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ABSTRACT 

In this study, we have optimised the sterically directed attachment of biomolecules on the surface 

of coaxial membranes prepared by co-electrospinning which have been proved to be a material with 

very high performance for the development of biosensors with optical oxygen transduction. Uricase 

has been used as model enzyme. 

Two sterically directed strategies: a) covalent attachment via maleimide, and b) affinity bonding 

via biotin-streptavidin interaction, have been tested in order to preserve the enzymatic activity of 

uricase and to improve the analytical figures of merits on the determination of uric acid. The best 

results were obtained with biotin-streptavidin affinity interaction and using a biotinylation reagent 

containing a polyethylene glycol chain. The developed biosensor showed high sensitivity towards 

uric acid with a detection limit of 0.5 µM, a quantification limit of 1.8 µM and linear range from 1.8 

to 250 µM. The applicability of the membrane as biosensor with optical oxygen transduction was 

proved by determining uric acid in serum samples. The obtained results showed a good correlation 

(0.999) with those obtained by an external reference laboratory. 
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1. Introduction 

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. In a previous work[1], we developed a multifunctional material based on co-

electrospinning as a basic material for the development of biosensors with optical oxygen 

transduction (using uricase as model enzyme). It is based on coaxial nanofibres: an inner fibre 

containing an oxygen sensitive dye and an outer fibre containing aldehyde groups to allow the 

formation of Schiff bases with the amino groups of the uricase. However, the covalent attachment of 

uricase to the coaxial nanofibre membrane by aldehyde groups caused a high decrease in the relative 

activity of the enzyme and therefore, the sensitivity and the response time can be improved. 



 

 

It is well-known that the method used for the immobilization of a biomolecule is a key factor that 

must be carefully optimised during the development of a biosensor [2-6]. Immobilization methods 

range broadly from physical methods, which include adsorption [7], encapsulation [8] and 

entrapment within a membrane [9], to more advanced chemical attachment procedures using 

chemically activated supports, which include covalent binding [2], crosslinking [10], and affinity 

interactions [11] between a functional group of the support (e.g. avidin, lectin, metal chelates) and a 

specific group (e.g. biotin, carbohydrate, histidine) of the biomolecule. 

Covalent binding of biomolecules is a widely used immobilization method due to it allows 

achieving strong and efficient bonding between the biomolecules and the solid supports. This 

immobilization strategy is generally carried out by initial activation of the solid support followed by 

biomolecule coupling. In order to obtain good biological performances the linking of the 

biomolecule to the support has to be made through functional groups not essential for its biological 

activity. Thus, in this work, to improve the enzymatic performance of uricase, we have modified the 

previously described covalent attachment of uricase to the coaxial nanofibre membrane (based on 

the interaction of aldehyde groups of the support with amino groups of the biomolecule)[1], 

selecting reagents (maleimide) that can react with functional groups of the enzyme which are not 

implicated in its active site (thiol). 

On the other hand, among the large variety of possible strategies for the immobilization of 

biomolecules on different supports, the specific biotin-(strept)avidin affinity interaction shows 

interesting advantages. The strong and specific non-covalent interaction between biotin and avidin or 

streptavidin leads to the formation of a high-affinity complex (Kd ≈ 10
−15

 M) with a strong 

association similar to the formation of a covalent bond. This interaction occurs very quickly and is 

highly resistant to wide ranges of pH, detergents, denaturing agents, organic solvents and high 

temperatures [12-14]. Furthermore, several studies have demonstrated that the immobilization based 

on the biotin-(strept)avidin affinity reaction results in the preservation of the biological activity of 

the immobilized molecules in a higher degree than other methods [15-17]. 

In addition, biotin can be easily covalently coupled to a large number of molecules by the 

carboxyl group of the valeric acid side chain. This group can be derivatized to incorporate several 

reactive groups that can be used to attach biotin to other biomolecules such as proteins, antibodies, 

polysaccharides, nucleic acids, etc. [18-20]. Thus, the small size of biotin makes it a perfect tag for 

biomolecules because biotinylation does not significantly alter their biological activity, and also the 

attaching to the valeric acid side chain does not usually interfere with the binding to streptavidin or 

avidin [20, 21]. Therefore, the immobilization of biomolecules on solid supports through the biotin-



 

 

(strept)avidin interaction is an exceptional tool for the different disciplines of biosciences, 

biomedicine and biotechnology [22-26]. 

In this study, we have carefully selected the reagents in order to preserve the enzymatic activity of 

the uricase by using these strategies. Moreover, the best strategy has been used to determine uric 

acid in serum samples and the results have been compared with the previous one obtained by 

immobilizing uricase via aldehyde interaction[1]. 

