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Abstract

Some textured silicone breast implants with high average surface roughness (‘macrotextured’) have
been associated with a rare cancer of the immune system, Breast Implant-Associated Anaplastic Large
Cell Lymphoma (BIA-ALCL). Silicone elastomer wear debris may lead to chronic inflammation, a key
step in the development of this cancer. Here, we model the generation and release of silicone wear
debris in the case of a folded implant-implant (‘shell-shell’) sliding interface for three different types of
implants, characterized by their surface roughness. The ‘smooth’ implant shell with the lowest average
surface roughness tested (R, =2.7 4= 0.6 pm) resulted in average friction coefficients of 14,5 = 0.46

=+ 0.11across 1,000 mm of sliding distance and generated 1,304 particles with an average particle
diameter of D,,,=8.3 £ 13.1 pm. The ‘microtextured” implant shell (R, =32 £ 7.0 um)exhibited
Mavg = 1.20 £ 0.10 and generated 2,730 particles with D, =4.7 & 9.1 um. The ‘macrotextured’
implant shell (R, =80 £ 10 pm) exhibited the highest friction coefficients, ji4s =2.82 & 0.15and
the greatest number of wear debris particles, 11,699, with an average particle size of Dyyg=5.3 £3.3
pm. Our data may provide guidance for the design of silicone breast implants with lower surface
roughness, lower friction, and smaller quantities of wear debris.

1. Introduction

Silicone elastomer materials are considered the ‘gold
standard’ for long-term medical devices designed to
restore proper function or adjust form, including
shunts, ports, drains, biosensors, and prostheses.
Some of the most common silicone elastomer
implants are used annually for breast augmentation
(2 million) and reconstruction (>100,000) surgeries,
and silicone breast implants have been used for these
operations for the last six decades [1-3]. Silicone
elastomers are frequently leveraged in biomedical
applications due to their thermal and chemical stabi-
lity, tunable mechanical properties, and perceived
biocompatibility [4]. However, there is no such thing
as a biocompatible material [5].
elastomer implants have been linked to adverse condi-
tions, including chronic inflammation [6], capsular
contracture, and in rare instances, cancer. Silicone

Certain silicone

granulomas around breast implants have been increas-
ingly diagnosed since the early 2000s [7, 8] and breast-
implant anaplastic large-cell lymphoma (BIA-ALCL)
has been associated with silicone breast implant shells
with aggressive surface texturing [9-14]. Once shed,
non-biodegradable silicone wear debris particulates
may perpetually provoke the immune response
[15-18]. As cytokines and pro-inflammatory markers
accumulate around wear debris particles, reactive
oxygen species and continued inflammation may
damage increasingly larger areas of tissue. Silicone
elastomer particulates [19] and immune cells [6] have
been discovered in fibrous capsules retrieved from
patients, which supported the long-standing hypoth-
esis that implant wear debris may initiate the pro-
inflammatory immune response and lead to adverse
conditions [10, 20].

In an effort to mitigate the risks of implant debris,
international standards require, ‘both inside and

© 2023 The Author(s). Published by IOP Publishing Ltd
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outside of the shell shall be suitable to minimize frictional
abrasion between shell-to-shell surface and between shell
surface and the implantation site (ISO 14 607:2018)
[21]. Additionally, new European Union regulations
on medical devices requires, ‘devices shall be designed
and manufactured in such a way as to reduce as far as
possible the risks posed by substances or particles, includ-
ing wear debris, degradation products and processing
residues, that may be released from the device.” [22]
Despite these mandates, the tribological mechanisms
by which silicone elastomer wear debris is generated
and released into the breast pocket is highly complex
and poorly understood. Frustrating fundamental stu-
dies of elastomer friction and wear are challenges
posed by the coupled contributions of implant surface
roughness, thickness, elastic modulus, and viscoelasti-
city. While most commercially-available silicone elas-
tomers used for breast implant shells generally share
similar mechanical properties, their exterior surface
texture may vary by several orders of magnitude. In
this work, we investigate likely tribological conditions
for wear debris particulates to form in vivo: those
occurring during patient reports of implant ‘wrink-
ling’, ‘rippling’, ‘folding’; essentially, any sliding con-
tact across the shell-to-shell interface. Here, we
conduct an in vitro investigation of the tribological
mechanisms of wear debris formation associated with
silicone elastomer breast implants with varying mag-
nitudes of surface roughness. We examine
ISO14607:2018-designated ‘smooth’ (R, < 10 um),
‘microtextured’ (10 pum < R, < 50 pm), and ‘macro-
textured’ (R, > 50 pm) implant surfaces to investi-
gate the relationships between surface roughness,
friction, and wear debris formation and the potential
links to soft tissue damage and disease [21].

