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Abstract 

β-Cyclodextrin polymer, namely nanosponges (NSs), were synthesized using two cross-linkers: 1,1′-

carbonyldiimidazole (CDI) and pyromellitic dianhydride (PMDA). The synthesized NSs were complexed with 

N,N-diethyl-meta-toluamide (DEET) and, after complex characterization, the NSs cross-linked with CDI were 

found more effective than those cross-linked with PMDA in terms of encapsulation efficiency and loading 

capacity. The CDI-NSs were dispersed in a polyacrylic resin, which was thermally polymerized on a polyester 

fabric surface. The fabric functionalization was evaluated through quantification of DEET extracted from the 

polyester fabrics, before and after three washing cycles. The results showed that encapsulation into NSs 

prolongs the persistence of DEET on polyester fabrics. 
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1. Introduction 

Diseases transmitted by insects affect millions of people every year, most commonly in tropical and 

subtropical countries, where insects can be vehicle for many dangerous infections leading to death. Malaria 

is an example and mortality due to this infectious disease mainly occurs in infants and young children [1], 

[2]. Recently, Zika virus is alarming the international community because it has already spread to sixty-six 

countries and territories, and the World Health Organization has declared it a public health emergency of 

international concern, soliciting public health researchers to work on effective control strategies [3]. Zika is 

a mosquito-borne virus, and at present, no commercial vaccine is available; therefore, preventive measures 

should be taken to avoid the virus infection. The basic precautions are the same as those for any other 

mosquito-borne disease [4], among which use of insect repellents, such as N, N-diethyl-m-toluamide 

(DEET), is currently the most effective [5], [6], [7]. DEET shows repellence against mosquitoes, bugs and 

ticks. However, it cannot be effective for a long duration [8], [9]. Moreover, rubbing of garments, sweat, 

detergents, warm temperatures or high winds can considerably decrease the duration of effectiveness of 

repellent agents; therefore, it becomes necessary to reapply repellents frequently [10]. One way to 

overcome this problem is DEET encapsulation, which prolongs its persistence and, at the same time, results 
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in decreased absorption by skin, which is greatly appreciated because DEET may induce irritation when 

applied directly on skin [11], [12]. The use of novel polymer-based formulations represents a challenge that 

may guarantee effective protection against insect bites, long-lasting repellent action and minimal skin 

penetration [13]. In the case of insect protection, polymeric drug carriers are of great interest because they 

are considered a suitable strategy for time- and distribution-controlled drug delivery. The mechanism 

involved in controlled release requires polymers with a variety of physico-chemical properties. Thus, a wide 

range of polymers, including micro- and nanocapsules, have been used as potential carriers [14], [15]. 

Encapsulation allows maintaining the repellent effect for a longer period without exposing the individual to 

high dose of the product, which could lead to excessive dosage and adverse effects. The release of the 

encapsulated substance occurs by diffusion through the microstructure system or by its rupture [16], [17], 

[18]. 

Among many agents used for microencapsulation, cyclodextrins (CDs) have been the subject of numerous 

investigations. Because of their relatively hydrophobic cavity and hydrophilic outer shell, they can form 

host–guest complexes with suitable hydrophobic molecules. The formation of these complexes results in 

significant changes in the solubility and reactivity of the guest molecules, but without chemical 

modification. It is believed that hydrogen bonds and hydrophobic interactions are mainly responsible for 

drug encapsulation in the CD cavity. These compounds have been applied in many fields, e.g., food 

chemistry, cosmetics, textiles, organic coating, and pharmaceutical industries [19], [20], [21], [22]. By 

reacting CDs with suitable cross-linking agents, nanostructured hyper-crosslinked materials can be obtained 

[23], [24]. Nanosponges (NSs) are branched CD polymeric systems, which exhibit great potential in many 

different fields. Over the past decade, different varieties of NSs based on the type of CD and cross-linker 

have been tailored for specific applications. Romo et al. employed β-cyclodextrin polymers to extract 

phenols from aqueous solution [25]; Yinjuan et al. studied the release rate of model drug from β-CD 

incorporated hydrogel [26]. NS technology has been efficient in achieving solubilization, controlled release, 

permeability enhancement, improvement of bioavailability, etc. [27], [28], [29]. 

