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ABSTRACT  

A multifunctional material based on co-electrospinning has been developed as a basic material for 

the development of biosensors with optical oxygen transduction. It is based on coaxial nanofibres: 

inner fibres containing an oxygen sensitive dye and outer fibres containing aldehyde groups to allow 

the formation of Schiff bases with the amino groups of the enzyme. The resulting material preserves 

the oxygen sensing properties of the inner optical transducer as well as exhibits a high capacity for 

immobilizing molecules on its surface. 

Uricase has been selected as model enzyme and several parameters (temperature, pH, reaction time, 

buffer, and enzyme concentration) have been optimised to demonstrate the versatility of this novel 

multifunctional material in the development of biosensors with optical oxygen transduction for 

determining uric acid in serum samples. It suggests that the proposed multifunctional material can 

provide a promising multifunctional platform for biosensing applications. 

 

Keywords: Multifunctional material; Nanotechnology; Oxygen transduction; Optical biosensor; 

Uric acid.  
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1. Introduction  

The development of advanced multifunctional platforms with sensing properties based on new 

nanomaterials has attracted great interest in the past few years due to their tuneable physical, 

chemical, optical, mechanical and electronic properties, versatility, applicability in many different 

fields and, in some cases, biocompatibility and biodegradability [1, 2]. 

Advances in nanotechnology in recent years have stimulated the fast development of new 

nanomaterials with multiple functions and shapes (nanotubes [3], nanofibres [4], nanoparticles [5], 

nanocages [6], etc.), and made with a variety of materials (carbon [7], silicon [8], metals [9], 

polymers [10, 11]). Furthermore, the high capacity of modification of these nanomaterials allows 

functionalising their surface with multiple chemical groups that improve their ability to attach 

(bio)molecules. This modification results in huge number of applications in catalysis, biosensing, 

bioimaging, drug delivery and biomedicine [12, 13]. 

Among the wide diversity of novel functional nanomaterials, nanofibres membranes prepared by 

electrospinning technique offer several advantages such as high surface-to-volume ratio, controllable 

morphology, pore size, porosity and flexibility, and they can be fabricated as long or short fibres 

with modifiable orientation to provide a wide variety of sizes and shapes, which can lead to the 

fabrication of smart membranes [14, 15]. Because of these improved properties, nanofibres 

membranes could be very promising materials for developing biosensors [16, 17]. In addition, co-

electrospinning technique allows one-step fabrication of multifunctional coaxial micro- and nano- 

fibre membranes which generate two different chemical environments that increase the functionality 

of these nanofibres [18, 19] as well as their applicability [20, 21], including sensing applications 

[20].  

On the other hand, the use of optical oxygen transduction has been widely applied on the 

development of biosensors because it is simple, rapid and high sensitive and there is available a huge 

number of systems to do it [22, 23]. The monitoring of an enzymatic reaction by using oxygen 

transduction requires an increase or a decrease in the oxygen concentration, which has to be 

produced during the catalytic activity of the enzyme. These changes in the oxygen concentration can 

be indirectly used to determine other substrates. For example, glucose is widely determined by 

measuring changes in oxygen concentration produced during the catalytic activity of glucose oxidase 

[23, 24]. Other oxidases such as cholesterol oxidase, lactate oxidase, tyramine oxidase or urate 

oxidase (uricase) have been also widely used in this field [22, 25]. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

3 
 

To develop biosensor membranes using optical oxygen transduction, a multifunctional material is 

required because it is necessary: 1) to immobilize a biomolecule which catalyses the oxidation of the 

analyte and 2) to incorporate an oxygen sensitive dye to measure the consumption of oxygen during 

this oxidation. Most biomolecules are hydrophilic compounds and require to be immobilised on 

hydrophilic supports in order to enhance its enzymatic activity [26]. On the other hand, oxygen 

sensitive dyes are hydrophobic compounds thus they have to be incorporated into hydrophobic 

supports to avoid aggregation and luminescence quenching by water which result in a decrease in 

sensitivity. Thus, the incorporation of both compounds in the same matrix maintaining their best 

analytical figures of merits is not trivial at all. Anyway, co-electrospinning technique allows the 

production of membranes with two different chemical environments; one hydrophobic to incorporate 

the oxygen sensitive dye and other hydrophilic to immobilize the biomolecule. In addition, this 

technique provides well-organised materials. It is important because the biomolecule must be located 

on the surface of the membrane to be accessible to the analyte while the oxygen sensitive dye must 

be incorporated into the membrane to avoid contact with water. Lastly, co-electrospinning also 

allows the production of this complex material in only one step, simplifying its scaling-up and 

therefore, its ability to be marketed.  

