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Abstract: Both the chemistry and size of a material formed in vivo, or an implanted biomaterial,
can alter the in vivo host response. Within the size range covered within this review, over 1 µm,
chemistry is only important if the solid material is unstable and leeching small molecules. The
macrophage activity and the resultant inflammatory response, however, are related to the size of
the solid material. The premise of this review is that differences in size of the solid material, in
different cases, can be the reason why there is some individual-to-individual variation in response.
Specifically, the inflammatory response is enhanced when the size is between 1–50 µm. This will
be looked at for three configurations: spherical particulate (silicone oil or gel from breast implants),
elongated particulate (monosodium urate [MSU] crystals in gout or in kidney stones), and fibers
(e.g., polyester used in fabric implants). These specific examples were selected because many still
believe that the clinical outcome for each is controlled by the surface chemistry, when in fact it is
the size. In each case, specific studies will be highlighted to either show a mechanism for creating
different sizes and therefore a differential biological response (first three) or how changing the size
and shape (diameter and spacing of fibers, in this example) can affect the response and can help
explain the different responses to fabric implants found in vivo within the 1–50 µm size range. It was
found that polyester fibers under 70 µm had a significant increase in macrophage response. Further,
it was found that compounds found in synovial fluid could limit MSU crystal size. In addition, it
was shown that plasma with low triglyceride levels emulsifies silicone oils to a greater extent than
plasma with higher triglyceride levels. Therefore, in three cases it appears that differences in the
inflammatory response between individuals and between different implants could be explained just
by the size of the material formed or implanted.

Keywords: chronic inflammation; host response to particulates and fibers; macrophage activation

1. Introduction

Both the chemistry and size of a material formed in vivo, or an implanted biomaterial,
can alter the in vivo host response [1–23]. For an implanted biomaterial it can be part of the
implant, pieces broken off, or chemicals leached out. It can be a positive adaptive response
or one leading to pathology (inflammation, immune response, cancer, toxicity, etc.) [15]. In
tissue, typically it is small molecules or ions released that lead to implant pathology [1,7,15].
These released chemicals can trigger cell adaptive responses directly or indirectly by bind-
ing to other compounds, through biotransformation or by causing mutations [1,7,15]. There
are two separate bioprocesses that will be examined here: (1) response to the introduction
of a solid material and (2) production of solid materials from chemicals found in the body
or from the implanted material.

When a stable solid object is encountered, the size and shape tend to control the host
response [1–6,15]. These objects can be implanted as part of a medical device or form
in vivo from biological materials. The size and shape of the object affects the macrophage

Materials 2021, 14, 4572. https://doi.org/10.3390/ma14164572 https://www.mdpi.com/journal/materials

https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://doi.org/10.3390/ma14164572
https://doi.org/10.3390/ma14164572
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ma14164572
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma14164572?type=check_update&version=2


Materials 2021, 14, 4572 2 of 15

response. Changes in the macrophage response can alter the inflammatory response and
immune response [1–5,15].

There are three main examples, however, where chemistry for a stable material still
matters. One is when it is in contact with blood, one is if the object contains foreign protein,
and the third is for nanoparticles. The surface chemistry can affect the sequence and the
way blood proteins attach to the material, which can have a significant effect on the blood
clotting cascade within minutes of contact [4,15]. In tissues, however, the host response
develops over hours and days, and by that time the surface of the material will not be
much different even with different surface chemistries [4,15].

The immune response can be triggered by foreign proteins, and therefore surface
chemistry can determine whether it is treated as an antigen [4,7,15,20]. In the nanome-
ter range, it appears particles begin to act more like chemicals (with proteins typically
around 10 nm) and surface chemistry can be very important [16]. Biologic materials and
polyethylene glycol attached to the nanoparticles can alter the uptake of the nanoparticles,
particularly between the M1 and M2 phenotypes [8,16].

