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ABSTRACT

Natural rubber originates from the coagulation of rubber particles (RP) from Hevea brasiliensis latex. The size
distribution of Hevea RP is bimodal with the presence of small rubber particles (SRP) and large rubber particles
(LRP). This study aims at getting a better understanding of the early coagulation steps of Hevea RP taking into
account the particle size. SRP and LRP were obtained by centrifugation of freshly tapped ammonia-free latex
from RRIM600 clone. Size and zeta potential measurements showed that both RP fractions were efficiently
separated and stable in basic buffer. SRP and LRP dispersions were placed in a Langmuir trough and RP were let
to adsorb at the air-liquid interface to form interfacial films. Surface tension and ellipsometry indicate that the
formation kinetics and the stabilization of the film at the air-liquid interface are faster for SRP than LRP.
Moreover, the arrangement of RP at the interface differs between SRP and LRP, as shown by Brewster angle
microscopy, atomic force microscopy and confocal laser scanning microscopy. First, the RP membrane and cis-
1,4-polyisoprene core spread at the air-liquid interface before clustering. Then, while the SRP fuse, the LRP keep
their structure in individual particles in floating aggregate. The role of the non-isoprene molecules on the
different organization of SRP and LRP films is discussed, the one of the two major RP proteins, SRPP1 (Small
Rubber Particle Protein) and Rubber Elongation Factor (REF1) in the early coagulation steps.

1. Introduction

and specialized in the synthesis of cis-1,4-polyisoprene. Due to the high
turgor pressure in vessels, latex spontaneously exudes from Hevea tree

Latex collected from Hevea brasiliensis tree is the only commercial
source of natural rubber (NR), the cis-1,4-polyisoprene polymer, a
strategic raw material especially for automotive, medical and consumer
applications. In 2022, the global NR production reached 14.6 million
tons whose 36 % was produced by Thailand, the world leader in NR
production [1]. Thailand produces several NR grades including
concentrated latex whose production is approximately 1 million tons per
year. Concentrated latex is obtained by centrifugation of field latex to
increase its dry rubber content (DRC) from about 30-60 %. The rejected
liquid from centrifugation is called skim latex and still contains 4-8 %
DRC [2].

Latex is the cytoplasm of laticiferous cells [3], which are anasto-
mosed to form vessels arranged in concentric rings in the phloem [4],

after tapping, an operation which consists in doing a small incision in the
bark to sever laticiferous cells. This feature of laticifers is exploited
commercially to collect latex and manufacture NR. Freshly tapped Hevea
latex appears as a white opaque fluid and contains approximately 60 %
water, 35 % cis-1,4-polyisoprene polymer chains and 5 % non-isoprene
molecules (proteins, lipids, carbohydrates and minerals) [5,6]. Hevea
latex is a colloidal dispersion where various micrometric objects, mainly
rubber particles (RP), lutoids and Frey-Wyssling particles, are dispersed
in the cytoplasmic serum (C-serum) [7-9]. At this stage, the cis-1,
4-polyisoprene polymer chains are only stored within spherical RP
described as a hydrophobic cis-1,4-polyisoprene core surrounded by a
monolayer membrane of lipids and proteins [10-13]. NR arises from the
coagulation of RP [14]. This mechanism, essential, is still poorly
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understood nowadays. A better understanding of this mechanism could
help to improve the quality of NR.

Interestingly, RP of Hevea latex exhibit a bimodal size distribution
with the presence of small rubber particles (SRP, diameter ~
0.05-0.4 pm) and large rubber particles (LRP, diameter ~ 0.4-3.0 pm)
[15-18]. This bimodal size distribution has a direct consequence in the
industry of concentrated latex. Indeed, after centrifugation of the latex,
concentrated latex mainly contains LRP while skim latex mainly con-
tains SRP [19,20]. The skim latex must be doped with huge amount of
sulfuric acid to coagulate these SRP and make a by-product called skim
rubber [21,22]. Although skim rubber is a lower-quality byproduct; it
still generates a substantial income for concentrated latex factories.
However, the important amount of sulfuric acid required to coagulate
SRP and to produce skim rubber results in air and water pollutions
which are detrimental for nearby communities and environment [23].

SRP and LRP represent, respectively, 94 % and 6 % of the total
population of Hevea latex RP; and respectively, 7 % and 93 % of the total
volume of RP [24]. In addition to their size difference, the biochemical
compositions of SRP and LRP differ. Indeed, LRP contain both long and
short cis-1,4-polyisoprene chains, while SRP comprise mainly long
chains [17,25]. The membrane composition of SRP and LRP also exhibits
differences regarding the nature and the contents of lipids and proteins.
For instance, for RRIM600 clone, SRP display an equivalent proportion
of phospholipids, glycolipids and neutral lipids, while in LRP, neutral
lipids are ~3-4 times more abundant than phospholipids and glyco-
lipids [26]. Protein expression varies in both SRP and LRP populations
[27]. The two major proteins located at the RP membrane are rubber
elongation factor (REF1, 138 amino acids, 14.6 kDa) [28] and small
rubber particle protein (SRPP1, 204 amino acids, 22.4 kDa) [29].
Whereas REF1 is detected in both SRP and LRP membranes, SRPP1 is
present only in SRP membrane [30]. Both REF1 and SRPP1 are sus-
pected to play a significant role in the biosynthesis cis-1,4-polyisoprene
[31-33].

