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Abstract

This chapter focuses on nanofiber fabrication by electrospinning techniques for the effec-
tive immobilization of biomolecules (such as enzymes or active pharmaceutical ingredi-
ents—APIs). In this chapter, the development of precursor materials (from commercial 
polymer systems to systematically designed biopolymers), entrapment protocols, and 
precursor-nanofiber characterization methods are represented. The entrapment ability of 
poly(vinyl alcohol) and systematically modified polyaspartamide nanofibers was investi-
gated for immobilization of two different lipases (from Candida antarctica and Pseudomonas 
fluorescens) and for formulation of the antibacterial and antiviral agent, rifampicin. The 
encapsulated biomolecules in electrospun polymer fibers could be promising nanoma-
terials for industrial biocatalysis to produce chiral compound or in the development of 
smart drug delivery systems.
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1. Introduction

Recently, a considerable effort has been focused on nanofiber fabrication, nanofibrous materi-
als, and the application of such materials. The characteristic features of nanofibers are such 
as small diameter (within the 100 nm–1 μm range), large specific surface area, infinite length, 
and high aspect ratio [1]. These properties make nanofibers suitable for a wide range of appli-
cations including, but not limited to, medical applications, cancer cell engineering, tissue 
engineering, drug delivery systems, enzyme immobilization, and electronics [2]. Ceramics, 
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metals, and polymers are used to fabricate nanofibers. In fact, the fabrication techniques can 
limit the utilization of the nanofibers. Therefore, constant attention is paid to the improvement 
of the existing fabrication techniques and developing novel fabrication methods. Among vari-
ous methods, electrospinning is the most widely used process for nanofiber fabrication [1]. 
Recently, polymer nanofibers have gained more and more attention in development of “bio-
engineered” or “bio-inspired” systems for pharmaceutical, biomedical, or biotechnological 
applications. Among these widespread issues, tissue engineering for artificial tissue recon-
struction and replacement, smart drug formulations for targeted drug delivery, bioselection 
processes for selective filtering and sensoring materials, as well as biocatalyst production by 
enzyme or whole-cell immobilization are the most highlighted areas (Figure 1). This chapter 
focuses on biocatalyst design and drug delivery systems by utilizing the entrapping ability of 
polymer nanofibers.

Polymer nanofibers can be used to immobilize both small and macromolecules by their physi-
cal adsorption or covalent binding on the surface of the fibers or by entrapment within the 
fiber. The choice between these two different possibilities depends on the application and on 
the type of small/macromolecules that would be immobilized. The main benefits and disad-
vantages of the attachment and entrapment are compared in Table 1. Generally, entrapment 
of biomolecules is the more beneficial way to immobilize biocatalysts (such as enzymes or 
whole cells) or encapsulate drugs or vitamins, due to the significant stabilizing and protective 
effect and the controllable retention and release of the entrapped molecules.

In the process of electrospinning, a polymer solution held by its surface tension at the end of 
a capillary tube is subjected to an electric field [3, 4]. For entrapment of a biomolecule (small 
or a macro-sized) by electrospinning, formation of a homogenous precursor mixture from the 
biomolecule and polymer solution is required, which can be continuously fed by a syringe 
pump in an electrostatic field with high voltage. Two electrodes are used: one electrode is 
at the end of a capillary fed by the precursor mixture and the other is attached to a collec-
tor. By applying high voltage on one electrode (usually in the range of 10 to 30 kV), while 
the collector electrode is grounded, strong electrostatic field develops, therefore charge is 
induced on the liquid surface. Mutual charge repulsion causes a force directly opposite to 
the force arising from the surface tension. Increasing intensity of electrostatic field elongates 

Figure 1. Application fields of nanofibers as functional biomaterials.
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the hemispherical surface of the solution at the tip of the capillary tube and forms a conical 
shape known as the Taylor cone. When the electric field reaches a critical value—at which 
the repulsive electric force overcomes the force from surface tension—a charged jet of the 
mixture is ejected from the tip of the Taylor cone [3]. Since this jet is charged, it will move 
toward the collector, and its trajectory can be controlled by an applied electric field. As the 
jet travels in air, the solvent evaporates, and the polymer fibers remain on a collector surface. 
Thus, completing the electrospinning process, continuous fibers are formed that result in a 
fibrous material comprising entrapped biomolecules (Figure 2). Experimental results pre-
sented in this chapter were carried out by the electrospinning equipment eSpin (Spinsplit 
Ltd., Budapest, Hungary).