Both porosity and surface texture of a biomaterial have been shown to affect the
ECM (extracellular matrix) production altering the fibrous capsule and presence of dead
space, which can cause implant pathology [1–7,15]. The size alone has been shown to
increase activation of the macrophages [1–7,15]. This has been shown in relation to the
size of particulates formed from friction and wear after joint replacement [1–3]. Activation
typically occurs when the smallest dimension is under 50 µm, and macrophages try to
phagocytize the material [1–7,15]. There also appears to be at least two changes when
the size goes below 1 µm [1–3]. Particles under 1 µm seem to be easily phagocytized and
cleared, reducing the inflammatory reaction [1–3]. However, again they can also have
surface treatments that can affect the uptake of the particles in the nanometer range.

This review will concentrate on the 1–50 µm size range, where activated macrophages
can cause both local and systemic effects by inducing an inflammatory response [1–7,15].
This inflammation can enhance the immune response, slow healing, cause tissue necrosis,
increase the infection rate, and facilitate carcinogenesis [4,15].

Recently, two phenotypes of macrophages have been identified (M1 and M2) [8]. M2
is the more common type, and when activated produce growth factors to aid in wound
healing (stimulate fibroblasts to produce collagen as well as enhance angiogenesis) [8]. M1
macrophages, when activated, produce pro-inflammatory cytokines and are responsible
for cleaning up a wound via the inflammatory response [8]. They also can present antigens
to lymphocytes to stimulate an immune response [4,15].

Although M2 is the normal state of a macrophage, they can be transformed into the
inflammatory (M1) phenotype [8]. It is likely that the presence of a foreign material triggers
this transformation, which ends up with a chronic inflammatory response and fibrous
encapsulation [8,15]. There, however, appears to be a size range that increases the activity
of these M1 macrophages [1–8,15]. It is possibly the same trigger as the one that causes
macrophages to combine to form giant cells: the foreign material is small enough to be
surrounded by or phagocytized by a macrophage, but cannot be broken down enough to
be taken to the lymphatic system to be removed from the body [15]. Again, there appears
also to be a lower limit to the size where the macrophage can easily remove the foreign
material without a significant change in activity [15,22].

The reason for the two limits are not known for sure. They are probably related to the
ease of removal of the foreign material, and either the speed or energy requirements to do
so (or both) [15]. At the upper limit (50 µm) the macrophage can first start to surround the
foreign material in an attempt to remove it [1–6,15]. At the lower limit, the macrophage can
quickly and/or easily remove the foreign material [15–22]. The timing may also be what
triggers the fibrous encapsulation response. If it cannot be broken down and/or removed
quick enough, the inflammatory response leads to walling off of the foreign material [4,15].

The main premise of this review is that differences in size of the solid material, in
different cases, can be the reason why there is some individual-to-individual variation
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in response. Specifically, the macrophage response leading to inflammation is enhanced
when the size is between 1–50 µm. This will be looked at for three configurations: spherical
particulate (silicone oil or gel from breast implants), elongated particulate (monosodium
urate [MSU] crystals in gout or in kidney stones), and fibers (e.g., polyester used in fabric
implants). These specific examples were selected because many still believe that the
clinical outcome for each is controlled by the surface chemistry, when in fact it is the
size [1–7,19,22,23].

In each case, specific studies will be highlighted to either show a mechanism for
creating different sizes and therefore a differential biological response (first three) or how
changing the size and shape (diameter and spacing of fibers, in this example) can af-
fect the response and can help explain the different responses to fabric implants found
in vivo within the 1–50 µm size range. Additionally, these studies can help when de-
signing devices or treatments to produce a more desirable (more biocompatible) clinical
outcome: the concept of “safety by design” by preventing solid materials in the 1–50 µm
size range [1–7,14,16].

2. Gout and Kidney Stones

Crystallization of monosodium urate (MSU) is the cause of gout as well as about
10% of kidney stones [24–29]. Gout is the most common inflammatory arthritis affecting
about 1% of the population (5% of arthritis patients) [24–26]. Kidney stones occur in about
10%–14% of the population (about 1% with MSU crystals) [25–29].

2.1. Role of Size and Shape

In both cases, size and shape of the crystals affects the clinical presentation. For
kidney stones, this determines residence time in the various parts of the body from the
kidney to excretion through the urinary system. For gout, it is likely that the size (mostly
diameter) of MSU crystals is what leads to macrophage activation and the inflammatory
response [1,2,15].