Recently, several authors suggested that the mixing ratios of LRP and
SRP contents could be tunable to improve desirable properties of rubber
products of interest or to target specific applications. Indeed, it was
shown that the size of RP from ammonia-stabilized Hevea latex in-
fluences various properties of NR samples manufactured from LRP, SRP
and controlled mixtures of both RP fractions. For instance, the RP size
impacts the process formation of dry particle films [34,35], as well as the
mechanical properties of NR [36], of NR filled with carbon black [37]
and of vulcanized NR samples [20,25]. These studies were realized with
ammonia, a commonly used stabilizer shown to rapidly affect the
biochemical composition of latex [31,32,38,39]. Rippel et al. used
ammonia-free latex to prepare SRP and LRP thick films and also
observed that the RP size impacts their colloidal properties as well as
their coalescence and film formation [40]. Nevertheless, the drying of
films, as used in this study, was shown to result in rearrangement and
deformation of RP [35].

In this context, the present study was conducted on SRP and LRP in
their hydrated state without ammonia, i.e. as close as possible as their
native state when they exude from the tree. We used a Langmuir trough
to form thin film at the air-liquid interface subjected to several charac-
terizations [41]. W. G. Wren was the first, in 1942, to apply the Lang-
muir method to study films of ammoniated Hevea latex dropped at the
air-liquid interface [42]. The method was later applied to characterize
synthetic lattices [43-46]. The Langmuir method presents several ad-
vantages, e.g. its simplicity to implement and the possibility to combine
complementary biophysical tools to investigate interactions between
molecules or biocolloids at the air-liquid interface from animal or
vegetable organisms [47-50]. More recently, this approach was applied
to mimic the lipid-protein monolayer membrane of Hevea RP and the
results showed that recombinant REF1 and SRPP1 proteins present
different auto-assembling [51] and that they interact differently with
model membranes made of synthetic lipids [52] and native lipids of
Hevea latex [53].
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In this work, the air-liquid interface was used to destabilize the RP
coming from the bulk solution in order to get insight on the first step of
coagulation. For this purpose, ammonia-free freshly tapped latex was
used to extract the SRP and LRP fractions. The good separation of the
two RP fractions by latex centrifugation and the stability of RP disper-
sions in basic buffer was checked by nanoparticle tracking analysis
(NTA) and zeta potential measurements. To get information either the
RP size governs the formation kinetics and the organization of the
interfacial films, the adsorption of SRP and LRP at the interface was
monitored by surface tension and ellipsometric measurements. These
experiments provide information on lateral interactions and the amount
of matter at the interface. Moreover, they were supplemented by
Brewster angle microscopy (BAM) to observe the interfacial formation of
films at the micrometer scale. The Langmuir-Blodgett methodology was
used to transfer RP films from the air-buffer interface to a solid substrate
and were observed by atomic force microscopy (AFM) at nanometer
scale. In addition, fluorescent dyes were used to observe the localization
of lipids and cis-1,4-polyisoprene in RP (solution and dry films) by
confocal laser scanning microscopy (CLSM). Our results indicate that
LRP and SRP thin films display different interfacial properties (adsorp-
tion time, lateral interactions) and different state of particle coalescence
at the air-liquid interface and on solid substrate. This work complements
previous studies by providing new insights into the behavior of hydrated
LRP and SRP films and then validates assumptions previously formu-
lated in the literature.

2. Materials and methods
2.1. Collection of latex and separation of RP according to their size

Latex was collected from ten regularly tapped Hevea brasiliensis trees
of RRIM600 clone at a plantation of Visahakit Thai Rubber Co., Ltd.,
Chanthaburi, Thailand. The trees were tapped in early morning (5 a.m.).
One hour later, latex that dropped in a clean plastic cup placed on ice (4
°C) was collected. The lattices from the 10 trees were poured in a glass
bottle which was stored in ice until arrival in the laboratory (Bangkok.).

The two centrifugation fractions of Hevea brasiliensis latex containing
large rubber particles (LRP) and small rubber particles (SRP) were ob-
tained by applying the 2 first steps of the 4-steps centrifugation method
previously described [26]. Briefly, the whole latex was first centrifuged
at 16,000 g for 45 min at 4 °C (centrifugation C1). This low centrifugal
force prevents RP from coagulating. Moreover, it allows a proper sepa-
ration of RP according to their sizes as LRP concentrate at the top of the
centrifugation tube while SRP remain suspended in the C-Serum. After
C1 centrifugation, LRP were collected with a spatula, while the C-serum
containing SRP in suspension was sucked with a syringe. To separate the
SRP from the C-serum, the C-serum containing SRP was centrifuged a
second time at 45,000 g for 45 min at 4 °C (centrifugation C2). After
separation, LRP and SRP were dispersed in a buffer (Tris 100 mM, pH
10) at a concentration of 10 mg mL ™! and the obtained suspensions were
stored at 4 °C throughout the study. The stability of particles in solution
was checked by Turbiscan measurements carried out once a month. In
addition, particle size measurements by NTA were also carried out at the
beginning and the end of this study to validate that there was no ag-
gregation nor coalescence of particles in the stock solution during all the
study (technical details of NTA are presented in paragraph 2.2 and re-
sults in supplementary data).

2.2. Nanoparticles tracking analysis (NTA)

The size distribution of SRP and LRP dispersions was measured by
Nanoparticle Tracking Analysis (NTA), specifically by a NanoSight
LM10 (Malvern Instruments, Malvern, UK). SRP and LRP dispersions
were diluted in a buffer (Tris 100 mM, pH 10) at a concentration of
0.02 mg mL ! before being placed in the instrument cell. Measurements
were made on three 30 s video captures per sample with a 638 nm laser
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beam and at 25 °C. Videos were recorded with a CCD camera and then
analyzed to follow the trajectory particles and calculate their diameter
using the NanoSight NTA 3.1 software (Malvern, UK). The curves pre-
sented in supplementary data are the average of these three simulta-
neous measurements, expressed as a percentage of particles per sample
as a function of diameter. This particle size analysis was used to verify
the stability of the dispersions over time. Indeed, no coagulation nor
creaming was observed during all the experiments (data not shown).

