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Abstract 

Poly(vinylidene fluoride) (PVDF) and regenerated cellulose (RC) membranes were surface–

modified by the adsorption of one adenosine receptor antagonist: the theophylline–oligo(ethylene 

glycol)–alkene derivative, Theo1. Surface modification was carried out by immersion of the 

membrane in a dichloromethane solution of Theo1 (PVDF+Theo1 and RC+Theo1 samples). 

Membrane surfaces with partial coverage by theophylline and/or its inclusion in the membrane 

structures were studied by X–ray photoelectron spectroscopy (XPS), solid–state nuclear 

magnetic resonance (SNMR), impedance spectroscopy (IS) and contact angle (CA) 

measurements. The Theo1 orientation was inferred from the data. Streptavidin (SA) was 

immobilized onto the membrane/Theo1 hybrid material. The protein–theophylline Theo1 

interaction was visualized with bright field microscopy (BFM). 

 

Key words: membrane modification, theophylline, physicochemical characterization, biosensor 
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1. Introduction 

The modification of solid substrates, including membranes, using bioactive materials is an 

attractive field of research for developing new devices such as biosensors, structured multilayers 

or controlled-release delivery systems [1-3]. Membrane grafting, atomic layer deposition, 

photolithography and deep coating are typical surface modification techniques depending on 

membrane materials and specific applications [4-7]. Particularly, this later technique is an easy 

way of membrane modification without involving chemical reactions. Among other materials, 

regenerated cellulose (RC) and poly(vinylidene fluoride) (PVDF) membranes are commonly 

used since they present good chemical resistance and thermal stability. PVDF porous membranes 

have biomedical applications such as hemodialysis, hemapheresis or protein filtration [8,9]. RC 

membranes are commonly used in different membrane separation processes. Particularly, 

cellulose has been employed in the manufacture of dialysis membranes due to their high 

hydrophilicity [10]. Cellulose membranes have been biofunctionalized by carboxybetaines for 

improving blood compatibility [11] or by chimeric avidin [12] to be used as sensor with even 

single molecule sensitivity [13]. The chemical nature of both types of membranes renders them 

excellent support materials for biotechnological and medical applications [14].  

On the other hand, theophyllines are methylxantine derivatives with pharmacological 

applications and they have been used as templates in molecularly imprinting polymers (MIPs) 

related research [15]. The biological effect of theophyllines is associated to its affinity with a 

family of adenosine receptors known as A1, A2A, A2B, and A3 [16]. Recently, several 1,3-dialkyl 

deazaxanthines as well as several theophylline-oligo(ethylene glycol) based anchors have been 

reported as potent A2B adenosine receptor antagonists [17,18]. In particular, the oligo(ethylene 

glycol)–alkene theophylline substituted (Theo1, Fig. 1) exhibited one of the highest affinity for 

human A2B receptor (Ki = 4.16 nM) with a selectivity KiA2A/KiA2B of 24.1 and a solubility in 
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water of 1 mM. Besides, through the binding with the above adenosine receptors, theophylline 

derivatives are well known to influence neuronal activities [19].  

 

 

Fig. 1. A2B antagonist active theophylline–oligo(ethylene glycol)–alkene derivative (Theo1) 

 

 

Particularly, the affinity of Theo1 for adenosine receptors is close to the affinity of extensively 

studied biotin for streptavidine (around Ki = 100 fM), one of the strongest receptor-ligand 

interactions found in nature. The exceptionally high affinity of the biotin-SA pair has made it 

extremely useful for many biotechnological applications, such as affinity separations, diagnostic 

assays biomolecular imaging, anticancer therapies and the delivery of therapeutics [20]. The high 

affinity found for the system adenosine receptor–Theo1 opens the possibility of using this pair 

for the analysis of SA interactions. 