A pre-requisite for gout is excessive blood levels of soluble urate, one of the fi-
nal products of the metabolic breakdown of purine nucleotides [30]. Hyperuricemia
is typically defined as occurring above the saturation point of MSU, at serum urate
levels > 6.8 mg/dL [31].

Although the exact mechanism for gout is not known, it is generally accepted that
interaction of MSU crystals with leucocytes leads to local inflammation and the production
of chemicals that increase the amount of MSU crystals, amplifying the clinical signs of gout:
swelling, redness, and pain [24,26]. It is still, however, not agreed upon what causes MSU
crystallization as well as how the MSU crystals trigger the inflammatory response [1,7,22].

There is some belief that the surface chemistry is important, typically from an im-
munological perspective [32–34]. It has been shown that isolated MSU crystals are typically
coated with immunoglobulins [35,36]. The surface concentration of immunoglobulins
decreases as inflammation resolves, while the apolipoprotein B surface concentration in-
creases [35,36]. Further, the cationic Fab portion of the antibodies bind to urate with the Fc
portions exposed [37]. The Fc portions then may play a role both in the ability of the crystal
to activate complement as well as the ability of Fc-receptor-bearing cells to phagocytose
crystals and undergo cell activation [35,38].

It is, however, also suggested that it is the activated resident tissue macrophages,
which secrete inflammatory cytokines including IL-1β [39,40], leading to complement
activation and infiltration of neutrophils, with production of additional pro-inflammatory
mediators such as PGE2 and LTB4 [32].

2.2. Treatment
2.2.1. Prevention

Not knowing the exact mechanisms makes it difficult to select appropriate strategies
or even understand how they work. Prevention strategies either try to control the crystal-
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lization phase or limit the inflammatory phase, with current drug therapy mostly related to
the inflammatory phase [25,41]. All current prevention drugs are aimed at reducing the uric
acid concentration by increasing excretion or reducing production [25,41,42]. In some cases,
this can actually trigger an attack (possibly by creating more nucleation sites) [43]. The
inflammation, in these cases, is reduced by preventing or limiting the amount of crystals
formed [25,44,45].

2.2.2. Treating a Gout Attack

Strategies include reducing the serum uric acid level, suppressing the inflammatory re-
sponse, or trying to dissolve the crystals. The anti-inflammatory drugs normally reduce the
production of inflammatory compounds such as prostaglandins [25,41] or can also be used
to reduce phagocytosis [25,41]. Additionally, uric acid kidney stones have been successfully
dissolved, in 70–80% of the cases, by lowering the pH with citrate [46]. Another strategy,
based on the immune response, is to prevent or reduce complement activation [30,38–40].

2.2.3. Treatment Based on Size

A prevention strategy based on size, since studies have shown that keeping MSU crys-
tals under 0.5 µm can prevent a gout attack [34], has not been fully explored. An approach
can come from the fact that only 2% to 36% of hyperuricemic (above saturation levels of
uric acid in their serum) patients, with approximately 5–10 years of follow-up, develop
gout [25,47,48]. This implies that there are chemicals (as well as environmental factors
such as pH) found in the body that can limit MSU crystallization size or amount above
the threshold [47]. Therefore, instead of reducing uric acid concentration or increasing
its solubility, crystallization could be limited by reducing the nucleation rate or affecting
growth rate of the crystals [25,45]. Limiting crystal size can be done by slowing the growth
rate preferentially on the fastest growing faces (Figure 1).
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2.3. Developing a Treatment Based on Size
2.3.1. Methodology

The MSU crystals were made using a modification of Seegmiller’s method [44]. In
this technique, 1.006 gm of reagent grade uric acid (J.T. Baker Co., Phillipsburg, NJ, USA)
was dissolved in 194 mL of boiling water with 6 mL of 1 N NaOH. The pH was adjusted
to 7.4 (physiological pH) by adding additional NaOH. The solution was filtered and a
known amount of the chemical being tested was added after the first filtration and before
the solution was allowed to stand for nine hours and then dried in an oven at 60 ◦C. Each
chemical additive was tested at a variety of concentrations up until saturation (Table 1). The
crystals formed were analyzed using a light microscope with polarizing light to check for
the negative birefringence characteristic of MSU. X-ray diffraction (XRD) was performed
to check for changes in crystal structure. SEM analysis was done to observe changes in
morphology and make size measurements. Changes in color were also noted (indicative of
adsorption on the crystal surface).
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Table 1. Chemical additives used to effect MSU crystals.

