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A B S T R A C T   

Pickering emulsions based on wax and halloysite clay nanotubes have been proposed for the coating treatment of 
silk sutures with the aim to increase their loading capacity towards eosin, which is an antimicrobial molecule. 
Moreover, the presence of halloysite/wax microspheres onto the surface of silk sutures has been explored for the 
controlled release of the hydrophobic drug in aqueous medium at pH = 5.2. In addition, we have studied the 
influence of the coating on the thermal and mechanical properties of the sutures. As concerns the thermal 
characteristics, we have performed thermogravimetric experiments to investigate the decomposition of the 
coated silk as well as their water content, while Differential Scanning Calorimetry has been carried out to study 
the melting process of wax. Dynamic Mechanical Analysis (DMA) has been employed to determine both the 
tensile and viscoelastic properties of the sutures. In particular, the viscoelastic features have been investigated at 
variable temperatures (up to 250 ◦C) to determine the effects of the wax/Hal microparticles on the glass tran
sition of silk fibroin. In conclusion, this paper demonstrates that the wax/halloysite Pickering emulsions can be 
successfully employed to generate hydrophobic microdomains onto the surface of silk sutures, which present 
enhanced flexibility and improved loading capacity towards eosin.   

1. Introduction 

Pickering emulsions are composed of two immiscible liquids, where 
one is dispersed into the other, stabilized by interfacially active solid 
particles (Pickering, 1907; Ramsden, 1904). Since the first studies, by 
Pickering and Ramsden, Pickering emulsions attracted the attention of 
the scientific community for their features (Owoseni et al., 2022; Sieben 
et al., 2022; Destribats et al., 2014). It is well known that two immiscible 
phases can form a colloidally unstable system that tend to coalesce and 
separate due to the high surface energy (Arditty et al., 2003). In con
ventional emulsions, surfactants are used to decrease the surface tension 
and to provide stabilization. In the case of Pickering emulsions, instead, 
the attachment of solid particles at the interface creates a physical 
barrier and provides steric hindrance thus preventing aggregation, 
ripening and phase separation (Binks, 2002). 

The choice of solids can take into account different parameters (e.g. 
chemistry, morphology, wettability, eco- and bio-compatibility, cost) 
resulting in a plethora of platforms that can be designed with tailored 
properties (Marku et al., 2012; Low et al., 2020). Among them, halloy
site is a good candidate as Pickering stabilizer. 

Halloysite Nanotubes (Hal) are natural aluminosilicates, structurally 
composed by the alternation of a Si-O-Si tetrahedral layer and an Al-OH 
octahedral layer (Abdullayev and Lvov, 2013; Lisuzzo et al., 2023). Due 
to the presence of interlayer water molecules, the resulting sheet tends 
to roll up in a nanotubular shape, which is a prominent property (Zhang 
et al., 2019; Sadjadi, 2020). The different chemistry between the 
external silicic surface and the inner aluminols bearing surface is 
responsible for the different charge (Duce et al., 2015; Gorrasi, 2015). 
For instance, the former is negative and the latter is positive in the 2–8 
pH range, thus enabling the selective functionalization by electrostatic 
interactions or covalent bonding (Zhao et al., 2018; Zhang et al., 2019; 
Caruso et al., 2023). The possibility to tune the surface properties, 
together with their mechanical strength, biocompatibility and environ
mental friendliness are requested properties for using inorganic particles 
in Pickering emulsions (Zhou et al., 2015; Liu et al., 2021; Lisuzzo et al., 
2022a). It is worth to note that the tubular morphology, which can be 
approximated as a solid cylindrical geometry with flat faces, is one of the 
most efficient for the stabilization of droplets due to a high value of 
detachment energy (Saha et al., 2013). Moreover, halloysite is a suitable 
nanoclay for numerous pharmaceutical and biomedical applications, 
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including tissue engineering (Liu et al., 2013; Huang et al., 2017; Nau
menko and Fakhrullin, 2019; Suner et al., 2019) and drug delivery 
systems (Fizir et al., 2018; Yamina et al., 2018). 

