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ABSTRACT: This paper presents the Layer by Layer self-assembly (LbL) approach for developing the UV resistance of aramid yarns. 

Initially, a pretreatment was achieved by polyethyleneimine to obtain cationic surface charges on aramid yarns. Then zinc oxide and 

titanium dioxide nanoparticles were self-assembled on these yarns by the LbL process. The findings revealed that the LbL nano coatings 

significantly improved the UV resistance and tensile properties of the aramid yarns. This study highlights the unique opportunities 

offered by the LbL methodology to both modify aramid-based materials in mild conditions and provide an effective UV protection.  
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ARAMİD ESASLI MATERYALLERİN UV KORUYUCU MODİFİKASYONUNDA  

ÇOK TABAKALI KENDİLİĞİNDEN DÜZENLENME YAKLAŞIMI 

 
ÖZ: Bu makale, aramid ipliklerin UV dayanımını geliştirmek üzere çok tabakalı kendiliğinden düzenlenme (LbL) yaklaşımını 

sunmaktadır. Başlangıçta, aramid iplikler üzerinde katyonik yüzey yükleri elde etmek için polietilenimin ile bir ön işlem 

gerçekleştirilmiş ve daha sonra bu iplikler üzerinde LbL prosesi ile çinko oksit ve titanyum dioksit nano parçacıkları kendiliğinden 

düzenlenmiştir. Bulgular, LbL nano kaplamaların aramid ipliklerin UV direncini ve çekme özelliklerini önemli ölçüde artırdığını ortaya 

koymuştur. Bu çalışma, LbL metodolojisinin hem aramid esaslı materyalleri ılıman koşullarda modifiye etme hem de etkili bir UV 

koruması sağlama konusunda sunduğu benzersiz fırsatları vurgulamaktadır. 

 

Anahtar Kelimeler: Aramid, UV dayanımı, Çok tabakalı kendiliğinden düzenlenme, nano kaplama 
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1. INTRODUCTION 

Aramid fibers possess many superior properties like ultra-high 

strength and modulus, lightweight, good thermal and chemical 

resistance; and their outstanding integrated performances render 

them one of the best competitors meeting harsh requirements in 

numerous cutting-edge fields like space and aviation, defense, and 

electronics [1-5]. However, when exposed to UV light, aramid 

fibers undergo rapidly evolving photolytic/ photooxidative 

reactions, which result in wear, discoloration, and loss of thermal 

and mechanical properties [6-11]. The poor UV resistance shortens 

the outdoor service life of aramid fibers and greatly restricts their 

applications [12, 13]. Moreover, considering it is an indispensable 

strategic material for national security, construction, and scientific 

and technological progress [13], UV-induced strength losses are 

unacceptable. Therefore, eliminating or minimizing these damages 

with UV protective coatings is of great interest both in academia 

and industry. 

Nevertheless, the main problem of coating aramid fibers is their 

chemically inert surface, originating from strong conjugation and 

steric hindrance within the molecular chain [14]. This critical 

drawback transforms even an ordinary coating process into a 

significantly challenging task and also limits the effectiveness of 

UV protective coatings on these fibers [14-16.] Hence, aramid 

fibers are pretreated with mostly acid or alkali prior to any surface 

treatment [1, 2, 4]. In fact, any attempt to modify aramid fibers 

entails highly demanding operational requirements including high 

temperature and/or pressure, prolonged and complicated 

processes, and the necessity for exploiting specific machinery 

depending on the modification method [4, 12-18]. However, it is 

essential to note that abrasive pretreatments destroy the structural 

integrity and tensile properties of aramid fibers [5]. Therefore, the 

real challenge lies not only in developing an effective UV 

protective coating but also in seamlessly integrating it without 

compromising the intrinsic properties of aramid fibers. 

In this regard, the Layer by Layer (LbL) self-assembly approach 

offers a promising solution to these challenges as an easy, 

efficient, reproducible, robust, and versatile bottom-up strategy to 

modify surfaces and prepare functional coatings [19]. LbL self-

assembly, particularly driven by electrostatic interactions, is by far 

the most extensive and powerful way of constructing LbL films; 

it relies solely on the alternating adsorption of oppositely charged 

particles and enables the use of a wide range of materials [19]. 