In this work, we have developed and characterised a multifunctional coaxial material prepared 

from two different polymeric solutions by using co-electrospinning, which originates nonwoven 

nanofibre membranes with very large surface area, excellent mechanical properties (resistance to 

abrasion, high tensile strength, flexibility, easy handling) and high chemical resistance. It is based on 

an inner fibre containing an oxygen sensitive dye (Pd2+-based porphyrin) and an outer fibre 

containing an appropriate chemical functionalization for immobilizing oxidase enzymes. After the 

immobilization of the enzyme, the sensing material preserves the oxygen sensing properties of the 

embedded dye and the immobilised enzyme is active.  

In order to demonstrate its applicability, uricase has been selected as model enzyme and it has 

been used for determining uric acid in serum samples, obtaining similar results than those obtained 

with a reference method developed by an external laboratory. The good correlation obtained between 

both methods makes these nanofibre membranes a potential material for sensing applications. 
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2. Experimental 

2.1.  Chemicals 

For the fabrication of the coaxial nanofibre membranes, PolymBlend®, (NanoMyP®, Granada, 

Spain, http://www.nanomyp.com), was used in the outer fibre and poly(methyl methacrylate) 

(PMMA) (Sigma Aldrich, Madrid, Spain) was used for the inner fibre. In addition, several oxygen 

sensitive dyes were also tested: Pt(II) meso-tetra(pentafluorophenyl)porphine (PtTFPP) (Frontier 

Scientific, Logan, UT, USA), Pd(II) meso-tetra(pentafluorophenyl)porphine (PdTFPP) (Frontier 

Scientific, Logan, UT, USA), Pt(II)-5-(4-bromophenyl)-10,15,20-tri(phenyl)-tetrabenzoporhyrin 

(PtTPTBPBr) which was synthesised following the procedure described by [27], and [Ir(npy)2(bpy-

pyr2)]PF6 (npyH= 2-(naphthalen-1-yl)pyridine; bpy= 2,2’-bipyridine; pyr= pyrene) (IrBPY) which 

was synthesised following the procedure described by [28]. Finally, N,N-dimethylformamide (DMF) 

(Sigma Aldrich, Madrid, Spain) was used as solvent for the outer and inner polymeric mixtures. 

For the immobilization of uricase, ethylenediamine (EDA), glutaraldehyde (GA), potassium 

dihydrogen phosphate (KH2PO4), boric acid (H3BO3), glycine, uricase from Candida sp. (EC 

1.7.3.3) and Tween 20 were all purchased from Sigma Aldrich, Madrid, Spain and used without 

further purification. All the solutions were prepared using doubly distilled water. 

To assay the activity of uricase, 4-aminoantipyrine (4-AAP) and peroxidase (HRP) from 

horseradish (EC 1.11.1.7) were purchased from Sigma Aldrich, Madrid, Spain, and uric acid and 

sodium 3,5-dichloro-2-hydroxybenzenesulfonate (DCHBS) were purchased from Alfa Aesar, 

Karlsruhe, Germany. 

Human serum samples were obtained from a clinical analysis laboratory and stored frozen until 

assay. 

2.2.  Instrumentation 

The UV-Visible absorption spectra were recorded on a Varian Cary 50 UV-Vis 

spectrophotometer. The luminescence measurements were carried out on a Varian Cary-Eclipse 

luminescence spectrophotometer. 

To characterize the optical properties of the materials, a flow cell which allows the use of a gas 

stream was used in order to perform the measurements in a controlled atmosphere. The gas stream 

was controlled with a mass-flow controller (MFC) (EL-FLOW Select F-201CV, Bronkhorst High-
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Tech, Ruurlo, Netherlands) connected with the flow cell using copper and stainless steel tubing and 

a PC via a RS-232 serial port by a Flow-Bus Interface (Bronkhorst High-Tech Ruurlo, Netherlands). 

All the luminescence measurements were carried out by controlling the temperature, which was 

continuously regulated by a commercial Peltier cell holder connected to a temperature control 

module (Agilent Technologies, Madrid, Spain). 

The pH of the buffer solutions was controlled using a digital pH meter (Crison micropH 2000) 

calibrated at 20 ± 2 ºC. 

