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ABSTRACT  

There is great market demand for fabrics equipped with multiple functionalities. 

However, most methods to impart these properties to a pristine fabric are complicated, 

time-consuming, and expensive. In this work, Janus particles with one side comprising 

TiO2 nanoparticles (NPs)-PVDF (poly (vinylidene fluoride)) and the other an epoxy 

resin (TPE) were deposited on a fabric surface. The aim was to endow the fabric with 

superhydrophobic, UV resistance, and antimicrobial properties. The Janus particles 

were firmly attached to the fabrics through the adhesion effects of the epoxy resin. 

Characterization by XRD, SEM, EDX, and FTIR verified the successful finishing of 

the fabric with TPE particles. The ultraviolet protection factor increased from 7.86 for 

the pristine fabric to 733 after finishing. The finished fabric also exhibited 

superhydrophobic properties, with a water contact angle of 152°. Further, the coating 

of the fabric did not hamper its gas permeability. Potent antibacterial properties against 

E. coli were observed owing to the antibacterial properties of TiO2 under irradiation by 

UV light. The protocols reported here provide a new platform for the nano-finishing of 

fabrics, allowing new functions to be imparted without compromising 

 the fabric’s original properties. 

KEYWORDS: Janus particle, side-by-side electrospraying, nano-finishing, 

multifunctional fabrics 
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1. Introduction 

Multifunctional fabrics with waterproof, UV-resistant and antibacterial properties 

have a wide range of potential applications in clothing, medical instruments, and 

pharmaceutical coatings [1-8]. Such materials can block water droplets from 

penetrating, avoid UV damage to the skin, and inhibit the growth of bacteria [9-14]. In 

general, the endowment of multiple functions requires the combination of hydrophobic 

surfaces with micro/nanoscale structure, low surface energy, and auxiliary components 

[15-19]. Beyond traditional processing methods, researchers have proposed various 

strategies such as layer-by-layer assembly [20], dip coating [21], chemical vapor 

deposition [22], and etching [23-26] as routes to impact additional functionality. 

Although these methods have been shown to be successful, there remains a distinct 

need to develop improved finishing methods and to optimize the properties and 

performance of the finished textiles. Furthermore, many functions of the finished 

textiles are achieved by sacrificing the innate comfort, permeability and other physical 

characteristics of the pristine textiles. Thus, a major challenge posed to researchers is 

to impart the designed functionality without compromising the innate characteristics of 

the textiles. New methods that can be employed to deposit different functional 

ingredients on the textile fibers while retaining the initial porous structure are much 

desired.  

In the literature, inorganic nanoparticles (NPs) and nanotubes made of materials 

such as SiO2 [27, 28], ZnO [29-32], Ag [33-37], CuO [38], MoS2 [39], and TiO2 [40-
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44] have all been demonstrated be suitable for the preparation of functional fabrics [45, 

46]. TiO2 NPs have received particular attention for preparing multi-functional fabrics 

owing to their stability, high surface activity, non-toxic and biocompatible nature, and 

antibacterial properties after irradiation with UV light [47, 48]. However, the finishing 

processes required to deposit them are multiple-step, time-consuming, and can make it 

difficult to ensure a high-quality and reproducible product [49, 50]. For instance, 

superhydrophobic fabrics having UV-shielding and antibacterial properties were 

prepared by firstly coating with TiO2 and then solution soaking with a fluoroalkyl silane 

to impart superhydrophobic properties [51, 52].  