Literature reports that an interconnected network of halloysite 
nanotubes is formed at the fluid interface, which promote re- 
organization in a radial side-to-side configuration and enhances stabil
ity (Kpogbemabou et al., 2014; Stehl et al., 2020). Halloysite based 
Pickering emulsions have been investigated for environmental purposes 
(Eskhan et al., 2019; Yu et al., 2019; Panchal et al., 2020), oil recovery 
(Zhao et al., 2021), catalysis (Stehl et al., 2019), health science (Rezwan 
et al., 2006), cultural heritage conservation and for improving the 
properties of building materials (Caruso et al., 2021; Lisuzzo et al., 
2021a; Calvino et al., 2022). 

Owoseni et al. reported about the design of Hal stabilized droplets by 
exploiting surfactants loaded nanotubes as efficient protocol for oil spill 
remediation (Owoseni et al., 2014). Panchal et al. investigated the 
growth of hydrocarbonoclastic bacteria on oil/seawater emulsions sta
bilized by halloysite to treat oil spill by bio-remediation (Panchal et al., 
2018). Also, halloysite based Pickering emulsions were investigated for 
the hydroformylation of olefins and for the design of heterogeneous 
catalysts (von Klitzing et al., 2016). Wei et al. reported the preparation 
of ibuprofen loaded microparticles by Hal stabilized emulsions as drug 
delivery systems (Wei et al., 2012). In our previous work, paraffin-in- 
water emulsions with halloysite were designed for the treatment of 
waterlogged archeological woods (Lisuzzo et al., 2021b). Similarly, a 
Pickering emulsions system based on halloysite and on pectin was 
investigated for the removal of wax from marble surfaces (Cavallaro 
et al., 2019). 

In this work, the preparation of Pickering emulsions is the first step to 
develop a new class of suture threads that can be used in medical 
technology. 

A suture is a common surgical instrument used to facilitate wound 
healing by approximating tissues or ligating blood vessels (Lee et al., 
2021). The types of sutures can be classified by considering the material 
(natural or synthetic), the structure (mono- or multi-filament) and the 
biodegradability (adsorbable or non-adsorbable) (Wancura et al., 2023). 
Usually, non-adsorbable sutures are required for external wounds 
because they can be removed through a second procedure (de la Harpe 
et al., 2021). However, their use can cause additional scar tissue for
mation and inflammation, which is far from ideal conditions (Ye et al., 
2021). Therefore, sutures materials with improved safety and efficacy 
without lacking biocompatibility are needed (López-Saucedo et al., 
2018). Literature reports about coating with functional particles, such as 
silver and zinc, to enhance the antibacterial properties and to deal with 
clinical pathogens (De Simone et al., 2014; Thapa et al., 2017; Cao et al., 
2019). 

In this work, we moved a step forward by treating commercial silk 

threads with eosin loaded Hal/wax microparticles from Pickering 
emulsification. Since eosin displays antiseptic and antifungal properties, 
the resulting material represents an interesting alternative to conven
tional sutures, with several advantages in terms of mechanical proper
ties, stability and prevention of surgical infections. 

2. Experimental 

2.1. Materials 

Halloysite nanotubes (Hal) (Al2Si2O5(OH)4⋅2H2O) were purchased 
from I-Minerals Inc. The suture thread is a Silkam® DS-19 (braided silk – 
wax and silicone coated) 2/0 USP provided by B-BRAUN (B. Braun 
Surgical, S.A.). Eosin (2 wt%) was purchased from Nova Argentia 
Pharmaceutical Industry S.r.l. (Italy). The microcrystalline wax (melting 
point from 45 to 58 ◦C) used for the preparation of Pickering emulsion, 
Sodium Acetate Buffer Solution, (pH = 5.2 ± 0.1) and Sodium Chloride 
are Sigma Aldrich products. 