 

2. Experimental 

2.1. Reagents and Materials 

For the fabrication of the coaxial materials, PolymBlend
®

 was kindly supplied by NanoMyp
®

 

(Granada, Spain,
 

http://www.nanomyp.com); poly(methyl methacrylate) (PMMA) and N,N-

dimethylformamide (DMF) were purchased from Sigma Aldrich, Madrid, Spain; Pd(II) meso-

tetra(pentafluorophenyl)porphine (PdTFPP) was obtained from Frontier Scientific, Logan, UT, USA. 

For the immobilization of uricase, potassium dihydrogen phosphate (KH2PO4), ethylenediamine 

(EDA), glutaraldehyde (GA), poly(ethylene glycol) [N-(2-maleimidoethyl)carbamoyl]methyl ether 

2-(biotinylamino)ethane (biotin-PEG), maleimide-PEG6-succinimidyl ester, N-biotinoyl-N′-(6-

maleimidohexanoyl)hydrazide (biotin-maleimide), ethanolamine, uricase from Candida sp. (EC 

1.7.3.3), and Tween 20 were all purchased from Sigma Aldrich, Madrid, Spain; streptavidin (SAv) 

from Streptomyces avidinii (expressed in Escherichia coli) was obtained from Nuptec (Zhejiang, 

China). All the solutions were prepared using doubly distilled water and used without further 

purification. 

For the purification of biotinylated uricase, Zeba™ Spin Desalting Columns with a 7K molecular-

weight cutoff were purchased from Thermo Fisher Scientific (Madrid, Spain, 

http://www.thermofisher.com), and Amicon
®

 Ultra-4 centrifugal filters with a membrane NMWL of 

10 kDa were obtained from Merck Millipore (Madrid, Spain, http://www.merckmillipore.com). To 

quantify the biotin label incorporation, 4´-hydroxyazobenzene-2-carboxylic acid (HABA) was 

purchased from Sigma Aldrich, Madrid, Spain. 

To assay the activity of uricase, glycine, 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. 

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, www.agilent.com). 

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

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

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 coaxial membranes 

The fabrication of the coaxial nanofibre membranes was done by co-electrospinning following 

the procedure previously described by our research group [1]; Fig. 1 shows SEM and TEM pictures 

of the coaxial nanofibre mat. Briefly, two different polymeric solutions (10% w/w PolymBlend
®

 in 

DMF and 6% w/w PMMA containing 1% w/w PdTFPP in DMF) were independently driven by two 

syringe pumps towards a single coaxial needle using a flow-rate of 1.3 and 0.3 mL h
-1

 for the outer 

(PolymBlend
®

) and inner (PMMA with PdTFPP) solutions, respectively, until reaching a concentric 

couple of stainless-steel capillary tubes (injector). Then, a potential difference between the injector 

and the collector (30 cm length and 20 cm diameter rotator drum located 25 cm apart from the 

injector and rotating at 400 rpm) was applied and the process was run for 8 h to collect membranes 

with thickness about 150 µm. After that, the obtained coaxial nanofibre membranes were submitted 

to a thermal wetting in distilled water in order to increase their hydrophilicity. Finally, the treated 

membranes were attached to adhesive sheets (Lohmann Technologies Corp.) to facilitate their 

handling; a scalpel was used to cut the material to a required size. 

The resulting material has two functionalities: 1) a hydrophilic, functional, external area (outer 

fibre) which allows the chemical immobilisation of a biomolecule; and 2) a hydrophobic, internal 

zone (inner fibre) which contains a dissolved oxygen sensitive dye.  

2.4. Immobilization of uricase on the coaxial nanofibre membrane 

The immobilization of uricase on the coaxial nanofibre membrane was carried out by two 

different strategies, one by covalent immobilization and the other by biotin-streptavidin interaction: 

1) For the covalent immobilization strategy: 20 cm
2
 of material was first functionalized with vinyl 

active groups [27] and then with amino groups by using 0.9 M EDA in phosphate buffer (100 

mM, pH 8.4) for 2.5 h at room temperature (RT) [28]. Then, amino groups were reacted with 

maleimide-PEG6-succinimidyl ester by incubating 1.875 cm
2
 of material with 4 mL of a solution 

of 0.75 mg mL
-1

 maleimide-PEG6-succinimidyl ester in phosphate buffer (50 mM, pH 7.4) for 

different times (10, 20, 30, 60, 120 and 180 min) at RT in a rotating shaker. Then, it was washed 

with 5 mL of doubly distilled water (2x5 min). 

The covalent immobilization of uricase on this material was carried out by incubating 1.875 cm
2
 

of maleimide activated material with 4 mL uricase solution (20 µg mL
-1

) in phosphate buffer (50 

mM, pH 7.0) at 4 ºC for 20 h. 



