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RESUMO  

 As proteínas de ligação a odores (OBPs) são pequenas proteínas da família das lipocalinas com 

a capacidade de se ligarem a moléculas odoríferas.  As OBPs podem ser utilizadas em inúmeras áreas 

devido à boa estabilidade térmica, alta resistência a solventes orgânicos e à digestão proteolítica sua 

capacidade de ligar diferentes classes de odores, incluindo a deteção de substâncias perigosas.   

Resultado da atividade diária e do exercício físico, o ser humano transpira e o que pode 

despoletar o desenvolvimento de odores desagradáveis. Neste trabalho, e com o intuito de diminuir o 

odor dos têxteis foram desenhadas 3 sequências de OBPs de porco, com capacidade de se ligar a tecidos 

de algodão e poliéster. Das 3 proteínas, designadas de OBP 1, OBP 2 e OBP 3 (por motivos de 

confidencialidade), apenas a OBP 1 e a OBP 2 expressaram, tendo a OBP 3 sido excluída do presente 

estudo. A caracterização físico-química das proteínas produzidas e da proteína wild-type (wt) foi realizada 

através das técnicas de MALDI-TOF, FTIR e Dicroísmo circular. Concluiu-se que a OBP1 e a OBP 2 

apresentavam uma estrutura secundaria diferente da OBP wild-type (wt) e que, quando aplicada uma 

temperatura superior a 60 °C, seguida de uma incubação a 4 °C, tanto a OBP 1 como a OBP 2 

recuperavam a sua estrutura, fenómeno que não ocorreu com a OBP wt.  

Foi estudada a ligação das proteínas a uma molécula modelo (1-AMA) e a fragrâncias (β- 

Citronellol, (-)-Menthol, Eugenol e Citronellil Valerate) e concluiu-se que a fragrância com melhor 

coeficiente de ligação (<Kd) às OBPs foi o β- Citronellol, pelo que foi a molécula selecionada para a 

funcionalização dos tecidos (algodão e poliéster). 

Neste trabalho, foram propostas duas metodologias (impregnação e spray) para a 

funcionalização de têxteis com as OBPs (WT, OBP1 e OBP2), tendo-se obtido melhores resultados com 

o método de impregnação. Avaliou-se a libertação controlada de β- Citronellol das amostras 

funcionalizadas com OBPs, através da técnica de Cromatografia Gasosa (Headspace SPME/GC-MS). As 

amostras de tecido funcionalizadas pelo método de impregnação mostraram maior libertação de β- 

Citronellol.  

 

Palavras-chave: proteínas de ligação a odores; libertação controlada de fragrâncias; redução de odores; 

têxteis inteligentes 
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ABSTRACT   

Odor binding proteins (OBPs) are small proteins of the lipocalin family with the ability to bind 

odorant molecules. OBPs can be used in numerous areas due to their good thermal stability, high 

resistance to organic solvents and proteolytic digestion, their ability to bind different classes of odors, 

including the detection of hazardous substances. 

Due to daily activity and physical exercise, the human being sweats and this can trigger the 

development of unpleasant odors. In this work, and to reduce the odor of textiles, 3 sequences of pig 

OBPs were designed, with the ability to bind to cotton and polyester fabrics. Of the 3 proteins, designated 

OBP 1, OBP 2 and OBP 3 (for confidentiality reasons), only OBP 1 and OBP 2 expressed, and OBP 3 was 

excluded from the present study. The physical-chemical characterization of the proteins produced and 

the wild-type protein (wt) was performed using the MALDI-TOF, FTIR and Circular Dichroism techniques. 

It was concluded that OBP1 and OBP 2 had a secondary structure different from wild-type (wt) OBP and 

that, when applied at a temperature above 60 °C, followed by an incubation at 4 °C, both OBP 1 and 

OBP the OBP 2 recovered their structure, a phenomenon that did not occur with the OBP wt. 

The binding of proteins to a model molecule (1-AMA) and to fragrances (β-Citronellol, (-)-Menthol, 

Eugenol and Citronellil Valerate) was studied and it was concluded that the fragrance with the best binding 

coefficient (<Kd) β-Citronellol was added to the OBPs, so it was the molecule selected for the 

functionalization of fabrics (cotton and polyester). 

In this work, two methodologies were proposed (impregnation and spray) for the functionalization 

of textiles with the OBPs (WT, OBP1 and OBP2), having obtained better results with the impregnation 

method. The controlled release of β-Citronellol from samples functionalized with OBPs was evaluated 

using the Gas Chromatography technique (Headspace SPME/GC-MS). The fabric samples functionalized 

by the impregnation method showed greater release of β-Citronellol. 

Keywords: odor binding proteins; fragrance release; odor reduction; smart textiles. 
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1. STATE OF THE ART   

1.1. Olfactory system 

Smell is a common sense in the animal kingdom. It can be found in mammals, insects, fish, etc. 

It has a fundamental role in the identification of predators and prey, location of food sours or toxic foods, 

reproduction purposes, among others (Tegoni et al., 2000; Brito et al., 2016; Archunan, 2018). In 1991, 

Buck and Axel  cloned and characterized 18 different members of an extremely large multigene family 

that encodes seven transmembrane domain proteins whose expression is restricted to the olfactory 

epithelium and discovered mammals’ olfactory receptors cloning. These olfactory receptors belong to the 

class of 7-helix transmembrane G protein-coupled receptors and fall into several subfamilies and due to 

the diversity of these receptors, it is possible that mammals recognize many different odorant molecules 

(Buck and Axel, 1991).  

The olfactory receptors are separated from the air by a protective layer of hydrophilic secretion, 

the nasal mucus in mammals, and the sensillar lymph in insects, therefore, odorant molecules cannot 

easily cross the hydrophilic barrier of the nasal mucus (Tegoni et al., 2000) . Pelosi et al. (1982) 

discovered a soluble pyrazine-binding protein, which is secreted by the nasal olfactory mucosa of bovines 

and other mammals. The abundance of this protein in the nasal mucus of these animals has given rise 

to the hypothesis that it can serve as an odor carrier, and for this reason it has been called odorant 

binding protein (OBP).  The smelling process is dependent on a synergistic mechanism that exists 

between the odorant, odorant binding proteins (OBPs) and the olfactory receptors (OR)(Alfinito et al., 

2010; Barbosa et al., 2018).  

 

1.2. What are OBPs  

Odorant binding proteins are small molecular weight proteins (figure 1) members of the 

lipocalins superfamily with capacity of binding differentiated molecules and pass through the hydrophilic 

nasal mucus of vertebrates or the lymph of insect chemosensory sensilla until reaching the olfactory 

receptors (Wang et al., 2021). These proteins are present in large quantities on the tissues of the 

respiratory and olfactory mucosa can also be involved in general defense mechanisms in mammals, such 

as removing harmful substances from the air they breathe (Anderson, 1988; Boudjelal et al., 1996).  
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Figure 1- Cartoon diagram of the porcine OBP. The figure indicates the localization of Trp16 residue (red, W16), five Tyr residues (blue, 

Y20, Y52, Y78, Y82 and Y92), and the disulfide bridge between Cys63 and Cys155 (yellow). Figure taken from Staiano et al. (2007), 

200756, constructed based on pOBP structure given in file 1A3Y.pdb.  

 

They feature extremely stable architectures at different temperatures, organic solvents and 

proteolytic digestion, which make OBPs suitable elements for the manufacture of biosensors for food, 

agriculture and textile industries, medical applications and detection of dangerous substances, as well as 

for other biotechnological applications (Pelosi et al., 2014). Despite their function not being yet precise, 

these proteins are considered to be the carriers of odorants through the nasal mucosa of mammals and 

sensory lymph to ORs in the sensory neurons (Silva et al., 2014; Wang et al., 2021).   

OBPs can be found in the nasal mucosa of mammals (figure 2). When in presence of odorant 

molecules, these proteins are responsible for their transport to the ORs, present in the olfactory sensory 

cells. This will originate a cascade of intracellular signaling that will be triggered by a G protein and 

consequently will lead to the production of cyclic nucleotide (cAMP), by the activation of adenylyl cyclase 

(AC). The flow of ions Ca2+and Na+ will be induced by cAMP inside the neuronal cells and cause an 

efflux of Cl− contributing to the depolarization of the olfactory neuron, leading to the modification of the 

action potential that is conducted along the axon until the olfactory bulb where the olfactory signal is 

interpreted by the brain (Gonçalves et al., 2021).   
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Figure 2- Mechanism of mammalian olfactory system. (1) odorant-binding proteins (OBPs) present in the nasal mucus (2) olfactory 
receptors (ORs) present in olfactory neuronal cell). (3) G- protein (4) production of cyclic nucleotide (cAMP) by the activation of adenylyl 
cyclase (AC) (5) inflow of Ca2+ and Na+ ions which increase inside of neuronal cell causes an efflux of Cl- (6) brain. Figure taken from 
Gonçalves et al. (2021). 

 

In insects, OBPs are synthesized inside the olfactory sensilla by specialized accessory cells and 

secreted into the sensilla lymph, where they are found in high concentrations. Olfactory sensilla are 

delicate, hair-like porous cuticular structures located on the antennae. OBPs bind and solubilize odorants 

as they enter the porous tubules of the sensilla. Thereafter, they are transported through the sensillar 

lymph to the sensory dendrites, where they activate membrane bound ORs (figure 3) (Brito et al., 2016).  