Alternative approaches to functionalizing fabrics include electrospraying and 

electrospinning. Both are electrohydrodynamic atomization (EHDA) techniques 

through which particles and fibers at the micro/nano- scale can be produced in a 

straightforward single-step process [53-57]. The simplest experiment involves the 

application of electrical energy to a polymer/functional component solution, resulting 

in rapid solvent evaporation and the formation of solid composite materials. Recent 

developments in the field have led to multiple-fluid EHDA methods, providing a 

number of novel nanoscale products. These methods have permitted the fabrication of 

a series of complex nanostructures, such as core-shell, Janus and combined structures 

[58, 59]. Using multiple-fluid EHDA has also been shown to allow the handling of 

fluids which cannot be processed into solid fibers or particles alone [60].  
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Janus products have anisotropic two-sided structures, and thus exhibit two different 

sets of surface features [61-65]. This can be exploited to encapsulate different 

functional additives and achieve synergistic effects [66-68]. Small particles having a 

high degree of uniformity in size can be uniformly dispersed on a fabric surface [69, 

70]. Side-by-side electrospraying is able to produce Janus particles, with considerable 

control over particle size. Thus, it can be hypothesized that side-by-side electrospraying 

has potential applications as an effective nano-finishing method for fabrics.  

In this work, a side-by-side electrospraying process was developed using an acentric 

spraying head. An epoxy/TETA mixture was used as one of the working fluids, and co-

processed with a TiO2-PVDF suspension. The finished fabrics were characterized in 

detail and their functional performance explored. 

2. Experimental methods 

2.1 Materials 

Epoxy (Epikote-828) was obtained from Momentive Specialty Chemicals, USA. 

PVDF (solef® 1010 poly(vinylidene fluoride)) with a molecular weight of 1 x 105 g·mol-

1 was supplied by Solvay (Belgium). N, N-dimethylacetamide (DMAc) and acetone 

were obtained from the Sinopharm Reagent Co (China). The curing agent 

triethylenetetramine (TETA), was purchased from Shanghai Guofa Plastics Co., Ltd. 

(China). Titanium dioxide (P25, ≥99.5%,) was obtained from Degussa (Germany). 

Titanium dioxide P25 is a nano-sized white powder comprising anatase to rutile at about 

80/20 w/w. A PET (polyethylene terephthalate) microfiber dust-free fabric was 



  

 6 

obtained from a local supermarket. LB Broth was supplied by Thermo Fisher Scientific 

(China). Anhydrous ethanol was bought from the Sinopharm Chemical Reagent Co., 

Ltd. (China). All reagents were used as received without further purification. 

2.2 Preparation of multi-functional fabrics  

Solutions for electrospinning were prepared as follows. 10 % (w/v) PVDF was added 

to a 6:2 v/v mixture of DMAc and acetone, and heated in a flask at 70°C for 24 h. After 

the solution had turned pale yellow, TiO2 NPs were subsequently added to obtain 

working fluids with NP concentrations of 0, 0.5, 1.0, 1.5, and 2.0 wt%. The resultant 

suspension was ultra-sonicated for 4 h. A second solution was prepared by dissolving 

epoxy resin and the curing agent TETA (total concentration 40% w/v; epoxy: TETA 

ratio 12.6:1 w/w) in a mixture of acetone and DMAc (2:6 v/v), and stirring for 1 h.  

After some initial optimization experiments, the TiO2-PVDF and epoxy-TETA flow 

rates were set at 1.3 and 0.35 mL/h, respectively. The working fluids were dispensed 

using two syringe pumps (KDS100, Cole-Parmer, USA). An 8 × 8cm square of PET 

fabric was spread on grounded aluminum foil, and electrospraying performed to coat 

the fabric. A power supply (ZGF 60 kV/2 mA, Shanghai Sute Corp., Shanghai, China) 

was used to provide a voltage of 12 kV, and the distance between the spinneret and 

collector was 16 cm. The finished fabrics were left to dry at room temperature for at 

least 72 h.  

2.3 Characterization  
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The surface morphology of the fabric before and after modification was observed 

using a scanning electron microscope (SEM; Quanta FEG450, FEI Corporation, USA) 

at an accelerating voltage of 20 kV. ATR-FTIR spectra were measured with a Tensor 

27 spectrometer (IS10 instrument, Nicolet, USA). X-ray diffraction (XRD) was 

performed using a model number instrument (Karlsruhe, Germany) over the angular 

range of 10-60°. The wetting properties of the finished fabrics were measured with an 

contact angle analyser (DSA100, Krüss GmbH Germany). Static contact angle 

measurements were obtained using an 8 µL drop of fluid which was left on the fabric 

for 30s. Five independent measurements were performed. The mechanical robustness 

of the finished material (1 × 5 cm) was evaluated by determining the contact angle after 

ultrasonication for various times [71].  