 

 

2) For the biotin-streptavidin interaction strategy: 20 cm
2
 of material functionalized with vinyl 

active groups was reacted with 0.9 M EDA in phosphate buffer (100 mM, pH 8.4) for 45 min at 

RT. Then, amino groups were reacted with GA [28] by incubating 1.875 cm
2
 of material with 5 

mL of 15 % v/v GA solution in phosphate buffer (100 mM, pH 7.4) for 1 h at RT in a rotating 

shaker. After washing with doubly distilled water (3x10 min), the material was incubated with 2 

mL of a solution of 125 µg mL
-1

 SAv in phosphate buffer (100 mM, pH 7.4) at 30 ºC for 24 h. 

Then, it was washed (3x10 min) with a solution containing 8.5 g L
-1

 of NaCl and 0.5 g L
-1

 of 

Tween 20 to remove all the no covalently bounded SAv. 

The free aldehyde groups of the material that had not reacted with SAv were blocked with a 

solution of 0.9 M ethanolamine in phosphate buffer (100 mM, pH 8) for 1 h at RT. Then the 

material was incubated with 4 mL of biotinylated uricase (5, 10, 15, 20, 40 and 80 µg mL
-1

) in 

phosphate buffer (50 mM, pH 7.0) at 4 ºC for 20 h. 

In both cases, after the incubation with uricase, the materials were washed with 4 mL phosphate 

buffer (15 min in a rotating shaker), and these washing solutions and the reaction supernatants were 

reserved for further testing. After washing with phosphate buffer, the materials were also washed 

(3x10 min) with the NaCl-Tween 20 solution. All these chemical modifications were carried out by 

submerging the materials (nonwoven mat attached to an adhesive sheet) in containers with the 

adequate volume to ensure that the entire material was submerged into the solution. The materials 

with immobilized uricase were stored in phosphate buffer (pH 7.4) at 4 ºC. 

The amounts of SAv and uricase immobilized on the coaxial membrane were determined from 

the difference between the initial free amount and the total amount in the reaction supernatant and 

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

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

by a spectrofluorometric method at 334 nm using a conventional luminescence cuvette [29]. 

2.5. Biotinylation of uricase 

The incorporation of a biotin label to the uricase was carried out by using two different 

biotinylation reagents following the next procedure: 1.5 mL of a solution of 1.375 mg mL
-1

 uricase 

in phosphate buffer (50 mM, pH 7.0) was incubated with 0.5 mL of a solution of 12 mg mL
-1

 biotin-

PEG or 2 mg mL
-1

 biotin-maleimide, in the same buffer at 4 ºC for 24 h. These chemical 

modifications were carried out by submerging the materials (nonwoven mat attached to an adhesive 



 

 

sheet) in containers with the adequate volume to ensure that the entire material was submerged into 

the solution. 

The level of biotin label incorporation was measured by a spectrophotometric method based on 

the strong biotin-SAv interaction [30]. The assay uses the ability of the dye HABA to bind to SAv 

originating a complex with an absorption peak at 500 nm. Since the affinity between HABA and 

SAv is relatively weak (Kd ≈ 10
−4

 M) compared to the affinity between biotin and SAv (Kd ≈ 10
−15

 

M), biotin and biotinylated molecules can displace HABA from the HABA/SAv complex, resulting 

in a decrease in the absorption at 500 nm that can be related to the amount of biotin or biotinylated 

molecule in the sample. 

Briefly, 500 µL of a solution containing SAv (0.2 mg mL
-1

) and HABA (4 µg mL
-1

) in phosphate 

buffer (100 mM, pH 7.4) were mixed with 12 µL of biotin solutions with different concentrations (0, 

50, 100, 150, and 200 µg mL
-1

) or 12 µL of unknown biotin concentration samples at RT for 5 min, 

and then the absorbance at 500 nm was measured using a conventional spectrophotometric cuvette. 

2.6. Assay of the immobilized uricase activity 

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

based on two enzymatic reactions [31]; relative activity is expressed as the percentage of the activity 

of the immobilised enzyme referred to the free enzyme (100% relative activity means that the 

activity of the bounded enzyme is the same than those of the free enzyme). The oxidation of uric 

acid catalysed by the action of uricase produces hydrogen peroxide, which reacts with DCHBS and 

4-AAP in the presence of HRP to form a red quinoneimine dye with an absorption maximum at 513 

nm. Based on this, the relative activity of uricase was calculated as a percentage of the immobilized 

uricase and free uricase absorbances. 

