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ABSTRACT: The liquid mixing process is an advantageous production method which has 

recently gained industrial interest for elaborating composites based on natural rubber (NR) and 

filler nanoparticles (NPs). Understanding how the relevant components such as polymer, fillers, 

as well as proteins and lipids coming from NR organize along the fabrication process is of 

importance for modulating material properties.  Here, we successfully employed a combination of 

nano-imaging techniques to unravel the structure and evolution of hetero-aggregates formed by 

colloidal destabilization of a model NR latex - silica NPs liquid mixing process. First, field 

emission scanning electron microscopy (FESEM) was used to investigate the structures, from the 

early stage of contact between the particles until the formation of a composite. Results highlight 

an interaction in the liquid state between NR globules contained within the latex and silica NPs, 

hindering coalescence among globules. The latter can be achieved by applying shear in suspension 

or by solvent evaporation obtaining a dried composite. Atomic force microscopy coupled to 

infrared spectroscopy (AFM-IR) was employed to probe the in-depth nanoscopic distribution of 

silica NPs revealing a restricted mobility of the NPs during evaporation. Ultimately, the spatial 

distribution of proteins and lipids of NR, with respect to silica NPs, was investigated using dual 

color fluorescence images acquired with direct stochastic optical reconstruction microscopy (d-

STORM) in a correlative light electron microscopy (CLEM) approach. The presence of silica NPs 

is found to influence the distribution of proteins and lipids in the composite; biomolecules form 

clusters of ~200 nm, which are partially colocalized with silica, highlighting an interaction 

between them. Our work provides comprehensive structural understanding of a model system 

undergoing liquid mixing, unlocking the potential of combining high-resolution imaging 

techniques to elucidate the structure of materials for tire applications. 
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1. INTRODUCTION 

Synthetic or Natural Rubber (NR), i.e. crosslinked polymeric systems, need to be reinforced with 

fillers nanoparticles to achieve necessary strength for most applications1–3. The use of silica 

nanoparticles (SiO2NPs) as filler has become of growing importance, especially in the tire 

industry4–6. It has been found that their introduction into rubber blends has improved the rolling-

resistance of tires with related benefits such as fuel saving and reduced impact on the 

environment7,8. The complex three-dimensional arrangement of SiO2NPs with their large 

distribution of length scales in case of industrial filler particles, depends on formulation of 

additives and the incorporation methods, and presumably determines material reinforcement9,10. 

Various strategies have been developed to incorporate silica fillers in NR like melt mixing and sol-

gel techniques11. Among those, the “liquid route” is a both industrially and environmentally 

promising approach. It relies on the coagulation of a colloidal mixture of NR latex with an aqueous 

suspension of SiO2NPs that is further dried to obtain a masterbatch material. The masterbatch is 

thermo-mechanically mixed with additives such as synthetic polymers and vulcanization agents to 

achieve a composite material of relevance for the tire industry. Such a strategy takes advantage of 

the core-shell structure of NR globules contained within the latex, with the core constituted of 

polyisoprene and the shell composed of proteins and lipids12, biocomponents partially linked with 

the polymer core of the globules13. In terms of processing, different options are available: the 

colloidal mixture can be directly dried to form a continuous polymer film with embedded fillers14 

or it can be coagulated by chemical and/or mechanical actions15–17, before drying. For industrial 
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use, coagulation methods are preferred since they speed up composite formation. An advantageous 

method for obtaining NR-SiO2 composite at industrial scale starting from colloidal suspensions 

relies on the use of divalent metallic cations to induce coagulation between NR latex and pristine 

silica18. Obviously, the physical chemistry of the silica-polymer interface remains unmodified 

during the coagulation approach, unless specific surface treatment is introduced, as e.g. with 

coating or coupling agents as usually done with synthetic rubber. However, such treatments are 

out of the scope of the present study. A previous research by Chan et al.19 explored the physico-

chemical parameters required to achieve NR - SiO2NPs interaction under aqueous conditions by 

varying properties of the medium (ionic strength, ion valence) as well as the size and surface 

chemistry of the fillers. In terms of aggregation kinetics, the authors reported that even though 

monovalent ions can be used to trigger coagulation, the rate of hetero-aggregate formation is faster 

when using Mg2+ ions. Furthermore, the recent work of Sattar et al.20 provided insights into 

molecular scale interactions present in the NR - SiO2NPs composite obtained through coagulation 

also induced by Mg2+ ions. However, the aforementioned studies did not benefit from images 

unravelling structural details. Indeed, the nanoscale visualization of the hetero-aggregate, as well 

as its structural evolution during coagulation and drying have never been achieved. To do so, the 

use of highly resolved imaging techniques investigating model systems mimicking processes 

occurring during the liquid route are necessary. 

Techniques such as Small-angle neutron and X-ray scattering (SANS and SAXS) have been widely 

used for morphological studies of polymeric systems9,10,21, to investigate the microstructure of 

uncross-linked NR22, and only very rarely to coagulated latex systems23. However, these 

techniques often have complicated data analysis and require stochastic inversion techniques24, to 

compare with direct visual microscopy images showing silica particles localization. The originality 
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of our work stands in the use of a set of multimodal nano-imaging techniques for structural 

characterization of NR-fillers systems, giving access to nanoscale details in both hydrated and 

dehydrated conditions. In particular, we employed field emission scanning electron microscopy 

(FESEM) with a multi detection mode of secondary and backscattering electrons to investigate the 

overall structural evolution of the sample, from the early stage of contact between NR globules 

and SiO2NPs in the liquid state, until the formation of a dehydrated composite. Additionally, 

FESEM was supported by atomic force microscopy coupled to infrared spectroscopy (AFM-IR) 

to reveal the distribution of SiO2NPs in the rubber matrix, giving access to greater surface depth 

analysis. The structural evolution and the fillers distribution were also explored after application 

of mechanical shear-stress using a novel rheo-optical device25 to study the role of shear in the 

transition from hetero-aggregate to a composite. Ultimately, direct stochastic optical 

reconstruction microscopy (d-STORM) was used to investigate the spatial distribution of proteins 

and lipids of NR in both the liquid state and composite material, and with respect to SiO2NPs. In 

this context, Correlative Light Electron Microscopy (CLEM) combining d-STORM acquisitions 

with subsequent FESEM observations was achieved recovering the same position of the sample. 