2.4 UV shielding 

UV absorption spectra were obtained on a Lambda 750s UV–vis spectrometer 

(PerkinElmerUSA). The samples were placed between 30 mm diameter square frames 

in the integrating sphere of the instrument and rotated 90 degrees for repeated testing. 

T(UVA), T(UVB) and the ultraviolet protection factor (UPF) can be calculated using 

the following equations according to the UPF standard AATCC Test Method 183 [72]. 
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Where Eλ, Sλ, Tλ, and Δλ are the relative erythemal spectral effectiveness, solar 

spectral irradiance, the average spectral transmission of the specimen, and the measured 

wavelength interval (nm), respectively. 

2.5 Determination of antibacterial activity 

To evaluate the antimicrobial activity of the TPE finished fabric the sample was cut 

into squares of 1 × 1 cm and sterilized with 15W UV irradiation for 30 minutes. E. coli 

DH5α was cultured in LB Broth at 37 °C (under shaking at 220 rpm) until the strain 

reached an OD600 of about 0.6. The microbial culture (108 CFU/mL) was diluted at a 

ratio of 1:1000 to a final concentration of 105 CFU/mL. The sterilized test samples were 

placed into 3 mL of bacterial solution, with the samples fully immersed. The cultures 

were then incubated at 37 °C and 220 rpm in the light, and the OD value determined 

after 24 h [73]. Three independent experiments were performed with each fabric 

sample. The bacterial inhibition rate (%) was calculated according to the following 

formula: 

600 600

600

Blank OD sample OD
Inhibition rate (%)= 100%

Blank OD

−


    (4) 

3. Results and discussion 

3.1 Nanofinishing using side-by-side electrospraying  
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A long-existing challenge in textile functionalization is finding a method to firmly 

bond the finishing agents (most of which comprise loose powders) to the fabric 

substrate. Although some reports can be found in the literature encapsulating TiO2 NPs 

into electrospun nanofibers to endow them with hydrophobic, UV resistant and 

antibacterial properties [74-76], to date no investigations have sought to bond NPs onto 

a fabric surface via EHDA. Here we report a new strategy to achieve this based on side-

by-side electrospraying (Figure 1). Janus particles have been designed with one side 

consisting of an adhesive and the other composed of various functional ingredients. The 

Janus particles developed may be bonded ex-situ onto the surface of fabrics.  

Compared to coaxial electrospinning, coaxial electrospraying, and even tri-axial 

electrospinning, side-by-side EHDA processes are more difficult to implement [77-81]. 

This is because the standard spinneret used comprises two parallel metal capillaries. 

When the working fluids exit this spinneret their contact area is very small, and the two 

fluids have the same charge, causing them to repel one another. To overcome this issue, 

here we use an acentric spraying head, as reported in the recent literature [82]. The 

spraying head is shown in the upper-right inset of Figure 1, and ensures a larger contact 

area between the two working fluids. One side of the spinneret has a crescent shape, 

while the other is round. This should be beneficial for preventing the separation of the 

two working fluids and creating integrated Janus structures. 

During electrospraying experiments, the epoxy/TETA solution and the TiO2-PVDF 

suspension were respectively pumped from the crescent and round exits of the 
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spinneret. Under ambient conditions, the epoxy resin solution is always a liquid, which 

means that it could not be solidified using electrospraying. Hence, the Janus particles 

produced comprised one solid TiO2-PVDF side for functional performance, and a liquid 

epoxy resin side for bonding on the fabric surface. 

 

Figure 1. Textile nano finishing using side-by-side electrospraying. The upper-right 

inset shows a digital photograph of the acentric spraying head. 