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

containing 0.1 µmol uric acid were incubated with 1.875 cm
2
 of coaxial with immobilized uricase 

for 20 min at 40 ºC. Then, 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 every day. The incubation procedure was carried out 

by submerging the material in a glass vial with the adequate volume to ensure that the entire material 

was submerged into the solution and the photometric measurement was done by measuring the 

absorbance of the supernatants using a conventional spectrophotometric cuvette. 

2.7. Evaluation of the analytical features of the membrane and application 



 

 

The determination of uric acid was indirectly determined by measuring the amount of oxygen 

consumed during the oxidation of uric acid by uricase [1]: 

                  
       
→                       

The amount of oxygen consumed during this reaction can be determined by luminescence 

quenching which is described by the Stern–Volmer equation: 

  

 
           

where I0 and I are the luminescence emission intensities from the membranes exposed to 100% N2 

and to different O2 concentrations, respectively, KSV is the Stern-Volmer constant and pO2 is the 

oxygen partial pressure. Therefore, the increase of the luminescence signal of the oxygen sensitive 

dye incorporated into the inner fibre of the membrane can be related with the concentration of uric 

acid in the media.  

Supporting Material (SM) shows the luminescence spectra of the material (see Fig. SM-1). The 

luminescence intensity of the dye increases with the concentration of uric acid due to the decrease in 

the dissolved oxygen concentration during the selective oxidation of uric acid by uricase. Fig. 2 

shows the typical evolution of the luminescence response versus time when the membrane is 

exposed to uric acid. 

The luminescence intensity was measured at excitation wavelength of 402 nm, emission 

wavelength of 669 nm, delay time (td) 200 µs, gate time (tg) 5 ms, detector voltage 650 V and 

excitation and emission slits of 10 nm wide. 

All the measurements were carried out by immersing the functionalised coaxial membranes into a 

conventional luminescence cuvette containing glycine buffer (50 mM, pH=8.8) and adding 40 µL of 

serum sample (final dilution 1:9, serum:buffer) or different volumes of 1 mM uric acid solution. The 

temperature was maintained at 40 ºC during the measurements. To allow the correct luminescence 

measurements the coaxial membranes must be placed having a disposition of 45º with both 

excitation and emission monochomators (SM shows a scheme of the measurement configuration; see 

Fig. SM-2). 

The sensing response was calculated as the increase in the luminescence intensity when the 

membrane is exposed to uric acid or serum samples: 

                       



 

 

where Si is the luminescence intensity at the plateau (4 min after uric acid is added) and S0 is the 

luminescence signal before adding uric acid or serum sample (see Fig. 2). 

In order to demonstrate the reliability of the developed sensing membrane, the obtained results for 

the four serum samples were compared with those determined by an accredited 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): 

                  
       
→                       

                
   
→                    

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

3. Results and discussion 

3.1. Selection of the biotinylation reagents and the reagent for the covalent immobilization 

In order to preserve the enzymatic activity of the uricase, the binding of the biotinylation reagent 

to the enzyme has to be carried out through amino acid residues of the enzyme that are not in its 

active site. 

The active site of the uricase is delimited by arginine and glutamine residues that hold the 

substrate (uric acid) by H-bond, a phenylalanine residue that maintains a close π-stacking with the 

substrate, asparagine and threonine residues that build a peroxo hole for dioxygen, water, and 

hydrogen peroxide molecules [32, 33]. Therefore, the thiol side chain of cysteine residues is not 

implicated in the enzymatic activity of uricase and could be used to bind a biotin label. We selected 

biotin-PEG and biotin-maleimide as biotinylation reagents because their maleimido functional 

groups can react specifically with free sulfhydryls at pH 6.5-7.5 to form stable thioether bonds [34], 

which do not affect the enzymatic activity of the uricase. 

On the other hand, the reagent used to attach the uricase by covalent immobilization was also 

selected to preserve the enzymatic activity of the enzyme. Thus, maleimide-PEG6-succinimidyl ester 

which contains a maleimido functional group to react with free sulfhydryls of the uricase was 

selected. 



 

 

3.2. Optimization of the immobilization of the enzyme on the coaxial nanofibre membrane 

Two different strategies for the sterically directed immobilization of uricase on the coaxial 

membrane were evaluated to obtain the best sensing properties: 1) covalent attachment through a 

maleimide-PEG6-succinimidyl ester linker; 2) biotin-streptavidin interaction by using biotin-

maleimide or biotin-PEG as linkers. 