Overall, our work reports novel experimental findings exploring nanoscale structural aspects of 

NR and SiO2NPs involved in the liquid route used for the manufacturing of composite for tire 

applications. 

2. MATERIALS AND METHODS 

2.1 Sample Preparation 

High ammonia NR latex concentrate (∼60 wt %, HA latex) (Michelin, Clermont Ferrand, France) 

was used for all the experiments. It was obtained by centrifugation of field NR latex containing 



 6 

0.7 wt% ammonia to eliminate free components and non rubber particles as well as to preserve the 

colloidal structure of NR globules. The latex was diluted to 0.075 wt% rubber content using 

distilled water and mixed with 100 nm diameter plain SiO2NPs (Kisker Biotech, Steinfurt, 

Germany) to obtain a binary colloidal suspension. Dynamic Light Scattering method (DLS) was 

used to control the size distribution of both components prior mixing (Figure S1). NR latex 

corresponded to a bimodal distribution of particles with ~90% of globules belonging to small rubber 

particles (SRPs) (size < 500 nm) and ~ 10% belonging to large rubber particles (LRPs) (size > 500 

nm), in agreement with previous results26. Unless otherwise mentioned, the experiments were 

conducted in an aqueous medium composed of magnesium sulfate 0.025M (Sigma-Aldrich) 

corresponding to 100 mM ionic strength and adjusted at pH of ~ 6.5, a pre-requisite to induce a 

phase-separation and formation of a NR- SiO2NPs hetero-aggregate as previously reported. For 

imaging experiments, 100 µL of the binary colloidal suspension was deposited on a rounded glass 

coverslip (thickness of 170 µm, MENZEL-GLASER), resulting in a casted drop with a spherical 

cap shape (drop diameter ~ 1 cm). Some experiments were conducted in a humidity-controlled 

chamber, limiting the evaporation of the solvent (Figure 1a). In other experiments, the solvent was 

let to evaporate to observe structural evolution (Figure 1b). In both cases, a phase-separation was 

macroscopically visible at t=1 h, with the formation of a floating object corresponding to the 

heteroaggregate. In case of solvent evaporation, at t=4 h, the heteroaggregate adhered on the glass 

surface, and after complete evaporation of the solvent (t=24 h) the material is referred to as 

composite. 
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Figure 1. Schematic illustration of the main components and deposition protocol on a coverslip 

for imaging experiments. (a) Surface chemistry of SiO2NPs and typical core-shell structure of NR 

globule (b) Sample placed in a humidity-controlled chamber limiting the evaporation of the 

solvent. (c) Sample exposed to the open air along solvent evaporation.  

 

2.2 Application of controlled shear-stress  

The sample preparation and description of the shearing module used in these experiments were 

described in details elsewhere27. Briefly, the SiO2NPs binary colloidal suspension was placed 

between two microscopy coverslips (with a controlled gap width of 500µm) well suited for the 

application of controlled shear. This was obtained using a commercial device called RheOptiCAD 

(CAD instrument). It consisted in 10 cycles of oscillations during a total of 10 min. Each oscillation 

corresponds to the displacement of the upper plate of 1 mm (500 µm on either side from a central 

position) at a frequency of 10Hz during 60s. It was verified on a sample of only diluted NR latex 
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that the shearing conditions did not alter the NR globular form (Figure S2). This shearing device 

was designed to fit on an inverted microscope (Axiovert, ZEISS)  allowing for the acquisition of 

transmission images of the sample during shear. 

2.3 FESEM 

FESEM using both topological contrast by secondary electrons (SE) imaging and chemical 

contrast by backscattered electron (BSE) imaging was performed on deposited specimen samples 

which were chemically fixed using osmium vapors28,29. Osmium is routinely used as fixative agent 

in solution. However, the originality of our approach relies on (i) its use in the vapor form which 

prevents the immersion of the specimen in a liquid solution containing the fixative agent, (ii) its 

applicability in the presence or absence of solvent, and (iii) the specific affinity of osmium 

tetroxide for NR: Osmium tetroxide interacts directly with carbon–carbon double bonds in 

unsaturated rubber phases. This gives the possibility to exploit BSE imaging; a method based on 

chemical contrast allowing the distinction between NR and SiO2NPs : the latter appear dark in 

comparison to NR globules that are bright (Figure 2b). The chemical fixation protocol was 

optimized in order to be applied regardless of the amount of solvent still present in the sample. It 

consists in the deposition of 50µL drops of osmium tetroxide (EMS, USA) solution (1% in water, 

prepared extemporaneously) around the cover slip of the sample, in a hermetic box protected from 

light. In this condition, vapors of osmium tetroxide are created inside the box, fixing the structure 

of the sample. After 30 minutes, the fixation was considered complete and the samples were gently 

rinsed with ultrapure water to remove the excess of dry salt on the specimen and mounted on 25.4 

mm aluminum pin stubs (Micro to Nano, the Netherlands) with double sided sticky and conductive 

tabs (EMS, USA). Samples were left on the stubs until completely dry in a vacuum desiccator. 

