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Abstract
The collagenous capsule formed around an implant will ultimately determine the nature of

its in vivo fate. To provide a better understanding of how surface modifications can alter the

collagen orientation and composition in the fibrotic capsule, we used second harmonic gen-

eration (SHG) microscopy to evaluate collagen organization and structure generated in

mice subcutaneously injected with chemically functionalized polystyrene particles. SHG is

sensitive to the orientation of a molecule, making it a powerful tool for measuring the align-

ment of collagen fibers. Additionally, SHG arises from the second order susceptibility of the

interrogated molecule in response to the electric field. Variation in these tensor components

distinguishes different molecular sources of SHG, providing collagen type specificity. Here,

we demonstrated the ability of SHG to differentiate collagen type I and type III quantitatively

and used this method to examine fibrous capsules of implanted polystyrene particles. Data

presented in this work shows a wide range of collagen fiber orientations and collagen com-

positions in response to surface functionalized polystyrene particles. Dimethylamino func-

tionalized particles were able to form a thin collagenous matrix resembling healthy skin.

These findings have the potential to improve the fundamental understanding of how mate-

rial properties influence collagen organization and composition quantitatively.

Introduction
Implantation of biomaterials into the body triggers the foreign body response. Here, injured
tissue attempts to stop blood loss, prevent inflammation, and restore normal function [1–4]. In
the first stage, blood proteins are absorbed to the biomaterial surface, forming a provisional
matrix consisting largely of fibrin [1,5,6]. Neutrophils are the first cell type to arrive to the site
of the injury and characterize acute inflammation. Acute inflammation resolves quickly and is
follwed by chronic inflammation. During chronic inflammation monocytes/macrophages
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migrate to the wound site in response to various chemokines and chemattractants such as
transforming growth factor-β (TGF-β), platelet-derived growth factor, and interleukin-1 [7].
After chronic inflammation is resolved, fibroblast cells infiltrate in response to growth factors
and differentiate into myofibroblasts by TGF-β activation [8,9]. Fibroblasts and myofibroblasts
secrete collagen type I and III to form a fibrous capsule around the implant and contract the
wound edges. A well-oriented collagen capsule around the implant has low vascular density
and can hinder the function of encapsulated cells for tissue engineering applications or for arti-
ficial organs [10].

In healthy skin tissue, collagen type I is more prevalent compared to type III. In adult skin,
collagen type III is about 30% of the total collagen content [11]. During the wound healing pro-
cess collagen type III content can increase up to 90% [12]. Collagen type III plays an important
role in regulating collagen fibrillogenesis and fibril size along with the physical properties of
the tissues [13,14]. It was found that a decrease in collagen type III can lead to excessive scar
formation [15]. The influence of material chemistry on collagen type III during the remodeling
process is not clear and there is a need for a better understanding of the wound healing mecha-
nisms and how these materials influence the deposition of collagen types I and III [7,15,16].
During the remodeling phase of the wound healing process collagen fibers are organized in a
manner to mimic normal tissues [17]. However, healed tissue can only achieve 80% of the orig-
inal strength [7]. In the resulting scar tissue collagen fibers are organized into bundles of colla-
gen that are aligned parallel to one another while in healthy tissue collagen fibers have an
isotropic orientation [18]. During fibrous capsule formation collagen type III is initially
secreted by fibroblast cells and is gradually replaced by collagen type I, which becomes the
main collagen type in the fibrous capsule [19]. It was shown that collagen type III is present in
the fibrous capsule around the implant for 3–6 months. After 18 months for biocompatible
materials there is almost no trace of collagen type III [20]. Achieving a thin capsule with ran-
domly oriented collagen fibers and optimizing the ratio of collagen type III to collagen type I
with time in the capsular matrix would be an improvement in minimizing the foreign body
response to implanted biomaterials [20,21].

SHG microscopy has gained traction in biomedical imaging for measuring ordered biomo-
lecular assemblies [22,23]. The nonlinear interaction of incident laser beams with non-centro-
symmetric structures leads to the generation of new photons with twice the energy or exactly
half of the wavelength of the incident light [24]. The SHG process involves molecules being
excited by two photons of light, having the same frequency, to a virtual state, which results in
the absence of photobleaching and photodamage [25]. Some of the main applications of SHG
microscopy have been imaging collagen fibers, determining fiber organization, and parameters
related to the second-order nonlinear susceptibility due to the triple helical structure of colla-
gen fibers. The susceptibility tensor elements are related to the material properties and form
the basis for contrasting different second harmonic generating molecules [25–28]. Chen et al.
showed that variation of the susceptibility tensor elements could be used for differentiating
between molecular sources of SHG. A polarization resolved SHG microscope was used for
examining the dermis of normal human skin to generate a spatial map of the susceptibility ten-
sor components throughout the tissue sample. The ratio of the tensor elements exhibited two
distinct peaks corresponding to collagen types I and III. The ratio of these peaks accurately esti-
mated the collagen type I and III concentration in the tissues [29]. Another advantage of SHG
imaging of collagen is that it is label free and does not require additional sample preparation.
In comparison, sample preparation for histology can take hours to days.