 

 

Figure 3- Mechanism of insect’s olfactory system. Figure taken from Brito et al. (2016). 
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1.3. Discovery and importance  

OBPs are small (around 15-20 kDa), hydrophilic proteins that are highly expressed in the glands 

of nasal mucosa of mammals and in the lymph of insect chemosensory sensilla (Brito et al., 2016; 

Gonçalves et al., 2021).   

In 1985 the first vertebrate OBP was identified and isolated from the bovine nasal mucus (Bignetti 

et al., 1985). The bovine OBP to be purified was the pyrazine-binding protein that came from the nasal 

mucosa of mammals and was first discovered using ligand-binding assays with 2isobutyl-3-

methoxypyrazine, a very powerful green-smelling component of bell peppers. It was thought that this 

protein could only be an olfactory marker, however the pyrazine-binding protein is very different from the 

olfactory marker protein since no cross-reaction with antisera was observed (Bignetti et al., 1985).  

Other vertebrate OBPs have been identified afterwards (figure 4) (Gonçalves et al., 2021). These 

proteins are expressed, during vertebrates’ life, however only during certain periods and under specific 

physiological conditions, meaning that their rate of production is not constant (Pelosi, 2001). 

 

 

Figure 4- Vertebrate OBPs. Figure taken from Gonçalves et al. (2021). 

 

Lacazette et al. (2000) reported for the first time the identification of human lipocalins involved 

in the binding of odorants. They investigated whether human lacrimal lipocalins would be produced from 

two active genes and found a new family of parallel genes on human chromosome 9q34, created by 

recent genomic duplications. The authors concluded that the biochemical characteristics of lipocalins 

have been applied to several physiological functions, mainly via new genes, but they can also be applied 

via recruitment of previous genes acquiring new functions in different organs.   
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The exact function of OBPs is not yet clear, but these proteins have been described in several 

processes related to the binding and presentation of odors. These proteins are believed to be responsible 

for transporting odorant molecules through the watery mucus barrier towards the olfactory receptors as 

they are secreted in the nasal mucosa (Gonçalves et al., 2021). OBPs can be easily expressed in bacterial 

systems and purified at low cost, being though useful in biotechnological applications. 

 

1.4. Structure of OBPs  

OBPs belong to the family of lipocalin proteins, that include carrier proteins, such as retinol-

binding protein, β-lactoglobulin and other proteins. Mammalian and insect OBPs possess totally different 

three-dimensional structures even though they have similar functions (Gaubert et al., 2020). Insect OBPs’ 

assemble a core of six α-helices held together by three disulfide bridges, while mammalian OBPs have a 

three-dimensional structure with eight antiparallel β-sheets and a short α-helical segment close to the C 

terminal, similarly to the other lipocalins. Most OBPs contain 6 cysteines that form an asymmetric pattern, 

which is useful for their identification, however, these cysteine residues do not play an important role in 

the stability of vertebrate OBPs (Pelosi et al., 2014; Vogt & Carolina, 2005). In figure 5 the three-

dimensional structure of two mammalian OBPs, bovine and pig OBPs, is represented (Paolo Pelosi et al., 

2014). Bovine OBP does not contain cysteines being a homodimer, while pig OBP presents two cysteine 

residues forming a dimeric structure (Guex & Peitsch, 1997). 

  

 

Figure 5- Three-dimensional structure and amino acid sequence of bovine and pig OBPs. Figure taken from Pelosi et al. (2014). 
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1.5. Binding Affinity of OBPs 

The first OBP binding assays were performed using radiolabeled ligands and techniques like 

electrophoresis and gel filtrations to separate bound and free ligands(Pelosi et al., 2014, 2018). Over 

time, these radioactive ligand labels were improved and fluorescent probes were developed to measure 

the affinity of odorants to these proteins (Pelosi et al., 2018). 

There are three methods to study the binding and to monitor the binding process of a ligand to 

OBP proteins. Two are based on the difference between the initial amount of ligand that was added to 

the reaction and the amount of free ligand after separation. In the first method, the free ligand is separated 

by several centrifugations and then quantified and in the second method, the OBP complex /free ligand 

is separated by dialysis. The third method does not require any separation step being a faster method 

where the results are less subject to measurement errors. This method consists on the addition of a 

fluorescent ligand that makes possible to determine the OBP/ligand complex directly( Pelosi et al., 2018).  

1-Aminoanthracene is a fluorescent ligand widely used to evaluate the formation of OBP/ligand 

complexes (figure 6 A) (Gonçalves, Silva, et al., 2018). Paolini et al. (1999) used this ligand for the first 

time to measure the activity of pig OBP. The fluorescence was measured with an excitation wavelength 

of 295 nm whereas the maximum wavelength of 481 nm. 

The affinity of non-fluorescent ligands to OBPs can be determined due to their ability to compete 

with a fluorescent ligand. In competitive binding experiments (figure 6 B), the protein is incubated with 

the fluorescent ligand at a fixed concentration and then increasing amounts of a non-fluorescent ligand 

are added (Gonçalves et al., 2018; Paolini et al., 1999). The higher the ability of the non-fluorescent 

ligand to bind the OBP and replace the fluorescence probe the higher its affinity to the protein. Despite 

not being effectively scientifically defined, some authors report that the best ligands have a dissociation 

constant (Kd) between 0.1 and 1.0 μM (Tegoni et al., 2000). 

 

 

 

 

 

 

 

 



Biotechnological Applications of Odorant Binding Proteins    

7   

 

 

 

Figure 6- (A) Experimental procedure to evaluate the amount of 1-AMA transduced into the liposomes and bound to protein-functionalized 

liposomes. After incubation of liposomes with 1-AMA at 37 °C, the free ligand is removed using a gel filtration chromatography column with 

a 5 kDa cutoff. The amount of 1-AMA in the liposomes was measured by the fluorescence emission at 600 nm. Figure taken from Gonçalves, 

Silva, et al. (2018) (B) Experimental layout for competitive binding evaluation. Figure taken from Gonçalves et al. (2018). 

 

1.6. Applications   

Due to their specific properties, great stability and possibility to be tailored using molecular biology 

tools, OBPs have been applied in the most diverse fields of application, namely in biosensors 

development, food and water quality analysis, detection of hazard substances and in the capture and 

release of odorant molecules (figure 7).    
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Figure 7- Properties and applications of mammalian OBPs. Figure was based on Gonçalves et al. (2021). 

 

1.6.1. Biosensors  

 These proteins can be used to create devices capable of detecting a specific compound, to be 

applied in many different industries, including agriculture and food. The use of OBPs as biosensors 

becomes an advantage since, they are easier to synthesize and have a relatively lower cost compared to 

the alternatives in the market.  

1.6.1.1. Medical diagnostics  

Volatile organic compounds (VOCs) from the skin, respiratory and digestive channels, can give 

information about the diagnosis of diseases in modern medicine serving also for the biometric 

identification in forensic science (Sorokowska et al., 2016). Lu et al. (2016) developed an electrochemical 

biosensor containing a human recombinant OBP with a nanopore matrix to detect specific biomolecular 

ligands, such as aldehydes and fatty acids. The biosensor showed potential for the detection of odors and 

biomolecules for the diagnosis and evaluation of diseases. 

1.6.1.2.  Detection of hazard substances  

The detection and identification of hazard substances, like explosives or drugs, is of great 

relevance specially for customs agencies (Giannoukos et al., 2016). Training animals to detect these 

substances is costly being necessary to find straightforward techniques to avoid the use of animals (Habib, 

2007). A sort of analytic instruments is available for the detection of specific compounds in trace 
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quantities, for example mass spectrometers (MS), ion mobility spectrometers (IMS), handheld gas 

chromatographs (GC), Raman spectrometers, Surface enhanced Raman spectroscopy and “electronic 

noses” based on many different detection technologies (Zalewska et al., 2013). However, these 

instruments may present false positives, which is leading to the search of alternatives.  

Cali & Persaud (2020) recently created a series of chemical sensors for drug detection based on 

a modified odorant-binding protein from Anopheles gambiae. The authors found that AgamOBP1_S82P 

has a high affinity for cannabinol, 3,4-methylenedioxy methamphetamine (MDMA / Ecstasy) and cocaine 

hydrochloride. Scorsone et al. (2021) also demonstrate that devices based in OBPs can detect a range 

of explosives and drugs with high sensitivity and selectivity. They studied the characterization of natural 

and expressed Ligand Binding Proteins, using molecular modeling and fluorescent displacement assays 

to select proteins based on ligand binding affinities of the target compounds to the protein binding pockets 

(Scorsone et al., 2021). In another study Cennamo et al. (2015), developed an optical biosensor based 

on pig OBP (pOBP), deposited on a plastic optical coupled with a surface plasmon resonance (SPR) 

transduction fiber for the detection of butanal. The price and detection range of this device is an asset as 

it has a reduced cost and allows a detection range between 20 and 1000 µM (Cennamo et al., 2015).  

 

1.6.1.3. Food  

Artificial olfactory systems, consisting of electronic nose devices (e-noses) have been created to 

mimic the sense of smell. The interaction of VOCs with the e-nose biosensor generates a signal (electrical, 

optical, or gravimetric), which is translated and processed by a signal processing computer (Zhang et al., 

2018). The main application of these e-noses on food-processing industry (fish, meat, milk, wine, coffee 

and tea) is mainly related with the sensory evaluation of the products (Loutfi et al., 2015). 