2.3. ¢-potential measurement

The stability of the dispersions studied depends on the distribution of
charges on the surfaces of the suspended RP and the electrostatic in-
teractions between them. The zeta potential allows measuring the
electrical surface tension resulting from these interactions and thus to
determine if the dispersion is stable or if aggregates are formed. To
measure the Zeta potential of dispersion diluted at 0.02 mg mL™! in Tris
Buffer (100 mM, pH10), we used a sample capillary cell (DT1070) and a
zeta potential analyzer (Malvern Nanosizer). Zeta potential measure-
ment was made at 25 °C for 1 minute. Each measurement was performed
in triplicates.

2.4. Ellipsometry and surface pressure measurements

Interfacial film formation is characterized by ellipsometric angle and
surface pressure measurements over time. The ellipsometric angle (A, °)
measurements were performed using a home-made ellipsometer in null
configuration, equipped with a polarized He-Ne laser (wavelength
632 nm). The ellipsometric angle is related to two parameters which are
the reflective index and the thickness of the interfacial film. Usually, the
ellipsometric angle is correlated to the amount of matter at the interface.
The laser has a surface area of 1 mm? and probes a depth of 1 um. The
accuracy of the delta angle measurement is 0.2 ° [54]. The surface
pressure (1, mN m~') was measured by the Wilhelmy method using a
filter paper plate connected to a microelectronic feedback system (Nima
Technology, UK). The accuracy of surface pressure measurements is 0.5
mN m™! [54].

All ellipsometric angles and surface pressures were recorded simul-
taneously as function of time at room temperature varying in the range
19-21°C. Different sizes of trough were used depending on the experi-
ment carried. In all cases, the cleanness of the interface was checked by
performing measures on the ultrapure water and on the buffer for
5 minutes or under compression. Without ellipsometric angle evolution
nor surface pressure variation, the initial values of both parameters are
considered as references and equal to zero. Then the rubber particle
dispersions (0.6 mg mL™}) are directly placed in the trough just after
dilution from the stock solution (10 mg mL’l). As the experiment is
performed on long kinetics (>20 h), the evaporation phenomenon was
compensated by using an automatic syringe pump which regularly in-
jects water to insure a constant volume. The curves presented on the
paper are representative of at least two experiments.

2.5. Brewster angle microscopy (BAM)

Brewster angle microscopy (BAM) is a microscopy method providing
a direct visualization of the air-liquid interface (Nanofilm EP3, Accu-
rion, DE). The 532 nm laser beam is reflected by the interface with the
Brewster angle Oprewster to the 10x objective and CCD detector to
generate images. The Brewster angle, is defined by the Fresnel equation:

eBrewster = arCtan(nwater/ nair)

with nyqeer and ng the refractive indices of water and air, respec-
tively. The value of the Oprewster is 53.1 °. At this angle, the incident laser
polarized p (parallel to the plane of incidence) is perfectly transmitted
through the interface, without reflection. So, on pure water, we obtain
an image of the interface with a minimal light intensity. When RP are
adsorbed at the air-liquid interface, the refractive index differs from that
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of water, light is partially reflected and the level of gray increases in the
image. In other words, the level of gray depends on the density of matter
at the interface. As for the ellipsometry and surface pressure measure-
ments, the samples are directly placed in the trough after dilution at
0.6 mg mL™'. To compensate for the evaporation phenomenon, water is
injected in the trough during all the experiment thanks to an automatic
programable syringe pump. The experiments were carried out on
20 hours kinetics at room temperature which can vary in the range of 19
°C-21 °C.

2.6. Atomic force microscopy (AFM)

The organization of the interfacial film at a molecular scale, and at
higher resolution than the BAM, was obtained with atomic force mi-
croscopy. For this purpose, the interfacial film was transferred to a mica
plate by the Langmuir-Blodgett method. Then, a new 50 mL trough
equipped with movable barriers, was used and placed on the ellipso-
metric and tensiometric setup that allowed to control, for each transfer,
the values of delta angle and surface pressure. Indeed, the transfers were
performed at selected values of A and © determined from the previous
absorption kinetics.

After transfer to the solid substrate, the sample remains at a tem-
perature ranging from 19°C-21°C. The sample was imaged 24 h later.
The interfacial RP films were imaged by AFM (Multimode Nanoscope 8,
Bruker, France), using the PeakForce Quantitative Nanomechanical
Mapping (QNM in air) mode. This mode provides a high-resolution
topography of the sample surface at the nanoscale, without degrada-
tion, and allows to obtain images in height variation and in deformation.
All the images were obtained with a standard silicon cantilever
(0.06 N m~!, SNL-10, Bruker, France), a scan rate fixed at 1 Hz and an
image resolution of 512x512 pixels. The AFM images in height variation
and deformation were analyzed using the Gwyddion software (2.55).
The color scales were provided to facilitate the interpretation of the
images.