During the electrospraying process (Figure S1a and S1b, Supporting Information), a 

side-by-side compound Taylor cone was observed under the optimized processing 

conditions (Figure 2a). The white side of the cone comprises the TiO2-PVDF 

suspension, while the transparent side is the epoxy solution. After the Taylor cone, a 

straight fluid jet and an atomization region were observed (Figure S1b, Supporting 

Information). In the atomization region, the Coulombic explosion causes the droplets 
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to split rapidly; at the same time the solvent evaporates and solid material is deposited 

on the collector [83, 84].  

For a monoaxial or coaxial electrospraying process, the droplet splitting process is 

generally straightforward and results in only a single type of product. However, in the 

side-by-side process, the situation is more complicated because droplet splitting could 

happen at both the adjacent fluids. There at least two possible splitting processes that 

could arise (Figure 2b). These include simultaneous splitting of both fluids within a 

droplet, resulting in the shrinkage and solidification of the droplet to form Janus 

particles with a TiO2-PVDF solid side and an epoxy slurry side (TPE particles). 

Here, the TiO2-PVDF particles will be firmly bonded to the fabric thanks to the 

curing of the epoxy resin. However, under ambient conditions, the epoxy resin was in 

a liquid slurry state. The evaporation rates of the solvents in the epoxy resin and PVDF 

sides will be different. Thus, it is possible that the PVDF fluid within the Janus droplets 

will dry to an extent that it could not split any further, while the epoxy side could still 

split into smaller droplets. Under this situation, some tiny epoxy droplets would 

separate from the Janus droplets. This is expected to have minimal influence on the 

finishing, however. 
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Figure 2. The side-by-side electrospraying process: (a) a digital picture of the 

compound Taylor cone; (b) a diagram showing the routes by which the charged 

droplets could split during atomization. 

3.2 Morphology and nanostructure  

As shown in Figure 3a, the pristine fabric comprised relatively smooth fibers 

arranged in a regular fashion. The fact that water droplets can spread between the fibers, 

and the hollow space between them, results in the pure fabric being highly hydrophilic 

[85]. A water droplet applied to the surface rapidly spreads and disappears into the 

fabric, giving a contact angle (CA) of 0° (Figure 3a, inset). After electrospraying, the 

fabric fibers can be seen to be coated with microparticles (Figure 3b), with varied 

deposition density. The CA value increases to 152° on the fabric finished with TPE 

Janus particles (Figure 3b, inset). Water droplets were retained on the surface of the 

fabric decorated by TPE particles. The hydrophobic nature of PVDF, the presence of 

the TiO2 nanoparticles, the cross-linked epoxy resin, and probably also the air at the 

solid-liquid interface, all act together to block the water droplets from penetrating into 

the fabric.  
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When the particles were deposited on the fabric, they appear to be bonded to the 

surfaces of the fibers comprising the fabric (see Figure 3c, blue highlighting), largely 

as a result of the presence of the epoxy resin (Figure S1c and S1d, Supporting 

Information). This arises because of the curing of the resin in the presence of TETA 

(Figure S2, Supporting Information). The TPE particles tend to pile up on the exterior 

of the fabric (Figure 3d). Energy-dispersive X-ray spectroscopy (EDX) data (Figure 3e) 

confirm the presence of Ti in the electrosprayed particles, which are found to have 

diameters of 3.19 ± 0.94 μm (Figure 3f). The TPE Janus particles are deposited only on 

one side of the fabric, which will result this having superhydrophobic properties. The 

non-coated side will retain the initial hydrophilic properties and the softness of the 

pristine fabric, which is desired for commercial applications [86]. 

 

Figure 3. SEM images of (a) the pristine fabric and (b–d) after finishing with TPE 

particles containing TiO2 concentrations of 2 wt%, with the corresponding EDX 
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spectrum (e) and diameter distribution (f). The insets in (a) and (b) show photographs 

of a droplet of water placed on the surface. 