2. Nanobiocatalysts: entrapment of enzymes in electrospun 
nanofibers

In the simplest sense, biocatalysis can be defined as the use of biological systems to catalyze (speed 
up) chemical reactions. These substances of natural origin can be one or more enzymes in isolated 

Attachment onto polymer 
nanofiber

Entrapment within polymer fibers

Advantages • The biomolecule and the precur-
sor solution can be handled 
separately

• No solvent or excipient 
materials limitation during 
electrospinning

• Easy to prepare

• In situ and rapid immobilization/formulation

• Significant stabilizing effects

• Controllable liberation/retention of the biomolecule

Disadvantages • (Difficult) chemical surface mod-
ification steps are necessary

• Chemical compatibility between the precursor system 
and biomolecule can be a limiting factor

• Immobilization can be achieved 
step by step

Table 1. Comparison of the attachment and entrapment of biomolecules onto or within polymer nanofibers.

Figure 2. Entrapment of biomolecules by electrospinning technique.
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form or within whole cells. An enzyme being a protein catalyst which accelerates the reaction 
of target molecules under mild conditions can be used in various industries. Major limiting fac-
tors of the application of such biocatalysts in various industries are the sensitivity of enzymes to 
environmental conditions and the high cost of their manufacturing. This is why they ought to be 
protected from detrimental conditions until their use and—if possible—they should be recycled 
for subsequent usage in order to reduce the costs. The benefits of nanofibrous structures can be 
advantageously applied in these processes. Nanofibers can be used as a protective carrier for 
enzymes and the large surface area of nanofibers allows rapid release of the biomolecules when 
and where needed. Moreover, enzymes can also be immobilized on or within electrospun nano-
fibers for repeated use. Due to the unique properties of nanofibers, such as extraordinarily high 
surface area and tunable surface morphology, high permeability, low density, ability to retain 
electrostatic charges, and cost effectiveness, they can be ideally applied for enzyme immobiliza-
tion. In our previous study, it was found that electrospun poly(vinyl alcohol) (PVA) and poly 
(lactic acid) (PLA) nanofibers were applicable for entrapment of lipase from Burkholderia cepacia 
(lipase PS), Pseudomonas fluorescens (lipase AK) and lipase B from Candida antarctica (CaLB). 
The lipase PS and CaLB biocatalysts entrapped in PVA nanofibers were durable biocatalysts 
retaining significant part of their original biocatalytic activity after ten cycles [5, 6].

2.1. Enzyme immobilization capacity of electrospun polymer nanofibers

One of the key issues during enzyme entrapment is to reach the optimal enzyme loading with 
the highest specific activity of the valuable enzyme. To optimize enzyme loading in the course of 
entrapment, nanofiber entrapment of lipase AK into PVA and of CaLB into a cationic polyaspar-
tamide were examined at different enzyme/polymer ratios. The immobilized lipase biocatalysts 
were tested in kinetic resolution of racemic 1-phenylethanol (rac-1, Figure 3) using vinyl acetate 
as acylating agents in n-hexane/t-butyl methyl ether (MTBE). The biocatalytic properties of the 
different electrospun biocatalysts, such as specific enzymatic activity (UE, U/g) and enantiomeric 
excess (ee, %), were determined from gas chromatographic analysis of the reaction media.

In case of lipase AK-PVA nanofibers, the specific enzyme activity (UE) reached the highest 
level when fibers were loaded with 5 and 20% enzyme (Figure 4a). In contrast, with CaLB 
in polyaspartamide, the specific enzyme activity showed a clear tendency with a maximum 
at moderate enzyme loading. Similar to lipase AK in PVA, 5% enzyme content exhibited the 
maximal specific activity (Figure 4b).

Figure 3. Kinetic resolution of racemic 1-phenylethanol (rac-1) catalyzed by lipase biocatalysts entrapped within 
electrospun nanofibers.
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The morphological properties of the nanofibers with different enzyme content were investigated 
by scanning electron microscopy (SEM). In case of lipase AK in PVA nanofibers, SEM images 
showed that at 2.5 and 5% enzyme content (Figure 5a and b) the nanofibers were uniform with 
consistently homogenous surfaces. However, at enzyme content higher than 5%, more and 
more inhomogeneity could be observed, and nanofibers were not continuous (Figure 5c–f).