Afterwards, samples were coated with a 10 nm carbon layer by double thread evaporation in high 
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vacuum (10-5 mbar) with an ACE600 device (Leica, Germany). Observations were performed in 

high vacuum (10-6 mbar in the observation chamber) with a FESEM Gemini500 (Zeiss, Germany) 

driven by SmartSEM (version 6.3)   operating at 2 kV, with high current mode, a 20 µm aperture 

and approximatively 2 mm working distance. The SE signal was collected with the corresponding 

SE in lens detector. The BSE signal was collected with the energy selective in column detector 

using filtering grid (> 400 V) to filter out the SE signal. Images were acquired with a 1024 x 768 

resolution, with a dwell time of 6.4 µs and a line averaging of 25. Both SE and BSE signals are 

surface selective; the SE images are produced at the extreme surface (depth of few nanometers) 

while the BSE images are capable of providing information arising from a depth of few tens of 

nanometers30. For each sample, at least two different zones were imaged using a range of different 

magnification power. 

2.4 FESEM-Image treatment for quantitative analysis 

The minimum average distance between centroids of nearest NR globules was estimated from the 

FESEM images of the NR- SiO2NPs hetero-aggregate formed at t=1 h.  For this calculation, the 

Nearest Neighbor Distance calculation (NND) plugin of ImageJ was used.  

SRPs and LRPs were counted in the BSE images recorded from t=1 h to t=4 h. To do so, a non-

local means filter was first applied to subtract the noise from the BSE images. Subsequently, the 

MorphoLibJ Plugin (ImageJ) was employed on the binary image with the application of watershed 

segmentation to detect the max Feret diameter of NR particles. This is often used in microscopy 

measurements for the size analysis of non-spherical particles, and it refers to the longest direction 

of the globule31. A threshold was set at 500 nm to discriminate the NR particles: they were 

considered as SRPs below this threshold, while above they were considered as LRPs. The counting 

was performed in three different image planes for each condition at 10000x magnification. 
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2.5 Fourier Transformed Infrared (FTIR) –Attenuated Total Reflection (ATR) analysis 

The FTIR spectra of SiO2NPs and NR were acquired using a Bruker Vertex 70 FTIR spectrometer 

equipped with an ATR accessory (PIKE MIRacle crystal plate diamond ZnSe) and a mercury 

cadmium telluride (MCT) detector cooled down by liquid nitrogen. For spectra acquisition, HA 

latex 60 wt% or the purchased Si suspension at 5 wt% were dehydrated and subsequently deposited 

directly on the ATR-crystal. Each FTIR spectrum corresponds to an accumulation of 100 scans 

from 4000 to 600 cm−1 and with a spectral resolution of 4 cm−1. The background was recorded 

(average of 100 scans) on the ATR unit without any substrate pressed against the crystal. 

2.6 AFM-IR 

AFM-IR is a hybrid technique that combines the spatial resolution of atomic force microscopy 

(AFM) with the chemical analysis capability of infrared (IR) spectroscopy32,33. The method was 

described in details elsewhere. The instrument used in this study is a NanoIR2 (Anasys Instrument, 

Bruker nano Surfaces, California, US) combining an AFM set-up with an IR pulsed tunable laser 

covering the mid-IR region between 1900 cm-1 and 900 cm-1 (QLC beam, MIRcat-QT, 

DAYLIGHT solutions; peak powers up to 1 W; average powers up to 0.5 W, wavelength 

repeatability< 0.1 cm−1 and a tunable repetition rate of 1-2000 kHz). The samples were deposited 

on CaF2 coverslips (Crystal GmbH, Berlin). The system is used in tapping AFM-IR mode33. 

Simultaneous acquisition of topographic images and IR maps at a specific wavenumber are 

acquired by means of a Au-coated silicon probe (scan rate 0.2 Hz, driving strength 16%, Power 

5.77%, tapping AFM-IR cantilever, Anasys Instruments – spring constant 1–3 nN.m−1). In tapping 

mode, the lever is forced to oscillate constantly at a given amplitude and frequency. To perform 

AFM-IR measurements in this mode, it is therefore essential to detect the oscillation generated by 
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the photo-thermal expansion, whereas the cantilever is already oscillating. Here is the strategy: the 

oscillation frequency of the tapping cantilever is mixed with the photothermal expansion frequency 

of the object. While the cantilever is driven at a certain frequency for the tap-ping mode (here 1430 

kHz), the frequency of the laser repetition rate is chosen so that the difference of these two 

frequencies corresponds to the eigenmode of the cantilever (here around 230 kHZ, second mode). 

The nonlinear interaction produced is therefore directly related to the photo-thermal expansion and 

will contain all the information related to the IR absorption of the object. A major interest of the 

IR mapping is that is capable of providing information arising from a depth > 1 µm, while classic 

topography images are surface selective as FESEM. Topography and IR maps were treated using 

MountainsMap software, while local IR spectra were filtered using a Stavitsky-Golay algorithm. 

2.7 d-STORM  

d-STORM has mostly seen applications in the life sciences, but it has recently gained interest in 

the field of materials34,35. The technique relies on the reconstruction of a nanoscale image after 

recording the stochastic pinpointing of fluorophores that undergo an on-off switching mechanism, 

also known as blinking36. To achieve such temporal signal separation, addition of a chemical 

imaging buffer to the sample is necessary. The one used herein contained: PBS, β-

mercaptoethylamine and an oxygen scavenger enzymatic system composed of glucose oxidase and 

catalase (Smart kit, Abbelight, Paris, France). Such buffer performs better in a poor oxygen 

environment. Thus, the samples were further sealed using Twinsil® paste.  To allow the proteins 

and lipids localization, the biomolecules were fluorescently labelled in liquid suspension with Cy5-

NHS (100µM, incubation time 1h) and Dil (25 µM, incubation time 10 minutes) respectively. In 

case of detection of SiO2NPs by d-STORM measurements, fluorescent SiO2NPs (Kisker Biotech, 
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Steinfurt, Germany) were mixed with NR globules. When in presence of fluorescent SiO2NPs, Dil 

was replaced by DID as lipid probe to prevent any spectral interference between the probes (Figure 

S3).  Moreover, we controlled that neither Cy5-NHS, nor Dil and DID have interactions with the 

fluorophore marking SiO2NPs: no change in the silica emission spectra was observed (Figure S4).  