Upon its exceptional versatility, LbL methodology holds the great 

potential to surpass restrictions related to substrate properties or 

even render them inconsequential. Notably, the pioneering works 

by Uğur and co-workers on the application of LbL for textile 

surfaces, particularly utilizing nanoparticles, have revealed 

unexplored potential [20-23]. Although LbL offers a valuable 

opportunity to tailor the surface properties of textile fibers, its 

utilization in modifying aramid fibers remains surprisingly scarce 

[24-28], with only two studies focusing on UV protection [4, 29].  

Concerning the limited use of LbL, it can be addressed that 

inorganic one-dimensional UV absorbers, such as TiO2 and ZnO 

nanoparticles, may not be suitable for modifying aramid fibers due 

to their (i) photocatalytic activities and (ii) limited surface 

coatings [4]. The first point seems plausible, indeed 

semiconductors pose a risk of damaging the substrate itself [30, 

31]. As for the second point, the relatively limited surface area of 

nanoparticles could be quite discouraging for adopting LbL in UV 

protection as it is a surface phenomenon, and effective coverage 

of the fiber surface is crucial. As a result, the risks and difficulties 

in coating aramid fibers, coupled with the fact that LbL is mainly 

applied to relatively easy-to-process fibers such as cotton and 

polyester [32], may have created a prevailing notion over time that 

LbL is an unsuitable method for modifying aramid fibers. Taken 

together, solid reasoning for the limited use of LbL becomes 

evident. 

Discussing UV protection, it is essential to consider the UV aging 

treatments as they reveal the effectiveness of the coatings. While 

UV protection is mainly developed against UVA and/or UVB rays, 

certain applications like aviation and welding operations [33, 34] 

require protection against UVC rays as well. Besides, UVC 

irradiation has gained great interest in neutralizing biological 

threats, such as coronaviruses [35-37]. Due to the rising demand for 

disinfection and sterilization, UVC technology has been integrated 

into various devices and everyday objects, becoming ubiquitous. 

Thus, accounting for UVC light in the assessment of UV protective 

coatings can become necessary in the near future, and in certain 

fields, it could be imperative. However, protective additives against 

UVC radiation and their effects on materials in our daily lives 

remain largely unknown [38].  

This study was carried out to explore the possibilities of the Layer 

by Layer self-assembly approach in UV protective modifications 

of aramid-based materials. Overcoming existing limitations, we 

aimed to establish an effective and simple coating process. To 

achieve this, we conducted a mild pretreatment using 

polyethyleneimine to introduce cationic charges on the fiber 

surface. This allowed us to overcome the chemically inert surface 

of aramid fibers and create an appropriate sublayer for the 

subsequent LbL self-assemblies. Harnessing the charged surface, 

we successfully coated aramid fibers with TiO2 and ZnO 

nanoparticles. Advanced protection in a harsh environment of 

highly energetic UVC rays validated the effectiveness of LbL 

coatings. This research uncovered the strong potential of LbL 

technology to overcome limitations in the UV protective 

modifications of aramid-based materials and establish a 

sustainable alternative to current practices.  

2. MATERIAL AND METHOD 

2.1. Material 

Para-aramid (Kevlar 49) staple yarns (60/1 Nm, Z twist) were 

kindly supplied by Kipaş Textiles. Polyethylenimine (branched, 
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average Mw ~25,000) and TiO2 and ZnO nanoparticles were 

purchased from Sigma-Aldrich. Sodium hydroxide (NaOH) and 

hydrochloric acid (HCl) were used for pH adjustment. 

2.2. Method 

2.2.1. Pretreatment 

Polyethyleneimine (PEI) is a common cationic polyelectrolyte in 

electrostatic self-assembly with strong adhesion, and recent 

applications have shown that it can serve as a suitable template to 

overcome chemically inert surfaces [32, 39, 40]. Based on this, 

pretreatment was carried out using PEI to obtain cationic charges on 

aramid yarns. Aramid yarns were immersed in the PEI solution (1 

g/L) for 20 min and then dried without any heat treatment. 