2.7. Confocal laser scanning microscopy (CLSM)

The structure of RP in solution and in film was observed using a
confocal laser scanning microscopy (CLSM) system (Leica SP8, Heidel-
berg, Germany). This inverted microscope is equipped with an argon
laser (excitation at 488 nm) and two He-Ne lasers (excitation at 543 and
633 nm). The wide excitation range enables images to be taken by
exciting samples at the correct wavelength to collect the light emitted
from the dyes. For all images, a 64x oil-immersion objective was used.
For the labelling of the different components of the RP, two fluorescent
markers were used [55,56], i.e. Lipidtox to visualize cis-1,4-polyisoprene
(0. 2:100, v/V, Aex = 488 nm - Aepy = 590 nm, Invitrogen) and Rd-DOPE
to visualize polar lipids (1:100, v/v, 16:0 Liss Rhod PE 1,2-dioleoyl-sn--
glycero-3-phosphoethanolamin-N-(lissamin rhodamin B sulfonyl), Aex =
543 nm - Aem = 590 nm, Avanti Polar Lipids). The two markers were
added to samples in solution 10 minutes before observations, and a
20 pL drop of RP solution was then placed on a glass slide. For dry film
samples, a 25uL drop of RP labelled solution was spread on a
plasma-cleaned glass slide 24 hours before observation.

3. Results and discussions

3.1. Both RP fractions are efficiently separated by centrifugation of fresh
latex and are stable in basic buffer

Ammonia-free fresh latex from Hevea brasiliensis was centrifuged to
isolate both SRP and LRP fractions which were stabilized as highly-
diluted dispersions (0.02 mg mL™') in a basic buffer (Tris 100 mM, pH
10). These dispersions were characterized by measuring their size dis-
tribution and zeta potential (Table 1). The size distributions of SRP and
LRP obtained by NTA, are centered on very contrasting diameters which
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Table 1
Particle size and zeta potential of SRP and LRP.

Fraction Diameter [nm] ¢-potential [mV]
SRP 141; 187 —66 + 2
LRP 575; 637 -72+1

+ stands for calculated standard deviation on 3 duplicated measurements.

reflects a good separation of the two RP fractions. Indeed, NTA provides
the particle concentration and their diameter thanks the particle diffu-
sion in solution. Given that both SRP and LRP dispersions were prepared
at the same mass concentration, the maximal value of the SRP peak has a
particle concentration (2.5x10 particles/mL) about 10 times higher
than the maximal value of LRP peak (2.5><106 particles/mL) (data
shown in supplementary data).The size distribution of SRP shows a
nearly unimodal distribution with a very thin and intense peak, at a
diameter of 141 nm, maximum obtained by a gaussian fit; and a small
shoulder, at a diameter of 187 nm, whose intensity is 5.5 times lower
than the first one. In contrast, the size distribution of LRP shows a broad
peak centered at a diameter of 575 nm, as well as a shoulder at a
diameter of 637 nm, whose intensity is twice as low as the first one. The
measured diameters for both SRP and LRP (Table 1) are in the same
range as the ones reported in the literature [16,18,20].

The physical stability of RP dispersions was evaluated through zeta
potential which is a usual indicator of particle repulsion. Indeed,
repulsion between RP should be high enough to limit aggregation,
coagulation or creaming. The zeta potential measured at basic pH are
-66 + 2mV and -72 + 1 mV for SRP and LRP, respectively. These
values are consistent with the ones measured by Rippel et al. on
ammonia-free RP dispersions in 10~> mol.I"! KCL solution: -70 and
-64 mV for LRP and SRP, [40]. These absolute values higher than +
30 mV reflect a good repulsion between RP, as well as a good stability of
RP dispersions, although no ammonia was added [57]. These high
values result from the negatively charged membrane which surrounds
the polymeric core of natural latex particles [19,31,58]. This membrane
is made up of negatively charged proteins having isoelectric points
ranging from 3.9 to 4.6 [27,59,60].

RP solutions were imaged by confocal laser scanning microscopy
(CLSM) using selective fluorescent probes to localize polar lipids and
hydrophobic cis-1,4-polyisoprene chains. This method was only used on
LRP. A correct visualization of individual SRP was difficult because of
their high mobility in solution. On the confocal micrographs of the LRP
shown in Fig. 1, the core/shell structure proposed by Siler et al is
observed [12]. The association of the two fluorescent probes (Fig. 1,
image C) shows individual RP with a green core composed of hydro-
phobic cis-1,4-polyisoprene chains (seen individually on Fig. 1, image B)
surrounded by an orange membrane composed of polar lipids (seen
individually on Fig. 1, image A). These observations validate the LRP

A) B)
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structure described in the literature [10-13], but also indicate the
integrity of the LRP membrane. The particle separation and stabilization
process did not damage the LRP integrity for further experiments.

3.2. The formation and stabilization of the particle film at the air-liquid
interface is faster for SRP than LRP

The film formation kinetic of SRP and LRP at the air-liquid interface
was monitored on a Langmuir trough by surface pressure, ellipsometry
and BAM measurements for 20 hours. These measurements provide in-
formation on the amount of material at the air-liquid interface and on
the organization of the interfacial layer. Fig. 2a and Fig. 2b respectively
show the curves of surface pressure n and ellipsometric angle A as a
function of time, during the adsorption of SRP and LRP at the air-liquid
interface. The evolution of the surface pressure over time is similar for
both RP sizes (Fig. 2a). A rapid and regular increase is observed up to
about 5 hours, followed by a net slowdown from 5 to 10 hours, and
finally the appearance of a plateau at a maximum surface pressure value
Tmax- The increase in surface pressure over time reflects the RP affinity
for the air-liquid interface [61]. Once the surface pressure has been
reached, there is a slight decrease in surface pressure due to energy
stabilization of the layer. Despite the similar general shape of the surface
pressure, two major differences are observed between SRP and LRP.
First, the slope of the curve within 0-5 hours is much steeper for SRP, as
compared to LRP, reflecting a more rapid adsorption at the air-liquid
interface of SRP, as compared to LRP. This difference in slope agrees
with the theoretical diffusion coefficient calculated from the
Stokes-Einstein law predicting a faster adsorption of SRP than LRP at the
interface as their smaller size allows a faster diffusion in the liquid.
Second, SRP reach their maximum pressure over a shorter time
(10 hours) than LRP (16 hours), indicating a more rapid interface
saturation and organization of the SRP layer.