For the covalent immobilization of the uricase to the membrane, a heterobifunctional crosslinker 

(maleimide-PEG6-succinimidyl ester) with an ethylene oxide spacer (length = 31.7 Å) was used. The 

succinimidyl ester group of the crosslinker was first reacted with the amino groups of the material, 

whereas its maleimide functional group was subsequently used to form thioether directed bonds with 

free sulfhydryls of the uricase. The effect of the reaction time of crosslinker with the material (10, 

20, 30, 60, 120 and 180 min) versus uricase immobilization was studied. The amount of immobilized 

enzyme and its relative activity versus reaction time are shown in SM (see Fig. SM-3). The relative 

activity of the enzyme decreases when the immobilized amount increases, obtaining the highest 

relative activity (36.5 %) at 10 min of reaction time. This relative activity is higher than that 

obtained in our previous work [1] by using the aldehyde interaction (18 %). This increase can be due 

to the selective reaction between the maleimide group of the crosslinker and the sulfhydryls of the 

uricase belonging to cysteine residues which are not implicated in the enzymatic activity, whereas 

the aldehyde groups react mainly with amino groups which could be part of the active site of the 

enzyme. 

For the biotin-streptavidin immobilization of the uricase, the membrane has to be functionalized 

with streptavidin (SAv) and uricase must be labelled with biotin. The functionalization of the coaxial 

nanofibre membrane was done following the procedure described in Section 2.4 and two different 

biotinylation reagents (biotin-maleimide and biotin-PEG) with the same terminal functional groups 

but different spacer arm lengths (13 and 341 atoms from the biotin to the maleimide groups, 

respectively) were used to incorporate the biotin label to the uricase. The reactions to incorporate the 

biotin labels to the enzyme are described in Section 2.5. In both cases the amount of enzyme was the 

same but different amounts of biotinylation reagents were used because they have different solubility 

in phosphate buffer. The hydrophilic character of PEG spacer arm increases the solubility of the 

biotin-PEG reagent in the aqueous reaction media which allowed the use of a more concentrated 

solution of this reagent. 

Two different devices (spin desalting columns and centrifugal filters) were tested for purification. 

The biotinylation level was quantified by the HABA method [30]. The highest biotinylation level 

was obtained with the biotin-PEG reagent. The biotinylation level was calculated by taking into 



 

 

account the efficiency of the spin columns to purify the reaction solutions. Thus, solutions of both 

biotinylation reagents without enzyme were passed through the columns to determine their retention 

degree. The highest purification degree was obtained with the spin desalting column based on size 

exclusion for the biotin-maleimide reagent (80 % retention of reagent) and with the centrifugal filter 

for the biotin-PEG reagent (73 % retention of reagent). 

The effect on the enzymatic activity of the purification step through the spin columns was also 

studied by measuring the activity of the enzyme in solution before and after the purification step. 

Fig. SM-4 shows that both, the use of the spin desalting column as well as the centrifugal filter, 

decreased the enzymatic activity (36 and 28 %, respectively). Therefore, in order to avoid this 

decrease in the activity of the enzyme, the incubation of the uricase, the biotinylation reagent and the 

streptavidin-functionalized membrane was performed in a single step. 

The uricase biotinylated with the two biotinylation reagents were then incubated with the 

streptavidin-functionalized membrane following the procedure described in Section 2.4, and the 

amount of immobilized enzyme and its activity were evaluated (see SM, Fig. SM-5). The maximum 

amount of immobilized uricase was achieved with the biotin-maleimide reagent, but the highest 

relative activity of the enzyme was obtained with the biotin-PEG reagent for all the tested 

concentrations. These results indicate that the introduction of a longer spacer during the 

immobilization of uricase provides an improvement in the relative activity of the enzyme. Therefore, 

the distance from the surface of the membrane to the immobilized enzyme is a key factor to ensure a 

high enzymatic activity. This effect of the spacer on the enzyme activity can be due to the higher 

mobility of the enzyme in the presence of a longer spacer between the enzyme and the solid support 

[35, 36]; the increase in the mobility of the immobilized enzyme can favour the accessibility of the 

substrate to the enzyme, allowing a better interaction between them, and can reduce the influence of 

the solid surface on the enzyme and the alteration of the enzyme microenvironment. Thus, biotin-

PEG with a poly(ethylene glycol) long linker was selected as the most adequate biotinylation 

reagent. 

To determine the influence of the immobilized amount of streptavidin on the immobilization of 

biotinylated uricase, several SAv concentrations were tested (5, 25, 37.5, 50, 87.5, 125, 250 and 375 

µg mL
-1

) in phosphate buffer (100 mM, pH 7.4) at 30 ºC for 24 h. Fig. 3 shows that the amount of 

immobilized SAv increases linearly with the initial amount, maintaining an immobilization 

percentage between 76 and 89 % for all the tested concentrations.  