One of the points of interest in our research is the inclusion/immobilization of pharmacologically 

active molecules on solid substrates and the study of their interactions with permeable solutes 

[21,22]. Particularly, in this paper we present the results on functionalization of membrane 

surfaces with compound Theo1 and its interaction with Atto-565-streptavidin conjugate, a 

biotin–binding protein. We have selected two support membranes from different materials 

(hydrophilic regenerated cellulose and hydrophobic PVDF) and structures (porous PVDF and 

dense or swollen RC membranes) in order to also obtain information on the effect of these 

factors on the membrane functionalization. Theo1 films on the membrane surfaces have been 

characterized by SNMR, XPS and IS, which allows us the estimation of modifications in 

electrical parameters for both bulk–membrane and membrane–surface/electrode. Moreover, 

changes in the hydrophilic character of membranes surfaces obtained by contact angle 

measurements gives information on the orientation of Theo1 active on the surfaces of both 
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membranes. Furthermore, bright field microscopy (BFM) was used to visualize the SA protein 

interaction with the surface of both modified membranes. 

 

 

2. Experimental 

 

2.1. Materials and reagents 

Compound Theo1 was prepared by following the procedure previously developed in Ref. [18]. 

Atto-565-streptavidin (# 56304) was purchased from Fluka (Madrid, Spain). 

Two flat supports with different characteristics, a highly hydrophilic dense cellophane film (RC) 

from Cellophane Española S. A. (Burgos, Spain) and a porous PVDF membrane with 0.02 μm 

pore size from Pall (Versapore® w/wa, Michigan, USA), were selected.  

 

2.2. Membrane modification with compound Theo1 

Adsorption of Theo1 onto the surfaces of the selected membrane supports (RC and PVDF) was 

carried out by immersion of a piece of the membrane (1 cm x 0.3 cm) in a dichloromethane 

solution of Theo1 (1 mM). The system was slowly stirred for half an hour at room temperature 

(25 ºC). The membranes were then removed, washed with dichloromethane and dried at room 

temperature in a desiccator for 24 h, to obtain the modified samples that will hereafter be 

referred as RC+Theo1 and PVDF+Theo1. 

 

2.3. Membrane streptavidin immobilization procedure 

A diluted solution (1 mL, 1 ng/μL) of streptavidin (SA) in PBS was prepared from the 

concentrated commercial streptavidin solution (667 ng/μL). This solution was kept in cold (5 ºC) 

and protected from light. Then, in two vials of 2 mL volume each, two pieces (1 cm x 0.3 cm) of 
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pristine and Theo1–modified support membranes (RC and RC+Theo1; PVDF and 

PVDF+Theo1) were immersed in the streptavidin solution (0.5 mL); the solution was slowly 

stirred and protected from light at room temperature for 30 min. After this period, membranes 

were washed with cold water and dried over a Whatman 3MM paper in a desiccator. Once they 

were dried (c.a. 12 h) they were kept in cold. Streptavidin functionalized samples will hereafter 

referred as RC+Theo1+SA and PVDF+Theo1+SA. Analysis by UV of SA residual solution 

showed a very low protein concentration. 

 

2.4. Membrane characterization by XPS, CA, SNMR, IS and BFM 

XPS analysis was carried out using a Physical Electronics PHI ESCA 5701 spectrometer with a 

non-monochromatic Mg Kα radiation (300 W, 15 kV, 1253.6 eV) as the excitation source. High–

resolution spectra were recorded in the constant pass energy mode at 29.35 eV, using a 720 μm 

diameter analysis area and the pressure in the analysis chamber was maintained lower than 5 10-6 

Pa. PHI ACCESS ESCA-V6.0 F software package was used for acquisition and data analysis. 

Curve fitting was performed using the software supplied by the manufacturer. Atomic 

concentration percentages of the characteristic elements on the membranes surfaces were 

determined taking into account the corresponding area sensitivity factor for the different 

measured spectral regions [23,24]. Membrane samples were irradiated for a maximum time of 20 

min to minimize possible X-ray damage [25]. 

Changes in the hydrophilic character of the membranes surfaces associated to compound Theo1 

deposition were determined from contact angle (CA) measurements, which were performed with 

a Teclis T2010 instrument equipped with a video system. Six measurements on both surfaces of 

each membrane were taken. 
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1H and 13C SNMR spectra were recorded with a Varian NMR (U.K.) system NB500 operating at 

500 MHz. Spectrometer was equipped with a FastMAS 1.6 mm HXY probe. Analyses were 

carried out for the PVDF+Theo1 sample. 