The maximum surface pressure mp,ax of SRP is higher than the one of
LRP: it reaches max=19.8 mN m~! at 10 hours kinetics for SRP, while
LRP have a mma=14.3 mN m~! at 16 hours kinetics. The higher
maximum surface pressure values measured for SRP compared to LRP
indicate stronger lateral interactions in the SRP film than in the LRP one.
These lateral interactions could result from a more pronounced
destructuration of SRP as compared to LRP. In fact, the hydrophobic-
hydrophilic interface induces a destabilization of the particles, as
compared to the bulk where they are completely surrounded by an
aqueous environment. This SRP destabilization would result in the
spreading of the RP membrane components and cis-1,4-polyisoprene
chains at the interface, and consequently in an increase of lateral mo-
lecular interactions. In contrast, the surface pressures for LRP reached
lower values than SRP indicating lower lateral interactions either
because of different molecular species or lower number of molecules
than SRP.

Fig. 1. CLSM images of LRP in Tris buffer, x60 Zoom, with labelling of A) polar lipids in orange (Rhodamine-PE®), B) cis-1,4-polyisoprene chains in green (Lip-

idtox®) and C) merged image of A and B.
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Fig. 2. Temporal evolution of surface pressure a) and ellipsometric angle b) during the 20 hours adsorption kinetic of SRP (blue triangles) and LRP (red circles) at the
air-liquid interface. BAM images (395 x494 pmz) recorded at various times of the 20-hours adsorption kinetics of SRP (A-C) and LRP (D-F) at the air-liquid interface.

Letters A-F correspond to the letters shown on graph a).

In contrast to the surface pressure, which evolves differently for the
two RP fractions, the time course of the ellipsometric angle shown in
Fig. 2b, indicates that, up to 4 hours, both adsorption kinetics of SRP and
LRP are very similar. The two curves are almost superimposable indi-
cating that the rate of material arrival at the interface is identical for
both RP sizes. It is important to note that the ellipsometric angle is
related to the presence of matter to a depth of 1 um below the interface,
which can explain the difference in the temporal detection between the
surface pressure and the ellipsometric angle.

Although the surface pressure increases up to 10 hours for SRP
(Fig. 2a), the ellipsometric angle exhibits a different kinetic. Indeed, the

A value shows a noisy increase in the first 4 hours of the kinetics cor-
responding to the adsorption of SRP at the interface and its coverage.
Beyond this time and until 20 hours, there is a stabilization of the
ellipsometric angle at A=8.5°. This plateau indicates that the amount of
matter at the interface does not evolve with time, meaning that there is a
saturated layer at the air-liquid interface. Stable ellipsometric angle, in
the period from 4 to 10 hours, associated with an increase of the surface
pressure (from 15.8 mN m~! to Tmax—19.8 mN m™) indicates the
development and the establishment of interactions within the interfacial
layer. In summary, from O to 4 hours, the SRP film formed at the air-
liquid interface regularly becomes denser until the amount of material
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stabilizes. However, the SRP film continues to evolve and undergoes
lateral interactions up to 10 hours kinetics, where the film reaches an
equilibrium.

While the kinetics in ellipsometry are identical during the first
4 hours after deposition for both RP fractions, the ellipsometric angle of
LRP does not behave in the same way as the one of SRP beyond this time.
Unlike SRP, there is no stabilization of the LRP delta values, but a reg-
ular increase is observed instead, until a value of A =20.1 ° at 20 hours.
The curve continues to increase, and this value doesn’t seem to corre-
spond at a plateau value. Indeed, a regular increase of the ellipsometric
angle associated to a stable surface pressure is characteristic of increase
of the thickness of the film, in accordance with the presence of matter

n=10.0 mN m!
A= 6.8° A= 8.0°

n=17.0 mN m™!
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under the interfacial layer over time. Furthermore, in contrast to SRP,
the lower surface pressure (Tpax=19.8 mN m~! for SRP and Tmax=14.3
mN m~! for LRP) reflects weaker lateral interactions in the film which
could suggest that most of the LRP particles keep their three-
dimensional structure.

The direct and in situ visualization of the interface at the micrometer
scale by BAM is shown in Fig. 2 to follow precisely the different stages of
particle adsorption kinetics. The images A, B and C (letters defined in
Fig. 2a) show the organization of SRP film at surface pressures of 10, 17
and 20 mN m ™}, respectively. At 10 mN m ™}, an increase in the overall
gray level of the surface compared to that of the buffer can be observed
and some bright spots appear at the interface. This variation in gray level

= 20.0 mN m!
A= 8.4°l
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7= 11.7 mN m, A= 10.3°

n=5.8 mN m"!, A=6.7°

Fig. 3. Temporal evolution of AFM images in height mode (top) and profile sections of Langmuir-Blodgett films (bottom) of SRP (A to C) and (D to F) transferred on a
solid substrate at various times of the adsorption kinetic. For each time, both surface pressure and ellipsometric angle are indicated. Letters A-F of this figure
correspond to letters shown in Fig. 1a. The scale of the AFM images differs from AZ=650 nm, AZ=65 nm and AZ=25 nm for A, B, C and AZ=1,5 pm, AZ=1,5 um and
AZ=950 nm for D, E, F, respectively. The scale of the section graph for SRP images is the same for the three images AZ=400 nm respect to the image background.
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corresponds to a change of the refractive index of the surface layer, the
consequence of the presence of matter at the air-liquid interface. In
addition, the appearance of white spots can be equated to the formation
of aggregates at the interface. While the surface pressure increases, no
evolution at the microscopic scale was detected between images A, B
and C, in accordance with the stabilization of the ellipsometric angle.
The bright spots at the interface do not show any evolution in size nor
coalescence during the adsorption kinetic of SRP film.