Di Pietrantonio et al. (2015) found that pOBP can also bind to octenol and carvone, which are 

VOCs associated with the presence of fungi and molds. They immobilized this protein, and the sensor 

was able to detect R-carvone (di Pietrantonio et al., 2015).  

In another study, two peptides were extracted from the sequence of Drosophila melanogaster 

LUSH-OBP, due to its known sensitivity and selectivity for alcohols, to detect food contamination by 

Salmonella, since the main VOC released from meat contaminated with Salmonella is the 3- methyl-1-

butanol (Sankaran et al., 2011). 

The use of these e-noses in the food industry has reduced the difficulty and cost of industrial food 

processes.  



Biotechnological Applications of Odorant Binding Proteins    

10   

   

1.6.1.4.  Agriculture   

OBPs are shown to be useful in the agricultural industry.  The knowledge about these proteins in 

insects allows their manipulation and study and the development of high-performance insecticides (Leal 

(2013) . Liu et al., (2020) described the negative impact of Diaphorina citri, the main vector of the 

pathogen Candidatus Liberibacter asiaticus, on the citrus industry. In this study, the authors described 

the potential involvement of citOBP2 on the reduction of the insects’ susceptibility to insecticides. The 

manipulation of DcitOBP2 might lead to the development of a new class of insecticides with great 

economic impact (Liu et al., 2020). 

Latrophylline (LPH) participates in several essential physiological processes since it is a receptor 

coupled to the adhesion G protein. Xiong et al., were able to observe opposite changes in two 

chemoreception genes, chemosensory protein 10 (CSP10) and odorant-binding protein C01 (OBPC01), 

when the LPH knockdown in the insect under study. By silencing these two genes, they were able to 

observe that their susceptibility to dichlorvos or carbofuran increased, thus showing that the study of 

OBPs is useful in susceptibility to insecticides (Xiong et al., 2019). 

 

1.6.2. Capture and release of odors  

The detection capabilities of OBPs have opened doors to other areas such as odor capture and 

release. Since they can capture volatile odorants in the first events of olfactory perception, OBPs function 

as the first selective filter and can be good candidates of biotechnological interest to concentrate, 

discriminate or discard chemical compounds present in the air in traceable quantities, not physiologically 

perceived(Guiraudie-Capraz et al., 2005). Guiraudie-Capraz et al. (2005) described the use of substantial 

amounts of highly purified rOBP for the efficient screening of physiological odorants.  

Gonçalves et al. (2018) fused pig OBP to three cell-penetrating peptides (CPPs), called Tat, Pep-

1 and pVEC (figure 8), and when added to the liposomes, these new fusion proteins revealed different 

transduction efficiencies of a model ligand, 1-aminoanthracene (1-AMA), in liposomes (Gonçalves et al., 

2018)   
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Figure 8- Pig OBPs fused to three cell-penetrating peptides. Figure taken from Gonçalves et al. (2018). 

 

In another study, Gonçalves et al. (2018), evaluated the effect of the proximity of OBPs to the 

liposome membrane on the transduction of 1-aminoanthracene (1-AMA) (figure 9). The anchoring of the 

porcine odorant-binding protein (OBP-I) onto the liposomal membrane was promoted by the peptide SP-

DS3 fused to OBP-I. The anchoring capacity and the proximity effect were confirmed by an experimental 

control where the wild type (wt) OBP was added to the liposomes, resulting in low 1-AMA transduction 

and low binding to OBPwt (Gonçalves et al., 2018). 

 

 

Figure 9- Representation of an anchorage-based system composed by fusion OBPs and liposomes for the entrapment and transport of 
molecules. Figure taken from Gonçalves et al. (2018).  
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 In Gonçalves et al. (2018) the authors designed two proteins based on the OBP-I sequence: 

truncated OBP (tOBP) and OBP: GQ20: SP-DS3 and tested the binding affinity of 1-AMA to these proteins. 

They concluded that this molecule showed different affinities to temperature (figure 10) and described 

for the first time a temperature-dependent competitive mechanism for this class of proteins ((Gonçalves 

et al., 2018). These works paved the way to explore new strategies for the release and capture of odors.   

 

 

Figure 10- Opposite temperature-dependent affinities of tOBP and OBP:GQ20: SP-DS3 to 1-aminoanthracene (1-AMA). (a) Different binding 
affinities of tOBP and OBP:GQ20: SP- S3 (b) OBP’s competitive temperature-dependent mechanism. Figure taken from (Gonçalves et al., 
2018). 
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1.6.3. Textile industry  

The use of textiles in several areas has been increasingly recurrent with the advancement of 

science and technology. More and more techniques have emerged that allow the attribution of different 

properties not previously possessed by textiles. Among the textiles’ functionalization techniques are 

included physical, chemical nano and bio technologies (Huang et al., 2012). 

Textiles attract, adsorb and store various gaseous compounds from their surroundings. The 

control of odors can be accomplished by capturing substances with unpleasant smells and by releasing 

fragrances. To counter bad odors and incorporate lasting fragrances into textiles, several studies were 

carried out using OBPs.   

Silva et al. (2014) cloned and expressed a pig OBP gene in E. coli to explore the application of 

this protein on odor control and fragrance delayed release from a textile surface. They observed a strong 

binding of citronellyl valerate, citronellol and benzyl benzoate to the recombinant protein, while ethyl 

valerate displayed weaker binding. They coated cationized cotton substrates with porcine OBP and tested 

their ability to retain citronellol and mask the smell of cigarette smoke. It was possible to observe that the 

immobilized protein delayed the release of citronellol when compared to untreated cotton and through a 

blind evaluation of 30 evaluators, there was observed a decrease in the smell of cigarette smoke on the 

fabric surface due to the incorporation of the pig OBP. This study also demonstrated that the pig OBP can 

be an efficient solution to prevent and/or remove unpleasant odors trapped on the large surface of textiles 

(Silva et al., 2014).  

In another study, Goncalves et al. (2019) described the effect of saline solutions (artificial sweat, 

pH 4.3-8.5) on the release of a fragrance, β-citronellol, from pOBP-functionalized cotton. Taking 

advantage of OBP response to sweat triggering (<Ka) the authors developed a smart responsive OBP-

functionalized textile. They observed that when in contact with a sweat solution, the fragrance was 

released from the OBP at the cotton surface (figure 11). This study opened new opportunities for the 

development of devices that generate a response to odors of daily activities and physical exercises.   

  

 

Figure 11- Release of fragrance from OBP-functionalized cotton, triggered by sweat.  The release of fragrance was measured bby GC-MS. 
The figure was taken from Goncalves et al. (2019). 
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1.7. Challenges 

Although the mechanisms of interaction between the OBP and ligands, and the OBP/ligand 

complex with the ORs are not yet well understood, it has been proven that OBPs contribute to olfactory 

perception at various levels: transport, prevention of oxidative stress and prevention of saturation of ORs 

(Silva et al., 2014; Wang et al., 2021).  It is important to understand the interaction between OBPs and 

the ligands and how the complex OBP/ligand interacts with the OR.  

There is a need to facilitate and improve the quality of human life and these proteins can be 

present in several areas such as the development of pollution detection devices, biosensors in agriculture, 

health and safety, cosmetic and food industry due to their great stability to thermal denaturation, pH and 

proteolytic degradation. (Gonçalves et al., 2021; Loutfi et al., 2015; Xiong et al., 2019). 

In textile industry, although there are already studies regarding the application of these proteins 

(Goncalves et al., 2019), there is still a great difficulty in having proteins with greater binding capacity to 

cotton and polyester. As such, in the future, with technological advances, new applications and 

improvements are expected to emerge.  

There is a large amount of information available about OBP structure and affinity to different 

molecules, allowing the design of specific mutants with tailored characteristics, representing a solid basis 

for customizing OBPs for different applications (Pelosi et al., 2014; Gonçalves et al., 2021). 
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2. AIMS  

Due to daily activity and physical exercise, human beings sweat, resulting in unpleasant odors 

that cause social unrest and embarrassment. In order to counter this problem, the need arises to create 

functional textiles that incorporate fragrances that can be an effective clothing deodorant product.  Several 

studies reveal that odorant binding proteins can capture and release odorant molecules when a specific 

trigger is present (Goncalves et al., 2019). Due to the large information regarding OBPs structure and 

affinity to different molecules it is possible the design of specific mutants with tailored characteristics. 

This work is focused on the design, expression, purification and characterization of three different 

OBPs (designated by OBP 1, OBP 2 and OBP 3 due to confidentiality purposes), from pig OBP (PDB code 

1A3Y), for the functionalization of textile substrates (cotton and polyester). These proteins will be 

expressed in an Escherichia coli strain (E. coli BL21(DE3)) and optimized for the best culture medium 

and growth temperature. After purification, they will be characterized alongside with OBP wild type (wt) in 

terms of size, purity (SDS-PAGE, MALDI-TOF) and structure (FTIR and DC). Afterwards binding assays will 

be performed with a model molecule (1-AMA) and competition assays with different fragrances will be 

conducted aiming to evaluate the ability of OBPs to bind these fragrances. The functionalization of textiles 

with the OBP/fragrance complex will be evaluated under two different methods: impregnation and spray. 

Fragrance release from OBP functionalized textiles will be studied under different temperatures. 
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3. MATERIALS AND METHODS  

3.1. Expression of OBPs  

The expression of the OBP proteins started by transforming an E. coli BL21 (DE3) strain and 

test different medium and temperature conditions to find the best production conditions. 