3.3 Physical form and component compatibility 

X-ray diffraction (XRD) patterns of the TiO2 NPs and Janus particles prepared both 

with and without TiO2 are given in Figure 4a. The TiO2 NPs are seen to comprise a 

mixture of the anatase and rutile polymorphs. Electrosprayed Janus particles prepared 

without the addition of TiO2 exhibited broad peaks at 2θ of 19.78°and 20.48°, which 

originate from the β phase of PVDF [87]. A weak reflection at ca. 18.4°can be attributed 

to the (020) reflection of the α PVDF phase. These PVDF reflections can still be 

discerned when TiO2 NPs are incorporated into the particles, albeit with some small 

shifts in position [88]. In both cases, the β phase of PVDF dominates. This occurs 

because during the electrospraying processes the PVDF molecules reorient themselves 

under the influence of the electrical field, which promotes the formation of the polar β 

phase over the non-polar α system. Distinctive Bragg reflections of both rutile and 

anatase TiO2 can also be observed in the pattern of the loaded particles. 
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Figure 4. (a) XRD patterns of TiO2 and Janus particles. (b) FTIR spectra of the pristine 

fabric, TPE particles, and the finished fabric. 

FTIR spectra are shown in Figure 4b. In the FTIR spectrum of fabric finished with 

the TPE particles, characteristic absorbance peaks at 763 cm−1 (CF2 bending and 

skeletal bending) and 975 cm−1 (CH2 rocking) are attributed to α-phase PVDF [89]. A 

small absorbance band at 840 cm−1 (CH2 rocking and CF2 stretching) is a signature of 

the β-phase [88, 90]. Distinctive peaks at 1180 cm−1 and 1403 cm-1 correspond to 

stretching and deformation vibrations of C–F bonds [91, 92]. Characteristic aromatic 

peaks from the epoxy resin can be seen at 1510 and 1608 cm−1 in the spectrum of the 

finished fabric. The pristine fabric shows absorption bands at 872 and 1408 cm-1
 which 

are absent in the finished material. This, together with the weakening of other distinct 

absorbance peaks from the fabric (at 723, 1095, 1242, 1719, 1339 cm-1) is ascribed to 

coverage of the TPE particles on the fabric surface (Table S1, Supporting Information). 

Figure S3 displays the FTIR spectra of fabric finished with TPE particles both before 

and after 72 h of curing. Bands at 600 cm−1 (Ti-O stretching) can be seen, and the peak 

at 3022 cm−1 belongs to the stretching vibration of the hydroxyl group O-H of the TiO2 

[93]. In neither spectrum can the epoxy groups be seen, indicating that the  0 epoxy 

groups of undergo a ring-opening curing reaction in a very short time. 

3.4 Optical properties 

To optimize the optical properties, fabrics were finished with TPE particles 

containing a range of concentrations of TiO2. SEM images and EDX spectra of these 
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are shown in Figure S4 and S5 of the Supporting Information. The optical absorption 

spectra of the pristine and finished fabrics were measured using a UV-Vis spectrometer 

over the wavelength range of 200~400 nm. The wavelength of ultraviolet radiation wad 

divided into three categories: UVA (320-400 nm), UVB (280-400 nm) and UVC (200-

280 nm) [94]. UVC, which leads to the greatest skin damage, is almost completely 

blocked by the ozone layer, so the UV protection was primarily aimed at UVA and 

UVB. It is clear from Figure 5a that the greater the content of TiO2 NPs in the TPE 

particles, the greater the absorption of UV light by the finished fabrics. There is strong 

UV absorption intensity appearing over the UVB wavelength range.   

 

Figure 5. The UV absorbance of fabrics finished with TPE particles containing varied 

concentrations of TiO2 NP: (a) UV absorption spectra, (b) UPF values. 