Conversely, BAM images D, E and F (Fig. 2), taken at 5, 10 and 15 mN
m~! during the adsorption kinetic of LRP film, show a visible evolution
of the interfacial organization. Indeed, when the surface pressure rises,
the emergence of bright spots under form of clusters with irregular
shapes was observed at the interface (Fig. 2, image D). These clusters
increase in number along the time before regrouping to form larger
domains of interconnected clusters (Fig. 2, images E and F). This clus-
tering reflects the presence of attractive interactions contrary to the SRP,
where no morphological evolution was visible during the kinetics. In
addition, a noisy and sparkling background is observed, reflecting strong
subphase activity for the LRP. This subphase activity could correspond
to the presence of LRP under the interfacial layer over time, as deduced
from surface tension and ellipsometry data.

Considering the results obtained with the various air-liquid interface
characterization techniques, the interfacial film formation process dif-
fers according to particle size, with a spreading of molecular content of
SPR more efficient than LRP. Moreover, the LRP film formation led to
the appearance of aggregate networks. The role of the size is highlighted
by these results, although it must be kept in mind that the RP size is
related to specific biochemical composition.

3.3. The RP membrane and cis-1,4-polyisoprene core of SRP spread at the
air-liquid interface while LRP keep their structure in individual particles

Atomic force microscopy allowed the characterization, at a higher
resolution than BAM, of the interfacial film at the same surface pressures

= 10.0 mN m!

7=17.0 mN m™!

SRP
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previously defined in Fig. 2a. Fig. 3 summarizes the height AFM images
of SRP during the film formation (images A, B) and the stabilization
stage of the kinetics (image C). Below each AFM image, the height
profile graphs are plotted for a section represented by a black line on the
images. Each height image in Fig. 3 is also presented in deformation
mode in Fig. 4 (images A, B and C). Overall, the height images show a
homogeneous distribution of light brown protrusions, with smooth and
rounded edges, embedded in a darker background of low roughness.
Although these protrusions do not have any specific shape nor specific
values in height and lateral size, some general characteristics can be
highlighted and will be discussed below as they undergo drastic changes
during the formation of the SRP film.

At =10 mN m™}, (Fig. 3, image A), the protrusions observed at the
interface display a maximum height relative to the background of
424 nm, whereas their lateral size reaches a maximum of 5.2 um in
diameter. The SRP in solution were previously shown to have a diameter
of 141 nm, while the protrusions have much higher diameters and
heights. Thus, it seems that the adsorption of individual SRP at the
interface induces their aggregation, as well as a loss of their integrity,
possibly induced by a molecular reorganization. The corresponding
deformation image (Fig. 4, image A) highlights details that are not
clearly visible in the height image due to the large range in color scale.
These details reveal a heterogeneous background with the presence of
areas displaying deformation values like the ones of the protrusions,
suggesting the same chemical nature. Moreover, the surface of the
protrusions also shows heterogeneous mechanical response assimilated
to the height variation observed on the height image (Fig. 3, image A).
This height variation is difficult to quantify because of the strong cur-
vature of the protrusion. The highest zones of the protrusions are asso-
ciated to lower deformation values which probably indicates that the
chemical composition of protein and lipid of those zones differs from the
rest of the protrusion, in agreement with the previously suggested mo-
lecular reorganization. The protrusions are embedded in a background
which is itself composed of molecules, as evidenced by the increase in

=20.2 mN m!

LRP

Fig. 4. AFM images in deformation mode of Langmuir-Blodgett films of SRP (A-C, corresponding to images A-C in Fig. 3) and LRP (D-F, corresponding to images D-F

in Fig. 3).
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surface pressure at the beginning of the kinetics (from 7 = 0 mN m ™! to
10 mN m™!) indicating a lateral cohesion between molecules at the
liquid/air interface. Although their nature is not yet determined, it is
reasonable to think that this background is made of lipids and/or lipid/
protein complexes arising from the lipoprotein membrane surrounding
the hydrophobic cis-1,4-polyisoprene core of the SRP. In summary,
while SRP are stable in a hydrophilic environment thanks to their core/
shell structure, the hydrophilic/hydrophobic liquid/air interface leads
to SRP destructuration. This phenomenon has already been observed on
lipoproteins/oleosomes having similar structure as RP, i.e. hydrophobic
core covered by a membrane, but with different chemical compositions
(protein and lipid) [61,62]. In the case of SRP, the deformation het-
erogeneity observed on the surface of the aggregates suggests areas of
different chemical compositions on the surface. This could result from
the persistence of SRP membrane fragments.