2.2. Preparation of wax/Hal Pickering emulsions 

The preparation of Pickering emulsions was conducted as reported in 
literature (Lisuzzo et al., 2021a). Briefly, paraffin wax 0.25 wt% was 
added to hot water (90 ◦C) under stirring. After complete melting, hal
loysite was added at 1 wt% and the dispersion was subjected to hot 
ultrasounds for 10 min and to hot stirring for 30 min. Then, the heating 
was stopped to allow cooling down. The resulting emulsions were 
creamy white and did not separate for 7 days at room conditions. Fig. 1 
reports the optical and scanning electron microscopy images of wax/Hal 
emulsions possessing an average diameter of ca. 15–25 μm, in good 
agreement with literature (Lisuzzo et al., 2021a). 

It should be evidenced that Hal acts as emulsifying agent able to 
stabilize wax (oil phase) in aqueous medium. Namely, halloysite nano
tubes are located at the interface of wax droplets driving to obtain stable 
oil/water Pickering emulsions. 

2.3. Sutures impregnation 

The impregnation of Silkam® DS-19 suture was carried out by dip
ping in the wax/Hal Pickering emulsions system at 70 ◦C. Immersion 
lasted 15 min, under stirring. Then, the silk sutures were dried at room 
temperature, washed with water to remove any excess, and dried again 
prior to further analysis. For comparison, Silkam® DS-19 suture was 
treated through 1 wt% Hal aqueous dispersion using the same procedure 
previously described for wax/Hal Pickering emulsions. Based on ther
mogravimetric experiments, we estimated that the amount of HNTs 
anchored on the surface is 0.7 wt%. This result is ca. 5 times lower than 

Fig. 1. Optical images (a) and scanning electron microscopy images (b) of the wax/Hal Pickering emulsions.  

L. Lisuzzo et al.                                                                                                                                                                                                                                 



Applied Clay Science 247 (2024) 107217

3

that detected for Hal/wax microparticles. 

2.4. Suture impregnation in eosin loaded wax/Hal Pickering emulsions 

In order to coat the silk sutures with eosin loaded Pickering emul
sions, eosin 2 wt% was added to 10 g of the emulsions and the system 
was heated up to 70 ◦C. At this point, the same procedure as for 
impregnation without eosin was carried out. The sutures were dipped 
for 15 min, dried and washed with water. For comparison, Silkam® DS- 
19 was also treated with a solution of eosin 2 wt%, without any Pick
ering emulsions addition. The same procedure was carried out (heating, 
drying, washing). These samples were used to investigate the effect of 
Pickering emulsions. 

2.5. Methods 

2.5.1. Scanning electron microscopy 
Scanning Electron Microscopy (SEM) was performed by using an 

ESEM FEI QUANTA 200F microscope. In order to avoid charging under 
the electron beam, the samples were coated with gold in argon by an 
Edwards Sputter Coater S150A. Micrographs were taken in high vacuum 
mode (< 6 × 10− 4 Pa) for the simultaneous secondary electron. The 
beam energy was 10 kV and the working distance was 10 mm. 

2.5.2. Optical microscopy 
Optical microscopy (OM) was conducted to investigate the formation 

of Pickering emulsions and the structural organization of treated silk 
sutures. In the first case, micrographs were produced by an Optika 
polarizing transmission microscope at room temperature. In the second 
case, instead, optical images were taken with a DIGITUSs (DA-70351) 
microscope (ASSMANN Electronic GmbHpe, Lüdenscheid, Germany) 
and processed by using the Digital Viewer 5.7 software. 

2.5.3. Thermogravimetry 
Thermogravimetric analysis (TGA) was performed using a Q5000 IR 

apparatus (TA Instruments) under the nitrogen flow of 25 cm3 min− 1 for 
the sample and 10 cm3 min− 1 for the balance. The calibration was 
conducted according to the Curie temperature of standards (nickel, co
balt, and their alloys) (Blanco et al., 2017; Blanco and Siracusa, 2021). 
Each sample (ca. 5 mg) was heated from room temperature up to 900 ◦C 
with a scanning rate of 20 ◦C min− 1. 