2.3.  Fabrication of multifunctional coaxial fibre membranes 

To make coaxial fibres by co-electrospinning different solutions for inner and outer fibres were 

used. The liquid flow rates formed by outer and inner solutions were independently driven by two 

syringe pumps (Cole Parmer 74900 Series) using a flow-rate of 1.3 and 0.3 mL h-1 for the outer and 

inner solutions, respectively. The syringes used are Teflon Becton & Dickinson with 12.45 mm 

diameter. The outer and inner solutions were passed through a Teflon capillary tube until reaching a 

concentric couple of stainless-steel capillary tubes (injector). The outer and inner diameters of 

stainless-steel capillary tubes were: external tube Φext/Φint=1.7/1.4 mm, internal tube Φext/Φint=1/0.7 

mm. To apply the electric field, two high-voltage power supplies were used (Gamma High Voltage 

ES30P and Bertan 205B-10R) to establish a potential difference between the injector and the 

collector which was a rotator drum (30 cm length and 20 cm diameter rotating at 400 rpm) located 

25 cm apart from the injector. One of the power supplies was connected to the injector in positive 

polarity (8.9 kV) with respect to ground while the second power supply was hooked to the collector 

and run in negative polarity (-1.3 kV) with respect to ground. The selected flow rates and voltages 

within this configuration allowed the collection of dry fibre mats. The process was run for 8 h to 

collect membranes with thickness about 150 µm.  

The obtained membrane is hydrophobic but when it is introduced in warm water at 40ºC (thermal 

wetting) the hydration is produced and the material is transformed in a very high hydrophilic 

membrane; during the thermal wetting the membrane must be keep stretched in order to prevent 

shrinks. It happens because during the thermal wetting the polymeric chains suffer a rearrangement 

and the hydrophilic domains of the polymeric chains are exposed to water while the hydrophobic 

domains are hidden to water [29]. Therefore at the end of the thermal wetting the surface of the mat 

reaches a high concentration of hydroxyl groups transforming the membrane in a very hydrophilic 

material without producing any change in diameter and fibre morphology [30]. After thermal wetting 
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the water absorption capacity was determined by calculating the ω parameter (amount of absorbed 

water per mass of material) [29]. It was 2.0 for the membrane with thermal wetting and 0.0 for the 

membrane without the thermal wetting. 

The resulting coaxial-nanofibre membranes after the thermal wetting were attached to adhesive 

sheets (Lohmann Technologies Corp.) to facilitate their handling. 

2.4.  Characterization of multifunctional coaxial fibre mats 

The morphological characterization of coaxial fibre membranes was done by TEM (Zeiss DSM 

950) and SEM (LEO, Carl Zeiss, GEMINI-1530).  

The oxygen sensing properties of the coaxial membranes were evaluated by applying different O2 

partial pressures, which were obtained by mixing O2 and N2 with different flow ratios, assuming a 

constant environmental pressure of 1000 mbar. The standard settings for the luminescence intensity 

measurements were: excitation and emission slits of 10 nm wide, delay time (td) 200 µs, gate time 

(tg) 5 ms, and a current flow of 150 mL min-1. Different emission and excitation wavelengths were 

selected for each oxygen-sensitive dye (see Table 1). 

 

Table 1 

Maxima luminescence excitation and emission wavelengths (λexc/em) and oxygen sensitivity of the 
dyes (KSV) incorporated into the coaxial nanofibre membrane and in a classical PS membrane.  

 

 Coaxial nanofibre membrane 
(this work) 

Classical PS membrane 

Oxygen dye λexc/em (nm) KSV (bar-1) λexc/em (nm) KSV (bar-1) Reference 
PtTFPP 390/648 5.41 395/650 41.42 [31] 

PdTFPP 402/669 20.84 406/671 9.60 [32] 

PtTPTBPBr 614/767 5.26 614/770 22.8 [27] 

IrBPY 334/577 13.60 334/557 8.79 [28] 

 

Luminescence quenching methods of analysis can be described by the Stern–Volmer equation 

(see Eq. 1) which was used to fit the calibration curves for the oxygen sensing membranes. 

��

�
= 1 + ���	
�       (1) 
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where I0 and I are the luminescence emission intensities from the membranes exposed to 100% N2 

concentration and to different O2 concentrations, respectively, KSV is the Stern-Volmer constant and 

pO2 is the oxygen partial pressure. 

2.5.  Immobilization of uricase 

The surface of the coaxial material was first functionalised with a vinyl active group [33] and 

then with amino groups by using 0.9 M EDA in phosphate buffer (100 mM, pH 8.4) for 20 min at 

room temperature (RT) [34]. After this, 1.9 cm2 of material were incubated with 5 mL of GA [34] 

solution 3 % v/v in phosphate buffer (100 mM, pH 7.4) for 40 min at RT in a rotating shaker. Then, 

it was washed with 5 mL of doubly distilled water (3x10 min in a rotating shaker). 