At higher surface pressure (1 = 17 mN m™ ), an increase in the
number of protrusions in the interfacial film is observed in height image
(Fig. 3, image B). The protrusions show the same surface heterogene-
ities, in both height and deformation (Fig. 4, image B), as those observed
on the sample at x =10 mN.m ! (images A in Fig. 3 and Fig. 4). These
less deformable and higher areas are circular in shape regardless of the
size of the protrusion. The main difference between the two surface
pressures is the maximum apparent height of the protrusions which
decreases from 424 nm to 263 nm when the surface pressure increases
from 10 to 17 mN.m ' Moreover, the increase in surface pressure from
10 to 17 mN m™! is accompanied by an increase in the ellipsometric
angle (from 6.8 to 8°) indicating additional adsorption of SRP and form
of aggregates during kinetics. This densification associated with the
variation in the amount of material at the interface can be related to a
thickening of the film caused by a partial spreading of the aggregates at
the interface.

At the highest surface pressure (1 = 20 mN.m "}, Fig. 3, image C), the
SRP film shows a totally different structure, as compared to images
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recorded at lower surface pressures (Fig. 3, images A and B). The image
presents a background that is continuous and homogeneous in height,
with the presence of height depressions of variable shapes. In these
height depressions areas, circular protrusions appear with a maximum
height of 60 nm and a width close to 1 ym. The deformation values of
the sample are homogeneous (Fig. 4, image C). Contrary to both images
recorded at lower surface pressures, the surface of the protrusions does
not show any variation in height, nor variation in deformation. The AFM
images of SRP show a disappearance of the aggregates, strongly sug-
gesting the spreading of the cis-1,4-polyisoprene cores and SRP mem-
brane components due to RP membrane disruption. The SRP lipoprotein
membrane contains a major protein named SRPP1. According to Ber-
thelot et al., SRPP1 only binds to the lipid polar heads [52] and is easily
released from the RP membrane [63], certainly favoring the destructu-
ration of SRP when reaching the interface. Our observations can be
related to the work of Rippel et al. [40] who observed by AFM a strong
coalescence of thick and dense films formed by ammonia-free SRP.
Indeed, our interfacial film characterization reveals the aggregation of
SRP followed by coalescence and the first step of coagulation at the
air-liquid interface.

CLSM was performed on SRP deposits, labelled with selective fluo-
rescent probes for polar lipids and cis-1,4-polyisoprene hydrophobic
chains. Fig. 5 gathers the confocal micrographs highlighting polar lipids
in orange (image A), hydrophobic cis-1,4-polyisoprene chains in green
(image B) and an assembly of the two probes (image C). These images do
not show the topologies of individual particles, but aggregates without
characteristic size, as visualized by AFM in the early stages of kinetics.
The aggregates are composed mainly of hydrophobic chains in green
(Fig. 5, image B), validating the hypothesis that the polymeric cores of
individual SRP coalesce during particle adsorption at the air-liquid
interface. Image A (Fig. 5) shows a layer of polar lipid dyes surround-
ing the aggregates. This lipid layer corresponds to the least deformable
areas observed on AFM images of the interface in deformation mode

Fig. 5. CLSM images of SRP (A-C) and LRP (D-F) dry films, x60 Zoom, with labelling of polar lipids in orange (Rhodamine-PE®) (A and D), cis-1,4 polyisoprene

chains in green (Lipidtox®) (B and E) and merged images (C and F).
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(Fig. 4, images A and B). More precisely, lipids are present with hy-
drophobic cis-1,4-polyisoprene chains. Some polar lipids, possibly
phospholipids and/or glycolipids, remain bound to cis-1,4-polyisoprene
chains. Confocal micrographs (Fig. 5, image C) reveal the destructura-
tion of SRP at the interface, with coalescence of cis-1,4-polyisoprene
hydrophobic cores and destabilization of the lipid/protein membrane.
The lipid layers above the polymer chain aggregates show a strong
response under light excitation. We can assume that the polar lipids
constituting the SRP membrane will reorganize on the surface of the
aggregates in the form of multilayers to ensure their stability in a hy-
drophobic environment although some lipids remain bound to cis-1,4-
polyisoprene chains. The RhoPE inserted on polar lipid is also visible on
the sample background. The presence of this lipid background confirms
the formation of a continuous film at the interface.

In contrast to SRP, AFM images taken during the adsorption kinetics
of LRP present three main structures shown in height and deformation
modes in Fig. 3 (images D, E and F) and Fig. 4 (images D, E and F),
respectively. These three interfacial organizations are present whatever
the surface pression (1 = 5.8 mN m_l, 11.7mNm 'and 14.2mNm™).
Two of these observed structures (Fig. 3, images D and E) seem to result
from individual LRP aggregation. In fact, each particle can be clearly
distinguished in these structures of several micrometer in diameter. This
phenomenon was previously observed by Rippel et al [40] on
ammonia-free LRP films, where RP were shown to retain their topology
in individual particles. The measurement of the particle diameter (n=15
particles, image E) gives a mean value of 658 + 109 nm. To avoid the
edge effects on the measurement, only the particles of the center were
considered. The height of these structures did not exceed 1 um corre-
sponding to the thickness of a single particle. The values of thickness and
diameter measured in these AFM images are in accordance with size
measurement of LRP in solution. Thus, it seems that the air/water
interface induces a lateral attraction between LRP, without any coales-
cence of RP. This tri-dimensional structural stability can be related to the
presence of the major protein of LRP, REF1, which penetrates deeply
into the lipid monolayer [52]. The strong anchoring of REF1 protein in
LRP membrane probably contributes to the fact that LRP keep their
integrity once at the interface.