3.1.1. Transformation of E. coli BL21 (DE3) strain  

E. coli BL21 (DE3) cells were transformed through the Transformation and Storage Solution 

Method (TSS Method). This method combines two steps of a classic transformation protocol aiming the 

production and transformation of competent cells only one stage. The TSS solution is composed by 

Lysogeny broth (LB) (Grisp, Portugal) with 10% (w/v) PEG Mw 3350, 5% (v/v) DMSO and 50 mM of 

MgCL2 (Chung et al., 1989). The cells were grown in LB medium until reach an OD600 between 0.3 - 

0.4. The cells were centrifuged and then resuspended in TSS solution.  

These competent cells were then transformed with the pET-28 a (+) vectors with the OBP genes 

(GenScript (USA).) For this, 1 µL of the vector containing the gene of interest was added to the cells. The 

cells were incubated for 30 min on ice followed by a thermal shock at 42 °C, for 2 minutes and then 

incubated 2 minutes on ice. LB medium pre-heated at 37 °C was added to the cells followed by an 

incubation at 37 °C, 200 rpm for 1h. Afterwards, the cells were platted (100 µL, 250 µL and 650 µL) on 

LB-Agar, supplemented with kanamycin (0.05 mg/mL) (Fisher Chemical), and incubated at 37 °C for 16 

hours. The number of colonies were counted and a screening of protein expression was performed 

(Seidman et al., 2001). The efficiency of the transformation was calculated using the equation 1. 

 

Efficiency=
number of colonies

volume (L)
×10-5 UFC/μgDNA   (Equation 1) 

This protocol was replicated for the 3 proteins, OBP 1, OBP 2 and OBP 3. 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), running gel of 12.5% and 

staking gel of 4%, were performed to determinate the molecular weight of OBP proteins. In table 1, it is 

present the theoretical molecular weight of each OBP protein.   
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Table 1- Theoretical molecular weight of each protein. 

Protein  OBP 1 OBP 2 OBP 3 

Molecular weight (kDa) 24.8 22.9 25.8 

 

3.1.2. Screening of protein expression  

For the screening of OBPs expression, eight colonies of each transformant (OBP 1, OBP 2 and 

OBP 3) were selected. A pre-inoculum of four transformants of each protein were prepared by growing 

the transformants in LB medium supplemented with kanamycin (0.05 mg/mL) at 37 °C and 200 rpm, 

overnight. After this period of incubation, the OD600 of each transformant suspension was measured. The 

volume of pre-inoculum necessary was calculated using Equation 2 to provide a final OD of 0.1 in 10 

mL of TB- AIM medium supplemented with kanamycin (0.05 mg/mL) and incubated for 24 h at 37 °C.   

Initial Volume × Initial OD=Final Volume ×Final OD (Equation 2) 

This process was repeated for each protein and at different fermentation temperatures (30 °C, 

25 °C and 18 °C). The samples were analyzed by Sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) to infer the best production conditions. 

3.1.2.1. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), running gel of 12.5% and 

staking gel of 4% (table 2), were performed to evaluate the expression of the OBPs. The samples were 

prepared with 2x Sample Loading Buffers, followed a denaturation step at 100 °C for 5 min. The gel was 

loaded with the molecular weight marker (Grisp), GRS Protein Marker Blue and the OBP samples. The gel 

was ran (20 mA per gel), and stained with a Coomassie solution (methanol 50% (v/v), acetic acid 10% 

(v/v), Coomassie Brilliant Blue G-250 (2.5 g/L) for 15 min followed by a distaining step with warm distilled 

H₂O. SDS-PAGE staining with Coomassie Blue is an easy and inexpensive technique that allows us to 

perform a direct assessment of the purity of the sample. 
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Table 2- Composition of running and stacking gel in SDS-PAGE 

SDS-PAGE 
Running gel (12,5%) 

(mL) 
Staking gel (4%) 

(mL) 

Acrylamide/Bis-acrylamide (30 
%/0.8 %(w/v)) 

4,125 0,7 

0.5 M Tris-HCl (pH 6.8) - 1,3 

1.5 M Tris-HCl (pH 8.8) 2,5 - 

SDS (10%) 0,01 0,005 
H2O 3,22 2,92 

TEMED 0,001 0,001 
APS (10% (w/v)) 0,0075 0,00375 

Final Volume 10 5 

 

3.1.3. OBPs production and purification  

The production of the OBPs was done using the best expression conditions (TB medium 

supplemented with kanamycin (0.05 mg/mL) and incubated for 24 h at 200 rpm and 30 °C for OBP 1 

and 25 °C for OBP 2) determined by SDS-PAGE. After expression, the cells were incubated for 1 h at 4 

°C and then were harvested by centrifugation at 6000 rpm at 4 °C for 10 min, and resuspended in 

phosphate buffer (20 mM NaH2PO4, 500 mM NaCl, pH 7.4). The cells were further centrifugated at 6000 

rpm at 4 °C for 10 min and resuspended in phosphate buffer supplemented with 20 mM of imidazole. 

After, the protease inhibitor was added to the solution and lysed by sonication or homogenization. 

The cells were lysed by ultrasonication (amplitude of 40%; 3 seconds ON: 9 seconds OFF, with a 

total sonication time of 30 min) or by high pressure homogenization (1500 bar, 10 min).  Afterwards, the 

cells were centrifugated at 6000 g for 10 min at 4 °C in order to separate the fractions and a SDS-PAGE 

was done in order to determinate if the OBPs were present in the soluble or insoluble fraction  

The OBPs were purified through nickel magnetic beads with specificity to His-tag sequence 

present in the proteins’ N-terminal. The samples were poured into the containers with the nickel magnetic 

beads and incubated for 1 h at 4 °C and 100 rpm. After the incubation the containers with the samples 

and the nickel magnetic beads were inverted several times and then it was performed a magnetic 

separation. The beads were washed with different concentrations of imidazole (30, 50, 70, 80 mM) and 

eluted with 100, 250 and 500 mM (3 times) of imidazole.   
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After purification, the proteins present in the different concentration of imidazole were dialyzed 

against distilled water for 4 days at 4 °C, to remove the presence of salts and imidazole. After 4 to 5 days 

the protein solution was poured into containers and freeze-dried. The protein weight was determined and 

the expression yield was calculated using equation 3.  

η=
protein weight (mg)

Culture media volume(L)
  (Equation 3) 

3.2. Characterization of OBPs  

3.2.1. MALDI-TOF 

To verify the mass/charge of OBPs a Matrix-Assisted Laser Desorption/Ionization with time-of-

flight (MALDI-TOF) was carried out using sinapic acid (SA) as the matrix (≥99.5%). Using an Ultra-flex 

MALDI-TOF mass spectrophotometer (Bruker Daltonics GmbH) equipped with a 337 nm nitrogen laser, 

the mass spectra were acquired. For the analysis of OBP proteins it was used a double layer deposition. 

The samples were previously dissolved in TA30 (30% acetonitrile/70% TFA), and mixed (1:1) with a 

saturated solution of SA in TA30. A volume of 2 mL of each mixture was spotted onto the ground steel 

target plate (Bruker part n◦ 209519) and analyzed using the reflective positive mode. 

 

3.2.2. FITR 

Fourier-Transform Infrared Spectroscopy (FTIR) was used to characterize the chemical structure 

of OBP proteins. The samples were placed directly on the crystal, and spectra were collected between 

400 and 4000 cm-1 wavenumbers at a resolution of 2 cm-1. Then, in the "Feat Peaks (Pro)" procedure 

of the "Peak Analyzer" menu in OriginPro software, v.8.5.0 (OriginLab Corporation, USA), the Convoluted 

FTIR curves corresponding to the Amide I spectral interval of [1600; 1699] were analyzed.  To identify 

discrete starting peak spectral locations for fitting it was done a Second Derivative built-in-method. Based 

on the provided peak assignments, the secondary conformational data arising from individual peaks were 

derived (Kong & Yu, 2007). 
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3.2.3. Circular Dichroism  

The structural state of OBP proteins at different temperatures was evaluated by circular dichroism 

(CD) spectroscopy, using a Jasco J-1500 spectropolarimeter equipped with a temperature controller. CD 

spectra were recorded at 18°C, 25 °C ,37 °C, 45 °C, 60 °C, 70 °C and 80 °C using a fixed 

concentration of 10 μM for each protein tested. It was also tested a spectrum at 80 °C with an incubation 

overnight at 4 °C to check the recovery of proteins’ structure.  The spectra were obtained over the 

wavelength interval of 180–260 nm at a scan speed of 10 nm/min and bandwidth of 1 nm. The path-

length cell was 1 mm. Baseline was recorded at 25 °C with the same buffer of the samples (phosphate 

buffer, pH 7.5) and subtracted to the protein spectra. Final spectra were obtained by the average of three 

scans for each protein.  

 

3.3. OBPs’ Binding Performance 

3.3.1. Ligand Binding Assays 

The binding performance of the different OBP proteins was evaluated by direct titration with a 

ligand model, 1-aminoanthracene (1-AMA) as reported in Gonçalves et al. (2018). To determinate the 

optimal temperature of incubation for OBPs, the proteins were diluted in 50 mM Tris–HCl buffer pH 7.5, 

to a final concentration of 1 μM, and pre-incubated at 25 ºC ,37 ºC, 45 ºC and 60 °C for 30 min. The 

ligand model, 1-AMA was dissolved in 95% ethanol at 2 mM and increasing concentrations of 1-AMA were 

added to a fixed concentration (1 μM) of each OBP and incubated at 37°C for 1h. 