Impedance spectroscopy measurements with dry samples of pristine and Theo1–modified 

membranes were performed with a Frequency Response Analyzer (Solartron 1260, England) and 

taken 100 data points for frequency ranging between 1 Hz and 107 Hz, at a maximum voltage of 

0.01 V. The test cell consists of a Teflon support on which two Pt electrodes were placed and 

screwed down.  

Optical transmission microscopy (bright field, BFM) was used to visualize the interaction of 

Theo1–modified membranes (RC+Theo1+SA and PVDF+Theo1+SA samples) with the protein. 

Images were obtained with a Leika TCS SP5 system (Madrid, Spain), which allows deep 

imaging analysis. 

 

 

3. Results and discussion 

The presence of compound Theo1 adsorbed onto the surfaces of PVDF and RC membranes was 

study by XPS and solid–state NMR as well as impedance spectroscopy and contact angle 

measurements.  

Surfaces of pristine (PVDF and RC) and theophylline treated (PVDF+Theo1 and RC+Theo1) 

membranes were chemically characterized by XPS measurements. XPS spectra give information 

on the chemical states of the elements present on the membrane surfaces and their atomic 

concentration percentages (A.C. %). Fig. 2 shows a comparison of C 1s core level spectra 

recorded for pristine and treated membranes where different contributions representing the 

various bonding environments can be observed. Fig. 2(a) shows two clear peaks for the PVDF 

support which are ascribed to the –CF2– bond (CA peak at 291.0 eV) and to the –CH2– bond (CC 
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peak at 286.7 eV), while for the PVDF+Theo1 sample the contribution of the –C-N– bonds at 

286.3 eV can also be observed; moreover, a significant shoulder associated to the –C-C– bonds 

(CB at 285.0 eV) and another smaller at 288.0 eV (CD) due to –C=O– bonds can also be 

distinguished [26,27]. In the case of the cellulosic RC+Theo1 membrane, the C 1s core level 

spectra shows a reduction in the peak corresponding to the aliphatic carbon (CA) as well as the 

contribution of the –C-O– and –C-N– bonds (CC) [24,25]. 

 

 

Fig. 2. C 1s core level spectra for pristine (dashed lines) and theophylline 1 treated (solid lines) membranes: (a) 

PVDF; (b) RC 

 

 

Table 1 shows the average values of the different elements found on both membrane surfaces. 

Since the polyvinylidene fluoride PVDF membrane only contains carbon and fluorine in its 

structure ([CH2CF2]n), the small percentage of oxygen is attributed to impurities associated to 

contamination (entry 1) [23], which are also responsible for the small nitrogen percentage 

detected in cellulosic RC membrane (entry 3). With respect to the characteristic elements of each 

membrane (carbon and fluorine for the PVDF, carbon and oxygen for the RC), there was a 

significant reduction of fluorine (%) on the PVDF+Theo1 sample and an increase in oxygen and 

nitrogen percentages (entry 2), indicating the presence of Theo1 on the surface of the modified 

membrane. A similar effect is also observed for the RC+Theo1 membrane (entry 4) by 

considering the increase in the nitrogen and the reduction in the oxygen percentages. These 

results show the partial coverage of the surfaces of both membranes by Theo1 in agreement with 

published results [26]. 
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Table 1. Average atomic concentration percentages* of the different elements present on the surface of pristine and 

Theo1 treated PVDF and RC membranes. 

Entry Membrane C 1s (%) O 1s (%) F 1s (%) N 1s (%) 

1 PVDF 52.5 ± 0.4 1.9 ± 0.5 45.6 ± 1.2 ----- 

2 PVDF+Theo1 64.2 ± 0.8 11.4 ± 0.6 19.7 ± 1.2 4.7 ± 0.6 

3 RC 61.9 ± 0.9 37.9 ± 0.6 ----- 0.2 ± 0.1 

4 RC+Theo1 75.1 ± 0.4 17.6 ± 0.2 ----- 7.3 ± 0.1 
*Average values and error intervals (standard deviations) correspond to measurements at both 
membrane surfaces. 

 

The presence of theophylline Theo1 in the PVDF support was also studied by solid–state NMR. 