2.5.4. Differential scanning calorimetry 
Differential Scanning Calorimetry (DSC) was carried out by using a 

TA Instruments DSC apparatus (2920 CE). The calorimeter was cali
brated using the melting enthalpy of standard indium (28.71 J g− 1). 
Each sample (2–4 mg) was subjected to two cycles of heating and two 
cycles of cooling. At first, the samples were heated from 25 to 120 ◦C and 
cooled down from 120 to 25 ◦C with a rate of 10 ◦C min− 1. Then, they 

Fig. 2. TG (a) and DTG (b) curves of silk sutures before and after the coating by wax/Hal.  
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were heated from 25 to 180 ◦C and cooled down from 180 to 25 ◦C with 
the same scanning rate. DSC curves presented in the Results and Dis
cussion section refer to the second heating run. The measurements were 
performed under a nitrogen flow (rate of 60 cm3 min− 1). 

2.5.5. Dynamic mechanical analysis 
Dynamic Mechanical Analysis (DMA) was conducted by means of a 

DMA Q800 instrument (TA Instruments). In particular, the silk sutures 
were cut in ca. 2 cm long pieces and tensile measurements were per
formed with a force ramp of 0.5 N min− 1 at 25.0 ± 0.5 ◦C. Each sample 
was measured five times, and the average values with the corresponding 
errors are reported in Table 3. Moreover, the viscoelastic properties 
were investigated in the oscillatory regime with a frequency of 1.0 Hz 
and a strain amplitude of 0.12% by heating the samples from 25 to 
250 ◦C with a rate of 3 ◦C min− 1. 

2.5.6. Water uptake 
The tests were carried out at a temperature of 25.0 ± 0.5 ◦C and 75 

± 2% relative humidity (Rh%) using a saturated solution of sodium 
chloride. The samples were pre-conditioned by drying under vacuum at 
25 ◦C for 2 h and weighed. Then, they were placed in a climate chamber 
together with a saturated solution of sodium chloride to obtain a stable 
equilibrium RH%. A thermohygrometer was placed inside the chamber 
to confirm the environmental parameters. The samples were removed 
and evaluated by gravimetric analysis at 3 and 6 days using an electronic 
weighing balance (0.00001 g accuracy). The water uptake (WU %) of the 
samples was calculated as follows (Caruso et al., 2022): 

WU(%) = 100 • (Mt − M0)/M0 (1)  

where M0 is the initial mass, while Mt is the mass after a certain time of 
equilibration at the selected RH%. 

2.5.7. UV–Vis spectrophotometer 
The release kinetics of the eosin loaded silk sutures was investigated 

in sodium acetate buffer (pH = 5.2 ± 0.1) using a UV–Vis spectropho
tometer (Specord S600 Analytik Jena). In particular, 1 cm of suture 
loaded with eosin was placed in the quartz cuvette with 2 ml of buffer 
solution and spectra were recorded as a function of time by focusing the 
drug main adsorption band at 515 nm. Prior to measurements, the 
calibration curve of pure eosin was determined for quantitative analysis. 
It should be noted that the eosin release was investigated under slightly 
acidic conditions miming those of human skin, which possess a pH 
ranging between 5 and 5.5 (He et al., 2023). 

3. Results and discussion 

3.1. Thermal properties, water uptake and morphology of coated silk 
sutures 

We investigated the effects of the coating by microwax on the ther
mal characteristics of silk sutures by thermogravimetry and differential 
scanning calorimetry. Fig. 2a compares the thermogravimetric (TG) 
curves of the sutures before and after their treatment with the wax/Hal 
Pickering emulsion. 