Fluorescence images were acquired using a Nikon Eclipse Ti-E microscope equipped with two 

laser lines. A 532 nm (Verdi G5, 5W, Coherent) was used to excite the fluorescence of both Dil 

and fluorescent SiO2NPs fillers, while a 637 nm (Obis 637LX, 140mW, Coherent) line was 

employed to excite Cy5-NHS as well as DID. Firstly, we used a weak laser power to illuminate 

the sample and record a conventional diffraction-limited epifluorescence image. Afterwards, the 

laser power intensities were increased to induce the stochastic photo-switching of the fluorophores. 

Unless otherwise mentioned, highly-inclined and laminated optical sheets (Hilo)37 was used as 

excitation mode. In this configuration, the incident laser beam is highly inclined by a large 

refraction and is laminated as a thin optical sheet at the specimen site allowing image acquisition 

through a depth of several micrometers. The laser light was focused through a high numerical 

aperture and magnification objective (APO TIRF x100 1.49NA, Nikon), and images were acquired 

using a complementary metal oxide semiconductor camera (CMOS) with 50 ms exposure time. 

Appropriate band pass filters were placed in front of the camera to separate the emission signals 

of the different fluorophores. A single d-STORM image is generated by the accumulation ~6000 

fluorescence images containing sparsely distributed emitters. The images were acquired and 

processed using NEO (Abbelight, Paris, France), a commercial software allowing live image 

reconstruction as well as treatment and drift corrections. With this software, images were 

processed removing the pixel per pixel temporal median in order to get rid of background noise. 



 13 

A Gaussian fit was then used to localize the center of each emitting molecule. The potential drift 

between sequential acquisitions was also corrected using a cross correlation algorithm. 

2.8 Correlative Light Electron Microscopy (CLEM) 

CLEM was performed combining d-STORM with FESEM measurements. The re-location of the 

same area of the sample by both methods has been achieved through the use of high wall 35 mm 

µ-dishes with a patterned glass bottom coverslips with 170 µm thickness and composed of 4 x 100 

numbered micro-squares of 50 µm (1.5H, Ibidi GmbH) (Figure S5). Fluorescent SiO2NPs  particles 

were used as bi-functional probe visible by both methods. Due to strong quenching of the 

fluorescence signal after fixation with vapors of osmium tetroxide38, d-STORM acquisitions using 

Hilo illumination were performed prior to FESEM measurements. Between the two different 

acquisitions, the d-STORM imaging buffer was carefully washed off, and the glass bottom 

coverslip was gently removed using tweezers in order to insert the sample in the FESEM chamber.  

2.9 Correlation and cluster analysis 

Fluorescence images have first been analyzed looking for the presence of proteins and lipids 

clusters using density based spatial clustering of application with noise (DBSCAN)39. The 

DBSCAN algorithm looks for clusters by analyzing the number of localizations within a circle 

defined by its radius (ε) and its center (p). If the area of the circle contains more than a minimum 

number of points (MinPts), a new cluster with p as a core object is created. If a localization does 

not have MinPts within ε, this point is defined as a border point of the cluster. The choice of ε and 

MinPts is operator-dependent. We chose ε=50 nm and MinPts=50 as input parameters in order to 

detect clusters that would allow high density areas of proteins and lipids in a circle having diameter 

of 100 nm. This method has been applied on two different region of interest (ROI) of the acquired 
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d-STORM images, and for each condition. Additionally, a 2D coordinate-based correlation 

analysis was applied using an in-house code. The code allows to define a typical cluster size with 

an auto-correlation analysis using lipids and proteins localization coordinates. Similarly to the pair 

correlation function of liquid state theory40, the code calculates the probability of encountering a 

colored pixel (of the same color, yielding auto-correlation) in a circular shell as a function of the 

shell radius around a given colored pixel. This probability is then averaged over all colored pixels 

taken as center, and normed with respect to the average density. Subsequently, cross-correlation 

was also examined to quantify proteins and lipids colocalization with SiO2NPs applying the same 

code to two different colors. In both cases, results are shown in terms of a radial distribution 

function g(r) quantifying the possibility of finding a localization at a distance r away from a 

reference point. Both auto and cross-correlation analysis has been run on two different ROI for 

three distinct samples to test the reproducibility of the out coming results. Intensity values have 

not been taken into account for the analysis because they depend on the emission time of single 

fluorophores undergoing stochastic activation. 

 

3. RESULTS AND DISCUSSION 

3.1 NR- SiO2NPs hetero-aggregate structure in the liquid state 

FESEM was first used to characterize the structure of the NR - SiO2NPs hetero-aggregate formed 

from phase-separation of the binary colloidal suspension in the humidity-controlled chamber 

(Figure 2). From the SE image, it is possible to distinguish LRPs (size > 500 nm) (see Materials 

and Methods) surrounded by particles of smaller size. However, it is difficult to distinguish 

between SRPs (size < 500 nm) and SiO2NPs, due to their similar size and form (Figure 2a). 
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Therefore, BSE images have been acquired simultaneously on the same area, providing the 

necessary information to distinguish the components (Figure 2b). The structure of the formed 

hetero-aggregate highlights NR particles regularly dispersed as single globules maintaining their 

spherical structure, and surrounded by SiO2NPs, which fill the void between them. The 

determination of the minimal average distance between centroids of nearest NR globules (as 

described in the experimental section) resulted in a value of ~250 nm, confirming that at least one 

silica nanoparticle is found intercalated between two NR globules. This indicates an attractive 

interactions between NR globules and SiO2NPs, inducing a homogeneous distribution of the filler 

particles around the NR globules. As shown in previous work, this interaction is triggered by the 

presence of divalent ions able to screen the electrostatic double layer, while acting as a molecular 

bridge between the negatively charged surfaces of both SiO2NPs (-12.2 mV, pH ~ 6.5) and proteins 

and lipids present on the NR biomembrane (-28.8 mV, pH ~ 6.5)19,20.  Remarkably, as long as the 

