hydroxylase and also free lipase lost 100% of their catalytic activity, while 

immobilized alkane hydroxylase and lipase maintained 17% and 13% of the 

initial activity, respectively.  

Same results were found for oxidoreductase type of enzymes, such as laccase 

immobilized on polymeric nanofibers with 60% residual activity of the 

immobilized enzyme and almost no activity for the free laccase after 10 days [61]. 

Chiou et Wu, [62] observed that the activity of lipase decreased more than 50% in 

5 days, while the lipase immobilized to wet chitosan beads did not show any 

activity reduction up to 30 days at 25 °C [62]. 

4. Conclusion 

A successful nano-encapsulation of alkane hydroxylase and lipase produced from 

the hydrocarbonoclastic bacteria Alcanivorax borkumensis in chitosan polymer 

has been achieved with homogeneously nano-sized particle formation. To the best 

of our knowledge, this is the first report about immobilization of enzymes 

produced from Alkanivorax borkumensis and also first report on nano-

encapsulation of lipase and alkane hydroxylase using chitosan. Different enzyme-

chitosan/tripolyphosphate ratios were studied and (5:1) was maintained for the 

best entrapment efficiency for both alkane hydroxylase and lipase with a particle 

size and a zeta potential of 473 nm and +21.8, respectively. Entrapment efficiency 

for alkane hydroxylase loaded chitosan nano-particles CSNPs and lipase loaded 

chitosan nanoparticles was 58.3% and 67.1%, respectively.  Interestingly, the 

half-life catalytic activity of the immobilized enzymes was very important, even 

after 30 days compared to the free enzymes. This in vitro study would provide an 
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interesting impetus for the future in vivo study of the formulation of crude 

enzymes from A. borkumensis for the degradation of petroleum hydrocarbons in 

the field. 
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Table 1. Parameters for optimization of CS-TPP mass ratio. 

Chitosan/Sodium 

tripolyphosphate 

ratio 

Particle size 

(nm) 

Zeta 

potential 

(mV) 

PDI pH of 

chitosan 

solution (SD 

± 0.05) 

pH of the 

formulation (SD 

± 0.05) 

1:1 720.4±8.2 +36.7±2.0 0.55±0.12 5.50 5.89 

2:1 814.1±4.5 +34.2±3.0 0.56±0.08 5.50 5.66 

3:1 1032±9.8 +31.5±4.0 0.50±0.06 5.50 5.67 

4:1 999.4±6.6 +24.6±3.0 1.00±0.21 5.50 5.7 

5:1 473.6±7.3 +21.8±2.0 1.00±0.09 5.50 5.81 

6:1 433.6±4.5 +21.1±3.0 1.00±0.11 5.50 5.83 

7:1 1104.0±8.7 +20.4±2.0 0.50±0.08 5.50 5.64 
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Chitosan/Sodium 

tripolyphosphate 

ratio 

Free Alkane 

hydroxylase 

activity (U) 

Alkane 

hydroxylase 

activity in the 

supernatant (U) 

Specific activity 

of the 

encapsulated 

alkane 

hydroxylase 

(U/µg proteins) 

% of 

encapsulation 

of alkane 

hydroxylase 

Free lipase 

activity (U) 

Lipase activity in 

the supernatant 

(U) 

Specific activity 

of the 

encapsulated 

lipase (U/µg 

proteins) 

% of 

encapsulation 

of lipase 

1:1 115.6±2.1 58.9±1.1 1.9±0.1 49.0 254.4±1.4 140.2±2.4 3.9±0.1 44.8 

2:1 154.1±1.3 83.7±0.8 2.5±0.1 45.7 310.3±2.7 163.0±3.7 5.3±0.2 47.4 

3:1 173.6±2.9 86.74±1.2 2.9±0.3 50.0 405.3±5.8 208.1±4.6 6.6±0.2 48.6 

4:1 185.0±2.0 79.2±0.7 3.9±0.4 57.2 411.7±5.0 187.0±3.5 8.5±0.6 54.5 

5:1 192.7±1.7 80.2±1.3 3.9±0.6 58.3 499.8±5.6 164.2±2.7 11.7±0.4 67.1 

6:1 198.2±2.4 179.7±1.8 0.5±0.04 9.3 507.7±6.5 459.4±8.5 1.5±0.1 9.5 

7:1 202.4±1.8 204.1±1.5 0.0 0.0 515.0±7.3 507.3±6.6 0.2±0.03 1.5 
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Table 2. Kinetic model parameters fitting into the enzyme release study. 

 

Model Equation Parameter 

Alkane hydroxylase Lipase 

DDW PBS DDW PBS 

Zero order Qt=Q0+K0t R2 0.979 0.903 0.978 0.803 

First order lnQt=lnQ0+K1t R2 0.732 0.598 0.807 0.478 

Higuchi Qt=Q0+KHt1/2 R2 0.932 0.983 0.953 0.932 

Korsmeyer-Peppas Qt=Q0+KKP
n n 

R2 

0.993 

0.977 

0.561 

0.976 

0.895 

0.981 

0.434 

0.941 

 

 

Qt- the activityof enzymes released in time t; Q0- initial activity of enzymes; K0- 

zero-order kinetic constant; K1- first order kinetic constant; KH- Higuchi kinetic 

constant, t- time 

 

 

Table 3. Half-life of the free and immobilized enzymes. 

 Free lipase Immobilized 

lipase 

Free alkane 

hydroxylase 

Immobilized 

alkane 

hydroxylase 

Half-life (day) 4.62 11.60 5.96 11.95 

Deactivation 

constant kd 

(day-1) 

0.15 0.06 0.12 0.06 
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Figure captions: 

 

 

 

Fig. 1. Hypothesis of the mechanism of immobilization of enzymes in chitosan 

nanoparticles. 

 

Fig. 2. FTIR spectra of: (A) Crude enzyme, (B) Chitosan, (C) Non-loaded 

nanoparticles, and (D) Loaded nanoparticles. 

 

Fig. 3. Scanning electron microscopy images of CSNPs (A), ENZ-loaded CSNPs 

(B) and non-encapsulated enzyme (D). Particles size shown in SEM is 203 nm for 

CSNPs and 430 nm for ENZ-loaded CSNPs. 

 

Fig. 4. Alkane hydroxylase (A) and lipase (B) release profiles from the ENZ-

loaded CSNPs in two different solutions: double distilled water and phosphate 

buffer saline. 

 

Fig. 5. In vitro half-life of the free and immobilized alkane hydroxylase (A) and; 

lipase (B). 
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Fig.1. Hypothesis of the mechanism of immobilization of enzymes in chitosan 

nanoparticles 
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Fig. 2. FTIR spectra of: (A) Crude enzyme, (B) Chitosan, (C) Non-encapsulated 

enzyme, and (D) ENZ-loaded CSNPs 
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Fig. 3. Scanning electron microscopy images of: CSNPs (A), ENZ-loaded CSNPs 

(B) and; non-encapsulated enzyme (C). Particles size shown in SEM is 203 nm 

for CSNPs and 430 nm for ENZ-loaded CSNPs. 
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Fig. 4. Alkane hydroxylase (A); and lipase (B) release profiles from the ENZ-

loaded CSNPs in two different solutions: double distilled water and phosphate 

buffer saline. 
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Fig. 5. In vitro half-life of the free and immobilized alkane hydroxylase (A) and; 

lipase (B). 
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