2. Materials and methods

2.1. Implant surface characterization

Section of unused and de-gelled commercially-avail-
able silicone breast implant shells, Allergan” Smooth
(R, = 02 + 0.03 pm), Motiva" Ergonomix®
SmoothSilk” (R, = 2.7 + 0.6 um), Mentor~ Siltex”
(R,=32 £+ 7.0 um), and Allergan® BioCell® (R, = 80
£ 10.0 pm) were used to model the dynamic sliding
interface of a folded breast implant surface. The
Allergan” BioCell® ‘macrotextured’ implant in this
study was voluntarily recalled by the manufacturer in
2019 due to its association with a rare lymphoma
[23, 24]. For the remainder of the text, we will refer to
each breast implant surface by its average surface
roughness value, R,. Representative (6 mm diameter)
sections of the R, = 0.2 ym, R, = 2.7 um, and R, = 32
pm breast implant shells were examined using scan-
ning electron microscopy (SEM, FEI Nova Nano 650
FEG SEM) and 3D laser confocal scanning microscopy
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(Keyence VK-X3000) as reported in 25. Implant shell
sections were subsequently cut into thin strips (2 mm
width, 6 mm length) with a sharp blade and imaged in
cross-section using SEM to acquire high-resolution
micrographs of the surface topography in direct
sliding contact with soft tissues. Schematic representa-
tions of the implant-implant interface based on SEM
micrographs are shown in figures 1(b)—(e). The
average surface roughness, R,, of the breast implant
shells R, = 0.2 yum, R, = 2.7 pm, and R, = 32 um
were measured with the 3D surface profiler across a
roughly 700 x 500 pm region from at least 20 line
scans. Surface roughness characterization of the
macrotextured breast implant surface R, = 80 pm is
reported in references [26] and [27]. Additional sur-
face roughness parameters for each breast implant
sample are compiled in supplementary table S1.

2.2. Power spectral density calculation

Line scan traces of each implant’s surface profile were
taken from cross-sections of scanning electron micro-
graphs (see supplementary figure S1) and converted
into vector form. Power spectra were calculated using
the Matplotlib library in Python and Welch’s average
periodogram method [28]. Data for the line scans are
compiled in supplementary tables S2a-d.

2.3.Implant probe preparation and assembly
Sections of silicone breast implant shells (6 mm radius)
were mounted with cyanoacrylate adhesive on hydro-
gel probes with spherical shell geometries (previously
described in [29]). Poly(hydroxyethyl)methacrylate
(pHEMA) shell probes (6 mm radius of curvature, 300
pm apical thickness) were prepared by combining 67
wt.% 2-hydroxyethyl methacrylate (HEMA), 0.2 wt.%
MBAm, 0.15 wt.% TEMED, 0.15 wt.% APS, and
ultrapure water. Hydrogel shell probes were polymer-
ized in custom polyoxymethylene molds, heated to
60 °C for 1 h and then equilibrated in ultrapure water
for atleast 24 h. A polyethylene collar was fitted around
the silicone elastomer implant shell section and
pHEMA probe to mitigate slip during sliding experi-
ments. A more detailed schematic of the probe design
can be found in Supplementary figure S3.

2.4. In situ microtribometer

Tribological testing was conducted in a soft-walled
clean room. Experiments were performed using a
linear  reciprocating microtribometer
mounted to the condenser turret of an inverted laser
scanning confocal microscope (Nikon A1R HD) pre-
viously described in [30]. The implant probe assembly
was fastened to a titanium double-leaf cantilever
flexure with normal and tangential stiffnesses of k,
= 225 uN/pum and k, = 122 puN/pum, respectively.
Capacitance sensors (Lion Precision, sensitivity:

custom
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Figure 1. (a) Illustration of tribometer configuration. Implant surfaces (10 mm radius) were secured to glass-bottomed culture dishes
and to hydrogel probes with spherical shell geometry (6 mm radius of curvature) and fully submerged in ultrapure water to investigate
shell-shell tribological interactions. (b—e) Representative traces of implant surface profiles measured by scanning electron microscopy:
R,=0.2 ym (tan); R, =2.7 pum (light green); R, =32 pm (teal); R, =80 pm (navy). Line scans illustrate prominent surface features
that may interact in a folded implant scenario. f) One-dimensional power spectral density curves showing surface topography for
silicone implants with R, = 0.2 pm (tan); R, =2.7 pm (light green); R, =32 pm (teal); R, =80 pm (navy) using the SEM traces of