solvent is maintained in the system, the reported hetero-aggregated structure does not evolve with 

time. This means that the interaction between NR and SiO2NPs in the liquid state does not alter 

the colloidal structure of the NR globules but rather stabilizes it, as it happens in Pickering 

emulsions41. By contrast, FESEM images acquired on an equivalent system composed of only NR 

latex show no clear globular form of NR, but the presence of a NR film formed by coalescence 

between NR globules (Figure 2c and d). In this case, we can reasonably hypothesize that the 

observed coalescence between the NR globules is a consequence of the presence of Mg2+ ions 

which allows to NR globules to come into closer contact. This results in the ability of the 

polyisoprene chains confined in the inner part of the NR globules to diffuse toward the outside by 

polymer interdiffusion and interact with other chains through hydrophobic interactions. The 

discrepancy between the two reported cases proved that the localization of SiO2NPs completely 
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surrounding the NR globules is a factor that helps in delaying the coalescence between them, so 

that they maintain their original form as long as evaporation is limited. 

 

Figure 2. FESEM micrographs of NR-SiO2NPs hetero-aggregate and comparison with the structure 

obtained for the equivalent system composed of only NR latex. Samples were kept for 4h in a humidity-

controlled chamber, limiting evaporation of the solvent prior to fixation. (a) SE and (b) BSE images of 

the NR-SiO2NPs aggregate (magnification: 20000x) showing no signs of coalescence between 

particles. (c) SE and (d) BSE images of the structure obtained for a system composed of only NR latex, 

showing large zones of coalescence between NR globules (magnification 20000x). 

We further investigated the impact of the aformentioned NR-SiO2NPs interaction on the 

architecture of the biomembrane components. Dual color d-STORM images using fluorescently 
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labelled SiO2NPs and alternatively proteins or lipids of NR were performed at an early stage of 

mixing (Figure 3). We highlighted the presence of SiO2NPs in contact with the surface of the NR 

globules, as previously reported by FESEM. Proteins and lipids appear quite homogeneously 

distributed all around the surface of the globule (Figure 3a and b), as observed in the absence of 

SiO2NPs (Figure 3c and d). Only some segregated, randomly interdispersed domains can be 

observed, in particular for proteins, in agreement with previous immunogold studies by TEM 

microscopy42.  

 

Figure 3. d-STORM micrographs on a NR globule in presence and absence of SiO2NPs 

surrounding their surface. Images have been taken in presence of Mg2+ ions (ionic strength=0.1 

M), using Hilo excitation. (a) Dual color image labelling lipids (green) and SiO2NPs (cyan). (b) 

Dual color image labelling proteins (red) and SiO2NPs (cyan). (c) Lipids and (d) proteins 
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distribution on a single NR globule without SiO2NPs. Note that the quantity of SiO2NPs interacting 

with the NR globules in (a) and (b) is comparable, in spite of the visual impression caused by the 

color code. 

This result reveals that the Mg2+- mediated NR-SiO2NPs interaction has no impact on the 

architecture of the NR biomembrane. Hence, without a modification of the proteins and lipids 

arrangement, the polyisoprene chains confined within the globules are not exposed to the 

surrounding environment and hydrophobic interactions between polymer chains of different NR 

globules are prevented, so that coalescence between them is hindered. In essence, the absence of 

direct contact between  NR globules together with the unmodified arrangement of proteins and 

lipids following their Mg2+- mediated interaction with SiO2NPs are conditions that oppose 

coalescence. This lack of globules coalescence in the liquid state presents one of the main 

differences with NR-carbon black systems, obtained with a similar protocol. For the latter, it was 

recently reported that when CB aggregates are in contact with NR globules, coalescence of the 

latter was promoted27.  

3.2 NR-SiO2NPs hetero-aggregates: Structural evolution during drying and shearing 

We further imaged for the first time the NR-SiO2NPs hetero-aggregate structural evolution 

towards a solid composite, obtained by solvent evaporation. For this purpose, FESEM images were 

performed on samples where evaporation was allowed and the structure of the hetero-aggregate 

was fixed at different times, from t=1 h to t=24h (Figure 1b). At t=1 h the NR globules still 

maintain their original colloidal structure while being surrounded by SiO2NPs (Figure S6). 

However, along with the solvent evaporation, structural differences can be noticed. At t=2 h 

particle boundaries are still visible but NR globules begin to deform, partly covering the 
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surrounding SiO2NPs (Figure 4a). Further with the evaporation, the sample becomes structurally 

heterogeneous, with regions in which the spherical form of NR globules is still preserved as well 

as domains characterized by no contour of the particles due to coalescence between the globules 

(Figure 4b and c). This last region is the result of a film formation mechanism of NR latex, where 

coalescence between the NR globules and inter-globular chain diffusion occurs. 

.Figure 4. Structural evolution of NR-SiO2NPs hetero-aggregate during solvent evaporation. SE 

micrographs showing the structure at (a) t=2 h, (b) t=3 h, (c) t=4 h (magnification 20000x). (d) 

Histogram grouping the SRPs and LRPs counts from BSE images acquired between t=1h and t=4h. 
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In order to make progress in the understanding of the structural evolution of the NR-SiO2NPs 

hetero-aggregate, counting of LRPs and SRPs has been carried out on the structures recorded from 

t=1 h to t=4 h. The hetero-aggregate at t=1 h is found to be composed of ~85% of SRPs and 15% 

of LRPs by number, a ratio between the two types of NR particles similar to the one established 

by DLS measurements (Figure S1). Interestingly, during solvent evaporation, the globular form of 

LRPs was retained for longer time than that of SRPs (Figure 4d). This is consistent with the NR 

particles size: the specific surface area of SRPs is greater than the one of LRPs and thus assuming 

similar polymer inter-diffusion rates, we expect the loss of the colloidal structure of SRPs at earlier 

stage than that of LRPs. This observation is in agreement with a previous Atomic Force 

Microscopy (AFM) study on latex films containing mostly LRPs and SRPs, respectively43. 