Microencapsulation technologies have been applied on textiles for insect protection. A number of studies 

have been reported on the efficacy of the insect repellent treatments of textiles. They have great potential 

for improving the longevity of highly volatile natural mosquito repellents and for developing highly efficient 

eco-friendly repellent textiles [30], [31], [32], [33]. When microencapsulation is used, suitable binders 

adhering to the fabrics and simultaneously supporting the mosquito repellent agents should be employed 

to fix the microcapsules on the fabric surface [34]. Specos et al. developed microcapsules containing 

citronella essential oil by complex coacervation and applied them to cotton fabrics to study the repellent 

efficacy of the materials. Textiles treated with microencapsulated citronella presented a higher and longer 

lasting protection than fabrics sprayed with an ethanol solution of free citronella oil [35]. 

Insect repellent textiles can also be produced by the incorporation of repellent agents inside the fiber or 

yarn before preparing the fabrics. In this case, the insect repellent agents are added during the spinning 

step of the fibers [36], and the process does not require any binder because the insect repellant is 

embedded in the fiber bulk rather than immobilized on the fiber surface. 

In a study by İnceboz et al., the ability of β-CD cavity to form an inclusion complex with DEET molecule was 

demonstrated by DSC (Differential Scanning Calorimetry) analysis. The authors suggested a preferential 1:2 

stoichiometry of the inclusion complex between β-CD and DEET [37]. Proniuk et al. described the inclusion 

complex formation between hydroxypropyl β-CD and DEET and found the association constant to be equal 

to 1286.5 M− 1 [38]. On the basis of these encouraging results, the present work aimed at creating a 

functionalized fabric incorporated with DEET-loaded NSs for protection against insect-borne diseases. N,N-

diethyl-meta-toluamide (DEET) was complexed in β-CD-based NSs, dispersed in a polyacrylic resin for 

polyester fabric finishing to achieve insect repellence. The selected polyester fabric was intended for seat 

car covers as it has been reported that car cockpits, because of their carbon dioxide-enriched atmosphere, 



attract mosquitoes [39]. Nevertheless, the process set up in the present work can be applied to different 

substrates as the polyacrylic resin used for binding the NSs on the fabric is of general textile use and not 

selective to polyester only. 

Two synthesis routes have been followed by using two cross-linking agents: 1,1′-carbonyldiimidazole (CDI) 

and pyromellitic dianhydride (PMDA). Moreover, DEET complexation was carried out according to two 

different methods: DEET was complexed with the β-CD cavities before cross-linking (pre-loaded NSs) or 

DEET was complexed with the NSs after cross-linking (post-loaded NSs). A specific aim of the work was to 

assess which complexation method was more effective in terms of DEET encapsulation efficiency, loading 

capacity, and washing durability. 

 

2. Experimental 

2.1. Materials 

β-CD was a gift of Roquette Italia (Italy). CDI, triethylamine (Et3N), N,N-dimethylformamide (DMF), PMDA, 

dimethylsulfoxide (DMSO) and DEET were supplied by Sigma-Aldrich (Italy) and used as received. Fig. 1 

shows the molecular structure of DEET.  

Knitted 100% PET, polyester fabrics (240 g/m2), were kindly supplied by Sinterama s.p.a. (Italy). The 

polyacrylic resin Dicrylan AC01 was kindly supplied by Huntsman International. 

 

2.2. Synthesis of NSs 

Different types of NSs were synthetized, under different process conditions in terms of temperature, type 

and concentration of cross-linker and DEET complexation method. 

 

2.2.1. Synthesis of preloaded DEET-CDI-NSs 

A known amount of β-CD (Table 1) was dissolved in a proper volume of DMF (50 mL) at room temperature 

in a round bottom flask, under magnetic stirring, until a clear solution was observed. Subsequently, the 

selected amount of DEET corresponding to 1:10, 1:1, 5:1, and 10:1 β-CD:DEET molar ratio was added and 

the solution was kept under stirring for 1 h to allow DEET complexation. After adding the amount of CDI 

corresponding to 1:4 or 1:8 β-CD:CDI molar ratio, the suspension was heated to 40 °C or 70 °C, so that the 

cross-linking reaction between CDI and β-CD occurred. The product of the synthesis was an organogel. The 

specific synthesis conditions for each batch are summarized in Table 1, and the reaction scheme is shown in 

Fig. 2 – Scheme 1. The reacted mixture was then cooled to room temperature and rinsed with deionized 

water, thus obtaining a solid product recovered by filtration under vacuum. Finally, the NSs were dried, 

ground manually, and sieved through a 70-μm mesh to obtain a homogeneous powder. 