Here, SHG imaging was used for quantitative characterization of collagen fibers deposited
in response to implanted surface modified polystyrene microspheres. In this paper we investi-
gated how surface modified polystyrene beads influence the final outcome of the foreign body
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response, namely fibrosis, through quantification of collagen fiber orientation and structural
inhomogeneities in the fibrotic capsule surrounding the particles.

Materials and Methods

Materials
Polystyrene beads (0.93 μm diameter, Magsphere, Inc., Pasadena, CA), poly(methyl methacry-
late) coated polystyrene beads (PMMA, 0.79 µm diameter, Magsphere, Inc.), carboxylated
polystyrene beads (0.75 µm diameter, Magsphere, Inc.), VBC (vinylbenzylchlroide) polystyrene
beads (1.0 μm diameter, Magsphere, Inc.), aldehyde/sulfate polystyrene beads (0.96 μm diame-
ter, Life Technologies, Grand Island, NY), amidine polystyrene (1.0 μm diameter, Life Technol-
ogies), amino-polystyrene particles (0.91 μm diameter, Spherotech, Inc., Lake Forest, IL),
hydroxyl polystyrene particles (0.79 μm diameter, Spherotech, Inc.), sulfonate polystyrene par-
ticles (0.92 μm diameter, Spherotech, Inc.), dimethylamino polystyrene particles (0.85 μm
diameter, Spherotech, Inc.).

Ethics statement
The research protocol was approved by the local animal ethics committee at Iowa State Univer-
sity (Institutional Animal Care and Use Committee) prior to initiation of the study.

Animals
Six week old female SKH1-E mice were obtained from Charles River Laboratories (Wilming-
ton, MA). The mice were maintained at the animal facilities of Iowa State University, accred-
ited by the American Association of Laboratory Animal Care, and were housed under standard
conditions with a 12-hour light/dark cycle. Both water and food were provided ad libitum.

Injections
Injections were performed in accordance with ISO 10993–6:2007. Prior to injection all materi-
als were sterilized. Polystyrene particles were sterilized by washing three times in 70% ethanol,
followed by three washes in deionized sterile water by centrifuging at 10,000 g for 3 minutes.
The particles were re-suspended to a concentration of 2%-w/v. The mice were anesthetized via
isoflurane inhalation at a concentration of 1–4% isoflurane/balance O2 to minimize movement.
Their backs were scrubbed with 70% isopropyl alcohol and the animals were subcutaneously
injected with 100 µL of 2%-w/v polystyrene beads on the mouse’s back. All experiments were
conducted in quintuplicate. Control samples of tissue that were not injected with particles were
also obtained.

Histology
Mice were euthanized via CO2 asphyxiation 28 days after subcutaneous injection. The injected
biomaterials and surrounding tissue were excised. The tissues were then fixed in 10% formalin,
embedded in paraffin, cut into 5 µm sections, and stained using Masson’s Trichrome stain for
histological analysis. Fibrotic capsule thickness was measured through ImageJ (NIH, Bethesda,
MD). The data presented is the mean of the five injected replicates, each of which was mea-
sured a minimum of four times.
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Immunohistochemistry
Tissue sections were deparaffinized and were heated to 120˚C at 15 psi for 10 minutes in
sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0). Tissue sections were
stained with 1:100 goat polyclonal antibody against collagen type I (sc-25974, Santa Cruz Bio-
technology, Dallas, TX) and 1:100 rabbit polyclonal to collagen type III (Abcam, Cambridge,
MA) overnight. Secondary antibodies of 1:200 donkey anti-goat IgG fluorescein isothiocyanate
(sc-2024, Santa Cruz Biotechnology) and 1:600 anti-rabbit antibody Alexa Fluor 594
(ab150080, Abcam, Cambridge, MA) were used for 1 hour in the dark. Then tissues were
washed 3 times with phosphate buffered saline (PBS) for 5 minutes and were incubated with
0.1 μg/mL DAPI (4',6-diamidino-2-phenylindole, Sigma, St. Louis, MO) for 5 minutes. Then
slides were mounted with glycerin jelly and imaged with an EVOS FLoid Imaging Station (Life
Technologies, Grand Island, NY) using the blue (excitation/emission 390/446 nm), green (482/
532 nm), and red (586/646 nm) channels.