The covalent immobilization of uricase on the material was carried out by incubating 1.9 cm2 of 

activated material with 4 mL uricase solution (25 µg mL-1) in phosphate buffer (50 mM, pH 7.4) at 4 

ºC for 20 h. Unbound enzyme was removed by washing the material with 4 mL phosphate buffer 

(3x10 min in a rotating shaker). The washing solutions and the reaction supernatant were reserved 

for further testing. The material with immobilised uricase was stored in phosphate buffer (pH 7.4) at 

4 ºC. 

The amount of enzyme immobilised on the material was calculated from the difference between 

the initial free enzyme amount and the total amount of enzyme present in the reaction supernatant 

and washing solutions after immobilization, assuming that the loss of enzyme in each experiment is 

negligible. The enzyme concentrations in the supernatant and washing solutions were measured by 

the spectrofluorometric method at 334 nm [35]. 

The relative activity (%) of the immobilised uricase was determined by a colorimetric method 

based on two enzymatic reactions [36]. First, uricase catalyses the oxidation of uric acid to allantoin, 

carbon dioxide and hydrogen peroxide. Next, HRP catalyses the oxidation of DCHBS in the 

presence of hydrogen peroxide, which originates a phenoxyl radical that reacts with 4-AAP, 

producing a red quinoneimine dye with an absorption maximum at 515 nm. The relative activity of 

uricase was calculated as a percentage of the immobilised uricase referred to free uricase activities. 

In detail, to assay the activity of the immobilised uricase, 3 mL glycine buffer (50 mM, pH 8.8) 

containing 0.1 µmol uric acid were incubated with 1.9 cm2 of coaxial membrane with immobilised 

uricase for 20 min at 40 ºC. Next, 0.5 mL 4-AAP (10 mM), 0.5 mL DCHBS (50 mM) and 0.5 mL 

HRP (20 U mL-1) in phosphate buffer (50 mM, pH 7.4) were added and kept at 40 ºC for 5 min to 

develop the colour. All the solutions were freshly prepared daily. 
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2.6. Analytical characterization and application 

The luminescence signal of the oxygen sensitive dye incorporated into the inner fibre increases 

with the concentration of uric acid due to the consumption of oxygen during the oxidation reaction. 

SM shows the typical format of the evolution of the luminescence versus time (see SM, Fig. SM-1). 

As shown in SM, Fig. SM-1a, it provides a plateau in a very long period of time. In order to avoid 

large analysis times, the slope of this signal was used as sensing response (see SM, Fig. SM-1b). 

The slope of the signal can be calculated with the following equation (see Eq. 2): 

�
�����	�
�	���
 =
�����

�����
      (2) 

where Si and S0 are the luminescence signal recorded at time ti and t0, respectively, and t0 must be 

equal o higher than the time in which the uric acid is added. 

The calibration curve and the sample measurements were done by immersing the coaxial 

membranes in 600 µL of glycine buffer (50 mM, pH=8.8) and then 100 µL of uric acid solutions at 

different concentrations or serum sample were added, maintaining the temperature at 40 ºC during 

the measurement. The luminescence intensity was measured at λexc/em = 402/669 nm, td = 200 µs, tg = 

5 ms, detector voltage 680 V and excitation and emission slits of 10 nm wide. 

In order to demonstrate the capacity of the developed sensing membrane for determining uric 

acid, 4 real serum samples were analysed. The concentration of uric acid in the serum samples was 

also determined by an external laboratory (Análisis Clínicos Gilabert, Granada, Spain) by using the 

following colorimetric enzymatic method: uric acid is oxidised by uricase to allantoine and hydrogen 

peroxide (2H2O2), which under the influence of peroxidase (HRP), 4-aminophenazone (4-AP) and 2-

4-dichlorophenol sulfonate (DCPS) forms a red quinoneimine compound (λmax=520 nm): 

����	���� + 2��
 + 
� 	
�� !"#$
%&&&&' 	())��*���
 + 2��
� 

+,-� + 2��
� + 4-(-	
012
%&' 34����
�5��
 + 4��
 

The intensity of the red colour formed is proportional to the uric acid concentration in the sample. 
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3. Results and discussion 

3.1.  Fabrication of the multifunctional coaxial membrane  

The development of biosensor membranes using optical oxygen transduction requires a material 

with 2 functionalities: 1) it must allow the immobilization of a biomolecule on its surface to catalyse 

the oxidation of the analyte; and 2) it must contain an oxygen sensitive dye to measure the 

consumption of oxygen during this oxidation. In addition, due to the different character of the 

biomolecule (hydrophilic) and the oxygen sensitive dye (hydrophobic), this bi-functional material 

has to contain two different chemical environments: a hydrophilic environment for the enzyme and a 

hydrophobic environment for the oxygen-sensitive dye. 