 

2.2.2. Synthesis of preloaded DEET-PMDA-NSs 

PMDA-NS synthesis was similar to that of CDI-NSs, except for presence the catalyst (tryethylamine) used to 
accelerate the cross-linking reaction in PMDA-NS synthesis. The PMDA-NS synthesis conditions are shown 
in Table 1. A known amount of β-CD was dissolved in 50 mL DMSO at room temperature in a round bottom 
flask. The amount of DEET corresponding to 1:1, 5:1, or 10:1 β-CD:DEET molar ratio was then added and the 
solution was kept under stirring for 1 h to allow DEET complexation into β-CD cavities. Subsequently, the 



required amount of PMDA was added to the mixture. Tryethylamine in molar ratio 1:1 with PMDA was 
added as catalyst. After the organogel was formed, the mixture rinsed with deionized water under vacuum 
filtration. The solid product was then dried, ground manually, and sieved through a 70-μm mesh to obtain a 
homogeneous powder. The reaction scheme is presented in Fig. 2 – Scheme 2. 

 

2.2.3. Synthesis of postloaded CDI- and PMDA-NSs 

For comparison purposes, plain CDI-NSs and PMDA-NSs were prepared according to the same procedures 
described in the above two paragraphs, but without the addition of DEET. The synthesis details for each 
batch are given in Table 1. 

 

For DEET complexation, the plain NSs and DEET were suspended in acetone with an excess of DEET. The 
mixture was kept under magnetic stirring for 24 h. Acetone was then removed by vacuum filtration, and the 
powder obtained was dried, ground manually, and sieved through a 70-μm mesh to obtain homogenous NS 
powder. 

 

2.3. Functionalization of polyester fabrics with the synthesized CDI-NSs 

The polyester fabrics were scoured in 5 g/L standard detergent ECE solution at 95 °C for 35 min. 
Subsequently, the finishing bath was prepared by dosing 30 g/L polyacrylic resin (Dicrylan AC01) and 10% 
owf (on weight of fibers) of synthesized DEET-loaded CDI-NSs in an aqueous bath at 30 °C. As discussed in 
the results section, PDMA-NSs were far less capable of entrapping DEET and were excluded from fabric 
functionalization. The fabric was dipped in the finishing bath for 30 min under stirring. Afterwards, two 
different procedures were followed for fabric impregnation. The first one was a conventional pad-dry-cure 
process, with fabric squeezing through rollers at a pressure of 1 bar, drying in an oven at 60 °C until 
constant weight, and subsequently heating at 125 °C for 7 min for resin curing. 

In the second procedure, after impregnation into the DEET-CDI-NSs/acrylic resin suspension, the fabric was 
directly placed in the oven at 60 °C without squeezing until constant weight and then heated at 125 °C for 7 
min for resin curing. 

For comparison purpose, a finishing bath with 30 g/L polyacrylic resin and 0.3 g/L free DEET was prepared 
and a fabric sample was treated with resin plus DEET, without CDI-NSs, under the same process conditions. 
Free DEET concentration was selected to have the same DEET quantity as that encapsulated in the CDI-NSs 
during the synthesis with β-CD/DEET molar ratio 5:1. 

 

2.4. Washing tests 

After functionalization, the PET fabrics were washed at 40 °C for 40 min in a 2-g/L ECE standard detergent 
solution. The washings were performed in the Beaker dyeing Labomat equipment (Mathis, Switzerland) 
with a fabric-to-bath ratio 1:40, at a revolving speed of 55 rpm with alternating clockwise and anticlockwise 
rotations. 

 



2.5. Characterization techniques 

2.5.1. Soxhlet extractions 

DEET-loaded NSs and the treated PES fabrics were subjected to Soxhlet extraction for quantification 
purposes for 3 h in ethanol. The treated fabrics were Soxhlet extracted before and after the washing tests. 