Collagen gel preparation
Collagen type I (BD Biosciences, Franklin Lakes, NJ) and collagen type III (Millipore, Billerica,
MA) were solubilized in 20 mM acetic acid at 10 mg/mL. Collagen types I and III were mixed
on ice with 10x PBS, 1 M NaOH, and deionized H2O. Solutions with 10%, 30%, 70%, and 90%
of collagen type III were gelled at 37˚C for 1 h. All gels were 4 mg/mL collagen.

Microscopy equipment
The laser system is a mode-locked Ti:Sapphire laser (100 fs pulse width, 1 kHz repetition rate,
Libra, Coherent, Santa Clara, CA) that produces an 800 nm fundamental. The average power
at the samples was controlled using a combination of a half-wave plate and a Glan-Thompson
polarizer (Thorlabs, Newton, NJ) and the power was kept between 1–10 mW to avoid tissue
damage. SHG signal was collected in the transmission mode. For this setup, an inverted micro-
scope stand (AmScope, Irvine, CA) and 20x Nikon Plan Fluorite objective (0.50 NA, 2.1 mm,
Nikon, Melville, NY) were used to focus the beam and the SHG light was collected with a 40x
Nikon water immersion objective (0.8 NA, 3.5 mm, Nikon, Melville, NY). The transmitted
SHG signal was reflected by a dichroic mirror (Thorlabs, Newton, NJ) and separated from the
fundamental beam with a short pass filter< 450nm (Thorlabs, Newton, NJ) and 808 nm notch
filter (NF-808.0-E-25.0M, Melles Griot, Rochester, NY), before detection by an intensified
CCD camera (iCCD, iStar 334T, Andor, Belfast, UK). For polarization resolved SHG experi-
ments a Glan-Thompson polarizer and a half-wave plate mounted on a motor driven rotational
stage (Thorlabs Newton, NJ) were used to achieve linear polarization. Images of collagen gels
and tissue sections were collected every 10° from 0° to 350°. A minimum of four images for
each experimental condition was taken. Birefringence was calculated to be within the resolu-
tion of the polarization angles for the thickness of samples (5 μm) used in this study.

Theoretical background and image processing
The SHG intensity of collagen as a function of polarization angle of the incident laser beam can
be written as:

ISHG ¼ c � sin2 ðye � yoÞ þ
wzzz
wzxx

� �
cos2 ðye � yoÞ

� �2

þ wxzx
wzxx

� �2

sin2 ð2ðye � yoÞÞ
( )

ð1Þ

where wzzz
wzxx

and wxzx
wzxx

are second-order susceptibility tensor element ratios; θe and θo are the
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incident polarization angle and collagen fiber angle, respectively; and c is a normalization con-
stant. Tensor elements are used as a contrast mechanism for identifying sources of SHG signal
[29].

SHG images of the samples were obtained using the software package provided with the
iCCD camera (Solis, Andor, Belfast, UK) with 512 × 512 active pixels. Final images were
acquired by averaging at least 15 images for each polarization angle. A small background, likely
due to the ambient light noise, was subtracted from all images (ImageJ, NIH, Bethesda, MD).
After background subtraction, images were filtered using a median noise filter (3 × 3) to atten-
uate the salt and pepper noise in SHG images (ImageJ, NIH, Bethesda, MD). Matlab (Math-
Works, Natick, MA) was used to determine the deposited collagen orientation angle and
susceptibility tensors for every region of interest (ROI) by fitting Eq 1 with the Levenberg-Mar-
quardt algorithm [30]. Images were binned to obtain 2 × 2 pixel areas (i.e. 2 × 2 ROIs) and
Matlab was used to determine the mean signal intensity per pixel and per ROI. Photon counts
below 5 counts per pixel were excluded from analysis, which was found to be below the limit of
detection for this setup. The limit of detection was determined by blocking the laser light from
entering the CCD camera and measuring the ambient noise detected by the CCD camera. The
Matlab script also provides a histogram of the susceptibility tensor element ratios and the angle
distributions.

Collagen fiber orientation analysis
SHG radar graphs where SHG intensity was plotted as a function of incident polarization angle
can be used for quantifying collagen fiber organization in response to laser irradiation at differ-
ent polarization angles. Polarization anisotropy was used as one of the parameters for deter-
mining the degree of organization of the collagen fibers and was calculated using [31]:

PA ¼ Ik � I?
Ik þ I?

ð2Þ

where Ik and I? are SHG intensities at horizontal and vertical polarizations, respectively. For
PA = 1 or -1 collagen orientation is uniaxial, while for collagen fibers with PA = 0 the orienta-
tion is completely random.