As a general result, we detected that the TG curves show four 
distinctive mass losses, which are evident by the peaks of the differential 
thermogravimetric (DTG) curves (Fig. 2b). The first mass loss (ML1), 
which occurs in the range between 25 and 150 ◦C, reflects the amount of 
water molecules physically adsorbed onto the sutures (Lisuzzo et al., 
2022b). We calculated ML1 values equal to 6.65 and 4.81 wt% for un
coated and coated sutures, respectively. According to these results, we 
can state that the presence of microwax reduced the water content of the 
silk sutures highlighting their hydrophobization. This effect was 
confirmed by the water uptake values (Fig. 3), which evidenced that 
coating procedure significantly reduced the capacity of the sutures to 
absorb water. Specifically, we calculated that the water uptake values 
decreased by 85 and 65% for sutures kept at Rh = 75% for 3 and 6 days, 
respectively. 

The thermal decomposition of the main components (silk and wax) 
of both samples occurred in three steps within the temperature range 
between 180 and 520 ◦C. Table 1 reports the decomposition tempera
tures (taken from the DTG peaks) of the several steps. In general, we 
observed that the decomposition processes are slightly shifted to lower 
temperatures after the coating of the sutures. Moreover, we estimated 
the mass losses related to each step (Table 1). 

DSC curves (Fig. 4) of both uncoated and coated sutures showed the 
presence of an endothermic signal in the range ca. 40–70 ◦C that could 
be attributed to the wax melting (Lisuzzo et al., 2021b). In this regard, it 
should be noted that the uncoated suture possess wax in its composition. 

We estimated the temperature of the melting process by the mini
mum of the DSC peak. Based on this analysis, we observed that the 
coating procedure reduced the temperature of wax melting. In partic
ular, we calculated that the melting process occurs at 56.4 and 48.2 ◦C in 
the uncoated and coated sutures, respectively. Moreover, the integration 
of the DSC peaks revealed that the melting enthalpy (ΔHm) is slightly 
enhanced after the coating in agreement with the incorporation of 
microwax particles within the silk structure. In detail, we calculated 

Fig. 3. Water uptake at Rh = 75% for uncoated and coated silk sutures after 3 
and 6 days. 

Table 1 
Temperature and mass loss of the different decomposition steps within 180 and 
520 ◦C.   

Decomposition step 
(180–220 ◦C) 

Decomposition step 
(220–380 ◦C) 

Decomposition step 
(380–520 ◦C)  

Td1 / ◦C ML / % Td2 / ◦C ML / % Td3 / ◦C ML / % 

Before 
coating 

243 10.4 335 30.8 457 48.9 

After coating 241 26.2 329 27.9 453 37.6  
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Fig. 4. DSC curves of silk sutures before and after the coating by wax/Hal.  

Fig. 5. SEM images of uncoated silk suture.  

Fig. 6. SEM images of silk suture after the treatment by wax/Hal Pickering emulsion.  
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ΔHm of 13.7 and 16.5 J g− 1 for uncoated and coated sutures, 
respectively. 

The morphologies of uncoated and coated silk sutures were investi
gated by SEM analyses. Fig. 5 shows the untreated suture is composed of 
multiple filament and its surface does not present any coating particles. 

On the other hand, the surface of treated sutures (Fig. 6) presents a 
random distribution of microwax particles, which possess comparable 
sizes than those estimated from Fig. 1. It should be noted that clay 
nanotubes partly cover the interface of the microwax. Besides, a fraction 
of halloysite is directly anchored onto the surface of the suture. 

3.2. Effects of the coating on the mechanical behavior of the silk sutures 

DMA experiments were performed on uncoated and coated samples 

to investigate the effects of microwax on the viscoelastic and tensile 
properties of silk samples. Regarding the viscoelastic characteristics, we 
conducted DMA measurements under oscillatory regime within a tem
perature range between 30 and 250 ◦C. Fig. 7 shows the dependence of 
tan(δ) on the temperature for uncoated and coated sutures. 