The 1H SNMR (Fig. 3(a)) did not have enough resolution to resolve the overlapped signals 

around 3 ppm, which is a common situation in solid–state NMR since broadening of the spectral 

lines reach to a few ppm (2–5 ppm). However, in 13C SNMR spectrum (Fig. 3(b)), theophylline 

signals can be clearly seen and do fit the lines for the theophylline derivative Theo1. By 

comparison with the reported data [18], picks at 158.9, 153.9, 151.0, 148.8 and 147.6 ppm can be 

assigned to the quaternary carbon atoms and C=N, C-4, C=O and C=O carbon atoms, 

respectively. Signal at 106.3 ppm can be attributed to the C-5 of the theophylline moiety. In the 

aliphatic part of the spectrum, signals corresponding to the methylene groups of the ethylene 

glycol moiety appears at 70.9 and 66.0 ppm, while N-Me groups and –CH2– are observed at 

30.4, 28.3 and 21.2 ppm. On the other hand, the two major lines at 120.9 ppm and 42.8 ppm are 

from PVDF (–CF2– and –CH2– resonances, respectively) [28,29], and they are also broad which 

typical for NMR in solids.  

 

 

Fig. 3. Solid–state 1H SNMR (left) and 13C SNMR (right) of Theo1 modified PVDF membrane 
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Impedance spectroscopy plots also confirm the presence of Theo1 in the surfaces of both 

modified membranes as well as in the structure of the swollen RC support. Fig. 4 shows a 

comparison of the impedance curves obtained for pristine and Theo1–modified membranes. 

Significant differences for both membrane/electrode interface and bulk membrane can be 

observed, being an indication of the membrane surface coverage by theophylline Theo1 and its 

inclusion into the cellulosic chains (Fig. 4(a)). Only membrane/electrode interface differences 

seem mainly to exist in the case of the PVDF sample (Fig. 4(b)) indicating a surface coverage 

without (or minor) theophylline Theo1 inclusion into the pores of this support membrane [30]. 

 

 

Fig. 4. Impedance plots for dry samples of: (a) RC (o) and RC+Theo1 (●) membranes; (b) PVDF (□) and 

PVDF+Theo1 (■) membranes 

 

 

Contact angle (φ) is the common measure for the characterization of hydrophobic/hydrophilic 

character of surfaces. Changes in membrane–surface/water contact angle as a result of 

theophylline Theo1 partial coverage were also determined, and their average values <φ> are 

indicated in Table 2. As can be observed, the presence of Theo1 on the supports increases the 

hydrophobic character of both RC and PVDF membranes. This fact can be attributed to the 

attachment of the Theo1 to the supports through the oligo(ethylene glycol)–alkene chain (see 

Fig. 5); it means an exterior orientation of the apolar moiety of the molecule (theophylline rest) 

with respect to the surface. As expected, this effect is stronger for RC due to the high hydrophilic 

character of this membrane (significantly higher than that of PVDF), which favors the interaction 

of hydrophilic part (OEG) of Theo1 with the membrane. These results also agree with the found 

interfacial effects, which were previously indicated by analyzing the impedance plots.  

 



Page 10 of 21

Acc
ep

te
d 

M
an

us
cr

ip
t

 10

Table 2. Average contact angle values <φ>* for pristine and theophylline Theo1 treated membranes. 

Membrane RC RC+Theo1 PVDF PVDF+Theo1

<φ> (º) 35 ± 5 64 ± 8 82 ± 2 120 ± 9 

*Average values and error intervals (standard deviations) correspond to six different 
measurements. 

 

 

The possible self–attachments of Theo1 on membranes and subsequent streptavidin 

immobilization are schematically described in Fig. 5. XPS data show a partial coverage of the 

membrane surface and an irregular distribution of Theo1 on the surface can be expected.  