Then the material was blocked for 1 h with a solution of 0.9 M ethanolamine, and subsequently it 

was incubated with 4 mL of biotin-PEG (60 µg mL
-1

) and uricase (20 µg mL
-1

) in phosphate buffer 



 

 

(50 mM, pH 7.4) at 4 ºC for 20 h. The variation of the amount of immobilized uricase and its activity 

with the amount of immobilized SAv were also studied (see Fig. 4). This study shows that the 

amount of immobilized uricase is not practically affected by the amount of SAv on the membrane. 

This is probably because the amount of available SAv molecules is higher than the amount of 

biotinylated uricase. However, the relative activity of the uricase increases with the amount of SAv 

up to 36.0 % when the membrane contains 200 µg of immobilized SAv and then decreases. This 

variation could be due to the density of the affinity binding sites [36]. The increase in the amount of 

SAv molecules might lead to an increase in unspecific interactions that does not lead to an increase 

in the activity of the immobilized uricase, thus the control over the density of the affinity binding 

sites is essential to favour the specific binding. 200 µg of immobilised SAv (initial concentration of 

125 µg mL
-1

 SAv) was selected as optimum to achieve the highest uricase relative activity. The 

obtained results indicated that the immobilized SAv retained its capacity to bind biotinylated 

conjugates and the incorporation of the biotin label to the uricase did not affect its activity or the 

ability of biotin to interact with SAv. 

To optimise the concentration of uricase, the coaxial membrane functionalised with 125 µg mL
-1

 

of SAv was incubated with 5 µg mL
-1

 biotin-PEG and different concentrations of uricase in 

phosphate buffer (50 mM, pH 7.0), resulting in different biotin-PEG:uricase molar ratios (1:0.25, 

1:0.5, 1:1, 1:2, 1:3, 1:4, 1:5, 1:6, 1:7 and 1:8). Fig. 5 shows the variation of the amount of 

immobilised uricase and the absorbance of the red quinoneimine dye produced during the catalytic 

process (see section 2.6) which is related with the specific activity of the enzyme. 

The amount of immobilized uricase increases with the initial amount of uricase, maintaining an 

immobilization percentage between 6.2 and 11.4 % for all the tested concentrations. However, the 

absorbance produced by catalytic action of immobilized uricase increases with the initial amount of 

uricase up to 260 µg and then it reaches a plateau. Therefore, an increase in the amount of 

immobilised uricase does not provide an increase of the compound produced by the catalytic action 

of immobilized uricase. It can be explained considering an unspecific adsorption of the uricase at 

concentrations higher than 65 µg mL
-1

 (initial amount of uricase of 260 µg); at low initial 

concentrations of uricase the immobilization is mostly produced by an affinity interaction due to the 

high amount of available streptavidin molecules; on the other hand, at high initial concentrations of 

uricase the steric hindrance produced by the immobilized uricase hinders the access to the rest of 

streptavidin molecules, causing an unspecific adsorption. Thus, the optimal initial concentration of 

uricase was set at 65 µg mL
-1

 (which corresponds with a biotin-PEG:uricase molar ratio of 1:2) in 

order to obtain low unspecific adsorption of the enzyme; at this molar ratio, the immobilization yield 

was 9.1 µg cm
-2

 and the relative enzymatic activity was 31.5 %. 



 

 

The influence of the biotin-PEG concentration on the extent of uricase immobilization and the 

retention of its enzymatic activity was studied by maintaining the 1:2 biotin-PEG:uricase molar ratio 

and varying the concentration of biotin-PEG (from 1.3 to 25.6 µg mL
-1

) during the incubation on the 

coaxial nanofiber membrane functionalised with 125 µg mL
-1

 SAv in phosphate buffer (50 mM, pH 

7.0). The results of this experiment are shown in SM (see Fig. SM-6). 

This experiment shows that when the biotin-PEG concentration is smaller than 8 µg mL
-1

 the 

amount of immobilized uricase is practically constant (from 9.5 to 14.1 µg) and the relative activity 

is high (from 35.2 to 41.4 %). At higher concentrations, the immobilization yield increases to reach a 

maximum at 43 µg cm
-2 

(80.8 µg of immobilized uricase), but the relative activity decreases 

considerably to 7.3 %. In this case (see Fig. SM-6b) the obtained absorbance signals also increase to 

reach a plateau suggesting that at biotin-PEG concentrations lower than 8 µg mL
-1

, the unspecific 

adsorptions are relatively low, but at higher concentrations the immobilization of the enzyme is 

mostly unspecific, leading to a significant decrease in the relative activity. Thus, an initial biotin-

PEG concentration of 8 µg mL
-1

 (corresponding with a SAv:biotin-PEG molar ratio 1:1.5) was 

selected. It provides a material with a relative enzymatic activity of 41.2 % and an immobilization 

yield of 8.1 µg cm
-2

. 