In order to obtain the hydrophilic environment, PolymBlend® was selected for the outer polymer 

solution because it is hydrophilic and oxygen permeable, it contains OH groups that can be easily 

functionalised to allow the covalent immobilization of the enzyme, and it has been formulated with 

an optimum mixture of two high molecular weight statistic copolymers to provides excellent 

mechanical and chemical properties of non-woven mats produced by electrospinning [37, 38]. The 

use of this polymer blend provides to the coaxial materials similar properties than those observed in 

single fibre, nonwoven mats produced with these polymer; among others, resistance to acid and 

bases in a wide pH range (3.5 -12.0), temperature resistance up to 100ºC and high resistance to 

water, hydrophobic solvents (such as toluene, vegetal oils, hexane) and to hydroalcoholic mixtures 

(up to 30 % v/v). 

For the hydrophobic environment to incorporate the oxygen-sensitive dye, PMMA was selected 

because it is hydrophobic, compatible with the oxygen sensitive dyes, oxygen permeable, it has a 

good transparency to allow the luminescence measurement and it was proved to be good polymer for 

developing oxygen sensing membranes by electrospinning [20]. 

Concerning the oxygen sensitive dye, there is a huge variety of optical indicators with different 

structures and chemical nature to determine oxygen [39] and most of them are based on the 

measurement of the luminescence quenching produced by oxygen [40]. 

Organometallic complexes containing Ru2+, Re+, Os3+, Ir3+, Pt2+ and Pd2+ as well as with 

polypyridyl and porphyrin structures are the most widely used compounds as oxygen-sensitive dyes 

in optical sensing. There are a vast number of these complexes with different physicochemical 

properties, emission and excitation wavelengths, lifetimes, Stokes’ shifts, quantum yields, 

photostability, etc. [39, 40]. Thus, the selection of the most adequate oxygen dye would mainly 
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depend on the application of the sensor, taking into account factors like oxygen sensitivity and 

stability. 

In this work, we have selected two commercially available metalloporphyrins (PtTFPP and 

PdTFPP), one modified Pt(II)–benzoporphyrin (PtTPTBPBr), and one cyclometalated Ir(III) 

complex ([Ir(npy)2(bpy-pyr2)]PF6), as oxygen-sensitive dyes. These three dyes show exceptional 

luminescence properties and they are completely compatible with the polymeric solution (PMMA in 

DMF) used to obtain the inner fibre of the coaxial membranes. 

To produce a stable and continuous co-electrospinning procedure, we tested two different 

concentrations (13 and 10% w/w) of PolymBlend® in the outer fluid and three concentrations (13, 9 

and 6% w/w) of PMMA in the inner fluid. We selected 10% w/w of PolymBlend® and 6% w/w of 

PMMA as optimum concentrations because they provide a stable and definite cone and they help to 

solidify the electrified jet near its point of generation (see SM, Fig. SM-2). The percentage of the 

polymer in the outer solution is higher because a sufficiently high viscosity of the outer fluid is 

essential to develop a compound cone in the steady state. In addition, it helps to increase the 

polymeric chain entanglements which prevent various instabilities (break up of the jet into droplets). 

In this work, to develop a compound cone in the steady state, we studied different outer/inner 

flow rates (1/0.2, 1.3/0.1, 1.3/0.3, 1.3/0.5, and 2.5/0.5 mL h-1, respectively), optimizing the 

injector/collector voltages for each of them; the optimum injector/collector voltages were10.3/-0.6, 

9.5/-1.7, 8.9/-1.3, 8.8/-2.6, and 10.0/-1.7 kV, respectively. The optimal voltages were selected by 

using a high resolution camera and selecting the voltages for each outer/inner flow rate which 

provide a stable cone. The optimal conditions for obtaining the coaxial nanofibre mat were: outer 

and inner flow rates of 1.3 and 0.3 mL h–1, which need an injector voltage of 8.9 kV and collector 

voltage of -1.3 kV (see SM, Fig. SM-3).  

Fig. 1 and SM (see Fig. SM-2) show SEM and TEM pictures of the optimal coaxial nanofibre 

mat. They show a regular and homogeneous formation of the fibres during the co-electrospinning 

procedure. The addition of 1% w/w of the O2 indicator into the inner suspension did not affect the 

co-electrospinning process, and thus the morphology of the coaxial fibres did not change. No 

leaching of the dyes from the membrane was observed and all the coaxial mats showed similar 

mechanical properties. SM (see Fig. SM-4) shows the luminescence emission before and after the 

thermal wetting of the mat. The luminescence emission is the same before and after the treatment 

therefore we can assume that the dye was not leached during this procedure. 
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Fig. 1. Images of a) SEM and b) TEM of the multifunctional coaxial membrane formed by PMMA- 
PdTFPP as inner fibre and PolymBlend® as outer fibre. 