2.2.2. UV Protective LbL Coatings  

Aqueous anionic and cationic dispersions of ZnO and TiO2 (1 g/L) 

were prepared using an ultrasonic homogenizer (Hielchier, 40 W, 

26 kHz) and adjusting pH with NaOH and HCl, respectively. After 

the pretreatment with PEI, aramid yarns were dipped first into 

anionic dispersions of ZnO or TiO2 (20 minutes) and then into 

cationic dispersions, and washed in each sequential step (5 

minutes). At the end of this cycle, a bilayer of ZnO or TiO2 

nanocoating was obtained. Ten layers of LbL nanocoating were 

obtained by repeating this cycle five times at room temperature for 

each and then drying at 105 °C for 5 minutes. The entire process 

is depicted in Figure 1. 

2.2.3. Accelerated UV Aging 

Regarding UVC aging, test method development at global 

standards organizations, such as ASTM and ISO, is still in its early 

stages, and commercial UVC testing instruments are relatively 

new [38]. Therefore, without relying on a standard like others [41, 

42], we conducted accelerated UV aging in a self-designed box 

(60 cm x 60 cm x 60 cm) using three Philips TUV series 253.7 nm 

UVC lamps (model: 15W15G8T, 41 cm long) for 168 hours. 

 

2.2.4. Characterizations and Tests of UV Protective LbL Coatings 

The morphologies of the aramid yarns were observed using a Carl 

Zeiss 300VP Scanning Electron Microscope (SEM). The aramid 

yarns were tested in Attenuated Total Reflection Infrared (ATR-

FTIR) mode using a Thermo Scientific Nicolet iS50 FTIR 

Spectrometer, with a wave number range of 400 ~ 4000 cm−1. To 

assess the UV protection efficiency of LbL nanocoatings, tensile 

strength, and break extension were measured according to TS EN 

ISO 2062 before and after UV aging. 

3. RESULTS AND DISCUSSION 

3.1. SEM Observation 

SEM images of the aramid yarns taken at ×2500 and ×5000 

magnifications are displayed in Figure 2 for a-b) untreated, c-d) PEI 

pretreatment, e-f) ZnO nanocoating, and g-h) TiO2 nanocoating. 

The average diameter of the aramid fiber was approximately 12 µm. 

Some narrow grooves are uniformly distributed in the longitudinal 

direction of the fiber, indicating axial orientation [43, 44]. The 

punctiform stains generated during the production of fibers are also 

observed [40]. Additionally, there are some fibrillar structures 

misaligning to the fiber axis with diameters mostly below 1 µm, and 

some appear to be roughly 200-400 nm in size. It was observed that 

some fibrillar structures seemed to peel off of the fiber's skin layer 

in the longitudinal direction, while others appeared as a single solid 

piece (Figure 2a). Furthermore, some formed continuous ribbons 

that coiled into helices (clearly visible in Figure 2e, f) [43]. The 

presence of these separated fibrillar structures in SEM images 

suggests that certain microfibrils may have become detached from 

the fiber structure during the manufacturing process. The fibrous 

form consisting of staple fibers might have contributed to these 

splittings, as they presumably tended to create broken fiber ends and 

separate into microfibrils [44, 45]. Yet, further analysis, such as 

advanced microscopy techniques and material testing, would be 

required to study the exact nature and implications of these 

microfibril observations in Kevlar fibers. These observations thus 

need to be interpreted with caution and closer inspection. 

 

 

Figure 1. Pretreatment and LbL nanocoatings of aramid yarns 

 



 

 

Journal of Textiles and Engineer 

 

Cilt (Vol): 30 No: 132 

SAYFA 321 

 

Tekstil ve Mühendis 

Layer-By-Layer Self-Assembly Approach in the  
UV Protective Modification of Aramid-Based Materials 

Yeşim ÜNVAR, Ayşe Merih SARIIŞIK 
 Şule Sultan UĞUR 

 

Figure 2. SEM micrographs of aramid yarns; a,b) untreated, c,d) PEI pretreatment, e,f) ZnO nanocoating, g,h) TiO2 nanocoating (In the ordered pair, 

the first letters represent x2500, while the latter ones represent x5000) 

 

Apart from the fibrillar structure, the untreated fiber surface 

appeared smooth and clean, whereas an attached dense coating 

layer was observed after the PEI pretreatment (Figure 2c, 2d). 