Although the height and diameter of the structures observed in im-
ages D and E (Fig. 3) are in the same range, some differences are shown
in height and deformation images. Indeed, on image D (Fig. 3), the in-
dividual particles appear as beads in close packing. The height image
presents depressions between RP. The image of deformation does not
present high variation on the top of these structures (~25 nm of varia-
tions) suggesting homogeneous surface properties. In contrast, in Fig. 3
image E, the zone of separation between individual particles seems filled
with matter whose height is higher (for n=15 particles, hpe,n=84 +
11 nm) than the one in the center of the RP. In addition, the deformation
contrast is very high (~200 nm). These differences in deformation can
be assimilated to in the composition of protein and lipid.

The confocal micrographs of LRP (Fig. 5, images D, E and F) show
this arrangement of aggregated RP, with the presence of polar lipid dyes
in the separation zones between RP (Fig. 5, image D), corresponding to
the less deformable zones observed in AFM deformation images (Fig. 4,
image E). It can be assumed that during particle aggregation, the
membrane lipids remain present between the LRP and are linked to the
cis-1,4-polyisoprene chains. But the membrane on top of the RP, exposed
to a hydrophobic medium, might disrupt reaching a more stable
configuration, forming lipid multilayers at the particle intersections.
Image E (Fig. 5) also shows the spherical shapes of individual particles
with hydrophobic cis-1,4-polyisoprene chains. This confirms that the cis-
1,4-polyisoprene chains are not coalescing during adsorption of the LRP
at the interface. The presence of lipids is also detected at the bottom of
the sample, which, as observed on SRP deposits, confirms the presence
of a continuous lipid background. After destructuration of the RP, the
lipids displace to the air-liquid interface to form a stable amphiphilic
monolayer.
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The last type of structures observed in LRP films is shown in defor-
mation and height modes on images F of Fig. 4 and Fig. 3, respectively.
In height mode (image F, Fig. 3), crystal-like structures were observed
around higher globules of micrometer size. Changing the color scale in
image E of Fig. 3, as shown in insert framed with a red dotted line,
highlighted the presence of those crystal-like structures in the back-
ground of the image, close to the LRP aggregate. In deformation mode
(image F, Fig. 4), a smooth background is shown, as well as areas of
stronger roughness, which seem to correspond to the center of the
globules observed in image F, Fig. 3. The crystal-like structures are
embedded in a low roughness zone. Nevertheless, after two days, these
structures disappeared (data not shown) from the surface of the sample.
They thus seem to be transient. Among the possible hypotheses, the
crystal-like structures might be composed of pure lipids (neutral lipids,
phospholipids, glycolipids, free fatty acids), pure proteins or cis-1,4-
polyisoprene polymers. These assumptions are discussed below.

For RRIM600 clone, dry SRP and LRP fractions contain 4.27 and
1.78 % w/w of total lipids, respectively [26]. Total lipids mainly contain
neutral lipids but also phospholipids and glycolipids. The profile of fatty
acid chains of latex lipids from RRIM600 clone presents a majority of
unsaturated chains containing at least one double bond C=C [64].
Phospholipids and glycolipids, wearing unsaturated acid chains, are in
liquid expanded phases and cannot form condensed phases and partic-
ipate in the crystal-like structure. One possibility would be the formation
of crystal-like by neutral lipids, as observed by Anton and co-authors
when spreading low density lipoprotein from egg yolk at the air-liquid
interface [65]. Although our crystals do not display the same height
and shape as the ones observed by Anton et al., their formation could
also be attributed to condensed phases of neutral lipids. Another possi-
bility would be that the crystal-like structures originate from proteins,
which represent 4.3 and 2.1 % w/w of dry SRP and LRP, respectively.
However, the two most abundant proteins found in LRP and SRP frac-
tions, SRPP1 and REF1, respectively [31], were subjected to several
interfacial studies (alone [51] or interacting with synthetic [52] and
native lipids [53]) but no crystalline structure has never been reported.
Finally, the last possibility would be that the crystal-like structures are
composed of cis-1,4-polyisoprene polymer, the main component of RP.
Knowing the ability of cis-1,4-polyisoprene to crystalize under strain
[66], it is believed that, during the interfacial film drying on mica,
lateral forces induce transient crystallization around and on the top of
the particle. This last possibility seems to us the most plausible. How-
ever, additional chemical identification technics would be required to
confirm this assumption.

4. Conclusion

This work presents the first study of Hevea brasiliensis RP in their
hydrated state at the air-liquid interface. RP were separated according to
their size by centrifugation of freshly tapped ammonia-free latex from
RRIM600 clone to obtain SRP and LRP. The combination of different
techniques and, for the first time, confocal fluorescence microscopy
enabled following the behavior of RP during the early coagulation steps.
The main results demonstrate a greater stability of LRP by large lateral
aggregation (several um) at the interface preventing coalescence, even if
the membrane appears altered. In contrast, SRP fuse rapidly losing their
native morphology to form undefined and small aggregates (<um)
extruding membrane lipids, suggesting a lower lateral molecular cohe-
sion in these particles. The anchoring in the RP membrane of the two
major proteins, i.e. REF1 and SRPP1 whose concentration in SRP and
LRP differs might be involved in the contrasted interfacial behaviors of
RP.

The genotype being known as a strong variation factor of the
biochemical composition of SRP and LRP [26], this work is going on
with the investigation of clonal effect in the film formation process, as
well as the characterization of the rheological properties of interfacial
films. Our research contributes to a better understanding of the behavior
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of SRP and LRP in their hydrated state and they could help to cope with
the sustainability challenges of the concentrated latex industry. Indeed,
huge quantities of sulfuric acid are required for coagulating skim (SRP
suspended in C-serum) rubber to the detriment of the environment [23].
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