Therefore, the resulting membrane using the sterically directed strategy based on affinity bonding 

via biotin-streptavidin interaction (relative activity of 41.2 %) is a more active membrane than those 

obtained by covalent attachment via maleimide (36.5 % relative activity) or by non sterically 

directed strategy via aldehyde interaction (18 % relative activity; [1]). In addition, the selection of 

adequate molar ratios of biotin-PEG:uricase and SAv:biotin-PEG allows controlling the unspecific 

adsorption level, achieving a higher relative activity of the immobilized uricase. 

3.3. Analytical figures of merits 

In order to determine the response of the developed biosensor toward uric acid, the selected 

membranes were submerged in glycine buffer with different concentrations of uric acid and the 

evolution of the luminescence intensity with the time was registered (see Fig. 2). The luminescence 

intensity of the membranes increases when the concentration of uric acid in glycine buffer is also 

increased until to reach a plateau. The difference between the luminescence intensity after reaching 

the plateau and before adding the uric acid was used as sensing response to plot the calibration curve 

(see Fig. 6). The calibration curve was determined by measuring seven different concentrations of 

uric acid twice within three different membranes. The response time, determined as the time required 

for reaching the plateau from the addition of uric acid, was established as 5 min for all the 

membranes and all the tested concentrations. A linear relationship between the sensing response and 



 

 

the uric acid concentration (linearity of 99.97%) was obtained in the range from 1.8 to 250 µM (see 

Fig. 6); slope of 3.77 µM
-1

 and intercept of 9.75. The detection and quantification limits were 

calculated using the IUPAC method (LOD=3sb/m; LOQ=10sb/m); where sb is the standard deviation 

of 10 blanks and m is the slope of the calibration curve. The determined detection and quantification 

limits were 0.5 and 1.8 µM, respectively. Comparing these results with our previous publication 

using the same matrix but a different functionalization [1], it is possible to conclude that the biotin-

SAv interaction improves considerably the sensitivity of the biosensing films; the slope of the 

calibration curve is increased from 0.11 to 3.77 µM
-1

 and the detection limit is reduced 8 times (from 

4 to 0.5 µM). In comparison with other methods previously published for detecting uric acid (see 

Table 1) it is possible to conclude that the new biosensor based on biotin-SAv interaction and optical 

oxygen transduction is one of the most sensitive one; there are only two methods with a lower LOD 

(0.27 and 0.3 µM instead of 0.5 µM of the proposed biosensor) and none of them are optical.  

3.4. Application 

The developed membranes were employed for the determination of uric acid in four serum 

samples from healthy adults. Each serum sample was analysed with four different coaxial 

membranes following the procedure described in Section 2.7. The accuracy of the obtained results 

was tested by comparing the concentrations of uric acid in the serum samples calculated by the 

developed biosensor with those obtained by an external laboratory (reference method). Table 2 

shows a comparison of the concentrations in serum samples determined by both methods. The values 

obtained by both methods showed a good correlation coefficient (0.999) with regression equation y = 

0.9107x + 17.03 (Fig. SM-7). These results indicate that the developed membrane is an excellent 

biosensor for the accurate determination of uric acid in human serum, by using a small volume of 

serum (40 µL) and without any sample treatment. 

4. Conclusions 

In this study, we have demonstrated that biotin-SAv affinity interaction can be used to produce a 

sterically directed immobilization of uricase on the surface of coaxial fibers improving the analytical 

figures of merits of the coaxial nanofibre membrane with optical oxygen transduction developed by 

our research group. 

The presence of molecules of SAv as binding points on the surface of the membrane enhanced 

the immobilization of uricase, and the use of biotin-PEG as biotinylation reagent allowed keep the 

immobilized enzyme at an adequate distance from the surface of the membrane. In addition, the 



 

 

incubation of uricase and biotin-PEG with the streptavidin-functionalized membrane can be done in 

one single step, avoiding purification steps and reducing loss of enzymatic activity. 

In order to achieve the best enzymatic activity, the immobilization of uricase on the coaxial 

membrane was optimized selecting adequate biotin-PEG:uricase (1:2) and SAv:biotin-PEG (1:1.5) 

molar ratios, which allowed obtain a relative enzymatic activity of 41.2 %, higher than those 

obtained via maleimide (36.5 %) and aldehyde (18 %) interactions. 

The developed sensing membrane provides good analytical figures (detection limit of 0.5 µM, 

quantification limit of 1.8 µM, and linear range from 1.8 to 250 µM) and can be used to determine 

the uric acid concentration in serum samples without any sample treatment. The obtained results 

analysing serum samples with the developed membrane were compared with those obtained by an 

external reference laboratory, achieving a good correlation (0.999) which demonstrates its 

applicability as biosensor with optical oxygen transduction.  