The fluorescence of each OBP-ligand complex was recorded in a microplate spectrofluorometer 

with thermoregulation (BioTek Synergy MX) at 37 °C by increasing the emission intensity at 481 nm 

when excited at 295 nm.  (Paolini et al., 1999; Eiríksdóttir et al., 2010; Silva et al., 2014) 

The obtained data was fitted according to equation 4 and the dissociation constants (Kd) were 

calculated using Graphpad by a non-linear regression method described in Malpeli et al. (1998).  Y is the 

measured fluorescence ratio, [1-AMA] ₀ is the initial concentration of 1-AMA and P₀ is the initial 

concentration of protein. 

Y=
[1-AMA]₀ + P₀+Kd-√([1-AMA]₀+P₀Kd)2-4P₀[1-AMA]₀

2P₀
  (Equation 4) 



Biotechnological Applications of Odorant Binding Proteins    

21   

The corresponding association constant (Ka) was calculated using equation 5 

Ka=1/Kd (Equation 5) 

3.3.2. Competitive Binding Assays 

A fluorescence competition experiment was carried out to determine the binding ability of the 

fragrances to OBPs. The binding capacity was evaluated as reported in Goncalves et al. (2019).For this, 

the OBPs were diluted in 50 mM Tris–HCl buffer, pH 7.5, to a final concentration of 1 μM and pre-

incubated at 25°C and 37°C for 30 min. Afterwards, the proteins were incubated with 2 μM of 1-AMA at 

37°C for 1h. Four fragrances, β-Citronellol (SAFC), (-)-Menthol (TCI), Eugenol (TCI) and Citronellil Valerate 

(SAFC), were tested. For this, 1, 2, 3, 10, 30 and 100 μM of each fragrance were added to the previous 

solution (OBP+1-AMA) and incubated at 37 ºC for 1h.  

The emission fluorescence spectra were recorded on a microplate spectrofluorometer with 

thermoregulation (BioTek Synergy MX) at 37 °C by increase in the emission intensity at 481nm when 

excited at 295nm (Goncalves et al., 2019). The results were collected and using a non-linear fitting curve 

of OriginPro software, v.8.5.0 (OriginLab Corporation, USA) the fragrance concentration at which was 

observed a 50% decrease of 1-AMA fluorescence (IC50) was determined. The dissociation constant of 

each OBP protein was calculated by equation 6 where KdF is the dissociation constant of the fragrance, 

[1-AMA] is the fluorophore concentration used in the experiments (2 μM), and kdPL is the dissociation 

constant of the protein−ligand complex previously determined. 

KdF =
IC50

(1+
[1-AMA]

KdPL
)
 (Equation 6) 

The association constant (Ka) was calculated as previously mentioned for the ligand binding 

assays. 
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3.4. Functionalization of textile substrates with OBP 

3.4.1. Functionalization of textiles 

Cotton and polyester fabrics were previously washed with a non-ionic detergent, Diadavin, 

according to ISO 105-CO3-1978 standard, 50 °C for 60 min and then washed with tap water and distilled 

H2O0 for 1 h. For the functionalization of the fabrics with the OBPs, two methods were tested i) 

impregnation and ii) spraying. 

3.4.1.1. Method 1: Impregnation  

In this method (figure 12) the cotton and polyester fabrics (2x2 cm2) were incubated with 100 

μM of each OBP at different temperatures, 25°C, 37°C, 60 °C and 70 °C under 40 rpm for 2 h. The 

control experiments were performed by incubating the fabrics only with buffer (50 mM Tris-HCl pH 7.5).  

Afterward the fabrics were dried and incubated with a solution of 1% Coomassie Brilliant Blue at 60 °C 

for 1h, aiming to indirectly evaluate the amount of protein at the fabric’s surface and infer the best 

operational temperature of incubation. The color strength was evaluated by means of K/S determination 

using a Color Reflectance Spectrophotometer, (Spectraflash 600 Plus CT from Datacolor International) 

coupled to a computer, at the maximum absorbance wavelength. The K/S analysis directly correlates the 

color intensity of the samples with the amount of protein at the surface after functionalization (Goncalves 

et al., 2019). 

Once determined the best temperature of protein incubation the process was repeated using 

larger fabrics (5x5 cm2). The functionalized fabrics were left to dry and a square (1x1 cm2)  of each was 

cut off. The rest of the fabrics were washed with 0,1% of Diadavin and once again a square (1x1 cm2) 

was cut off. This process was repeated for 3, 5, 10 and 20 washes. The same dyeing method and the 

percentage of color lost was determined, which thus determines the loss of protein impregnated on the 

polyester between washes. 
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Figure 12- Functionalization of textiles by impregnation method. 

 

3.4.1.2. Method 2: Spray 

In this method (figure 13) polyester fabrics (5x5 cm2) were incubated in a woven at different 

temperatures: 100 °C, 110 °C and 120 °C, for 1 h. Afterwards, each fabric was sprayed with a 1mL 

solution of 100 μM of each OBP.  The control experiments were performed by spraying the fabrics only 

with 1 mL of buffer (50 mM Tris-HCl pH 7.5). The fabrics were left to dry and a square (1x1 cm2) was 

cut off. Then, the rest of the fabrics were washed with 50 mM Tris-HCl pH 7.5 and another square (1x1 

cm2) was cut off. This process was repeated for 3, 5, 10 and 20 washes. 

All the fabrics were then incubated with a solution of 1% Coomassie Brilliant Blue at 60 °C for 

1h, aiming to evaluate the protein loss during sequential washes. The K/S evaluation (color staining 

levels) was made with a Color Reflectance Spectrophotometer, (Spectraflash 600 Plus CT from Datacolor 

International) coupled to a computer, at maximum absorbance wavelength (Goncalves et al., 2019). 
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Figure 13- Functionalization of textiles by spray method. 

 

3.4.2. Fragrance release from functionalized fabrics 

The release of β-citronellol from functionalized fabrics (impregnation and spray methods) was 

evaluated according to the ISO 17299:2014 test standard procedure using the Gas Chromatography 

(Headspace SPME/GC-MS).  

For the calibration curves, the SPME fiber was inserted in the middle (∼40 mm from top) of the 

GC vial (22.5 × 75.5 mm, septa of silicone blue transparent/PTFE white, Enzymatic, Portugal) containing 

increasing concentrations of β-Citronellol (10-4000 μM). The fragrance was diluted using 50 mM Tris-

HCl pH 7.5 prepared with distilled H2O and the fiber was exposed for 2 and 4h. The amount of fragrance 

released was evaluated following the procedure described in section 3.4.2.4.  

 

3.4.2.1. Complex Protein/fragrance 

The functionalization of the polyester fabrics was carried out using the same two methods: 

impregnation and spray. The complex Protein/fragrance was obtained by incubating 100 μM of each 

OBP in a vial with 200 μM of β-Citronellol for 1h at 37°C. The 1:2 proportion (protein:fragrance) used 

was based on previous competitive assays. 
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3.4.2.2.  Method 1: Impregnation  

4 mL of the OBP protein/β-Citronellol complex were transferred to a new vial containing the 

polyester fabric (1x1 cm2) and incubated for 2 h at 70 °C. After drying, the functionalized polyester was 

transfer to a GC vial followed by insertion of SPME fiber exposed for 2 h at 37 °C. The amount of fragrance 

released was evaluated following the procedure described in section 3.4.2.4.  

3.4.2.3. Method 2: Spray  

Polyester fabrics (1x1 cm2) were incubated at 120 °C for 1h and then sprayed with 2 mL of the 

OBP protein/β-Citronellol complex. After drying, the functionalized polyester was transferred to a GC vial 

followed by insertion of SPME fiber exposed for 2 h at 37 °C. The amount of fragrance released was 

evaluated following the procedure described in section 3.4.2.4.  

3.4.2.4. Quantification of β-Citronellol Release by Headspace- SPME/GC-MS. 

The release of fragrance was evaluated via headspace (HS). The SPME fiber (100 μm 

polydimethylsiloxane) was exposed to the vapor phase above the sample matrix, followed by gas 

chromatography−mass spectrometry (GC-MS) evaluation. 

The samples were quantified by gas chromatography– mass spectrometry (GC-MS) using manual 

injection of the solid phase microextraction (SPME) fiber. The analysis was done using a Varian 4000 

system with a split/splitless injector coupled to a mass spectrometer. Injections were operated at 250 

°C in the split mode 1:10 using a Rxi-5Sil MS (Restek) column (30 m × 0.25 mm, and 0.25 μm film 

thickness), with a column-head pressure of 7.3 psi using helium as carrier gas. The oven temperature 

started at 45 °C and was held for 5 min, and the temperature increased until 250 °C at a rate of 7 

°C/min. A full scan mode (50−750 m/z) was applied for the identification of the target compound. The 

mass spectrometer (MS) was operated in electron ionization (EI) mode at 70 eV with total ion 

chromatogram (TIC) detection mode for quantitative determination and S/N ratio of 5. Calibration curves 

of β-citronellol were determined using the same conditions of the samples (temperature and time). The 

β-citronellol released was determined integrating the peaks from chromatograms and quantified against 

the calibration curves using equation 7. 

% β-Citronellol released= (1-
([β-Citronellol ]i-peak area

[β-Citronellol ]i
)×100  Equation 7 
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4. RESULTS AND DISCUSSION 

4.1. Transformation of E. coli BL21 (DE3) 

After transformation the number of colonies formed were counted and the transformation 

efficiency was calculated (table 3).  