Similarly to lipase AK-PVA systems, in case of CaLB-polyaspartamide nanofibers, the mor-
phology of fibers depended strongly on the enzyme content. CaLB at higher than 5% loading 
resulted in significant heterogeneity of the nanofibers (Figure 6c–f).

In summary, enzyme activity tests as well as SEM images of the biocatalyst demonstrated 
clearly that finding the optimal enzyme content of the nanofibers is a key issue. In case 
of lipase AK entrapped in PVA and also for CaLB in polyaspartamide nanofibers, the 5% 
enzyme content was optimal to reach maximal specific activity of the entrapped enzyme 
and homogenous nanofiber structure. With both lipases and polymer matrices, enzyme 
contents higher than 5% resulted in formation of heterogeneous nanotissues with bead-like 
shapes and forming from aggregates of polymer or enzyme molecules. On the one hand, 
application of the optimal enzyme loading enables the most economical and cost-effective  

Figure 4. Kinetic resolution of 1-phenylethanol (rac-1) with (a) lipase AK entrapped in PVA nanofibers and (b) CaLB 
entrapped in polyaspartamide nanofibers at different enzyme loading.
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Figure 5. Scanning electron microscope images of PVA nanofibers loaded with different amounts of lipase AK: (a) 2.5, 
(b) 5, (c) 10, (d) 15, (e) 20, (f) 25%.

Figure 6. Scanning electron microscope images of polyaspartamide nanofibers loaded with different amounts of CaLB: 
(a) 2.5, (b) 5, (c) 10, (d) 15, (e) 20, (f) 25%.
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usage, which is quite important at an industrial scale. In addition, homogenous fiber mor-
phology is crucial to produce high-quality nanobiocatalysts in a reproducible manner.

2.2. Bioimprinting for enhanced biocatalytic activity of enzyme entrapped in 
nanofibers

One of the most promising possibilities for enhancing enzyme activity during immobiliza-
tion, especially for entrapment methods, is molecular imprinting which conserves by the aid 
of added substrates or substrate analogues the proper shape of the enzyme’s active site [7, 8]. 
This so-called bioimprinting, as can be rationalized by the generally accepted hypothesis of the 
interfacial activation mechanism, can influence the biocatalytic activity and enantioselectivity 
of lipases. The positive effect of bioimprinting on lipases was already demonstrated by immo-
bilizations using sol-gel entrapment [9, 10]. The active site of many lipases in aqueous solution 
is covered by a flexible region of the enzyme, often referred to as a lid. Interaction of the lid 
with hydrophobic molecules can enforce its opening to make the active site accessible [11, 12]. 
This hypothesis is supported by crystal structures of lipases in their open and closed forms [13, 
14]. Because interfacial activation can increase significantly the catalytic activity and selectiv-
ity of lipases, it should be considered for all applications of lipases including development of 
novel immobilization methods. Although bioimprinting proved to be an efficient tool to modu-
late the properties of lipases entrapped in sol-gel matrices, this strategy has been extended for 
entrapment in electrospun nanofibers only recently in one of our previous studies [7].

To demonstrate the efficiency and generality of bioimprinting during entrapment of lipases, 
lipase AK and CaLB were entrapped in PVA and polyaspartamide nanofibers in the presence of 
four different additives as bioimprinting agents. Poly(ethylene glycol)s (PEGs) of different molec-
ular weights and nonionic detergents such as Tween 80 and Brij 30 were already applied as sub-
strate analogues exhibiting bioimprinting effects in sol-gel systems [11] and in PVA nanofibers 
[6], but their effect in polyaspartamide entrapment has not been investigated yet. To reveal the 
effect of additives and the difference between fiber-forming polymer matrices, CaLB was chosen 
as model enzyme for the bioimprinting experiments. Results of testing the immobilized nanofi-
brous CaLB biocatalysts by kinetic resolution of rac-1 showed that all tested additives increased 
the specific enzyme activity (UE) and the enantiomeric excess of the product (eeP) (Table 2). The 

Additive CaLB-PVA CaLB-polyaspartamide

UE eeP UE eeP

(U/g) (%) (U/g) (%)