 

2.5.2. HPLC analysis 

HPLC analysis of the extracts was performed using a Waters separation module 2695,2998 Photodiode 
Array Detector and C18 column. The mobile phase was composed of 43% water and 57% methanol. A flow 
rate of 1 mL/min, column temperature of 25 °C, injection volume of 20 μL, and retention time of 15 min 
were set. Before the analysis, the solutions were filtered through a 0.22-μm filter. Calculations were made 
according to the following calibration line (Eq. (1)): 

𝐴 = 49000 ∗ 𝐶 + 20252             (1) 

where A is the peak area as given by the instrument and C is the corresponding solution concentration. 

 

2.5.3. Thermogravimetric analysis 

Thermogravimetric analysis was performed using TA Instrument TGA2050. 10 mg samples were used for 
the analysis. The furnace was heated from 40 °C to 700 °C at a heating rate of 10 °C/min. The analysis was 
performed in inert atmosphere under a 100 mL/min nitrogen flow rate. 

 

2.5.4. SEM analysis 

SEM images were obtained using a Leica Electron Optics 435 VP instrument (UK) with an acceleration 
voltage of 10 kV. 

 

2.5.5. BET analysis 

BET analysis was performed using a Micrometrics ASAP 2020 N2 physi-sorption machine. Before the 
analysis, the samples were heated at 120 °C for 2 h to eliminate the potentially physically adsorbed 
molecules. Nitrogen adsorption–desorption isotherm was measured at 77 K. 

 

2.5.6. NMR analysis 

Solid-state NMR spectra were acquired using a Jeol ECZR 600 instrument, operating at 600.17 and 150.91 
MHz for 1H and 13C nuclei, respectively. Powder samples were packed into cylindrical zirconia rotors with an 
OD of 3.2 mm and volume of 60 μL. A certain amount of the samples was collected from each batch and 
used without further preparations to fill the rotor. 13C CPMAS spectra were acquired at a spinning rate of 20 



kHz using a ramp cross-polarization pulse sequence with a contact time of 3.5 ms, a 90° 1H pulse of 2.189 
μs, (optimized) recycle delays between 1 and 2 s, and the number of scans between 1000 and 20,000, 
depending on the sample. For every spectrum, a two-pulse phase modulation decoupling scheme with a 
radiofrequency of 108.5 kHz was used. The chemical shift scale was calibrated through the methylenic 
signal of external standard glycine (at 43.7 ppm). 

 

2.5.7. FTIR analysis 

Perkin Elmer Spectrum 100 was used in attenuated total reflectance (ATR) mode with a diamond crystal in 
the region from 4000 to 650 cm− 1. ATR-FTIR spectra of plain NSs, pure DEET, and DEET-loaded NSs were 
collected. Each spectrum was scanned 8 times with a resolution of 4 cm− 1. 

 

3. Results and discussions 

3.1. DEET encapsulation efficiency and loading capacity of synthesized NSs 

Encapsulation efficiency (EE) and loading capacity (LC) are expressed by Eqs. (2), (3), respectively. 

𝐸𝐸% =
𝑀𝑒𝑛𝑐𝑎𝑝𝑠_𝐷𝐸𝐸𝑇

𝑀𝑢𝑠𝑒𝑑_𝐷𝐸𝐸𝑇
∗ 100         (2) 

𝐿𝐶 =
𝑀𝑒𝑛𝑐𝑎𝑝𝑠_𝐷𝐸𝐸𝑇

𝑀𝑁𝑆
                         (3) 

where Mencaps_DEET is the amount of DEET in the NSs (estimated by HPLC analysis), Mused_DEET is the initial 
amount of DEET added in the process (estimated gravimetrically), and MNS is the amount of NSs from which 
DEET was extracted (estimated gravimetrically). 

The results are shown in Table 2. 

From the comparison between the EE of CDI- and PMDA-NSs, it can be concluded that CDI-NSs have a much 
higher EE. This result may be ascribed to PMDA chemical structure, which gave the NSs a more polar 
character than CDI. The polarity of PMDA-NSs brings a partially negative charge on the surface, which 
prevents the interaction with the functional groups of DEET molecule. Moreover, it causes a pronounced 
swelling of the NSs when in contact with water. The swelling facilitates DEET loss during the rinsing step. 
Finally, the more rigid and compact structure of CDI-NSs than that of PMDA-NSs, deriving from low 
molecular weight of the cross-linking bridges, helps to limit the diffusion and loss of entrapped DEET 
molecules. 