5 um/V, range: 20 V) measured cantilever displace-
ments in the normal and tangential directions, which
were converted to normal and friction forces using a
custom LabVIEW program. The measurement uncer-
tainties in normal force and friction force were u(F,)
= £ 2 uNand u(Fp) = £ 1 uN, respectively. Silicone
elastomer breast implant shell surfaces were ultrasoni-
cated in water for 20 min at 37 kHz and allowed to
evaporate under dry nitrogen. This process was
repeated twice, after which no debris particles were
detected in the supernatant. Cleaned silicone elasto-
mer samples were stored in a dust-free sterile environ-
ment until testing. The cleaned silicone implant shell
surfaces were loaded into opposing contact (shell-to-
shell) and subjected to dynamic sliding conditions
(1 mN normal force, ] mm s~ sliding velocity, 5 mm
sliding path length) while fully submerged in ultrapure
water to simulate probable tribological interactions
experienced during implant folding events.

For each sliding cycle, friction coefficients (ticyce)
were calculated by dividing the average friction force
(over the forward, F Foa? and reverse, F o directions)
by the average normal force (F,)) within the free sliding
regime (middle 25% of the sliding path)

(equation (1)).

<Ffrwd >_ <Ffrev>
Feyete = T

2.5. Wear debris collection and analyses

Following tribological testing, debris particle quantity
and size were determined by ultrasonicating at 37 kHz
both implant surfaces of the shell-to-shell sliding
contact for 20 min in 12 ml of ultrapure water
(Fisherbrand Advanced Ultrasonic Cleaner, model
FB11201). Solutions were vigorously pipette-mixed
and transferred into 15 ml centrifuge tubes and
centrifuged at 3,200 g for 15 min and slowly deceler-
ated. Supernatant was removed, debris particles were
resuspended with a vortex mixer, and 20 pul of the
concentrated particle solutions were pipetted onto
glass slides and covered with glass coverslips. Debris
particles dried for at least 24 h in a sterile environment
before imaging.

()

&

3. Results and discussion

The material and tribological properties of soft silicone
breast implants were evaluated to examine the role of

3
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surface roughness on damage to these implants under
dynamic sliding conditions. Figure 1(a) shows a
schematic of the tribometer configuration. Silicone
implant shells were brought into self-mating contact
between a glass bottom culture dish and a hydrogel
membrane probe. The implant section adhered to the
gel probe was secured using a custom-fit polyethylene
collar. Figures 1(b)—(e) compare the surface topogra-
phy of breast implants from cross-sectional SEM
micrographs converted into two-dimensional traces.
Distinct and representative features of each silicone
breast implant surface have been shown to highlight
key differences in the surface roughness, R,. The 1D
power spectral density (PSD) curves, shown in
figure 1(f), demonstrate surface roughness feature
amplitudes as a function of the spatial frequency. PSD
curves encode key surface roughness measurements;
the root mean square (RMS) roughness of the sample
is the square root of the sum of the power spectrum
(total power). Rougher samples have higher total
power, and flatter samples are likely to have fewer
spectral spikes.