— 208 99.8 1470 99.8

PEG 400 294 99.9 2621 99.9

PEG 1000 204 99.5 2690 99.7

Tween 80 228 99.9 2262 99.9

Brij 30 180 99.8 2563 99.9

Table 2. Kinetic resolution of 1-phenylethanol (rac-1) with CaLB-PVA or CaLB-polyaspartamide nanofibers fabricated 
in the presence of different additives.
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best results were obtained with PEG 400 and Tween 80 as additives in electrospinning of CaLB-
polyaspartamide fibers, while, in case of electrospinning of CaLB-polyaspartamide fibers, PEG 
400 and PEG 1000 were the most efficient bioimprinting agents. It must be noted, that CaLB 
in polyaspartamide polymer matrix without additive exhibited much higher activity than in 
PVA. Consequently, additives could manifest their beneficial effect on the activity of CaLB in 
polyaspartamide nanofibers better than in PVA nanofibers.

The polymer matrix of nanofibers is able to influence the enzyme activity by the bioimprint-
ing effect. In addition, the physicochemical properties of the matrix material may affect also 
significantly the apparent enzyme activity and the final properties of immobilized biocata-
lyst. Interactions between polymer chains can affect significantly the diffusion limitations 
for substrate or product, which can strongly influence the apparent efficiency of the immo-
bilized biocatalyst. Thus, dynamic viscosity as a rheological property of the precursor sys-
tems (enzyme-polymer-additive mixtures) and glass transition temperature (Tg) as a thermal 
property of the resulted enzyme-filled nanofibrous materials were also investigated (Figure 7). 
According to Kramers’ theory, the biocatalytic activity of enzymes could strongly depend on 
the viscosity of solvent because viscosity results in friction of proteins in solution leading to 
decreased motion and inhibiting catalysis by motile enzymes [15]. Thus, viscosity of the pre-
cursor system could affect directly the properties of the immobilized enzyme during its entrap-
ment. Moreover, the viscosity of the polymer precursor system can significantly influence fiber 
formation during electrospinning as well. The dynamic viscosity values of PVA- and polyas-
partamide-based precursor systems were determined in the presence of CaLB and the best 
additives such as PEG 400, PEG 1000, and Tween 80 and were compared to the simple polymer 
solution without the enzyme or additive. The glass transition temperature of the electrospun 
products was investigated as well. In case of CaLB-PVA systems, PEG 400 slightly increased 
the viscosity but Tween 80 resulted in higher increase in the viscosity value. On the other 
hand, when Tg values of the different CaLB-PVA fibrous biocatalysts were compared, PEG 400 
had more pronounced effects on the interaction between the polymer chains, while the Tg of 
PEG 400-containing CaLB-PVA fibers was significantly lower than that of the CaLB-PVA fibers 
without additives (Figure 7a). In case of CaLB-polyaspartamide, additives (PEG 400 and PEG 
1000) had no significant effect on the viscosity of precursor system, but Tg values became lower 
due to the presence of PEG molecules, especially in the case of PEG 1000 (Figure 7b).

Figure 7. Dynamic viscosity and glass transition temperature (Tg) of electrospun nanofibers (a) from PVA- and (b) from 
polyaspartamide-based precursor systems.
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3. Entrapment of drugs in electrospun nanofibers

3.1. Encapsulation of rifampicin in polyaspartamide nanofibers for ophthalmic 
applications

The interest in the development of novel ophthalmic drug formulations has increased consid-
erably because of the low bioavailability of drug molecules after their administration on the 
surface of the eye. The low therapeutic efficiency is caused by the complex structure of the eye, 
the small absorptive surface, and low transparency of the cornea, lipophilicity of corneal epi-
thelium, metabolism, bonding of the drug to proteins in tear liquid, and protective mechanisms 
such as tear formation, blinking, and the flow of the active pharmaceutical ingredients (APIs) 
through the nasolacrimal duct [16, 17]. The main challenge in the development of ophthalmic 
drug formulations is to achieve the required drug concentration at the site of absorption and 
to improve residence time, which in turn contributes to smaller application frequency [18, 19].