Table 3- Number of colonies and transformation efficiency of OBPs 

Sequence Number of colonies 
Transformation Efficiency 

(UFC/µg DNA) 

OBP 1 68 6,8 ×104 

OBP 2 163 1,63 ×105 

OBP 3 22 2,2 ×104 

 

4.1.1. Screening of protein expression  

The different OBPs were incubated in TB-AIM medium at 37 °C and 200 rpm. The OBP 1 and 

OBP 2 were successfully expressed in these conditions (figure 14 A and B), however for the OBP 3, 

no expression was observed at 37 °C (figure 14 C).  Even though OBP 3 showed no expression, the 

clone 2 was selected to verify if this protein could express using other temperatures.  

 

Figure 14- SDS-PAGE (12%) electrophoresis of different proteins expressed in TB-AIM at 37 °C, 200 rpm. (A) OBP 1 (B) OBP 2 (C) OBP 
3. 

 

Since OBP 1 and OBP 2 were expressed, the clones with better expression of each protein were 

selected to evaluate the best expression conditions. The clone 1 was selected for OBP 1, and the clone 2 

for OBP 2.   
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The effect of incubation temperature on the protein expression was also evaluated (figure 15). 

Both OBP 1 and OBP 2 were expressed at 18 °C, 25 °C and 30 °C however OBP 3 was not expressed 

at any temperature (figure 15 B). In figure 15 B it is also possible to verify that, at 18 °C and 30 °C, 

OBP 2 shows a double band. Studies have pointed that pOBP such as bovine β-lactoglobuline, is dimeric 

at physiological pH, 7,2 (Albani, 2010; Burova et al., 1999). Considering the molecular weight of OBP 2 

(22.9 kDa) the double band does not appear to represent a dimer, but rather a truncated version of the 

protein or another justification could be that protein degradation occurred during production or there was 

some translation problem during protein expression. The best conditions of expression were TB-AIM at 

30°C for OBP 1 and TB-AIM at 25°C for OBP 2. Table 4 presents a summary of the best expression 

conditions. 

 

 

Figure 15- SDS-PAGE (12%) electrophoresis of OBP 1, OBP 2 and 3, incubated in TB-AIM at different temperatures and 200 rpm. (A) 30 
°C (B) 25 °C (C)18 °C. 
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Table 4- Cell culture medium and temperatures tested for the expression of OBP Proteins 

Protein OBP 1 OBP 2 OBP 3 

TB-AIM (37 °C, 200 rpm) ✓ ✓ - 

TB-AIM (30 °C, 200 rpm) ✓ ✓ - 

TB-AIM (25 °C, 200 rpm) ✓ ✓ - 

TB-AIM (18 °C, 200 rpm) ✓ ✓ - 

 

 

4.2. OBP expression and purification  

OBP 1 and OBP 2 were expressed in the best culture media conditions previously assessed: TB-

AIM medium at 30 °C 200 rpm for 24 h for OBP 1 and TB-AIM medium at 25 °C, 200 rpm for 24 h for 

OBP 2.  

After sonication the samples were analyzed by SDS-PAGE to evaluate if the proteins were in the 

soluble or insoluble fraction and both OBP proteins were in the soluble fraction (figure 16).  

 

Figure 16- SDS-PAGE (12%) electrophoresis of the soluble or insoluble fraction of OBP 1. 
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4.2.1. Purification with nickel magnetic beads  

To purify the samples, the soluble fractions were incubated with nickel magnetic beads for 1 h at 

4°C, 100 rpm. After this period of incubation, the proteins of interest were eluted with increasing 

concentrations of imidazole (figure 17).   

The SDS-PAGE revealed that OBP 1 was almost pure in the 70 mM imidazole fraction (figure 

15 A) and OBP 2 in the 80 mM imidazole fraction (figure 17 B).   

 

Figure 17- SDS-PAGE (12%) eletrophoresis of: A) OBP 1 purified with nickel magnetic beads and eluted with increasing imidazole 
concentrations; B) OBP 2 purified with nickel magnetic beads and eluted with increasing imidazole concentrations. 

 

4.2.2.  Dialysis and Freeze drying  

After 5 days of dialysis, the samples were freeze-dried (figure 18 B) and weighted to determine 

the yield of protein in mg per liter o culture media (figure 18 A).  

  

 

Figure 18- (A) Protein yield after purification (B) proteins after lyophilization. 

 

Protein Yield (mg/mL) 

OBP 1 49,6 

OBP 2 41,7 

A B 
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4.3. Characterization of OBPs  

4.3.1. MALDI-TOF 

The molecular weight and purity of produced OBPs and OBP wt were assessed by SDS-PAGE 

electrophoresis (figure 17) and MALDI-TOF (table 5). The theoretical molecular weight of OBPs is 

similar to the experimental data obtained by MALDI-TOF, thus confirming the monodisperse character of 

the OBPs.  

Table 5- Theoretical (by SnapGene® 3.0.3) and experimental (by MALDI-TOF) molecular weight of OBPs 

Proteins 
Theorical Mw 

(kDa) 

Experimental Mw 

(kDa) 

OBPwt 20.2 20.1 

OBP 1 24.3 26.5 

OBP 2 22.9 -* 

    *Experimental determination was not possible due to ionization constrains during MALDI-TOF assessment. 

4.3.2. FITR 

The FTIR spectra of the 3 OBPs show the characteristics peaks corresponding to the amide I at 1630 

cm-1 (figure 19). 

 

 

 

Figure 19- FTIR spectra of the OBP wt, OBP 1 and OBP 2 at amide I peak (1600- 1700cm-1). 
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After deconvolution of the amide I peak (figure 19) is possible to infer the secondary structure 

of each OBP (KONG and YU, 2007). The deconvolution of the amide I peak of OBPs show 5 peaks 

corresponding to 4 different structures. OBP wt is mainly constituted by β-sheet (table 5) which agrees 

with the literature(Pelosi et al., 2014; Vogt & Carolina, 2005).  OBP 1 and OBP 2 present structural 

differences in relation to OBP wt. These proteins are based on OBP wt however with some modifications 

on their amino acidic sequence. Despite the substantial decrease in the % of β-sheet, OBP 1 is formed 

mostly by β- sheet (66,4%). There is an increase on de % of α—helix compared to OBP wt (2,9% in OBP 

wt to 8,4% in OBP 1) and in OBP 1 β- turn structures are present (19,5%) (table 6). For OBP 2 the inicial 

structure was changed completely. This protein showed a greater % of α- helix (79,7%) which is totally 

different from OBP wt structure (2,9% α- helix). This protein has a small amount of β- turn structures 

compared to OBP 1 (2,62% and 19,5%, respectively) (table 6). These structural differences can lead to 

differences in the binding capacity of the proteins to fragrances and ligand molecules, as well as to alter 

their behavior under different conditions like temperature. 

 

Table 6- Resulting discrete peaks, their respective contribution to the overall FTIR-derived curves and the corresponding structural 
assignments of OBP proteins. Structural assignment was performed according to KONG and YU (2007) 

Proteins 

Deconvoluted data assignment (%) 

Helical β- sheet β-turn Random 

OBPwt 2,9 91,9 0  3,7 

OBP 1 8,4 66,4 19,5 4,0 

OBP 2 79,7 17,1 2,62 0 

 

4.3.3. Circular Dichroism  

The effect of temperature on OBPs’ structure was evaluated by circular dichroism (CD) 

spectroscopy. As part of the superfamily of lipocalins, the OBPs share the same folding pattern, an eight 

stranded β-barrel flanked by a α-helix at the C-terminal end of the polypeptide chain (Pelosi et al., 2014). 
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OBPs have a similar shape of spectra, where the minimum is found at 195 nm and the maximum at 215 

nm (figure 20). These values are characteristic of a fold with a high content of β-sheets.  

It is possible to observe that for OBP wt (figure 20 A), OBP 1 (figure 20 B) and OBP 2 (figure 

20 C), the protein structure changes are only observed at temperatures above 60 °C. As stated by  

Ioannou et al. (2015), the greater the intensity of the spectral peaks, the higher the amount of the 

corresponding secondary structure type. 

As it can be seen in figure 20, when the OBP proteins are incubated at 80 °C, their secondary 

structure denatures, however, this process proved to be reversible for both OBP 1 and OBP 2. An assay 

was carried out in which the proteins were incubated at 80 °C followed by an incubation at 4 °C overnight. 

In figure 20 A (dashed line) it is possible to notice that the OBP wt keeps its structure unaltered while 

OBP 1 (figure 20 B (dashed line)) and OBP 2 (figure 20 C (dashed line)) recovered their structures 

after the overnight incubation period. This property could be associated with their structure being different 

from OBP wt as shown in FTIR results. Sawyer & Kontopidis (2000) points to a greater ease in the 

refolding of b-lactoglobulin, which belongs to the lipocalin family, when it had a greater number of a-

helices than in its native form. 
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Figure 20- Circular Dichroism spectra of OBP wt, OBP 1, and OBP2. The spectra were obtained by inserting the data of each protein 
providing from Jasco J-1500 spectropolarimeter in GraphPad. 
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4.4. OBPs’ Binding Performance 

4.4.1. Ligand Binding Assays 

Fluorescence binding assays were performed to test the binding capacity of the new OBPs to the 

ligand model, 1-AMA, at different temperatures after 1h of incubation at 37°C. 