Vitamins and Minerals Found in Foods

β-carotene glucose
thiamine (B1) caffeine

L(+) ascorbic acid citric acid
riboflavin (B2) starch

pyridoxine HCL (B6) glycine
niacin (B3) monosodium glutamate

vitamin pill β lactose
calcium nicotinamide

pyruvic acid

Associated with Gout Also Found in the Body

Ca3(PO4)2 potassium chloride
CaSO4 adenine

ethyl alcohol L-leucine
dextran liver residue
fuchsin pancretin

lysozyme pepsin
brilliant green trypsin
DL lactic acid urea

xanthine penicillen
methylene blue

2.3.2. Results

The model was not intended to mimic in vivo conditions or accurately predict the
change in size expected in gout patients. It did, however, isolate chemicals that have the
potential to limit MSU crystallization (either amount or size). Further, it also gave an
indication of the mechanism involved in any alteration in the crystallization process. There
was a clear difference between the third of the compounds that had an effect vs. those that
did not. It appeared that riboflavin, niacin, calcium (as CaSO4 and Ca3(PO4)2), methylene
blue, and fuchsin could reduce MSU crystal size in a dose dependent manner. Pyridoxine
HCL, β-carotene, lysozyme, and xanthine appeared to reduce crystal size, but only one
concentration (plus the control) was used; therefore, a dose dependent response could not
be shown. Additionally, all but pyridoxine HCL and β-carotene reduced the amount of
precipitate formed.

2.3.3. Ramifications

There seemed to be at least five mechanisms (with some overlap) by which these
compounds could limit crystal size: adsorption, syn-crystallization (more than one crystal
growing together), ion incorporation into the crystal, a modification of the solubility of uric
acid, or degradation of the crystal. Adsorption and syn-crystallization can be shown by a
change in the color of the crystals. Changes in XRD relative peak intensity indicates either
syn-crystallization or ion incorporation (which can also lead to syn-crystallization), with the
exact change able to help distinguish between the two. Changes in amount of precipitate
and/or changes in pH are indicative of changes in solubility of uric acid. Degradation of
the crystal can be seen by changes in shape and smoothness of the crystals.

Coating of the growing crystal with adsorbed compounds or a different crystal (syn-
crystallization) can alter shape and/or limit size by inhibiting growth on one or more
crystal surfaces. Figure 1 shows the effect of having different growth rates on different
faces, which can also result in a color change. Incorporation of ions into the growing crystal
can change the relative growth rates of crystal surfaces and therefore effect shape and size
of the final crystal, potentially through syn-crystallization [49].

The most effective compounds appeared to be ones that are incorporated into the
growing crystal via syn-crystallization or competing with sodium for changes in the crystal
chemistry. It is expected that compounds with a similar pyrimidine structure to MSU
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more easily exhibit syn-crystallization. This appears to be true for riboflavin, xanthine,
pyridoxine HCL, and methylene blue.

The study showed the feasibility of specific compounds found in the body to limit the
size of MSU crystals in vivo. This could also be used as a prevention medication, if levels
are too low in joint synovial fluid. Although there is a lot to do to develop a treatment, this
study shows how crystal size can be part of the reason why only a fraction of hyperuricemic
individuals develop gout.

3. Silicone Breast Implants

There are about 300,000 breast implantations per year for either cosmetic augmentation
or reconstruction following mastectomy [50,51]. The current implants are silicone rubber
bags filled with saline or silicone gel. The types of implants and options have changed over
the years.

The first recorded attempts at altering the shape of human breasts were conducted in
the 20th century using wax, fat grafts, and other tissue grafts [51]. After World War II, a
polyether (etheron) was used. None of these were very successful [50,51].

In the late 1940s through the early 1960s, silicone oils were often directly injected into
breast tissue [51]. The effect, in this case, was short lived due to systemic distribution
of the oil. To combat this, various irritant additives such as the “sakurai formula” were
formulated [52]. The “irritant” was used to stimulate a fibrous capsule around the injection
to keep it in place and reduce systemic distribution of the silicone [52]. The lack of
standardization of the “irritant” led to undesirable host responses, from severe foreign
body responses to even cancer [19]. This led to the first ban on silicone by the FDA, in 1965,
on silicone injections for breast augmentation [19].