 

The fibre diameters of the obtained coaxial fibres are 680 and 530 nm for outer and inner fibres, 

respectively. These values were calculated by 20 measurements made in five different SEM pictures 

(total of 100 measurements). 

3.2.  Optical characterization and oxygen sensing properties 

A coaxial membrane was produced containing several dyes in order to evaluate the effect of the 

incorporation of a dye into the inner fibre of the material. The emission and excitation spectra of the 

coaxial materials based on the different oxygen dyes (1 % w/w) and under different oxygen 

concentrations are shown in Fig. 2, Table 1 and SM (see Fig. SM-5). The luminescence properties of 

the dyes incorporated into the inner fibre of the coaxial material are very similar to those obtained in 

a classical PS membrane (see Table 1), thus the incorporation of the dye into a nanofibre mat 

produced by co-electrospinning does not affect its optical properties. 
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Fig. 2. Excitation (dashed line) and emission (solid line) spectra in the presence of 100% O2 (grey 
line) and 100% N2 (black line) of the coaxial membrane when PdTFPP was used as oxygen sensitive 
dyes. [Dye concentration] = 1% w/w, td=200µs, tg=5 ms and monochromator slitwidthexc/em=10/10 
nm. 

 

Concerning the sensitivity to oxygen, all the obtained Stern-Volmer plots (see SM, Fig. SM-6) 

showed linearity up to 10% of oxygen concentration so all of them might be used as optical oxygen 

sensing. Table 1 also shows the sensitivity (KSV) of the coaxial membranes. Comparing the 

sensitivity to oxygen of the different dyes incorporated into the coaxial membranes and in a classical 

membrane (PS membrane), it is possible to conclude that the KSV of the coaxial fibre mats based on 

Pt(II) complexes are smaller than those of the classical membranes meanwhile the KSV of the coaxial 

fibre mats based on Pd(II) and Ir(III) complexes are higher than those of the classical membranes 

(see Table 1). It can be due to aggregation of Pt(II) dyes during the electrospinning process while 

PdTFPP and IrBPY are more soluble in PMMA than in PS. Anyway, the obtained sensitivity is 

enough for the requested application and it might be improved, if necessary, by using advanced 

photoluminescence measurements such as the use of rectangular-wave signals [41]. 

Analysing the results summarised in Table 1, PdTFPP showed the highest sensitivity to oxygen 

thus it was selected as the oxygen-sensitive dye on the fabrication of the multifunctional material. 
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3.3.  Optimization of covalent immobilization of the enzyme on coaxial membrane 

The immobilization of enzymes whose catalytic activity involves the consumption or the 

production of oxygen, such as oxidases, on oxygen-sensitive membranes can be used to develop 

biosensors that determine the substrates of the enzymatic reactions. To demonstrate the versatility of 

the proposed material, uricase was selected as model enzyme and the resulting membrane was used 

to analyse uric acid by oxygen transduction. 

Uricase was covalently immobilised on the outer surface of the coaxial material through the 

formation of Schiff bases between the amino groups of the enzyme and the free aldehyde groups of 

GA on the material. Therefore, the OH groups of the outer polymer fibres was first functionalised 

with vinyl active groups, then with amino groups by using EDA and finally with GA [34]. 

 

Fig. 3. Effect of the concentration of GA on the amount (black line) and enzymatic activity (grey 
line) of immobilised uricase at pH 7.4 (experimental data indicated with a solid circle) and pH 6.5 
(experimental data indicated with a solid square). 

 

The optimum GA concentration was assayed by incubating the material with solutions containing 

1, 3, 5, 10 and 15 % v/v GA in phosphate buffer (100 mM, pH 6.5 and 7.4) for 40 min at RT, and 

then immobilizing uricase in phosphate buffer (50 mM, pH 7.4) at 4 ºC for 20 h. Fig. 3 shows that an 

increase of the GA concentration from 3 to 15 % v/v provides an increase of the immobilised 

enzyme but also a considerable decrease of the activity. It is because an increase of the GA 

concentration provides an increase of the amount of aldehyde groups that can react with the enzyme 

and therefore an increase of the amount of enzyme which has been covalently immobilised on the 
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material. But, at the same time, an increase of the amount of aldehyde groups also provides that the 

multipoint attachment of the enzyme occurs more extensively and, therefore, the rigidity of the 

enzyme is increased, changing its conformation and therefore reducing its activity [42].  