In terms of large-scale processing, it would be interesting to boost the kinetics of the film formation 

mechanism in order to obtain a material characterized by a homogeneous and cohesive film in a 

shorter lapse of time. For this reason, mechanical shear was applied on the liquid suspension post-

mixing of NR with SiO2NPs. We have used an original commercial rheo-optical device allowing 

real time imaging acquisition to investigate the structural evolution of the hetero-aggregate under 

shear flow. Light transmission images recorded during the applied shearing cycles highlight the 

formation and combination of aggregates, quickly growing in size leading to a macroscopically 

visible phase-separated hetero-aggregate (Figure S7a). If approximately 1h was needed to induce 

phase-separation without the application of external stress, only a few shearing cycles (5-10 min) 

are necessary to form the floating hetero-aggregate. This demonstrates that in presence of ions the 

application of shear accelerated the formation of the hetero-aggregate. It was also controlled that 

in the absence of Mg2+ ions, the formation of the hetero-aggregate under shear was not observed 

(Figure S7b); the mechanical stress was not sufficient to overcome the interaction energy barrier 
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caused by the electrostatic repulsion between particles. Thus, the more rapid formation of the NR- 

SiO2NPs hetero-aggregate under shear is due to the increased number of collisions between 

particles. Figure 5a and b illustrate the nanoscale structure of the hetero-aggregates formed under 

shear, while Figure 5c and d refer to a control sample, consisting of a hetero-aggregate formed 

inside the shearing module, without the application of shear. We can observe that large zones of 

NR film are present within the hetero-aggregated formed under shear. From this observation, we 

can state that the application of shear increases the kinetics of film formation mechanism, boosting 

coalescence and polymer chain interdiffusion between NR globules. For this reason, it is a useful 

tool in the liquid route to achieve the formation of a film state in a relatively short time. 

 

Figure 5. Effect of shear on the structure of the NR-SiO2NPs hetero-aggregate. Mechanical shear 

was applied using the RheOptiCAD module25,44. SE (a) and BSE (b) images showing the structure 
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of the hetero-aggregate at the end of the 10 oscillation cycles (10 min) (magnification 10000x). SE 

(c) and BSE (d) micrographs of NR-SiO2NPs hetero-aggregate formed at t=1 h inside the shearing 

module without the application of mechanical shear (magnification 10000x). 

3.3 Structural characterization of NR-SiO2NPs composite 

Regardless to the application of shear, a solid composite is obtained after complete solvent 

evaporation (t=24 h). Its structure shows a smooth and homogeneous NR film with embedded 

SiO2NPs (Figure 6a and b). In such composite, the filler particles appear homogeneously dispersed 

in the film and regularly organized as ring-ellipse like structures (red arrows in Figure 6b). 

 

 

 

 

Figure 6. FESEM micrographs of NR-SiO2NPs composite obtained after complete solvent 

evaporation at t=24 h. (a) SE and (b) BSE images showing the NR matrix with embedded SiO2 

nanoparticles (magnification 20000x). Red arrows in (b) indicate typical ring-ellipse like 

structures. 

At this stage, AFM-IR was employed to investigate more deeply the arrangement of SiO2NPs in 

the obtained composite. This hybrid technique coupling the spatial resolution of AFM with the 

chemical characterization of IR spectroscopy is capable of providing information arising from a 

depth > 1 µm. Prior to the AFM-IR study, the IR response of NR and SiO2NPs as well as the AFM 

topography of the composite were investigated. The latter confirmed the presence of complete 
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filmified NR matrix containing embedded SiO2NPs (Figure 7a), in good agreement with our 

previous FESEM measurements probing the sample surface. The FTIR absorption spectra of NR 

and SiO2 recorded in the region between 1800 and 900 cm-1 are reported in Figure S8. For NR, a 

strong absorption band centered at 1450 cm-1 is observed corresponding to the CH2 deformation 

typical of polyisoprene45. On the other hand, the IR spectra of SiO2NPs show a strong absorption 

band with a maximum at 1100 cm-1, corresponding to the asymmetric Si-O-Si stretching. Those 

wavenumbers were chosen to record IR maps of both the NR matrixmainly composed of 

polyisoprene, and that of SiO2NPs within the film (Figure 7b and c). 
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Figure 7. SiO2NPs distribution in the obtained composite at t= 24 h. AFM (a) height image. (b) 

IR map at 1100 cm-1 of the corresponding region referring to Si-O-Si asymmetric stretching. The 

circled areas highlight a specific arrangement of SiO2NPs in ellipse-ring like structures. (c) IR map 

at 1450 cm-1 referring to the CH2 deformation typical of polyisoprene of NR. In both cases, the red 

and blue colors correspond to high and low level of IR absorption, respectively. (d) Local IR 

spectra acquired in specific location of interest indicated by arrows in (b) and (c), and 

corresponding FTIR spectra of SiO2NPs and NR inserted as inset. 

Results show that the IR map of the NR matrix recorded at 1450 cm-1 represents the negative image 

of the one recorded at 1100 cm-1 corresponding to the detection of SiO2NPs. The latter are found 

interconnected forming a network, which is regularly organized in ring-ellipse structures as 

previously observed at the sample surface by FESEM (Figure 6).The size of the ring-ellipse 

structure ranges between 250- 2000 nm, similar to the diameters of the NR globules in their initial 

colloidal form. This result suggests that during solvent evaporation, the NR globules undergo a 

film formation process while SiO2 nanoparticles are maintained in place leading to the observed 

ring-ellipse structures, corresponding to reminiscent shapes of the NR globules. The local IR 

spectra recorded placing the AFM tip on the absorbing structure corresponding to SiO2NPs (green 

arrow in Figure 7b) showed minor peaks between 1300 cm-1 and 1800 cm-1 and a major peak at 