The first silicone gel breast implants were developed in 1963 [53]. The silicone gel was
placed in a silicone elastomer bag (polydimethylsiloxane—PDMS) to prevent free gel in
the tissue, avoiding both the biocompatibility concerns and the loss of cosmetic function
over time [53].

The design of these silicone gel implants has changed over the years. The original
implants (1960s–1970s) had a relatively thick shell (~0.04 cm) and a relatively viscous
gel [54,55]. Many of the implants became hard as a result of capsular contraction of the
fibrous capsule around the implant [55].

Since the hardness of the breast was originally ascribed to the thickness of the implant
shells, breast implants with thinner shells (~0.08 inches), and less viscous (“more respon-
sive”) gels were introduced in the 1970s [56]. These second generation implants, however,
resulted in an increase in the amount of gel components found in the surrounding tissue
compared to first generation implants, due to implant rupture as well as diffusion through
the shell (gel bleed) [57,58].

The third generation implants, in the 1980s, were designed to reduce the amount of
gel in the tissue by using an intermediate thickness shell and often had a barrier layer
(typically a fluorosilicone) [59]. Another design change was making the surface porous in
an attempt to reduce capsular contraction [19].

Because of uncertain risks, however, the FDA banned silicone breast implants in the
1990’s for all indications except for augmentation after mastectomy [19,60]. Later, the FDA
re-approved (in 2006) gel filled implants based on studies from mastectomy reconstructions,
but required additional long-term post market surveillance studies [19,50].

3.1. Current Complications

Almost half of women with breast augmentation surgery have had complications in-
cluding pain, capsular contraction, infection or the need for additional surgery [19,50,61–65].
About 25% of the women with silicone breast implants have had to have them removed vs.
only 8% for saline filled [19,50]. The average lifespan is between 7 to 12 years [19,50].
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The actual acceptable rates necessary for the re-approval were:

1. 20% capsular contraction, 20% asymmetry, 13% wrinkling, and 10% visible implants
after 5 years [19,50].

2. 15% rupture rate after 8 years and a 50% reoperation rate within 10 years [19,50].

3.1.1. Cause

The difference in success rate (need for removal) is significantly different between
saline filled and gel-filled. [19,50]. The main difference between the two is the presence
of gel outside the implant, which can lead to inflammation, which can lead to fibrous
encapsulation, which can lead to pain and/or rupture necessitating removal of the implant.
The gel can come out from gel bleed or implant rupture [19,50].

Gel Bleed

Although the gel-in-shell strategy was used to overcome the FDA ban on direct
injection of silicone, uncross-linked PDMS molecules in the gel still tended to diffuse across
the highly cross-linked silicone shell and into the physiological environment [19,66,67].
The extent of bleed is dependent on the gel composition (both molecular weight and
amount of cross-linking), the shell thickness, and the surface area to volume ratio of the
prosthesis [19,66,67].

The composition of gel bleed has been shown to include all the uncross-linked PDMS
fluids with a molecular weight of 158 K or less [67–72]. The diffusion through the shell is
lower as the molecular weight increases [67,71]. The bleed composition has an average
molecular weight of 9000–24,000 [67]. The amount and molecular weight of gel bleed varies
between the three shell thicknesses as well as with the use of a barrier layer [67,68]. Further,
the relative non-uniformity in gel and shell composition across different manufacturers, and
even across different batches of a single manufacturer (plus the three different generations)
makes it difficult to obtain a precise estimate [67,68,72].

Bleed rate has been estimated at 200 mg/yr for a 230 c implant or about 0.6% per year,
but rates as low as 60–100 mg/yr to as high as 2.1 gm/yr have been reported [19,72,73].
The role of the barrier layer is controversial, with some believing it not only alters the
composition of the bleed but also decreases the amount of bleed by 90% [67]. Others,
however, suggest that the barrier layer only serves to delay the onset of the bleed and it
reaches the level of the other implants once the gel saturates the shell, after two to three
years [74,75].