The ultraviolet protection factor (UPF) values were used to calculate the resistance 

to ultraviolet radiation, as shown in Figure 5b. The fabrics finished with TPE particles 

without TiO2 had a UPF of 9.17, indicating that UV shielding was poor. The 

introduction of TiO2 into the TPE particles causes the UPF values to increase, reaching 
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733 at 2.0 wt%. This is attributed to the UV-absorbing capabilities of TiO2. Under the 

electrospraying conditions, a higher concentration of TiO2 in the PVDF side fluid led 

to more TiO2 NPs being distributed on the surface of the fabric. Hence, the number of 

active sites that can absorb ultraviolet light on the surface of the fabric increase 

correspondingly, engendering a successive increase of ultraviolet absorption intensity 

and the UPF value. According to GB/T 18830-2009 if the UPF value of a material is > 

40 and T (UVA) < 5% it can be referred to as a ‘‘UV protection product’’. In this study, 

when the PVDF side fluid contained a concentration of 2.0 wt% TiO2 NPs the finished 

fabric had a UPF value of 733 and T (UVA) of 3.08%, meeting this standard (Table S2, 

Supporting Information). 

3.5 Wettability and Permeability 

The pristine fabric has a strong tendency to absorb moisture (Movie S1, Supporting 

Information), which is related to the presence of hydroxyl groups on the surface of the 

fibers and the capillary effect caused by the voids between fibers. The water contact 

angle (CA) of fabric finished with TPE particles containing no TiO2 was 134°. The 

introduction of TPE particles thus enhances the hydrophobicity of the finished fabric. 

With an increase in TiO2 concentration, the CA values of the finished fabrics increase 

further, reaching 138°, 143.5°, 150.5°, and 152° for TPE particles prepared with PVDF 

fluids containing 0.5, 1.0, 1.5 and 2.0 wt% TiO2 (Figure 6a). A hierarchical and rough 

hydrophobic layer on the fabric surface is formed by the finishing process [18, 95], 

arising through the agglomeration of TPE particles due to in situ bonding by the epoxy 
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resin (Figure 6b) [96]. These hydrophobic nature of the components in the TPE particles 

additionally endowed the finished fabrics with the ability to repel liquids such as ink, 

coffee, and milk. A digital photo demonstrating this is shown in Figure 6c. The liquid 

droplets all maintain a spherical shape on the finished fabric and do not absorb into it.  

The fabrics finished with TPE Janus particles had excellent self-cleaning 

performance, demonstrated in Figure 6d. When dyed water droplets are placed on the 

surface of the finished fabric covered with chalk powder, they gather together and 

remove the solid contaminants. Water can clearly slide over the fabric surface without 

wetting it (Movie S2, Supporting Information). In Figure 6e, a water droplet of 8 μL on 

a syringe needle is seen to retain its spherical shape when placed on the finished fabric. 

Further, when the syringe is moved over the surface, the droplet can be fully detached 

from the fabric surface even after repeated contacts (see also Movie S3, Supporting 

Information). These phenomena demonstrate that the fabric has excellent anti-adhesion 

properties after finishing with the TPE particles, expected to be a result of the low 

surface energy of the hierarchical surface structure post-finishing [97, 98]. 

SEM images of the fabrics finished with TPE Janus particles suggest that there are 

still many pores in them (see Figure 6f, left). These have diameters larger than 110 μm 

and should permit the fabric to retain gas permeability properties. To test this, a beaker 

containing boiling water was sealed with the finished fabric (Figure 6f, right). Water 

vapor could be clearly seen above the beaker, confirming that the TPE particle 

functionalization does not hamper gas transfer and breathability. 
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We also explored the durability of the finished fabric. A sample immersed in alcohol 

was treated over one hour under ultrasonic vibration, and the CA measured. The CA 

value declines slightly in the first 15 min, but then remained at 140° for the remainder 

of the treatment time (Figure S6, Supporting Information), confirming that the coating 

is robustly applied and remains in place.  

 

 

 

Figure 6. Wettability and permeability of fabric finished with TPE particles: (a) The 

change in CA with TiO2 concentration. (b) A schematic illustrating the behavior when 

water droplets were are on the surface of the pristine and finished fabric. (c) Water 

repellent, (d) self-cleaning, (e) anti-adhesion properties and (f) breathability of the 
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fabric finished with TPE Janus particles containing 2 wt% TiO2 (left: an SEM image; 

right a digital image showing the transmission of vapor).  