1100 cm-1 (Figure 7d). This confirms that the absorbing structure on the IR map recorded at 1100 

cm-1 refers to SiO2NPs which are at least partially covered by the NR film. Noteworthy, the local 

IR spectra recorded on a large area of NR film (yellow arrow in Figure 7c) also revealed the 

presence of an absorption band at 1100 cm-1, proving the presence of fillers in deeper layers within 

the NR matrix. The same experiment was then repeated for the composite obtained after the 

application of shear in liquid suspension (Figure S9). A similar distribution and arrangement, with 
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no more aggregation of the fillers was observed. Thus, shear applied post-mixing NR with 

SiO2NPs did not alter the distribution of the fillers, which are again very often found in ring ellipse-

like structures of similar sizes as the ones previously reported. This result is an indicator of a strong 

initial interaction between the biomembrane components of NR globules and SiO2NPs, and it also 

confirms a restricted motion of the fillers during the film formation process. 

 In addition to SiO2NPs distribution, the spatial organization of proteins and lipids and their 

possible interaction with SiO2NPs in the composite are interesting subjects which can impact 

material properties. For this purpose,, d-STORM fluorescence microscopy was used to decipher 

the distribution of proteins and lipids of NR in the obtained dried composite, with respect to 

SiO2NPs. Results were then compared with the distribution of these biomolecules in a NR film 

formed with the same protocol, but in the absence of the fillers. A very different behavior was 

observed. When SiO2NPs are embedded in the NR film, d-STORM micrographs indicate the 

presence of clusters of proteins (red) and lipids (green) (Figure 8c and e). Outside these clustered 

domains, we observed mainly dispersed and small aggregates of proteins and lipids. Additionally, 

clusters of proteins and lipids overlapping with each other are also present, suggesting a possible 

co-assembly. On the other hand, in the absence of SiO2NPs, proteins and lipids are organized in 

much smaller domains, leading to a different spatial organization (Figure 8d and f). Detailed image 

analysis was then performed to have a quantitative description of the proteins and lipids 

organization within the composite. The maps obtained from DBSCAN analysis ascertain the 

pronounced clustering of proteins and lipids within the NR film when SiO2NPs are present (Figure 

S10 and S11).  

 



 26 

 



 27 

Figure 8. Distribution of proteins and lipids in NR-SiO2NPs composite and NR film at t=24 h, 

formed by coagulation in presence of Mg2+ (ionic strength =0.1 M), and drying. Epifluorescence 

images of (a) NR-SiO2NPs composite and (b) NR film. Dual color d-STORM fluorescence image 

of proteins (red) and lipids (green) of the corresponding (c) NR-SiO2NPs composite and (d) NR 

film. (e), (f) Magnified view of the boxed region (image size: ~10x10 µm) in (c), and (d), 

respectively, showing a difference in the distribution of proteins and lipids between the NR film 

and the NR-SiO2NPs composite. Proteins and lipids show a marked clustering in the NR-SiO2NPs 

composite. 2D coordinate-based auto-correlation analysis of lipids (g) and proteins (h) in the NR- 

SiO2NPs composite (■) and in NR matrix in absence of SiO2NPs (□). Proteins and lipids auto-

correlation function in the composite highlighted similar trends with an increase of the pair 

correlation function g(r) at distances < 200 nm. 

Then, a 2D coordinate based pair-correlation analysis was used to define the size of the reported 

clusters. Typical pair-correlation functions g(r) obtained for proteins and lipids in the NR-SiO2NPs 

composite show a rapid increase of the pair correlation g(r) at distances < 200 nm (Figure 8g and 

h). This distance defines the typical protein and lipid clusters size; at much larger distances g(r) 

tends to one, meaning that the position between proteins (resp. between lipids) becomes 

uncorrelated. On the other hand, when SiO2NPs are not present in the NR matrix, the pair-

correlation function of the biomolecules does not show any significant increase of the function at 

small distances, revealing that proteins and lipids clusters are only found in the NR-SiO2NPs 

composite. 

By comparison, the spatial distribution of proteins and lipids in the biomembrane of NR in the 

liquid state (Figure 3) does not show any clustering of the biomolecules. To assess at which stage 

of the film formation process clustering occurs, we performed d-STORM measurements on the 
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hetero-aggregate at t=4 h, focusing on the leftover colloidal form of NR globules (Figure S12). 

Images highlight the presence of clustered domains of proteins and lipids (Figure S9a). 

Additionally, the corresponding pair-correlation analysis of the biomolecules reported a very 

similar trend as the ones previously described for the NR-SiO2NPs composite (Figure S9b and c). 

This indicates that clustering occurs during the film formation process of NR. Furthermore, to 

control whether the presence of the ionic medium (Mg2+ IS= 0.1 M) could have any influence on 

the clustering behavior of proteins and lipids, the distribution of the biomolecules and the related 

cluster analysis have been run for a NR-SiO2NPs composite prepared by simply drying the binary 

colloidal suspension in distilled water. Both qualitative and quantitative results confirmed a 

distribution of proteins and lipids with no spatial correlation, comparable to the one referred to the 

NR film in the absence of the fillers (Figure S1). Altogether, these results indicate a SiO2NPs-

induced clustering mechanism of proteins and lipids of NR, occurring during the process of NR 

globule destructuration and polyisoprene chain inter-diffusion, in which the Mg2+ ions play an 

important role.  

To further explore where SiO2NPs are located with respect to the proteins and lipids clusters, 

CLEM measurements combining dual color d-STORM acquisitions and FESEM experiments were 

performed. Here SiO2NPs  are used as a bifunctional probe visible by both microscopy techniques. 