With regard to CDI-NSs, the maximum EE and LC were found in the case of CDI-NSs synthesized with large 
excess of DEET with respect to β-CD (10:1). However, it is worth observing that EE was small if compared 
with the excess of DEET used in the process: in fact, with 50 times more DEET (β-CD:DEET 1:10 vs. 5:1), EE 
slightly increased from 42.3% to 49.3%. This implies that in the case of large excess of DEET, the 
encapsulation was largely inefficient and great amounts of DEET were depleted during the process. As an 
overall consideration, 5:1 can be considered as the optimal β-CD:DEET molar ratio because the EE seemed 
to reach a maximum regardless of the other operative parameters. 

The effect of β-CD:CDI molar ratio is controversial: with the increase in β-CD:CDI molar ratio from 1:4 to 
1:8, EE improved when β-CD was in excess with respect to the amount of DEET (from 33.0% to 42.3% in the 



case of 5:1 β-CD:DEET and from 26.9% to 35.5% in the case of 10:1 β-CD:DEET); however, it decreased in 
the case of 1:1 β-CD:DEET molar ratio (from 23.8% to 16.2%). It can be supposed that CDI favored the 
formation of a nanoporous, three-dimensional structure with more cavities that can host large amounts of 
DEET; however, this effect was hindered by DEET because it interfered with the cross-linking reaction. 
Therefore, when β-CD:DEET was 1:1, the degree of cross-linking was lower than in the cases of 5:1 or 10:1 
β-CD:DEET. As shown later, the disturbance of DEET in the cross-linking reaction was confirmed by FTIR 
analysis where the CO signal of the cross-linking bridge was attenuated in DEET-loaded CDI-NSs with 
respect to plain CDI-NSs, and this was probably the symptom of a lower degree of cross-linking of loaded 
NSs with respect to plain ones. 

When DEET was post-loaded after synthesis, EE was much lower than in the case of DEET- preloaded NSs 
synthesized under the same conditions (20.9% vs. 42.3%, respectively). In the case of preloaded NSs, DEET 
was entrapped in the organogel during its formation, whereas in the case of post-loaded NSs, DEET must 
diffuse into the surface and inside the porous NS structure before complexation into the NSs. Diffusion in 
porous media is notoriously a slow process; therefore, more free DEET, which can be easily removed by 
rinsing, was likely present in post-loaded NSs than in preloaded ones. A more intimate contact between 
DEET and NSs could result also in a stronger and more durable complex in the case of preloaded than 
postloaded NSs, and this hypothesis was confirmed by the washing test results, which are presented in 
Section 3.6. 

Finally, it can be observed that temperature did not substantially affect EE. PMDA-NSs were excluded from 
further investigation because they exhibited too low EE. 

 

3.2. Morphological and thermal characterization of DEET-loaded CDI-NSs 

As shown in Fig. 3, CDI-NSs have irregular microporous structures with a rough surface. 
Table 3 reports the BET analysis performed on CDI-NSs. The specific surface area Sbet, the specific porous 

volume Vp, and the mean pore diameter Dp are reported. BET analysis evidenced that CDI-NSs have a small 

specific surface area. This result is in accordance with the literature, which reports that CD polymers cross-

linked with small linkers have little framework porosity, except the inherent cavities of CD, thereby leading 

to a small specific surface area [40], [41]. This result suggests that DEET adsorption on the CDI-NS surface is 

negligible, and complexation in the CD inner cavities is the main route for DEET incorporation. 

Fig. 4 shows the TGA thermograms of DEET, plain CDI-NSs, and DEET-loaded CDI-NSs with 1:10 and 5:1 β-

CD:DEET ratios. A 3–5% weight loss between 30 °C and 110 °C occurred for the NSs, both for the loaded and 

plain ones, due to the evaporation of water molecules from the nanoporous structure. Furthermore, plain 

and DEET-loaded NSs started to degrade at about 150 °C following two degradation steps, with a main 

weight loss starting at 300 °C. The thermograms of DEET-loaded CDI-NSs, in particular, the curve of CDI-NSs 

loaded with an excess of DEET, did not show any weight loss corresponding to DEET 

evaporation/decomposition temperature. This observation indicated that the formation of DEET/CDI-NSs 

complexes thermally protected the active principle. These findings are in agreement with the literature, 

which reports that encapsulation in CD improves the thermal stability of the guest molecules [42], [43]. At 

700 °C, 8% of CDI-NSs char remained visible, thus indicating the formation of amorphous carbon residue. 