Implant Rupture

When the shell ruptures, a much larger quantity of gel/oil is released into the environ-
ment than that with gel bleed alone, and immediate ex-plantation is recommended [76].
The causes of this failure are still under debate. Although the thickness of the shell has an
effect on the time to failure, the 7–12 year average lifetime is for the current “intermediate
thickness” shells [19,50].

Since, it has been shown that the force to break the shell decreases over time; this
could be the main cause of the limited lifetime [77–82]. Some have linked this change
in properties to the gel diffusing into the shell, which it does before the gel is released
(gel-bleed) [19]. In the early stages of implantation, once the shell becomes saturated
with gel, it swells and becomes about 30% weaker [81–84]. For current implants, 3 lbs is
sufficient to break the shell after five years, compared to 4–5 lbs new [81]. The stress to
failure decreases by 17–20% in 1–2 months, 32–34% in 1 year, 40% in 6–12 years, and about
50% in 9–10 years [81]. The strain to failure reduces from 1000% to 300% by 8 years [81].

3.1.2. Differential Response Due to Size

Again, with the likely reason why the complication rate is higher for gel-filled versus
saline filled being the presence of gel bleed, it is unclear why the response can be signifi-
cantly different between patients even without the silicone shell breaking [19]. One theory
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is that there is a difference in the size of silicone oil droplets after they leach out of the
implant [1–3,19].

The general response to silicone oil is similar to other particulates: a chronic in-
flammatory response with a severity dependent on the size, amount, and duration of
exposure [85–87]. Again, similar to other particulates, the most macrophage activity occurs
when droplets are below 50 µm in size [1–3,19,88]. The length of time the macrophages stay
active, producing cytokines, is however controversial and requires further study. Some
studies suggest it is at least in the order of months [7,89].

As anticipated, since the foreign body response is dependent on the amount of silicone
oil present, certain levels of silicone oil appear to be well tolerated. For example, small
dosages (3.5–55 mL total with less than 0.07 cc/time) of Dow Corning 360 medical grade
silicone (MDX4-4011 (350 cSt)) delivered in multiple dosages every one to two weeks, with
massage, becomes dispersed in tissue planes and leads to only a mild response, which is
resolved within six months [7,90–92]. It appears that breast tissue requires a lower amount
of silicone to elicit a response than does other tissue [7,91,92].

In this case, it appears stable silicone oil emulsion is formed in the tissue, with droplets
ranging from submicron to 200 µm, with means of 10–15 µm, typically seen [7,19,91,92].
There is also evidence in the ophthalmological literature that silicone oils, used to replace
vitreous humor after retinal reattachment surgery, can emulsify. For these ocular applica-
tions, silicone oils > 5000 cSt viscosities are recommended to prevent emulsification [93].
Surfactants are needed to create a stable emulsion, with phospholipids serving this function
in vivo and thus influencing the extent of emulsification [94–96]. It has been hypothesized
that differences in plasma chemistry may determine the extent of emulsification that in
turn would lead to the differential biological responses observed clinically [19].

3.2. Methods

Silicone oil of the type found in gel bleeds was mixed with two plasma specimens.
One had low (90 mg/mL) triglyceride levels and one had higher (284 mg/mL) triglyceride
levels. The amount of emulsification was characterized.

3.3. Ramifications

The plasma with normal (90 mg/mL) triglyceride levels emulsified the silicone oils
to a greater extent (up to 100% more) than plasma from persons with high (284 mg/mL)
triglyceride levels [97]. Although the difference in droplet size and number of droplets as
well as the fate of the droplets and their effect on the inflammatory response is unknown
for a given patient, the study showed a possible mechanism to help explain the variation
in clinical response to silicone gel. In this case, the volume of droplets was altered by a
change in triglyceride level in the plasma. It is likely that both size and volume affect the
inflammatory response. Therefore, a composition of blood test or even an emulsion test
could be used to determine susceptibility to capsular contraction and could possibly lead to
a treatment. There would be many studies required before a clinical intervention could be
used. Again, the goal is merely to show a possible reason why size can alter the biological
response to breast implants.