3.1. Tribological measurements

Three individual shell-on-shell sliding experiments
were conducted to investigate the relationships
between roughness, friction, and wear of elastomers.
New probes and countersamples were used for each of
the three implant surfaces tested for a total of nine
experiments overall. Representative friction force
traces as a function of position for silicone implants
tested in a shell-on-shell sliding configuration are
shown in figure 2(a). Increasing surface roughness
increased the friction force across the shell-shell inter-
face under the same nominal normal force (1 mN).
The friction coefficient, p, was analyzed across the
middle 25% of the sliding path and generally increased
with increasing sliding distance, as shown in
figure 2(b). The ‘smooth’ implant (R, = 2.7 pm)
exhibited initial sliding friction coefficients of about
~ 0.1 for the first 200 mm of travel and gradually
increased to about p = 0.5 for the remainder of the
experiment. The ‘microtextured’ implant (R, = 32
pm) remained near ;o ~ 1.2 for the duration of the
experiment, with the exception of a sudden drop after
the first few cycles. One potential explanation for the
transient drop in friction coefficient seen in the R,
= 32 pm sample from 20 mm to 40 mm of sliding
(equivalent to reciprocating cycles 2 and 3) in
figure 2(b) may be transient run-in of the highest
asperities, seen in figure 1(d). The ‘macrotextured’
implant (R, = 80 pum) exhibited initial friction
coefficients near p ~ 1.9 and steadily increased to p =
2.4. Dynamic changes in friction coefficient measure-
ments are well-aligned with our observations of wear
debris collected after 10, 100, and 1,000 cycles, which
indicate that the majority of debris is generated within

DJ Atkins et al

the first 100 cycles (1,000 mm total sliding distance).
Tribological testing revealed that increasing surface
roughness of silicone implants resulted in increased
average friction coefficients across the shell-shell
sliding interface (figure 2(c)). This is perhaps surpris-
ing given that the real area of contact should decrease
with increasing surface roughness. While we could not
measure the real area of contact during these studies,
we postulate that the flexibility and elasticity of the
cone-like asperities distributed across the surfaces of
the silicone elastomer shells, particularly for the
‘microtextured’ (R,=32 pm) and ‘macrotextured’
(R, = 80 pm) implants, may have contributed to
increased asperity-asperity interactions and ultimately
greater friction coefficients. We also examined silicone
breast implant shells with surface roughness R, = 0.2
pm, but the adhesive forces across this smooth and flat
interface prohibited free sliding.

3.2. Image analysis

Image analyses revealed that increasing surface rough-
ness increased the quantity of wear debris particles
shed during shell-on-shell sliding experiments. The
‘macrotextured’ implant surface R, = 80 pm shed
roughly five times the quantity of wear debris particles
(total: 11,699 particles) compared to the ‘microtex-
tured’ surface, with average surface roughness R, = 32
pm (total: 2,730 particles). The total number of wear
debris particles shed from the R, = 2.7 pm was 1,304.
The wear debris particle counts reported herein are
each from a single shell-on-shell sliding experiment
for every implant surface.

The average and standard deviation of wear debris
particle diameters shed from implant surfaces R, = 32
pm and R, = 80 um were 4.7 + 9.1 ymand 5.3 +
3.3 um, respectively (figure 3(a)). These values lie
within the optimal range of macrophage phagocytosis,
typically between 1 and 15 pm [19, 31]. Macrophages
are approximately 20 ym in diameter and struggle to
phagocytose particles larger than 20 pm. The average
wear debris particle diameter of the ‘smooth’ implant
surfaces was 8.3 £ 13.1 pm. Representative images of
wear debris particles diluted to 0.5% concentration
(v/v %) are shown in figures 3(b)—(d). These results
suggest that implants with higher surface roughness
may generate more wear debris particles during shell-
shell sliding events and that those shed particles are
more likely to have size distributions within the opti-
mal range of macrophage phagocytosis.

The minimum detectable particle diameter
using the methods described herein was 1.5 pm.
Efforts to accurately identify individual wear debris
particles were frustrated by occasional agglomera-
tions of several particles. Thus, the debris collected,
analyzed, and reported herein likely does not repre-
sent all the particles generated across the sliding
interface and may underestimate the in vivo
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Figure 2. (a) Friction force trace of a single reciprocating cycle for three breast implant shell samples of R, = 2.7 pm (light green);

32 pm(teal); 80 pm (navy)sliding againsta20 mm diameter disk of the same implant surface (shell-on-shell sliding configuration).
Experimental conditions: normal load, F,, = 1 mN; sliding speed, v= 0.5 mm s~ '; sliding path length, /=5 mm (1/2 cycle). For each
sliding cycle, friction force and friction coefficients were averaged across the middle 25% of the sliding path, within the free sliding
regime. b) Friction coefficients of breast implant surfaces as a function of sliding distance. Friction coefficients were calculated using
equation (1). Error bars represent the standard deviation across the middle 25% of the sliding path for one reciprocating cycle.