The tan(δ) vs temperature curves of both samples evidenced a peak 
that can be attributed to the glass transition of silk fibroin in agreement 
with literature (Guan et al., 2016). We observed that the glass transition 
is shifted to a lower temperature after the coating of the silk suture. In 
detail, we calculated glass transition temperatures equal to 221.3 and 
211.6 ◦C for uncoated and coated sutures, respectively, that might be 
related to an increase of the free volume between the silk fibers due to 
the presence of wax microspheres. Interestingly, similar results were 
detected by TGA and DSC, which revealed that the coating treatment 
induced decreases of the temperatures related to silk thermal decom
position (Fig. 2 and Table 1) and wax melting (Fig. 4). 

Moreover, we detected that tan(δ) of the coated suture is larger than 
that of the uncoated sample for any temperature prior to the silk glass 
transition (Fig. 7). Being that tan(δ) represents the ratio between G" (loss 
modulus) and G’ (storage modulus), we can state that the coating with 
microwax enhanced the viscous component of the silk suture. Table 2 
reports all the viscoelastic parameters (tan(δ), G’ and G") determined at 

Fig. 7. Tan(δ) vs temperature for uncoated and coated silk sutures.  

Table 2 
Viscoelastic parameters at 30 ◦C for uncoated and coated silk sutures.   

G’ / MPa G" / MPa tan(δ) 

Before coating 5250 488 0.0929 
After coating 6059 958 0.1581  

Fig. 8. Stress vs strain curves for silk sutures before and after their coating.  
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30 ◦C for both samples. 
Based on the analysis of the stress vs strain curves (Fig. 8), we 

determined the effects of the microwax addition on tensile properties of 

the silk sutures. 
As shown in Table 3, the coating significantly altered the tensile 

performances of the sutures. 
Compared to the uncoated sample, we observed a slight reduction 

(ca. 11%) of the stress at break for the treated suture. Oppositely, we 
detected a relevant enhancement (ca. 69%) of the ultimate elongation 
after the incorporation of microwax within the silk fibers. Namely, we 
can state that the presence of wax microspheres increases the flexibility 
of the silk sutures. According to this consideration, the elastic modulus 
of the suture was reduced by ca. 59% after its coating (Table 3). The 
latter agrees with the viscoelastic parameters (Fig. 7 and Table 2), which 

Table 3 
Tensile parameters for uncoated and coated silk sutures.   

Stress at break / 
MPa 

Ultimate Elongation / 
% 

Elastic Modulus / 
MPa 

Before 
coating 

179 ± 9 4.74 ± 0.14 5599 ± 405 

After coating 158 ± 8 8.0 ± 0.2 3514 ± 250  

Fig. 9. Optical micrographs of uncoated (a,b) and coated (c,d) silk sutures after their immersion within the eosin solution. The scale bar is 0.1 mm.  

Fig. 10. Release kinetics of eosin from uncoated and coated silk sutures (1 cm of length) in water at pH = 5.2.  
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evidenced that the elastic contribution decreases after the coating. In 
conclusion, DMA experiments highlighted that the treatment by wax/ 
Hal Pickering emulsions is effective to obtain flexible silk sutures that 
preserve a high mechanical resistance to the break. 

3.3. Release kinetics of eosin loaded within the coated silk sutures 

Fig. 9 shows the optical images of both uncoated and coated silk 
sutures after their immersion within the eosin solution. Due to the drug 
loading, the surface of the coated sutures presents a partial reddish 
coloration, which is not clearly evidenced in the untreated sutures. 
Namely, we can state that the presence of microwax significantly 
improved the eosin loading capacity of the suture. This finding indicates 
that the wax microspheres act as hydrophobic domains with high af
finity towards eosin. 

We studied the release kinetics of the loaded eosin in aqueous me
dium at pH = 5.2 by UV–Vis spectroscopy. The released eosin (expressed 
in mg) vs time profiles are presented in Fig. 10. 