 

3.3. FTIR analysis 

The FTIR spectra of DEET, plain CDI-NSs, and DEET-loaded CDI-NSs, are shown in Fig. 5. The FTIR spectrum 

of DEET showed the characteristic absorption bands of the main DEET functional groups: the CH stretching 

vibrations were visible at 2971–2933 cm− 1 and the CO stretching at 1626–1584 cm− 1. The spectrum of plain 



NSs showed intense vibration bands in the region 3000–3500 cm− 1 due to OH stretching, at 2850–3000 cm− 

1 due to CH stretching, at 1700 cm− 1 due to CO stretching, and at 1150 and 1082 cm− 1 due to the C-O-C 

absorption bands typical of polysaccharides. The FTIR spectrum of DEET-loaded CDI-NSs did not show a 

direct evidence of DEET absorption peaks, whose bands were almost completely unnoticed because of the 

very intense and broad CDI-NS bands, which were greatly affected by molecular complex formation. This 

observation indicates that DEET main bands were weakened when they interacted with the CDI-NS 

structure and that DEET molecules were located inside the CDI-NSs; hence, their IR signals were hidden. 

This is in agreement with the results of Yaser et al., who encapsulated curcumin in Chlorella [44]. They 

noticed that curcumina typical signals were hidden in the FTIR spectrum of curcumina/chlorella complex. 

Only at 2981 cm− 1, the peak in the loaded CDI-NSs evidenced a sharper profile than plain NSs, and this may 

be considered a direct evidence of DEET presence, due to CH stretching. Moreover, the strong signal at 

1700 cm− 1, due to CO stretching of the cross-linking bridge, was weaker in loaded CDI-NSs than in plain 

ones. This might be due to the presence of DEET, which decreased the degree of cross-linking in the DEET-

loaded CDI-NSs compared with that in the plain ones. 

 

3.4. NMR analysis of DEET-loaded CDI-NSs 

Fig. 6 shows the 13C CPMAS SSNMR spectra of plain CDI-NSs (1:8) and DEET-loaded CDI-NSs (1:8). In the 

spectrum of the loaded sample, several signals, different from the characteristic peaks of NSs, were 

observed, in agreement with the typical chemical shifts of the 13C atoms of DEET. The proposed 

assignments of 13C CPMAS SSNMR signals are reported in the table below the spectrum. The signals 

ascribed to DEET carbons are a direct evidence of DEET presence entrapped in the NS structure. Moreover, 

a low signal at 31.1 ppm was seen; this is likely due to the presence of an impurity in the sample. 

 

3.5. DEET quantification of loaded NS fabrics 

CDI-NSs with 1:8 β-CD:CDI molar ratio and 5:1 or 1:10 β-CD:DEET molar ratio were selected for fabric 

functionalization. Moreover, plain CDI-NSs loaded with DEET after the synthesis (post-loaded CDI-NSs) were 

used. Finally, a fabric sample was treated with free DEET and polyacrylic resin to evaluate the effect of 

complexation on the treatment duration. 

The results are displayed in Fig. 7 - A, where the percentage of DEET retained on the fabric refers to the 

amount of DEET found on the fabric with respect to the amount of DEET added in the finishing bath. Two 

mechanisms for DEET loss were identified in the entire process: (1) DEET was lost in the NS synthesis, as 

demonstrated by the EE hardly exceeding 40% and (2) DEET was lost in the fabric treatment, partly lost in 

the finishing bath and partly released during curing at high temperature. Fig. 7 – A shows that the amount 

of DEET lost in step (2) is higher than that lost in step (1). However, large differences in the amount of DEET 

retained in the treated fabric were found in the case of padding-with-squeezing. A maximum 10% of DEET 

initially loaded in the CDI-NSs was found on the fabric, while the percentage increased up to 60% without 

squeezing: with the increase in the amount of resin added, more DEET was deposited on the fabric surface 

during padding-without-squeezing. However, fabric flexibility and touch was acceptable, despite the 

greater amount of polymerized resin on top of the fabric surface. It is worth mentioning that PET fabric was 

quite heavy (240 g∙m- 2) and not very pliable as it was intended for automotive applications. In this case, 

stiffening caused by the resin was a minor concern. 