However, the PEI coating exhibited uneven distribution, with 

some regions showing abundance (Figure 2e, 2f), while others had 

a relatively thin and uniform layer (Figure 2g, 2h). The non-

uniformity of the PEI coating appeared to affect the distribution of 

nanoparticles, as well. ZnO nanoparticles tended to agglomerate, 

whereas TiO2 nanoparticles were smaller, evenly distributed, and 

separated. While it was not expected to achieve full coverage of 

fibers with LbL coatings, as in the case of atomic layer deposition 

[12, 14], it was also not predicted that the PEI coating would show 

relatively moderate to high levels of differences in region to 

region. These observations imply two points about exploiting a 

strong adhesive material serving as a charged sublayer for 

subsequent LbL coatings. This surface strategy might be more 

effective in the implementation of nanoparticles in case: providing 

a uniform and widely spread sublayer coating, which would 

enable well-manipulated and controlled distributions of particles, 

or simply using UV absorbers with a larger surface area, as 

suggested [4]. 

Regarding the fact that this was only a preliminary attempt to coat 

aramid fibers with a simple and easy approach, it is hardly 

surprising that LbL coatings were imperfectly distributed along 

the fiber. It should be reminded that no chemicals other than PEI 

were exploited, and even heat treatments were not applied after 

PEI coating. Likewise, LbL coatings were carried out without 

drying between each self-assembly deposition, contrary to 

previous studies [4, 27, 29]. Although the surface coverage 

performance appeared to be not ideal, we nevertheless believe that 

LbL has strong potential for the deposition of nanocoatings with 

the right material combination, and provides a unique opportunity 

to tailor the surface of fibers, even inert ones like aramid. 

3.2 ATR-FTIR Analysis  

Figure 3 displays the ATR-FTIR measurement results of untreated 

and LbL-coated aramid yarns before and after UV aging. The 

FTIR spectra show specific amide-related peaks at certain 

wavenumbers: 3308 cm-1 (amide A), 1642 cm-1 (amide I), 1537 

cm-1 (amide II), 1298 cm-1 and 1223 cm-1 (amide III), and 721 cm-

1 (amide IV) [11, 27, 46-49]. Additionally, bands at 817 cm-1 

indicate out-of-plane C-H vibrations of two adjacent hydrogens in 

an aromatic ring, while 521 cm-1, 720 cm-1, and 805 cm-1 bands 

suggest out-of-plane N-H deformation modes, indicating para 

disubstitution in the aromatic ring [50, 51]. The absorption bands 

at 1510 cm-1, 1014 cm-1, and 817 cm-1 are attributed to the C–H 

deformation of the aromatic ring [52], and the band at 1605 cm-1 

is related to the C=C tensile vibration of the benzene ring [12, 50, 

53]. 

 

 
Figure 3. ATR-FTIR analysis of aramid yarns 
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The bands at 2917 cm-1 and 2848 cm-1 are associated with the 

stretching of C–H groups, as well as aldehyde groups [54]. 

Previous studies have linked these bands to the incorporation of 

PEI [27, 55], indicating effective PEI coating on TiO2-coated 

yarns, as evidenced by strong peaks. However, in the spectrum of 

ZnO-coated yarns, these bands appear weak, possibly due to the 

nonuniform PEI coating mentioned in SEM. Normally, these 

peaks could indeed be observed [13, 54, 56]. Nevertheless, their 

unusually high intensity in our study raises the possibility that they 

may result from the residual sizing agent used in the 

manufacturing process. It is worth considering that aramid yarns 

were not thoroughly cleaned in a harsh medium containing acid 

[57], which might explain the observed peak intensity. Despite 

this, we successfully achieved our goal of avoiding the use of 

harsh treatments and directly coated the aramid fibers. 

In the case of ZnO-coated samples, specific peaks at 425 cm-1, 450 

cm-1, and 570 cm-1 are associated with the characteristic Zn-O 

stretching vibration [58-60]. Furthermore, the peaks observed at 

1242 cm-1, 1350 cm-1, and 1736 cm-1 might suggest the presence 

of ZnO coating on aramid yarns, as they are specifically detected 

in the FTIR spectra of ZnO-coated samples. In the case of TiO2-

coated yarns, a broad absorption band observed roughly at 400-

700 cm-1 is attributed to the bending vibrations of the Ti-O and -

O-Ti-O groups, which is clearly visible in the figure. Additionally, 

there are distinct peaks at 417 cm-1 (in-plane TiOH bending) and 

485 cm-1 (out-of-plane TiOH bending), as well as 639 cm-1 (sym-

TiOH stretching), all of which are related to OTi(OH)2 [61]. 