4. Fibrous Implants

For implants that have a fibrous component there are many variables that can affect
the macrophage response and therefore clinical outcomes. Assuming the fibers are smooth,
non-degradable, and not leaching any small molecules from the bulk or surface, the
chemical make-up does not make a significant difference in macrophage response [15].
Various configuration modifications can alter the macrophage response, including surface
roughness, fiber diameter, and fiber 3D orientation [5,15,98–104].

In some cases, the mechanical properties of the 3D fiber structure (fabric) are also criti-
cal for clinical success. One example is hernia meshes where the strength and stiffness of the
tissue/fabric composite and the attachment of the fabric to surrounding tissue are important
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for a successful clinical outcome [5,104–106]. In these cases, the inflammatory response trig-
gered by the macrophages can lead to inadequate mechanical properties [15,23,107–112].

4.1. Potential Size and Shape Effects

For soft tissue implants, the porosity can have a significant effect on the macrophage
response and therefore amount and type of tissue ingrowth [15]. The effect of altering the
porosity (pore size, pore shape, amount of interconnectivity, and percent porosity) on tissue
ingrowth has been extensively explored [15,98–102,106].

Different minimum pore sizes have been established for blood vessel ingrowth (at
least 40 µm) [100]. Further, pores that are too large can reduce the ability of the implant to
serve as a scaffold [15]. For fabric implants, the average distance between fibers in 3D has
been used for pore size [15,100]. To optimize the scaffolding effect, a pore size of 100 µm
has been suggested for collagen based artificial skin [98,99], and about 75 µm for hernia
meshes [106].

Failure of some porous medical devices are directly linked to the inflammatory re-
sponse. Examples include: the porous polyurethane coatings on breast implants, which
had an excessive inflammatory response [19], meshes to support the uterus or bladder
creating an inflammatory response, which would eat through the vaginal wall, and hernia
meshes that do not integrate well with the surrounding tissue [15,19,105–112].

The link between size and inflammation for fabric implants is the size of the fibers.
For a macrophage, the fiber diameter is important, since the length is too long to be
engulfed [15]. The inflammatory response can influence the clinical outcome in many ways.
If individual fibers are surrounded by giant cells, they reduce the useful pore size, in some
cases below the 40 µm size needed for blood vessel ingrowth [100]. The inflammatory
response will not subside if the fibers cannot be broken down, and a thicker fibrous capsule
is formed around the fabric [5,100,103,104]. In addition, little healing occurs during the
inflammatory phase [100]. There also is the constant release of inflammatory cytokines,
which can damage surrounding tissue [15].

Fibers are different than the previous examples, in that even if a macrophage can
surround the diameter of the fiber, it is much longer than the macrophage (or giant cell
formed), which forms a sleeve around it. This presents a different scenario, in which the
macrophage can be activated, but cannot remove or isolate the foreign material. Although
this can happen in the previous cases, crystals too long or droplets too large to be phagocy-
tized, a fiber in a fabric could have multiple macrophages forming short sleeves along the
whole length.

Asbestos fibers are possibly close to the transition between the previous examples
(MSU crystals and silicone droplets) and fibers. The asbestos fibers typically are 5 µm or
less in length (but can go up to 40 µm) and 3 µm or less in diameter [113]. Both in vitro
toxicity and in vivo studies seem to indicate that fibers need to be at least 4 µm long (with
an increase of 8 µm over 4 µm) to elicit a significant response [113]. The distinction between
short and long fibers is typically 5 µm. The role of diameter is unclear in this size range,
and may affect retention more than activation [114].

The asbestosis fibers can cause inflammation, which leads to fibrosis, which can lead
to cancer, most likely due to cancer cells inside a fibrosis capsule being protected from the
immune system long enough to create a critical mass [15,113]. For asbestosis, the size and
shape also can determine the residence time in the lungs. To cause a fibrotic response, the
fibers have to be trapped in the lungs, which is more likely with the longer thinner fibers
(which is why sometimes the length to diameter ratio is cited) [15,113]. Short fibers are
also easily phagocytized and removed, eliciting a short-term inflammatory response that is
quickly resolved [113].

It is possible that the length of these fibers has most of its effect due to entrapment in
the lungs, for asbestosis. This is probably why long fibers are not removed by phagocytosis
as easily as short fibers (or crystals and droplets). There is probably a transition, in
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length, closer to the size of macrophages and giant cells where phagocytosis is no longer
possible [15].