Paolini et al. (1999) showed that at a wavelength of 537 nm it is possible to monitor the free 1-

AMA, while the binding of 1-AMA to OBP can be measured at 481 nm, since when the ligand model is 

bound at the binding site of OBP-I, the wavelength undergoes a small blue shift and the fluorescence 

intensity increases significantly. 

The binding capacity was measured herein in terms of the dissociation constant (Kd). Table 7 

shows the results obtained being possible to notice for the three OPBs an increase on dissociation 

constant as the temperature increases. In Gonçalves, et al. (2018) fluorescence binding assays were also 

performed at a fixed concentration of protein and increasing concentrations of 1-AMA at 37°C for 1 h. 

For the OBP wt, they obtained a Kd = 0.44, which is in agreement with the result obtained by us for the 

OBP wt (Gonçalves, et al., 2018).  

For all temperatures tested, it is possible to verify that the Kd of OBP 1 and OBP 2 is higher than 

that of OBP wt. The higher the Kd value, the lower the ability of proteins to bind the ligand. Therefore, 

OBP wt is the protein that binds best with 1-AMA at all the temperatures tested. These results point out 

the influence of extra amino acid sequence on 1-AMA affinity to the engineered OBPs, which resulted in 

a structural difference as can be confirmed by FTIR (table 6). Comparing both designed proteins, OBP 

1 shows better affinity to 1-AMA than OBP 2 that can be attributed to differences on the protein structure 

(table 7). In table 6, it is possible to see that OBP 1 has a structure more similar to OBP wt (higher % 

of β- sheets) than OBP 2 which has a higher % α- helix than β- sheets, contrarily to OBP wt. 

At higher temperatures (45 °C and 60°C) it is possible to verify that the Kd increases for all 

proteins, meaning that their binding abillity to the model molecule, 1-AMA, decreases. The data obtained 

from the FTIR show that with increasing temperature, the 3 proteins lose their secondary structures. This 

can explain the decrease in the binding capacity of the ligand to the proteins. 

Comparing the results obtained at different temperatures, it is possible to notice that for both 

OBP 1 and OBP 2, the best temperature of 1-AMA binding is 37 °C. In turn, the OBP wt presents better 

results at 25 °C. The competition tests will be carried out at 37 °C, since in general this was the best 

binding temperature of the model molecule. 
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Table 7- 1-AMA binding dissociation constants (Kd) of OBPs. 

Protein 
Kd 

25 °C 37 °C 45 °C 60 °C 

OBP wt 0,34 0,48 0,85 0,96 

OBP 1 0,78 0,59 0,96 1,31 

OBP 2 0,90 0,85 0,93 1,62 

 

4.4.2. Competitive Binding Assays 

Fluorescence emission spectra were recorded at 37 °C with 2 μM of 1-AMA in the presence of 

1 μM of protein, pH 7.5 for 1 h, followed by addition of increasing concentrations of β-Citronellol, (-)-

Menthol, Eugenol and Citronellil Valerate, and incubated for 1 h at 37 °C. The proteins were pre-incubated 

at 25 °C and 37 °C for 30 min.  

Previous studies show that there is a high affinity of the pOBP for the single-chain aliphatic 

molecules (e.g. citronellyl valerate) compared to shorter aliphatic molecules (e.g. citronellol) and to 

unsubstituted aromatic molecules (e.g. benzyl benzoate) (Silva et al., 2014). Four fragrances (β-

Citronellol, (-)-Menthol, Eugenol and Citronellil Valerate) were selected based on the previous studied 

binding properties of OBP (table 8). 

Table 8 shows the results obtained for the binding of different odorant molecules to OBPs as 

well as the differences observed depending on the pre-incubation temperature. Although being described 

in literature a higher affinity for the single-chain aliphatic molecules compared to shorter aliphatic 

molecules, our results demonstrate that, OBP wt as well as OBP 1 and OBP 2, displayed higher affinity 

for β-Citronellol.  

OBP wt showed high binding to all fragrances tested but the best binding results were obtained 

for β-Citronellol (Kd=0,30) and (-)-Methol (Kd=0,30) when pre-incubated at 25 °C and for (-)-Methol 

(Kd=0.29) when pre-incubated at 37 °C. OBP 1 showed higher binding results for Eugenol (kD=0.30) 

and β-Citronellol (Kd=0.35) when pre-incubated at 37 °C. OBP 2 had higher binding affinity for β-

Citronellol (Kd=0.29) when pre-incubated at 25 °C (table 8). These data make possible to infer that, in 

general, the highest binding results are achieved for β-Citronellol when the proteins are pre-incubated at 

25 °C (room temperature). 
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Table 8- OBP-Fragrance dissociation constants (Kd) 

Protein Temperature 

Kd 

β-Citronellol (-)-Menthol Eugenol Citronellil Valerate 

 

  

 
 

OBP wt 

25 °C 0,30 0,30 0,33 0,35 

37 °C 0,41  0,29 0,57 0,57 

OBP 1 

25 °C 0,61 0,62 0,61 0,65 

37 °C 0,35 0,59 0,30 0,53 

OBP 2 

25 °C 0,29 0,55 0,54 0,88 

37 °C 0,36 0,85 0,54 0,82 

 

4.5. Functionalization of textile substrates with OBPs 

4.5.1. Functionalization of fabrics 

In this work, two methods were proposed for the functionalization of fabrics with OBPs. In the 

first method (Impregnation), polyester and cotton fabrics were incubated with 100 μM of each OBP for 2 

h at different temperatures, 25 °C, 37 °C, 60 °C and 70 °C. Then, the fabrics were stained with a 1% 

solution of Coomassie Brilliant Blue to infer the amount of protein at fabrics’ surface. The color strength 

(K/S) directly correlates the color intensity of the samples with the amount of protein at the surface after 

functionalization, that is, the higher the K/S value, the greater the amount of protein on the surface of 

the fabrics.  

For both cotton and polyester fabrics when functionalized with OBP wt and OBP 2, higher levels 

of functionalization were obtained at 70 °C (figure 21). For fabrics functionalized with OBP 1 the highest 
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levels of functionalization were obtained at 60 °C. Since the differences observed at 60 °C and 70 °C 

for this protein were minimal, 70 °C was consider as the best temperature condition for the 

functionalization of textiles by impregnation for the three OBPs. It was also possible to notice that an 

increase on textile functionalization with temperature.  

 

 

Figure 21- K/S evaluation of fabrics functionalized with OBPs using method 1 (Impregnation). Control samples were done with the fabric 
without any functionalization. 

 

After determination of the best functionalization conditions, the process was repeated using larger 

fabrics (5x5 cm2) and sequential washes were performed to evaluate the fastness to washing of the 

functionalized fabrics. A piece of the fabric (1x1 cm2) was cut and stained with a 1% solution of Coomassie 

Brilliant Blue after 1, 3, 5, 10 and 20 washes of the main initial fabric. The K/S evaluation was performed, 

and figure 22 shows the results obtained. Analyzing the results of functionalized fabrics without washes, 

it can be noted that OPB wt and OBP 1 present the highest K/S values, indicating a higher amount of 

protein coated onto the fabric. Figure 22 shows that the K/S values decrease substantially after the first 

wash, especially for OBP wt and OBP 1. For OBP 2, the decrease is not so significant since the values 

without washing were already low meaning that lower amount of protein was coated onto the fabrics.   
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Figure 22- K/S evaluation of polyester fabrics functionalized using method 1 (Impregnation) with OBPs before and after 1, 3, 5, 10 and 
20 washes. Control samples were done with the fabric without any functionalization. 

 

The second method of functionalization (spray) consisted in the pre-incubation of the polyester 

fabrics at different temperatures, 100 °C, 110 °C and 120 °C and then spraying of 1mL solution of 100 

μM of each complex protein/fragrance onto these fabrics. Several washes were performed after spraying 

to evaluate the fastness to wash of functionalized samples. A staining with a solution of 1% Coomassie 

Brilliant Blue was performed followed by K/S (color staining levels) evaluation. 

The best pre-incubation temperature differs depending on the OBP tested. For OBP 1, incubation at 100 

°C resulted in a better functionalization, while for OBP wt and OBP 2, the best pre- incubation temperature 

was 120 °C. Overall, OBP 1 functionalized at 100 °C presented the highest K/S of all.  

For this method, the resistance to washing was also evaluated (figure 23), which is important 

for domestic applications since the objective is for the textiles to remain functional for the highest number 

of washes. For the 3 OBPs, it is possible to notice that with the number of washes the values of K/S 

decrease until reaching a plateau. This indicates that the protein coated at the surface of the fabrics is 

removed by washing but a certain amount remains after 20 washes. Nevertheless, the best incubation 

temperature proved to be 120 ºC, since the decrease of K/S values was less pronounced for samples 

pre-incubated at this temperature. 
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Figure 23-- K/S evaluation of polyester fabrics functionalized with OBPs at different temperatures using method 2 (Spraying) and after 
different washes. Control samples were done with the fabric without any functionalization. 
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Comparing both methods of functionalization, impregnation and spray (figure 24), it is clear 

that the functionalization of polyester fabrics with the OBP wt through method 1 is the one that presents 

the highest k/s value, meaning a higher amount of protein was coated onto the fabrics. Through figure 

24 it is also possible to notice that for the three proteins, method 1 conferred the highest level of 

functionalization. After washing, there is a significant difference in the K/S value for OBP wt and OBP 1, 

whereas OBP 2 is more resistant to washing. In method 2, the difference in the K/S value during the 

washes was not so noticeable. This might be related with the initial lower amount of protein coated onto 

the fabrics when compared to method 1. 