According to the optical micrographs, the amount of released eosin is 
larger for sutures treated by wax/Hal Pickering emulsions. As examples, 
the eosin released from the coated suture is ca. 0.00022 mg, which is ca. 
two order of magnitude higher compared to that released from the un
coated sample. We analyzed the release data from the coated suture by 
the Korsmeyer− Peppas model in order to determine the delivery 
mechanism from the microwax incorporated within the silk structure. 
We calculated that the exponential parameter is 0.496 ± 0.008 high
lighting that the drug release is based on non Fickian diffusion (Ritger 
and Peppas, 1987). Accordingly, we can state that the eosin release is 
governed by diffusion and swelling with similar rates. Literature reports 
n ≈ 0.5 for the release of Vitamin-D3 encapsulated within Pickering 
emulsions formed by zein/chitosan (emulsifying agent) and medium 
chain triglyceride (oil phase) (Shah et al., 2021). The release of curcu
min from cellulose nanocrystals/red palmen oil Pickering emulsions 
exhibited n values ranging between 0.19 and 0.78 on dependence of the 
external magnetic field (Low et al., 2019). 

Furthermore, the data fitting by Korsmeyer− Peppas equation 
allowed us to determine the kinetic constant values for eosin release. We 
detected that the presence of microwax particles decreases the kinetic 
constant by ca. 2 order of magnitude, Specifically, we calculated kinetic 
constant values of 52 ± 5 min− 1 and 0.138 ± 0.012 min1 for uncoated 
and coated sutures, respectively. These results highlighted that wax 
microspheres stabilize eosin on the suture extending its release over 
time. This effect could be attributed to the hydrophobic interactions 
occurring between eosin and microwax. 

4. Conclusions 

Wax/halloysite Pickering emulsions were successfully employed for 
the treatment of commercial silk sutures by using an immersion proto
col. It should be noted that halloysite acts as emulsifying agent stabi
lizing wax droplets (oil phase) in water driving to obtain Pickering 
emulsions. We detected that the coating treatment generated a signifi
cant reduction of the water uptake of the silk sutures in agreement with 
the incorporation of hydrophobic microdomains (the wax/halloysite 
microspheres) on their structure. SEM images confirmed the presence of 
randomly distributed microwax particles on the surface of the silk su
tures. It should be noted that the wax microspheres on suture surface are 
partly covered by halloysite clay nanotubes. This finding reflects a 
reduction of the halloysite ordering due to the suture immersion within 
Pickering emulsions. Thermogravimetric experiments evidenced that 
the coated sutures possess a lower amount of physically adsorbed water 
molecules. TGA and DSC measurements showed a slight decrease of the 
temperatures for both silk decomposition and wax melting after the 
coating of the sutures. Compared with the untreated samples, the su
tures coated with wax/halloysite microspheres exhibited an improved 
flexibility as evidenced by the relevant enhancement (ca. 69%) of the 

ultimate elongation as well as the significant decrease (ca. 59%) of the 
elastic modulus. According to these results, DMA experiments under 
oscillatory regime showed that the coating with microwax increases the 
viscous component of the silk suture. Moreover, these experiments 
revealed that the glass transition of silk fibroin is shifted to a lower 
temperature (221.3 and 211.6 ◦C for uncoated and coated samples, 
respectively) after the coating treatment. Finally, we used the coated 
sutures for the loading and controlled release of eosin. Due to the 
presence of the hydrophobic wax/halloysite microdomains, the coated 
sutures evidenced a reliable improvement of the loaded eosin. Specif
ically, we calculated that the loading efficiency increases by ca. two 
order of magnitude for the coated suture compared to that released from 
the uncoated sample. Then, we studied the kinetics of the eosin release 
from the coated suture, which highlighted that this process is driven by 
non Fickian diffusion according to the Korsmeyer− Peppas model. In 
conclusion, we demonstrated that the use of wax/halloysite Pickering 
emulsion can be strategic to extend the applications of a commercial silk 
sutures because of the improved flexibility and the enhancement of the 
loading of eosin. 
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