Moreover, the peak at 1123 cm-1 can be linked to the formation of 

amide linkages between aramid yarns and TiO2. 

After UV irradiation, changes in intensities were observed in the 

IR spectra. Reduction in the intensities of the Amide I, II, and III 

peaks was noticed, indicating potential damage to the polymer 

backbone and the formation of carboxylic acids and other oxidized 

species, likely due to photo-oxidation [11, 62]. Furthermore, 

shouldering peaks at 1605 cm-1 and 1510 cm-1 tended to converge 

with amide I and II, respectively. After UV aging, the peak at 1350 

cm-1 remains, while the other peaks that presumably indicate the 

amide-ZnO linkage (1242 cm-1 and 1736 cm-1) disappear. This 

observation may suggest the degradation of the amide-related 

bonds in the aramid yarns due to UV exposure. The increase in the 

intensity of the C=O stretch peak (1102 cm-1) suggests the 

oxidation of amide groups in the aramid yarns [63]. The peak at 

1123 cm-1combined with the 1102 cm-1 peak after UV aging, 

indicating possible UV-induced damage for TiO2-coated yarns. 

Additionally, after accelerated UV aging, a new peak at 1733 cm-

1 appeared in the untreated samples ("untreated UV" indicated in 

a rectangular yellow box"), which is attributed to the breaking of 

the amide bond and the formation of a carboxylic acid group [4, 

11, 12, 53, 64]. However, no strong peak corresponding to the 

cleavage of the amide bond was observed in ZnO and TiO2-coated 

samples after UV aging. This suggests that the coatings may have 

provided some protection against UV-induced degradation of the 

amide bonds in the aramid yarns. 

The presence of additional ZnO and TiO2 related peaks in the 

spectrum of coated samples indicates the successful achievement 

of LbL nanocoatings. The FTIR spectrum showed that UVC aging 

conditions led to the formation of new functional groups and 

changes in the intensity of main wave numbers with slight shifts 

after aging. Despite the somewhat disappointing coating 

performance, it is surprising that ZnO and TiO2 nanoparticles 

demonstrated a significant ability to prevent chain scission, 

especially at 1733 cm-1. This finding suggests that the LbL self-

assembly of nanoparticles can be highly effective for UV 

protection modification of aramid yarns 

3.3. Tensile Strength and Break Extension Tests 

The tensile strength and break extension of aramid yarns before 

and after UV aging are presented in Figure 4a and 4b, respectively. 

The tensile properties of the bare para-aramid staple yarn were 

lower (9.7 cN/dtex; 4.4%) compared to values reported in the 

literature (20.8 cN/dtex; 2.4%) [44]. As previously observed in the 

SEM micrographs, the presence of detached fibrillar structures, 

which are assumed to result from the manufacturing process, 

might have contributed to the lower tensile properties. Ultimately, 

these defects could have led to failure by axial splitting, possibly 

triggered by the shear stresses in a twisted fiber [45]. However, it 

is worth noting that the coatings were applied to the same yarns, 

ensuring a consistent assessment of the coatings' effects on the 

tensile properties. 

 

 

Figure 4. Tensile strength and break extension of aramid yarns a) before UV aging b) After UV aging 
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The tensile strength of the untreated aramid yarn increased by 9%, 

7%, and 17% with PEI, ZnO, and TiO2 coatings, respectively. This 

improvement can be attributed to the beneficial effects of the PEI 

polymer layer, which introduces active sites to the fiber surface 

through nondestructive functionalization and helps to repair 

defects on the fiber surface [55]. It is reasonable to assume that 

TiO2 performed better than ZnO due to possibly achieving a more 

uniform coating, as mentioned in the previous subsection. In 

contrast to some studies that reported only minor changes in 

tensile strength for ZnO and TiO2-modified fibers [42, 58, 65], our 

results are quite satisfactory, showing a significant increase in 

tensile strength. This improvement is particularly notable as 

previous studies have indicated a decrease in tensile strength for 

ZnO and TiO2-modified fibers [18, 66-68]. It is worth mentioning 

that achieving an enhanced tensile strength of aramid fibers after 

modification is a rare finding [12, 14]. Regarding the break 

extension, there was a slight decrease observed in TiO2-coated 

fibers, while the other coatings showed a slight increase. However, 

these fluctuations can be considered as insignificant since they 

resulted in an extension of less than 5% [44]. 