No substantial difference (in terms of DEET retained on the fabrics) between pre- or post-loaded NSs in the 

padding-with-squeezing method was observed, while a large difference was observed in padding-without-

squeezing. As mentioned before, the extent of DEET complexation into the NSs was approximately double 



in the case of preloaded than that in post-loaded NSs. After fabric functionalization, this proportion was not 

conserved: in padding-with-squeezing, DEET retained on the fabric was approximately the same in the case 

of preloaded and post-loaded NSs, whereas in padding-without-squeezing, the amount of DEET in 

preloaded NSs was about triple than that in post-loaded NSs. A possible explanation lies in the release of 

encapsulated DEET from the NSs in the finishing bath, which could be more consistent in the case of post-

loaded NSs than in preloaded NSs. In other words, when DEET-loaded NSs were dispersed in the resin bath, 

some DEET was released, and the extent of DEET release could be reasonably greater in the case of post-

loaded NSs than that in the preloaded NSs because the DEET–NSs interactions are weaker on average in 

post-loaded NSs than in preloaded NSs. 

In padding-with-squeezing, DEET released from the NSs in the finishing bath was mostly squeezed out from 

the fabric. On the contrary, in the case of padding-without-squeezing, the DEET released from the NSs was 

left on the fabric and partly depleted during curing. In padding-without-squeezing, preloaded NSs resulted 

in greater DEET retention on the fabric than post-loaded NSs because of stronger DEET–NSs complex 

interactions. This hypothesis was supported by the observation that fabrics treated with post-loaded NSs or 

free DEET retained approximately the same amount of DEET at the end of the functionalization process, 

while fabrics treated with preloaded NSs retained triple the amount. 

The amount of DEET found on the fabric was maximum 60% of that encapsulated in CDI-NSs. This confirms 

that the functionalization removes a considerable fraction of DEET. The amount retained on the fabric 

treated with post-loaded NSs was 20%, and with free DEET was 15%. These results show that CD 

complexation during the synthesis process produces NSs, where DEET inclusion results in stronger 

interactions with the NS structure. The CDI-NSs loaded with a large excess of DEET during the synthesis 

evidenced a greater amount of DEET loss. The large excess of DEET may have formed large DEET 

agglomerates in the three-dimensional NS structure; therefore, weaker interactions may have been formed 

between DEET and NSs. The data obtained indicate a DEET concentration of 0.7 mg/g in the case of 

preloaded CDI-NSs (β-CD:DEET 5:1) and 0.2 mg/g in the case of post-loaded CDI-NSs on polyester fabric. 

 

3.6. Washing durability 

The functionalized fabrics were subsequently washed to test the durability of the functionalization. Fig. 7 - 

B reports the amount of DEET extracted from each fabric. 

The results confirm that polyester fabrics treated with loaded CDI-NSs during the synthesis and with a β-

CD:DEET molar ratio 5:1 confer a stronger interaction between the NSs and DEET. As a consequence, the 

fabrics functionalized with this type of NSs maintain a higher percentage of residual DEET after washing. 

 

4. Conclusions 

β-CD-based insect repellent NSs were synthesized from the reaction between β-CD and two cross-linking 

agents: CDI and PMDA. The NSs were complexed with DEET insect repellent during or after the synthesis. 