3.6 Antimicrobial Activity  

The finished fabrics could produce antibacterial effects through two potential 

mechanisms (Figure 7a) [99, 100]. (I) When a bacterial suspension comes into contact 

with the surface of the fabric, the bacteria will encounter the TPE Janus particles, which 

can kill them and prevent proliferation. (II) The hydrophobic nature of the fiber surface 

after finishing ensures that the bacteria are kept at the surface and cannot enter the bulk 

of the fabric.  

Bacterial growth kinetics were quantified to assess the antimicrobial activity of the 

finished fabric. TiO2 has antibacterial properties which are induced by UV-treatment, 

as shown in Figure 7b. Conduction band electrons and valence band holes are generated 

by UV induction. These photogenerated electrons and holes undergo a series of 

reactions with oxygen and water respectively, which further form reactive oxygen 

species (ROS) such as ·OH, O2
·, H2O2 [101, 102]. These ROS cause the oxidation of 

cellular components and membrane leakage. The maximum optical density (OD) 

observed with the untreated fabric after immersion in LB broth for E. coli DH5α was 

0.924 ± 0.024. No inhibition of E. coli growth was observed after 24h with a fabric 

finished with 0.5wt% TiO2 NPs. However, the bacterial inhibition rate increases with 

the TiO2 content (Figure 7c) [103]. The lowest maximum OD was observed, indicating 

fabrics finished with TPE Janus particles containing TiO2 NPs have significant 
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antibacterial ability against E. coli DH5α. The fabric finished with particles from a 2 

wt% TiO2 NPs suspension was able to inactivate 74.8% of the bacterial colonies in 24 

h [104, 105].  

 

Figure 7. Antibacterial performance of fabrics finished with TPE Janus particles. (a) 

The mechanisms underlying the antibacterial action model of the finished fabrics. (b) 

A schematic illustration of the antibacterial effect arising through TiO2 photocatalysis. 

(c) OD600 values and inhibition rates against E. coli DH5α. 

In the present study, the multifunctionality of the finished fabrics originates from 

the PVDF-TiO2 side of the Janus particles. The epoxy resin side of the particles also 

had an important role, ensuring the binding of the functional ingredients PVDF and 

TiO2 to the surface of the fabric. The two sides acted together to ensure a successful 

nano-finishing process. Given this proof-of-concept demonstration, a wide variety of 

potential applications can be envisaged. On one hand, a wide variety of inorganic NPs 

and even inorganic nanotubes [106, 107] can be easily finished onto the fabric surface 
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to develop functional textiles. Further, the successful usage of a unsolidifiable solution 

as a side working fluid in this work should promote further investigation into the 

fundamental engineering principles of EHDA. The two-fluid side-by-side 

electrospraying pioneered here can be further developed into three-fluid EHDA 

processes (such as tri-axial, tri-layer side-by-side, or combinations of coaxial and side-

by-side) for functionalizing fabrics with multifunctional particles with more 

complicated structures.         

4. Conclusions 

Here we report a simple strategy for finishing fabrics based on side-by-side 

electrospraying. The use of a liquid binder (epoxy resin) as one side of the Janus 

particles that result from electrospraying allowed them to effectively bind to the fibers 

which make up a fabric substrate. The other side of the particles contained PVDF, a 

hydrophobic polymer, and TiO2 NPs. The coating was observed to result in an irregular 

hierarchical coating. Fabrics finished with the Janus particles were demonstrated to 

have UPF values up to 733, suggesting potent UV protection properties. The optimum 

finished fabric had a water contact angle of 152° and was found to be extremely 

hydrophobic. This renders it able to resist staining, and also endows it with self-cleaning 

properties. The finished fabric was able to inactivate 74.8% of E. coli DH5α bacterial 

colonies in 24 hours.  
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