Typical d-STORM micrographs labelling lipids and SiO2NPs and the corresponding FESEM 

image are shown in Figure 9. The large view SE image shows the overall structure of the NR-

SiO2NPs composite (Figure 9a), confirming a complete loss of the original spherical form of the 

NR globules in favour of a film formation process. The magnified view of this structure is 

presented with a BSE image (Figure 9b) and its corresponding Si d-STORM micrograph (Figure 

9c). Note that, although shrinkage effects induced by the high vacuum condition of FESEM 
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experiments cannot be excluded, common structures of SiO2NPs organized in ring-ellipse like 

structures are shown by both micrographs (red circle in Figure 9b and c), confirming a correct 

detection of SiO2NPs by fluorescence measurements. Noteworthy, the dual colour d-STORM 

micrograph superposing the fluorescence of lipids with the one of SiO2NPs certified the presence 

of lipid clusters and showed that such domains are found in close proximity of the fillers (Figure 

9d).  



 30 

 

 

 



 31 

Figure 9. CLEM on the NR-SiO2NPs composite labelling SiO2NPs and lipids. (a) SE large view. 

(b) Magnified BSE image of the blue boxed region in (a). (c) d-STORM micrographs of SiO2NPs 

(cyan). (d) Dual color d-STORM micrographs combining the fluorescence signals of SiO2NPs 

(cyan) and lipids (green), obtained with sequential acquisitions and recorded in the blue boxed 

region of (a) showing the presence of lipid clusters in close proximity to fillers structures. (e) 

Cross-correlation analysis correlating the fluorescence signal of lipids with the one of SiO2NPs, 

showing an increase of the pair correlation function g(r) at distances <400 nm. 

To assess their possible interaction, cross-correlation analysis was run between the fluorescence 

signal of lipids and the one referred to silica fillers. The resulting pair correlation function g(r) 

between SiO2NPs and lipids shows an increase at distances < 400 nm indicating appreciable spatial 

colocalization of lipids aggregates and the fillers (Figure 9e). Similar results in terms of imaging 

and coordinate-based correlation analysis have been obtained for proteins with respect to SiO2NPs 

(Figure S14). Altogether, these results strongly suggested an interaction between lipids and 

proteins clusters with SiO2NPs in the composite. Since no clustering was observed in absence of 

Mg2+, we can conclude that the divalent ions still partake in a bridging effect that stimulates this 

interaction, as it occurred in the liquid state. The aforementioned experimental findings are 

supported by a recent work by Sattar et al.20 which provides insights into the molecular scale 

interactions present in the optimized structure of a NR-SiO2NPs composite using molecular 

dynamics simulations. The authors reported the presence of two possible attractive H-bonds 

between NR protein and the silica surface, plus the formation of a salt-ion bridge. The first H-bond 

has been identified between the α-NH group and the surface oxygen atoms of SiO2NPs, and the 

second one taking place between the carboxylic oxygen and the surface silanol. Moreover, there 

is attractive electrostatic interaction between negatively charged oxygen atoms of NR lipids and 
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the silanol surface group of SiO2NPs mediated by Mg2+ ions acting as a salt bridge. Overall, our 

experimental evidence correlates well with the previously reported theoretical findings on the subject, 

contributing to the understanding of molecular scale mechanisms occurring in composites of interest 

for the tire industry. 

5. CONCLUSIONS 

In this study, we have used a set of powerful nanoscale imaging techniques to report a 

comprehensive characterization of the nanoscale structure and its evolution with time of a model 

liquid mixing system with potential industrial relevance for tire applications. 

We first described the structure of the NR-SiO2NPs hetero-aggregate formed by destabilization in 

presence of divalent cations.  We report the presence of SiO2NPs surrounding NR globules due to 

an electrolyte-responsive interaction, between NR and the fillers particles mediated by Mg2+ ions. 

FESEM measurements proved that such an interaction does not trigger a film formation 

mechanism, but prevents coalescence between the globules instead. Using d-STORM, we have 

also shown that the architecture of the biomembrane in terms of proteins and lipids distribution is 

unchanged during the interaction of the NR globules with SiO2NPs, limiting the transition towards 

a film state. Such a transition can be achieved by the application of shear in liquid suspension or 

by evaporation of the solvent. The advantage of shear is that it accelerates the dynamic of hetero-

aggregation as well as boosting coalescence between NR globules achieving the formation of a 

composite in relatively short time. It is therefore an important parameter in terms of processing. 

Regardless of the applied shear, a composite is obtained after complete evaporation of the solvent. 

The experiments conducted using AFM-IR demonstrates a strict mobility of  SiO2NPs during film 

formation. The latter are found in the composite forming a network regularly organized in 
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ellipsoidal-ring like structures which are reminiscent shapes of the original NR globular forms. 

Thus, the dispersion of SiO2NPs in the composite is intimately related to the liquid-state interaction 

established with the NR globules, taking advantage of their spherical structure. For a more 

complete characterization of the composite, d-STORM was again employed  to unravel lipids and 

proteins distribution with respect to SiO2NPs. In this material, proteins and lipids organized 

themselves in cluster domains which are found partly colocalized with SiO2NPs, highlighting an 

interaction between them. In this context, a microscopic understanding of the interaction 

mechanism would be of great interest. Overall, our study reports a complete nanostructural 

characterization of the relevant components, including biomolecules, during the evolution of the 

system from the hydrated hetero-aggregate to a dried composite material. We believe that our work 

contributes to the understanding of complex NR-based composites obtained by liquid coagulation 

while unlocking the potential of high-resolution imaging techniques applied to materials, in 

particular tire treads. Our approach can be further leveraged opening up to several perspectives. 

For example, further investigation aiming to establish a relation between the final aforementioned 

SiO2NPs arrangement found in the composite and the material mechanical properties will be of 

interest.  Ultimately, in the manufacturing procedures, composites obtained after coagulation by 

liquid route are usually further processed with mechanical treatments, during which the 

organization of the fillers might evolve. A scope for future work would be to apply the nanoscale 

approach reported here to investigate a possible evolution of the filler organization in the reported 

NR-SiO2NPs system as well as study other NR-industrial aggregate silica systems and further 

explore the structure property relationship of those materials of interest for tire applications. 
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