 

Figure 24- K/S evaluation of polyester fabrics functionalized with OBPs using method 1: impregnation at 70 °C and method 2: Spray at 
120 °C and after different washes. Control samples were done with the fabric without any functionalization. 

 

4.5.2. Evaluation of fragrance release from functionalized fabrics 

The release of fragrance (β-citronellol) from functionalized fabrics was quantified by gas 

chromatography– mass spectrometry (GC-MS) using manual injection of the solid phase microextraction 

(SPME) fiber. The calibration curves were prepared using increasing concentrations of β-citronellol at the 

same conditions as the samples (figure SI 1) and each OBP protein was incubated with β-Citronellol for 

1h at 37°C with a 1:2 ratio (protein:fragrance). 
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From the GC data (figure SI 2, figure SI 3, figure SI 4 and figure SI 4), a peak was 

obtained that corresponds to the mass spectra characteristics of β-citronellol with retention time of 16,7 

min. The chromatograms of nonfunctionalized polyester did not reveal any peak. 

For samples functionalized using method 1 (impregnation) the OBP/β-Citronellol complex was 

transferred to a vial containing the polyester fabric (1x1 cm2) and incubated for 2 h at 70 °C. For samples 

functionalized using method 2 (spray) the fabrics were incubated at 120 °C for 1h and then sprayed with 

the OBP/β-Citronellol complex. Afterwards, the functionalized polyester fabrics were transferred to a GC 

vial followed by insertion of SPME fiber exposed for 2 h at 37 °C. The β-citronellol released was 

determined integrating the peaks from chromatograms and quantified against the calibration curves. 

Figure 25 compares the release of β-Citronellol for samples functionalized using both methods, 

before and after washing cycles. The results reveal a minimal release of the fragrance from samples 

functionalized with both methods, impregnation and spray. For samples functionalized using method 1, 

it is possible to observe the highest release of β-Citronellol from OBP wt on samples without washes. 

After washing the release decreases considerably as expected since, as previously described, a high 

amount of protein is removed from fabrics’ surface by washing.  For the 3 proteins tested, a similar 

behavior between washes is observed. As mentioned previously, the protein is removed from the fabrics’ 

surface by washing until reaching a certain plateau where independently on the washing a certain amount 

of protein remains, which still contain fragrance to release when a temperature trigger is applied.   For 

samples functionalized using method 2, the highest percentage of β-Citronellol released was observed 

for OBP 2, however a similar trend was observed after washes, an expressive decrease of fragrance 

release was observed immediately after the first wash.  As previously described, the level of 

functionalization of OBP wt and OBP 1 was lower when using spray method, explaining the lower values 

of release obtained for these proteins before washing. After wash, both proteins followed the same trend 

observed for the other protein using the same method. 
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Figure 25- Evaluation of β-Citronellol release from OBPs after functionalization using method 1 (Impregnation) and method 2 (Spray), 

before washes and after washes. 

 

Figure 26 shows the % of β-Citronellol loss between washes for both methods. For method 1, 

OBP wt has the highest loss of fragrance released between washes, while for method 2 the protein with 

the highest loss of fragrance between washes was OBP 2. This behavior was associated with the higher 

percentage of β-Citronellol initially released. These results are in agreement with those obtained in figure 

22, since in both methods, the fabrics functionalized with the OBP/ β-Citronellol complex start by 

releasing different percentages of β-Citronellol and after 20 washes show a similar percentage of release. 

It was also possible to notice the difference between the loss between method 1 and method 2 

(figure 26). This difference is associated with the initial quantity of OBP/fragrance complex used in each 

method. Method 1 and method 2 starts with 100 mM of this complex. Prior to washing, it is not possible 

to determine the correct amount that remained on the fabrics. Quantification methods were done but 

there was a lot of interference because of the fibrils of the polyester fabric and that it was not possible to 

accurately determine the amount of protein that was placed at the beginning. After 20 washes the 

percentage of β-Citronellol released is under 1%, and for that it is not possible to determinate which 

method performed better.  
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Figure 26- Evaluation of β-Citronellol lost between washes for samples functionalized using in method 1 (Impregnation) and method 2 

(Spray). 
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5. CONCLUSION  

This work aimed the design, expression, purification, and characterization of three different OBPs 

for the functionalization of textile substrates.    

Several culture conditions were tested to find the best expression conditions for each OBP. OBP 

1 and OBP 2 showed good expression levels for all the tested conditions, while for OBP 3 no expression 

was observed. The OBP 1 and OBP 2 were expressed in the best culture media conditions, TB-AIM 

medium at    30 °C 200 rpm for 24 h and TB-AIM medium at 25 °C, 200 rpm for 24 h, respectively.  

After sonication, the samples were analyzed by SDS-PAGE and was observed that the two proteins were 

expressed in the soluble fraction. The two proteins were obtained pure with a yield of 49,6 mg/mL for 

OBP 1 and 41,7 mg/mL for OBP 2.  

After purification the OBPs were physico-chemically characterized by SDS-PAGE, MALDI-TOF, 

Circular Dichroism and FTIR. SDS-PAGE and MALDI-TOF data confirmed the molecular weight and the 

monodisperse character of OBP proteins. The deconvolution of amide I band from the FTIR spectrum 

revealed that OBP 1 and OBP 2 present variations on secondary structure when compared with OBP wt. 

Even though OBP1 is mainly composed by β-sheets the percentage of this comparing to OBP wt is must 

lower (OBP wt has 91,9% of β-sheets and OBP 1 66,4%). OBP 2, for instance, has a larger number of α- 

helix than β-sheets. These structural differences can lead to changes in the binding of proteins to 

fragrances and ligand molecules, as well as alter their behavior under different conditions such as 

temperature. The effect of temperature on OBP proteins was evaluated by circular dichroism 

spectroscopy. The three OBP proteins lost their stucture for temperatures higher than 70 °C. However, 

when the OBP proteins were incubated at 80 °C (denaturation), this process proved to be reversible for 

both OBP 1 and OBP 2 after an incubation at 4 °C overnight. This property could be associated with their 

secondary structure being different from OBP wt. 

The binding capacity of OBP proteins was evaluated by ligand and competitive binding assays. 

Fluorescence binding assays were performed at a fixed concentration of protein and increasing 

concentrations of a model ligand, 1-AMA and an incubation at 37°C for 1 h.  The results show an increase 

of the dissociation constant when increasing the temperature.  The competitive assays revealed that β-

citronellol is the fragrance with the highest affinity towards OBP 1 and OBP 2. 

In this work, two methods were proposed for the functionalization of textiles with OBP proteins. 

In the first method, polyester and cotton fabrics were incubated with 100 μM of each OBP protein for 2 

h at different temperatures. The second method consisted in the incubation of the polyester fabrics at 
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different temperatures and then spraying a solution with 100 μM of each protein on these fabrics. Several 

washes were performed at each temperature and for each protein. In both methods, was also performed 

a staining with a solution of 1% Coomassie Brilliant Blue and an evaluation of K/S (color staining levels) 

was done. For both cotton and polyester fabrics, the higher levels of functionalization were obtained at 

70 °C in method 1 and for method 2, 120 °C is shown to be the best incubation temperature for the 

pre-heating treatment of the fabrics. 

The release of fragrance was quantified by gas chromatography– mass spectrometry (GC-MS) 

using manual injection of the solid phase microextraction (SPME) fiber. The functionalization of the 

polyester fabrics was carried out using the impregnation and spray methods. Analyzing the GC-MS results, 

OBP wt has the higher % of β-Citronellol released after functionalization using method 1 and OBP 2 

revealed the highest release when functionalized using method 2.  Even though method 2 shows a smaller 

% β-Citronellol lost between washes, the method 1 shows higher % of β-Citronellol released This difference 

is associated with the initial quantity of OBP/fragrance complex used in each method. Method 1 starts 

with 2 mL of this complex and method 2 with 1 mL. After 20 washes the percentage of β-Citronellol 

released is under 1%, and for that it is not possible to determinate which method performed better 

As these designed proteins showed properties different from the OBP wt, such as the possibility 

of recovering their structure after a period of incubation at high temperatures followed by an incubation 

at lower temperatures, they can be tested under other conditions. Other triggers can be applied to 

functionalized textiles such as different sweat pH, sweat ionic strength, abrasion and UV light or new 

functionalization methods can be tested in order to ensure that a greater amount of protein is retained 

on the surface of the fabrics and therefore in turn a greater release of fragrance from these. 
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7. Supplementary Information 

7.1. Calibration curve of β-Citronellol: 
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Figure SI 1- Calibration curve of β-Citronellol at 37 °C for 2 h of SPME exposition time. 
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7.2. GC data 

 

Figure SI 2- GC spectra of polyester fabric incubated with β- citronellol at 37 °C for 2 h of SPME exposition time at 37 °C for 2 h of SPME 

exposition time 

 

 

Figure SI 3- GC spectra of polyester fabric incubated at 37 °C for 2 h of SPME exposition time at 37 °C for 2 h of SPME exposition time. 
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Figure SI 4- GC spectra from functionalization of polyester fabrics with OBP/β- citronellol complex by method 1; impregnation incubated 

at 37 °C for 2 h of SPME exposition time. 
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Figure SI 5- GC spectra from functionalization of polyester fabrics with OBP/β- citronellol complex by method 2: Spray incubated at 

37 °C for 2 h of SPME exposition time. 

 