Although there are still some that claim the chemical makeup of asbestosis is the
main culprit, the size seems to explain the differential response to different fibers. Again,
normally small molecules have to leach out for chemistry to have a significant effect [15].

It is also possible that long fibers that cannot be encapsulated do not have a lower
limit on diameter, since they cannot be phagocytized and removed. However, it is expected
that the diameters under 50 µm would lead to more macrophage activation, as they do for
particles and droplets [15]. Most sutures are above this size until 7–0, although all sizes
of monofilament sutures seem to have at most a short lived inflammatory response [104].
In a number of fabric implants, however, typically those with polyethylene terephthalate
(dacron), the fibers are under 50 µm [100].

Since dacron fibers are stable in vivo, the chemistry most likely does not play a big
part, although some can leech chemicals used in processing in the short term [1,5,15,103].
There have been many studies of individual fibers of different diameters, but few with
fabric implants. The individual fibers were sutures above the 50 µm size or between 2 µm
and 40 µm [5,103,104]. Although the transition above and below 50 µm was not studied,
there did seem to be a reduction in response below 6 µm [5,103,104]. In a study with a
dacron velour implant with fibers 25–40 µm in diameter, a long-term chronic inflammatory
response with fibrous encapsulation was seen [100].

A study was conducted [23] to determine if the fiber diameter threshold was similar
to the particle threshold of 50 µm for a fiber mesh. In this study, the meshes had varying
fiber spacings as well as fiber diameters.

4.2. Methods

The fabrics used in this study [23] were made of non-medical grade monofilament
polyethylene terephthalate (PET) fibers in a plain square weave (Tetko, Inc., Briarcliff
Manor, NY, USA). The fiber diameters and spacings of the fabrics are shown in Figure 2.
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Figure 2. The measured fiber diameter and fiber spacings.

Each fabric piece was cleaned, sterilized and implanted in a rabbit model. Up to six
pockets were made on each side of the spine to accommodate up to 12 specimens per
animal. Nine fabrics were studied at two weeks (n = 6) and six fabrics at four weeks (n = 4).
Histomorphic analysis was conducted on cross sections to determine the tissue response.

4.3. Results and Discussion

The increase in macrophage response occurred between 72 µm and 67 µm fiber
diameters at both two and four weeks post implantation (Figure 3) [23]. Although the
giant cell response increased as the fiber diameter decreased, the threshold was not as
dramatic and seemed to occur at a slightly higher fiber diameter, than for the macrophage
response [23]. Additionally, fabrics with fiber diameters below 70 µm showed an increase in
inflammation and decrease in tissue repair [23]. The fiber spacing showed some differences,
but nothing significant within the ranges used in this study [23].
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Figure 3. The macrophage response versus fiber diameter for the 2-week study.

The difference in macrophage response, inflammation, and tissue repair seen above
and below the threshold value (about 70 µm) show the importance of fiber diameter when
used in implantable devices [23]. This can help explain why certain meshes do not serve as
good scaffolds and therefore can lead to mechanical failure in hernia repair or erosion of
surrounding tissue when used for slings to support the bladder or uterus.

5. Conclusions

Therefore, in three cases it appears that differences in inflammatory response and
resultant clinical outcomes between individuals and between different implants could be
explained by the size of the material. These represent three different shapes (spherical,
needle shaped, and long fiber). In each case, some have blamed the pathology on the
chemistry [15]. However, when a material is stable or the breakdown products are relatively
inert (i.e., silicone or uric acid) the size tends to control the inflammatory response [15].
There are other cases where size is important, including asbestosis and wear debris in
artificial joints [15]. Asbestosis is helped by the shape, allowing the silicate fibers to become
lodged in the lungs as well as is the longest word in the English language currently:
pneumonultramicroscopicsilicovolcanoconiosis.

Two of the examples are materials that form in vivo (silicone oil droplets and MSU
crystals) and plasma chemistry can help determine the size of the materials and therefore
control the pathology. This can both be used to explain the differential response from
individual-to-individual, as well as suggest preventative measures. The third example
(polyester fibers) shows the importance of fiber diameter in implant pathology related to
the inflammatory response.
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