The reaction time with GA was also tested. SM (see Fig. SM-7) shows that the incubation time 

has a similar effect over the enzyme immobilization than the GA concentration; an increase in the 

reaction time from 40 min to 2 h provides an increase in the immobilised enzyme but the activity is 

decreased. Thus, the best relationship between activity and amount of immobilised enzyme was 

obtained at 3 % v/v GA and 40 min reaction time, which were selected as optimum GA 

concentration and incubation time, respectively. These conditions provide an immobilization yield of 

7.4 µg cm-2 and an enzymatic activity of 18 % of the native enzymatic activity (activity of the free 

enzyme). 

The effects of reaction time and temperature on the enzyme immobilization were also studied. 

The GA activated material was immersed in 4 mL uricase solution (25 µg mL-1) in phosphate buffer 

(50 mM, pH 7.4) at 4 and 25 ºC for different reaction times. Then the amount of immobilised 

enzyme and its activity were evaluated. SM (see Fig. SM-8) shows the experimental results. The 

maximum amount of immobilised enzyme was reached at 25 ºC, but at this temperature the activity 

of the immobilised enzyme practically disappears. Thus, 4ºC was selected as optimum temperature 

for enzyme incubation. On the other hand, an increase of the incubation time at 4ºC provides an 

increase of the amount of the immobilised enzyme but a decrease in its activity. However, 20 h was 

selected in order to have a good amount of immobilised enzyme to increase the accuracy of the 

analytical determination.  

To determine the influence of the pH, the immobilization of uricase on the activated material was 

carried out at pH=6.5 (50 mM phosphate buffer), pH=7.4 (50 mM phosphate buffer), pH=8.8 (50 

mM borate buffer) and pH=8.8 (50 mM glycine buffer) at 4 ºC for 20 h. As can be seen in SM (see 

Fig. SM-9), the pH significantly affects both the amount and activity of the immobilised enzyme. 

The amount of immobilised enzyme increases with the pH, but the activity decreases considerably. It 

can be due to the change of the spatial conformation of the enzyme with the pH. The highest activity 

of the free enzyme is reached at pH 8.5 [43], and at this pH the active sites of the enzyme are more 

accessible so it is easier that at this pH the active site can interact with the aldehyde groups of GA 

and can be modified. Therefore, pHs close to 8.5 are not adequate to carry out the covalent 

immobilization on the material.  
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When the pH is between 6.5 and 7.4 the amount and the activity of the immobilised enzyme is 

practically the same, so phosphate buffer at pH 7.4 was selected as the optimum medium for 

developing the immobilization of uricase. 

Finally, the effect of the enzyme concentration was also investigated. 4 mL uricase solutions with 

four different concentrations (25, 50, 100 and 150 µg mL-1) in phosphate buffer (50 mM, pH 7.4) 

were incubated with the GA activated material at 4 ºC for 20 h. SM (see Fig. SM-10) shows the 

experimental results. An increase of the initial enzyme concentration increases the amount of the 

immobilised enzyme and decreases the activity. It could be due to the formation of aggregates when 

the enzyme concentration increases; an increase of the enzyme concentration increases the 

probability of the aggregation of the enzyme on the surface of the material, which might originate 

the blockage of their active sites. Thus, 25 µg mL-1 were selected as optimum uricase concentration 

providing an immobilization yield of 7.4 µg cm-2 and an enzymatic activity of the 18 % of the native 

enzymatic activity (activity of the free enzyme). 

3.4.  Analytical figures of merits 

For the analytical characterization of uric acid, the coaxial membrane was immersed in glycine 

buffer (50 mM, pH=8.8) because, as it was commented before, this is the best medium to obtain the 

maximum activity of the enzyme [43] and then different concentrations of uric acid were added. The 

luminescence responses obtained for different uric acid concentrations in buffer solutions increase 

with the time and provide a plateau at a very long period of time (see Fig. SM-1). In order to avoid 

large analysis times, the slope of this signal was used as sensing response following the procedure 

described in section 2.6. 

Table 2 

Analytical figures of merits of the coaxial nanofibre membrane based on an inner fibre composed by 
PdTFPP/PMMA and an outer fibre composed by PolymBlend® functionalised with uricase in the 
optimal conditions. 

 Estimated value 
Linearity (%) 99.25 

Slope (µM-1) 0.1133 

Intercept 19.404 

Linear range (µM) 15-500 

Limit of detection (µM) 4 

Limit of quantification (µM) 15 
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A linear relationship between the sensing response and the uric acid concentration was obtained 

in the range from 15 to 500 µM (see SM, Fig. SM-11), which covers the normal range in human 

serum (150-460 µM). Table 2 summarizes the analytical figures of merits of the proposed biosensing 

membrane. The detection and quantification limits were calculated by using the IUPAC method 

(LOD=3sb/m; LOQ=10sb/m). 