The tensile strength of all aramid yarns decreased after accelerated 

UV aging (Figure 4b), with untreated yarns showing the most 

severe decline. It is reasonable to observe a decrease in the break 

extension of untreated and ZnO-coated yarns, as UV aging may 

have made the fibers more brittle. However, the break extension 

of TiO2 nanocoating showed no change. It is important to remind 

that this preliminary study conducted UV aging solely with a UVC 

lamp, without considering the additional effects of temperature 

and moisture. For more realistic simulations, temperature and 

humidity should be included as essential parameters, as previous 

studies have shown that UV aging can become extremely severe 

under such conditions [12, 14, 56]. Although our test conditions 

were not severely harsh, UVC light energy is higher than UVA 

and UVB. Therefore, these findings are not unexpected, given the 

high sensitivity of aramid fibers to UV light. 

To assess the UV protection efficiency of LbL nanocoatings more 

clearly, examining the retention rates of the yarns is beneficial. 

Tensile strength retentions and break extensions (%) of aramid 

yarns after 168 hours of UV irradiation were evaluated both 

individually and in comparison to the untreated yarn, as presented 

in Figure 5. The break extension retentions of ZnO and TiO2 

modified yarns were found to be 92-100% individually or 

compared to the untreated sample 96-95%, respectively. These 

findings suggest that the LbL nanocoatings preserved the break 

extension properties of the aramid yarns after UV aging.  

The untreated aramid yarn retained only 75% of its original tensile 

strength, which is typical for Kevlar49 fibers. In contrast, aramid 

yarns with ZnO and TiO2 LbL nanocoatings maintained at least 

84% and 82% of their original values, respectively. These 

retention values were obviously higher compared to the untreated 

sample. It is essential to note that retention rates should be given 

with reference to the initial values of both the original fiber and 

the modified fiber; otherwise, the interpretation could be 

misleading. For instance, the tensile strength of TiO2-coated yarns 

before and after UV aging was 11.4 cN/tex and 9.4 cN/tex, 

respectively, resulting in tensile strength retention of 82%. 

However, when compared to the untreated para-aramid yarns 

before UV aging (9.7 cN/tex), this value (9.4 cN/tex) corresponds 

to 96%, which is significantly higher than the 75% retention of the 

uncoated yarns (7.3 cN/tex), indicating remarkable UV protection. 

In previous studies [1-5, 17, 66] that used Kevlar49 fibers and 

conducted UV aging for 168 hours, the reported UV protection 

rates ranged from 82% to 97%. Our findings demonstrate that LbL 

nanocoatings considerably retain the tensile strength of aramid 

fibers, whether considered individually (82-84%) or compared to 

the untreated sample (90-96%). This is quite surprising, given the 

observed incomplete coverage of the fiber surface and the 

photocatalytic nature of ZnO and TiO2 nanoparticles.  

 

 

 

 

 

Figure 5. Tensile strength (a) and break extension (b) retentions of aramid yarns after UV aging 
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4. CONCLUSION 

This paper presents the Layer by Layer self-assembly approach 

for assessing its potential in the UV protective modifications of 

aramid-based materials. Prior to the application of LbL 

nanocoatings, a PEI coating was carried out to create a charged 

sublayer. This approach facilitated overcoming the inert nature of 

aramid fibers while circumventing the need for abrasive 

pretreatments. The findings showed that the LbL technique 

enables the self-assembly of ZnO and TiO2 nanoparticles on PEI-

coated aramid yarns. Tensile strength values of aramid yarns were 

considerably increased by both PEI pretreatment and LbL 

nanocoatings. This suggests that it is quite possible to build up 

nano coatings without compromising the tensile properties of 

aramid fibers using the LbL approach. Furthermore, LbL 

nanocoated yarns have significantly preserved their tensile 

properties after accelerated UVC aging. It was concluded that the 

LbL self-assembly approach may well overcome the limitations of 

the current coating practices and is highly suitable for achieving 

high protection rates in the UV protective modification of aramid-

based materials. Indeed, comprehensive investigations need to be 

conducted to broaden the opportunities offered by LbL and to 

develop a robust and sustainable UV protection system for aramid 

fibers. Further LbL applications providing protection against the 

entire UV spectral range are currently in the development stage, 

and we hope to share them soon. 
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