This material 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 and help to solve the 

problem of sensitivity of several optical sensing films. 
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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. 

 

Fig. 2.  Luminescence response of the biosensor membrane when it is exposed to uric acid and 

example of determination of the sensing response; solid line corresponds to the luminescence 

emission of the functionalised material and dashed line is the luminescence of the unmodified 

coaxial material. 

 

Fig. 3. Effect of the initial amount of SAv on the amount (grey line) and immobilization percentage 

(black line) of immobilised SAv. Errors are calculated as   
√ 
⁄  where s is the standard deviation, t 

is the student t for 95% probability and n-1 freedom degrees, and n is the number or replicas (at least 

3 replicas in each case). 

 

Fig. 4. Effect of the amount of immobilised SAv on the relative enzymatic activity (grey line) and 

amount (black line) of immobilised uricase. Errors are calculated as   
√ 
⁄  where s is the standard 

deviation, t is the student t for 95% probability and n-1 freedom degrees, and n is the number or 

replicas (at least 3 replicas in each case). 

 

Fig. 5. Effect of the initial amount of uricase on the amount of immobilised uricase (black line) and 

the absorbance of the red quinoneimine dye at 513 nm (grey line). Errors are calculated as   
√ 
⁄  

where s is the standard deviation, t is the student t for 95% probability and n-1 freedom degrees, and 

n is the number or replicas (at least 3 replicas in each case). 

 

Fig. 6. Analytical calibration curve. Errors are calculated as   
√ 
⁄  where s is the standard deviation, 

t is the student t for 95% probability and n-1 freedom degrees, and n is the number or replicas (at 

least 3 replicas in each case). 
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Table 1. Comparison of the proposed biosensor with other previously published in the literature. 

Detection method 
LOD 

(µM) 

Linear 

range 

(µM) 

Immobilization 

Method 
Matrix Ref. 

Amperometry 2 4.0-

640 
Covalent Eggshell 

membrane 
[37] 

Amperometry 10 10-600 Covalent Polyaniline [38] 

Amperometry 5 5-800 Crosslinking/adsorption Chitosan, carbon 

nanotube and 

polyaniline 

[39] 

Amperometry 140 50-

1000 
Adsorption Copper oxide [40] 

Amperometry 0.33 2-10 Entrapment Mesoporous 

silica 
[41] 

Amperometry 0.8 1.0–

1000.0 
Covalent Gold 

nanoparticles 

and eggshell 

membrane 

[42] 

Amperometry 3.0 10–

200 
Adsorption Carbon graphite 

and 4-

aminosalicylic 

acid 

[43] 

Amperometry 1.79 10–

1500 
Entrapment ZnS 

nanoparticles 
[44] 

Amperometry 2.0 49.8–

1050.0 
Adsorption Cerium and 

graphene oxides 
[45] 

Fluorometry 25 10-

1700 
Sol-gel entrapment Polyvinylalcohol [46] 

Fluorometry 5 5-800 Entrapment Polyurethane 

hydrogel 
[47] 

Spectrophotometry 50 50-500 Covalent Polyethylene 

terephthalate 
[48] 

Spectrophotometry 5.67 5.67-

110 
Adsorption Polyacrylonitrile 

modified with 

polyaniline 

[49] 

Chemiluminescence 5 10-

1000 
Affinity Chitosan [50] 

Surface plasmon 

resonance 
0.27 – Layer-by-layer 

Poly(ethylene 

imine) and 

microperoxidase-

11 

[51] 

Luminescence 4 15-500 Covalent PolymBlend
®

 

and PMMA 
[1] 

Luminescence 0.5 1.8-

250 
Biotin-SAv interaction PolymBlend

®
 

and PMMA 
This work 

 

Table 2. Results of the uric acid determination by the proposed biosensor and an external reference 

laboratory. 

 

Sample 

[uric acid] (µM) 

External reference laboratory 

[uric acid] (µM) 

Proposed biosensor
a
 

1 220.1 218.5 ± 12.6 

2 190.4 191.6 ± 3.9 

3 148.7 152.0 ± 5.5 

4 220.1 215.7 ± 6.9 

a
 Four different coaxial membranes per sample were used to determine the uric acid concentration 

 



 

 

Highlights 

 Optimization the sterically directed attachment of biomolecules on multifunctional 

material 

 Uricase has been selected as model enzyme. 

 It shows a detection limit of 0.5 µM and a linear range of 0.5-250 µM 

 The most sensitive optical method for analysing uric acid 

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

 