Polymers are often used in ophthalmic formulations to increase viscosity and thus, residence 
time of the formulation on the corneal surface, which increases the bioavailability of the 
API. Drug penetration can also be enhanced by various additives such as chelating agents, 
surfactants, and cyclodextrins, which form inclusion complexes leading to increased solubil-
ity, permeability, and bioavailability of the poorly soluble drugs. Controlled release of the 
drug can also be achieved by novel formulations such as inserts, collagen shields, contact 
lenses, and in situ gels. These solid or semi-solid formulations provide controlled release and 
increasing bioavailability of the API due to the extended contact time with cornea. Electrospun 
nanofibers offer controllable release rate as well as exact and safe dosage of the API.

In our work, a novel solid nanofibrous formulation was designed to encapsulate rifampi-
cin (RFP), an important antibiotic and antiviral agent. Rifampicin inhibits bacterial DNA-
dependent RNA synthesis; thus, it can be applied for the treatment of many infectious diseases 
such as tuberculosis and Hansen’s disease [20]. Although rifampicin has great efficiency, the 
scope of its applications is limited by its poor hydrolytic and thermal stability and by its 
rather limited solubility [21]. Due to these difficulties and the inaccurate dosing of eye drops, 
development of a stable solid formulation of rifampicin is still required.

Poly(aspartic acid) (PASP) is a biocompatible and biodegradable synthetic poly(amino acid) 
having great potential in biomedical applications. For using as a polymer in electrospin-
ning, PASP derivatives, including cationic polyaspartamides, can be synthesized under 
mild reaction conditions [22, 23]. The biological activity of the PASP-based polymers has 
been investigated carefully and, owing to their protein-like structure, they are expected to 
be biodegradable. Due to these advantageous properties of polyaspartamide derivatives, 
rifampicin can be beneficially entrapped in polyaspartamide-based nanofibers fabricated 
by electrospinning. Poly(aspartic acid) derivatives with butyl and hexyl groups were tested 
to determine the effect of chemical structure on release properties. For electrospinning of 
PASP derivatives containing rifampicin (1.6 w/w%), ethanol was used as the solvent to 
avoid the degradation of the active compound. The morphology of electrospun fibers was 
investigated by SEM indicating that uniform nanofibers could be produced independently 
of chemical composition. By using butyl side groups, the fiber diameter was ~800 nm, while 
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in the presence of hexyl groups, the average diameter of the fibers was ~900 nm. The results 
of release experiments (Figure 8a) showed that the dissolution rate of rifampicin was larger 
by using butyl-PASP than hexyl-PASP, but in both cases, the total amount of the encapsu-
lated drug was released.

The crystallinity of entrapped API determines its bioavailability; thus, X-ray diffractograms 
were recorded for the matrices and the native drug. From the comparison of the X-ray spectra 
of native and encapsulated rifampicin (butyl-PASP + RFP), it can be clearly seen that the origi-
nally crystalline rifampicin became amorphous during electrospinning, which can improve 
the bioavailability even further (Figure 8b).

4. Conclusion

Electrospinning is a promising tool for efficient entrapment of biomolecules, such as expensive 
enzymes or active pharmaceutical ingredients, within polymer nanofibers which are appli-
cable for biotechnology or biomedical purposes. By rational selection of polymer excipients, 
both small and macromolecules can be immobilized into electrospun matrices and control-
lable retention and release can be achieved. Poly(vinyl alcohol) (PVA) and polyaspartamide 
nanofibers are promising candidates to encapsulate enzymes. In case of industrially relevant 
lipases, such as lipase from Candida antarctica (CaLB) or Pseudomonas fluorescens (lipase AK), 
the optimal enzyme loading of nanofibers generated by electrospinning was 5% entrapped 
in PVA or polyaspartamide matrices. Entrapment of lipases in nanofibers in the presence 
of different substrate-like additives led to bioimprinting, which could significantly increase 
the activity and enantioselectivity of the entrapped enzyme. Polyaspartamides could also be 
used to encapsulate active pharmaceutical ingredients by electrospinning. The encapsula-
tion of rifampicin proved that the chemical modification of PASP with different alkyl side 
groups had a significant effect on the release rate of APIs, opening up new possibilities for the 
improvement of therapeutic efficiency with solid dosage forms.

Figure 8. (a) Release of rifampicin (RFP) from butyl-PASP and hexyl-PASP electrospun matrices and (b) X-ray diffraction 
spectra of free rifampicin, butyl-PASP electrospun matrix, and rifampicin entrapped in butyl-PASP.
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