In spite of the low relative activity of the immobilised uricase (18 %) and the small KSV (20.84 

bar-1) of the dye incorporated into the coaxial membrane, they are enough to determine uric acid in 

real serum samples. In comparison with other biosensors previously published, see Table 3, the 

proposed one has a LOD in the same order of magnitude but the linear range is shorter; however it is 

good enough for uric acid determination in human serum. Anyway, further optimisation of the 

sensing material can be done in order to increase the sensitivity on those applications that need it. 

For example, the amount of dye can be reduced in order to avoid agglomeration and it might 

increase significantly the sensitivity to oxygen.  
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Table 3 

Comparison of the proposed biosensor with other previously published in the literature. 

Detection method 
LOD 

(µM) 

Linear 

range (µM) 
Immobilization Method Matrix Ref. 

Amperometry 5 5-800 Crosslinking/adsorption Chitosan, carbon nanotube and polyaniline [44] 

Amperometry 2 4.0-640 Covalent Eggshell membrane [45] 

Amperometry 140 50-1000 Adsorption Copper oxide [46] 

Amperometry 10 10-600 Covalent Polyaniline [47] 

Amperometry 0.33 2-10 Entrapment Mesoporous silica [48] 

Fluorometry 5 5-800 Entrapment Polyurethane hydrogel [22] 

Fluorometry 25 10-1700 Sol-gel entrapment Polyvinylalcohol [49] 

Spectrophotometry 50 50-500 Covalent Polyethylene terephthalate [50] 

Spectrophotometry 5.67 5.67-110 Adsorption Polyacrylonitrile modified with polyaniline [51] 

Chemiluminescence 5 10-1000 Affinity Chitosan [52] 

Luminescence 4 15-500 Covalent PolymBlend® and PMMA This work 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

18 
 

The re-usability of the material was evaluated by using the same membrane to determine the uric 

acid of several samples at the same concentration (100 µM). SM, see Fig. SM-12, shows the results. 

It can be concluded that the same membrane can be used 8 times without disturbing the uric acid 

determination.  

3.5.  Application 

In order to determine the applicability of the designed multifunctional material in complex 

matrices, the uric acid concentration was measured in 4 serum samples from healthy adults using 3 

different coaxial membranes per sample following the procedure described in section 2.6. To test the 

accuracy of the results, the values of uric acid concentration in the serum samples obtained with the 

developed biosensor were compared with those obtained by using a reference method (external 

laboratory). Table 4 summarizes the results. A good correlation coefficient (0.996) and the 

regression equation (y = 1.063x – 14.164) were calculated by comparing the concentrations of uric 

acid obtained by both methods (see SM, Fig. SM-13). Because no interfering species were found in 

the analysis of real human serums, it is possible to conclude that the immobilisation of the uricase on 

the developed multifunctional material does not affect the selectivity of the enzyme. 

 

Table 4 

Results of the acid uric determination by the proposed biosensor and an external reference 
laboratory. 

Sample 
[uric acid] (µM) External 

reference laboratory 

[uric acid] (µM) 

proposed biosensora 

1 220.1 219.8 ± 13.8 

2 190.4 192.5 ± 13.4 

3 148.7 142.1 ± 14.2 

4 220.1 217.3 ± 17.6 
a 3 different membranes per sample were used to determine the uric acid concentration 
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4. Conclusions 

In this study, we have successfully designed a multifunctional material with sensing properties. It 

is constituted by nanofibres with a coaxial morphology, which originates two different chemical 

environments: an inner hydrophobic environment and an outer hydrophilic environment. The high 

capacity of the outer fibre for immobilizing biomolecules combined with the ability of the inner fibre 

to entrap optical indicators, result in a material with a high versatility and applicability in many 

fields. In addition, the use of the coelectrospinning technique allows the production of this complex 

material in only one step, simplifying its scaling-up and therefore, its ability to the market. 

In order to demonstrate the usefulness of this material, uricase and PdTFPP were selected as 

biomolecule and optical indicator, respectively. Several chemical parameters have been optimised in 

order to achieve the best analytical figures. The obtained biosensing membrane provides a detection 

limit of 4 µM and a linear range of 15-500 µM, which allow determining uric acid in serum samples. 

The obtained results showed a good correlation (0.996) with those obtained by an external 

laboratory, which indicates that this material can be used as a promising sensing membrane. 

Moreover, it could also be used for the immobilization of other enzymes and for hosting other dyes, 

which could originate interesting applications in the field of biosensing. 
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Highlights 

• A coaxial multifunctional material for biosensors has been developed  

• It allows the enzyme immobilisation and optical oxygen transduction 

• It shows a detection limit of 4 µM and a linear range of 15-500 µM 

• It has been used for detecting uric acid in serum samples 
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