 

 

Fig. 5. The scheme of the modification of the membrane surface with Theo1 and then streptavidin immobilization 

 

 

As was already indicated, pieces of Theo1–modified membranes were immersed in a solution of 

Atto-565-streptavidin in aqueous buffer PBS (samples RC+Theo1+SA and PVDF+Theo1+SA) 

in order to determine Theo1–protein interaction by bright field confocal images. First, Figs. 6(a) 

and 6(d) show the images of RC and PVDF supports treated with protein solution. No interaction 

between the protein and the surface of the membranes seems to exist since the characteristic red 

color of the Atto chromophore was not observed. Figs. 6(b) and 6(e) correspond to both Theo1–

modified membranes (RC+Theo1 and PVDF+Theo1 samples, respectively): as expected no 

coloration by BFM was observed. However, for RC+Theo1+SA and PVDF+Theo1+SA samples 

(Figs. 6(c) and 6(f)) the red coloration of their surfaces was clearly observed, meaning the 

attachment of the protein on both membranes. In this sense, we assume a practically total SA 

immobilization according to the significant decrease of UV residual solution absorption with 

respect to the original one. Moreover, the random distribution of the red spots confirm the partial 
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coverage of the theophylline derivative on the surfaces as previously determined from XPS 

results, while BFM micrographs also confirm the Theo1 orientation on the surfaces of both 

modified membranes as was obtained by CA results. 

 

 

Fig. 6. Above: RC membrane surface having Theo1 but non-treated with protein (a). RC surface without Theo1 and 

treated with protein: no protein immobilization was observed (b). RC surface with 1 and treated with protein 

(RC+Theo1+SA, c). Below: PVDF membrane surface having Theo1 (PVDF+Theo1) but non-treated with protein 

(d). PVDF surface without Theo1 and treated with protein: no protein immobilization was observed (e). PVDF 

surface with Theo1 and treated with protein ((PVDF+Theo1+SA, f). 

 

 

4. Conclusion 

This paper reports the deposition and/or inclusion of the theophylline derivative Theo1 on the 

surface of porous and dense support membranes independently of the hydrophilic/hydrophobic 

character of the selected support. Theo1 modification of pristine supports was established by 

different physicochemical characterization techniques, which could independently be used in 

further research: from the XPS and SNMR data we established the presence of Theo1 on the 

membranes surface, and this point was confirmed by IS measurements. Moreover, CA technique 

provides information on the orientation of the Theo1 active on the surface, indicating that most 

of this derivative is attached to the supports by the OEG chain.  

Additionally, bright field microscopy probes the interaction of the fluorophore–labeled protein 

streptavidin with the modified membrane surface. This technique has allowed us to visualize the 

immobilization of SA on both Theo1–modified membranes and the significant capability of 

theophylline Theo1 for SA binding. 
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Highlights: 
 
Modification of membrane surfaces by using bioactive materials 
Theophylline derivative as an alternative to biotin for monitoring streptavidin interaction 
Easy procedure for monitorization of the protein interaction by bright field microscopy 
 
 



Page 15 of 21

Acc
ep

te
d 

M
an

us
cr

ip
t

Figure(s)

http://ees.elsevier.com/colsub/download.aspx?id=290877&guid=071495d5-9d80-4d8e-99f2-6b5088978291&scheme=1


Page 16 of 21

Acc
ep

te
d 

M
an

us
cr

ip
t

Figure(s)

http://ees.elsevier.com/colsub/download.aspx?id=290878&guid=49e692b1-4645-4bf4-a2b7-5352b967b36f&scheme=1


Page 17 of 21

Acc
ep

te
d 

M
an

us
cr

ip
t

Figure(s)

http://ees.elsevier.com/colsub/download.aspx?id=290879&guid=e8068701-525a-4ca8-b897-292892e14ae5&scheme=1


Page 18 of 21

Acc
ep

te
d 

M
an

us
cr

ip
t

Figure(s)

http://ees.elsevier.com/colsub/download.aspx?id=290880&guid=8ab42a1d-d70c-45be-ac7d-6776ea8f2b48&scheme=1


Page 19 of 21

Acc
ep

te
d 

M
an

us
cr

ip
t

Figure(s)

http://ees.elsevier.com/colsub/download.aspx?id=290881&guid=7e2aa6ee-ecf3-4c58-8fcb-fd0596e805ae&scheme=1


Page 20 of 21

Acc
ep

te
d 

M
an

us
cr

ip
t

Figure(s)

http://ees.elsevier.com/colsub/download.aspx?id=290882&guid=4f85145b-1487-4423-96b9-85a1b92a04f9&scheme=1


Page 21 of 21

Acc
ep

te
d 

M
an

us
cr

ip
t

*Graphical Abstract (for review)