¢) Friction coefficients of silicone breast implant surfaces averaged over n = 100 cycles for three individual experiments resulted in:
Havg=0.46 £ 0.11forR,=2.7 pm (light green); 1oy =1.20 £ 0.10 for R, =32 pm (teal); and fi4yg = 2.82 & 0.15forR, =80 pm
(navy). Error bars represent the standard deviation in friction coefficients across three individual shell-on-shell sliding experiments.

Ra=80 pm

availability of silicone elastomer debris particles.
The silicone breast implant surfaces were observed
before and after sliding using scanning electron
microscopy as well as an inverted laser scanning
confocal microscopy (Nikon A1R HD) and the

autofluorescent properties of the silicone elastomer
breast implant samples under 488 nm of light after
1,000 mm of sliding. Despite clear evidence of wear
debris, there was no discernible ‘smoothing’ of the
breast implant surface for any samples tested.
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Figure 3. a) Distribution curves of the quantity and diameter of silicone elastomer breast implant wear debris particles generated after
1,000 mm of sliding in shell-on-shell configurations. Average particle diameter and standard deviation for implants with surface
roughness: 8.3 £ 13.1 pumforR,=2.7 pm (solidlight green); 4.7 &+ 9.1 umfor R, =32 pum (dotted teal); 5.3 £+ 3.3 pum for
R, =80 pm (dashed navy). Representative widefield images under 40x magnification of implant wear debris particles diluted to 0.5%
concentration of total particle volume in ultrapure water for b) R, =80 pm,c)R, =32 pm,andd)R,=2.7 ym

Table 1. Average surface roughness, R, wear debris particle diameter, Dy, particle count, volume loss, Vjos, and wear rate, K after 1,000

mm of shell-on-shell sliding with R, = 2.7 pum, R, =32 pm,and R, =80 pm silicone elastomer implant shells. The R, = 0.2 pim shell-on-
shell sliding experiment could not be conducted due to excessively high adhesion between the smooth and flat surfaces

Ra (pm) Davg (um) count  Viess (mm?) K (mm?*/N-m)
0.2 + 0.03 .
27+06  83+£13.1 1,304 8 x 102 8 x 107
3270 4791 2,730 10x 1072 10 x 10
80=100 53+33 11,699 5 x 102 5x 105

3.3. Wear rate calculations

Wear rates of the implant-implant sliding interactions
were calculated by dividing the total volume loss (V)
by the average normal force (F,) multiplied by the
sliding distance (d) (equation (2)). Volume loss was
approximated using wear debris particle diameter and
assuming spherical particle geometry.

‘/ZOSS

K=t
E-d

@)

Each sample experienced an average normal force
of 1 mN across 1,000 mm of sliding distance. Wear
rates of these silicone implant samples were calculated
to be §x 1070, 10 x 1072, and

5 x 10‘Smm for R, = 2.7 um, R, = 32 um, and R,
= 80 um, respectlvely These values are reported in
table 1, along with the average volume of debris shed
and the average diameter of the debris particles. The
total volume of debris particles was estimated by the
considering spherical shape of particles with the

distribution shown in figure 3(a). The calculated wear
rates fall within an order of magnitude of previously
reported wear rates of elastomers [32].

4, Conclusions

In this investigation, we examined the extent to which
the surface roughness of silicone breast implant shells
induces debris formation in an implant-implant slid-

ing interface that models a folded breast implant.

Smooth’ silicone elastomer breast implants in self-

mated sliding configurations (shell-to-shell) (R, <
10 pm) resulted in the lowest friction coefficients (i
~ 0.5) and the fewest wear debris particles in the size
range favored by macrophages (1 to 15 pm particle
diameter). ‘Microtextured’ silicone elastomer breast
implants in shell-to-shell sliding contact (10 pum < R,
< 50 pm) resulted in higher friction coefficients (1

~ 1) and generated moderate amounts of small wear
debris particles. However, ‘macrotextured’ silicone
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elastomer breast implants in shell-to-shell sliding
contact (R, > 50 pm) resulted in the highest friction
coefficients (1 > 2) and the highest quantity of the
smallest debris particles. In contrast, self-mated sliding
contact was precluded for the smoothest implant
surface, (R, = 0.2 pm), due to extremely high
adhesion. These findings highlight the importance of
designing silicone elastomer breast implant shells
within an optimal range of surface roughness to reduce
frictional shear stresses and wear debris generation
during shell-to-shell tribological interactions.
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