Among the synthesized NSs, CDI-NSs preloaded with 5:1 M ratio of β-CD:DEET showed the best 

performance in terms of EE and were selected for polyester fabric functionalization. A thermocurable 

polyacrylic resin was used to promote adhesion of the NSs on the polyester fabric. Even though the fabric 

finishing proved to be a source of DEET loss, an acceptable percentage of DEET retained on the fabric was 

observed in the case of CDI-NSs preloaded with 5:1 M ratio of β-CD:DEET, which showed stronger 

interactions between DEET and NSs. This result was confirmed by the washing test, after which DEET-

preloaded CDI-NSs still retained about 20% of DEET initially added during fabric functionalization. The work 



has shown the possibility to prepare insect repellent polyester fabrics that might have the potential of 

improving the lifetime effectiveness of insect repellents. 
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Figures 

 

 

Fig. 1. Molecular structure of DEET. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. 2. Schemes of reactions –. Schematic representation of the reaction between CDI and β-cyclodextrin 
(scheme - 1) and between PMDA and β-cyclodextrin (scheme - 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Fig. 3. SEM images of DEET-loaded CDI-NSs (A) and PMDA-NSs (B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. 4. TGA analysis of DEET, plain NSs, and DEET-laoded CDI-NSs. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. 5. FTIR spectra of DEET (blue line), plain CDI-NSs (red line), and DEET-loaded CD-NSs with 1:10 β-

CD:DEET. 

 

 

 

 

 

 



 

Fig. 6. 13C CPMAS NMR (0–200 ppm) spectra of plain CDI-NSs (1:8) and DEET-loaded CDI-NSs acquired with 

a spinning rate of 12 kHz at room temperature. 

 

 

 

 

 

 

 

 

 



 

Fig. 7. DEET extraction from the functionalized fabrics, according to the different methodologies of 

functionalization before (A) and after washing, without sqeezeing (B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Tables 

 

Table 1. Operative parameters of CDI-and PMDA-NS synthesis. 

β-CD:DEET β-CD:CDI CL T 

(°C)a  

Pre-loaded NS 

1:1 1:8 CDI/PMDA RT/40/70 

5:1 1:8 CDI/PMDA RT/40/70 

10:1 1:8 CDI/PMDA RT/40/70 

1:1 1:4 CDI/PMDA RT/40/70 

5:1 1:4 CDI/PMDA RT/40/70 

10:1 1:4 CDI/PMDA RT/40/70 

Post-loaded NS 

– 1:4 CDI/PMDA RT/70 

– 1:8 CDI/PMDA RT/70 

 

aRoom Temperature (RT) for PMDA synthesis, 40–70 °C for CDI synthesis. 

 

 

 

 

 

 

 

 

 

 

Table 2. DEET encapsulation efficiency and loading capacity of synthesized NSs. 



 

β-CD:DEET 

molar ratio 

CL β-CD:CL 

molar ratio 

T 

[°C] 

EE 

[%] 

LC 

[mg/g] 

1:1 CDI 1:8 70 16.2 ± 3 20.0 ± 0.8 

1:1 CDI 1:8 40 14.0 ± 5 14.2 ± 1.3 

5:1 CDI 1:8 70 42.3 ± 4 11.8 ± 1.2 

5:1 CDI 1:8 40 42.0 ± 4 11.4 ± 1.1 

10:1 CDI 1:8 70 35.5 ± 3 4.9 ± 1.1 

10:1 CDI 1:8 40 36.1 ± 3 5.1 ± 0.7 

1:1 CDI 1:4 70 23.8 ± 2 5.1 ± 0.5 

5:1 CDI 1:4 70 33.0 ± 4 9.8 ± 1.2 

10:1 CDI 1:4 70 26.9 ± 3 4.5 ± 0.9 

1:10 CDI 1:8 70 49.3 ± 2 291.0 ± 1.6 

5:1 (post-loaded) CDI 1:8 70 20.9 ± 3 5.8 ± 1.5 

1:1 PMDA 1:8 RT 1.2 ± 4 0.5 ± 0.2 

5:1 PMDA 1:8 RT 2.3 ± 4 0.3 ± 0.1 

10:1 PMDA 1:8 RT 11.0 ± 3 0.7 ± 0.2 

1:1 PMDA 1:4 RT 1.7 ± 2 0.6 ± 0.2 

5:1 PMDA 1:4 RT 2.1 ± 3 0.4 ± 0.2 

10:1 PMDA 1:4 RT 10.3 ± 2 0.6 ± 0.1 

 
 
 
 
 
 
 
 



Table 3. BET analysis results: CDI-NS specific surface area, specific porous volume, and mean pores 

diameter. 

 

 
Sbet (m2/g) Vp (cm3/g) Dp (Å) 

CDI-NSs (1:4) 0.836 0.002 71 

CDI-NSs (1:8) 0.903 0.0014 58 

 