The SHG radar plots were also Fourier transformed. This transformation was used to
extract shape characteristics of SHG radar graphs. Fourier space representation of f(m, n) can
be expressed as follows:

Fðw1;w2Þ ¼
X1
m¼�1

X1
n¼�1

f ðm; nÞejw1mejw2n ð3Þ

where w1, w2 and n,m are period and space parameters. F(w1, w2) is the Fourier space repre-
sentation of f(m, n). The fast Fourier transformation (FFT) algorithm was used for extracting
the shape signature. Similarity measurements between the transformed data and any shape can
be calculated through the following:

D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXM
u¼1

ðAi
u � Aj

uÞ2
s

ðu ¼ 1; 2; . . .;N � 1Þ ð4Þ

Where Ai
u and A

j
u are normalized amplitude of the shape i and j, i.e. Au ¼ kFuk

kF0k, where kFuk is
the amplitude of F(u) and kF0k is the amplitude of the 0th Fourier descriptor. M is the number
of harmonics needed to index the shape. In this case, the shape that the SHG radar plots are
being compared to is a perfect circle. D is defined as one of the shape factors describing SHG
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polarimetry profiles [32]. For D = 1 the collagen orientation is uniaxial, while for collagen fibers
with D = 0 the orientation is completely random.

Eccentricity is another parameter that can be used to describe a shape. In this case, the
shape factor measures how much a shape deviates from being circular. The following expres-
sion was used for calculating eccentricity (e) of the polarimetry profiles:

e ¼ a
d

ð5Þ

Where a is the semimajor axis and d is the distance between the center and the directrix. e = 0
indicates perfectly circular object with collagen fibers oriented completely randomly while
e = 1 represents a line.

Statistical analysis
The statistical significance of the mean comparisons was determined by ANOVA using the
JMP Pro statistical software package. Pair-wise comparisons were analyzed with Tukey HSD.
Differences were considered statistically significant for p< 0.05.

Results

Linearity of SHG collagen type III tensor ratio to concentration analysis
Developing a standard curve to quantify the presence of collagen type III was achieved through
analysis of collagen gels of varying compositions. The second order susceptibility ratio wzzz

wzxx
was

determined for all gel mixtures and values were plotted as a histogram. The histograms and
their fits are shown in Fig 1A. Since various SHG sources will results in different values of the
second order susceptibility tensor elements, histogram distributions provide information about
the % concentration of collagen III in gel blends. This can be further visualized by observing
the appearance and increase of a second peak in the histogram as collagen type III content is
increased. Based on this observation, the ratio ~0.8 is assigned to collagen type III and the ratio
~1.2 is assigned to collagen type I. These results are inline with previous assignments [32,33].
The exact histogram peak positions determined through fitting with a Gaussian are shown in
S1 Table. The ratio of the area under the collagen type I assigned peak compared to the total
area in the histogram was calculated for each collagen gel blend and exhibited a linear depen-
dence (Fig 1B, R2 = 0.931) on collagen type III concentration, as expected.

Collagen response to subcutaneously implanted microspheres
Mice (SKH1-E strain) were subcutaneously injected with polystyrene particles. These particles
exhibit high cellular adhesive properties, which provokes a foreign body response, ultimately
resulting in a fibrotic capsule surrounding the implant [34,35]. After 28 days, the tissues were
excised and stained with a Masson’s Trichrome stain in which black represents nuclei, pink
denotes cytoplasm, and blue indicates collagen. Representative images are shown in Fig 2A.
The injected polystyrene particles are easily phagocytized by macrophages due to their size
(0.75–1.0 μm), as observed in all of the representative images. Surrounding the macrophages, a
fibrotic capsule can be observed (blue). Quantification of the capsule thickness is shown in Fig
2B. The variable thickness of the fibrotic capsule surrounding implants leads to large errors
(often>25% [36,37]) in quantification.

Collagen fiber orientation and composition in the fibrotic capsule surrounding the particles
were quantified through SHG. Representative images obtained from SHG are shown in Fig 3A.
Polarimetry profiles of SHG as a radar graph show the collagen distribution in tissue sections
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(Fig 3B). These profiles were generated by integrating the image intensity at each polarization
angle. In examining the shapes of the polarimetry profiles, it appears that tissue sections with
aldehyde/sulfate, amidine, amino, carboxyl, and polystyrene particles have a higher degree of
collagen organization compared to the other particles and the control section. Dimethylamino
and sulfonate particles exhibited a round shaped polarimetry profiles indicating a completely
random distribution of collagen fibers.

Fig 1. A) Histograms of wzzz
wzxx

values obtained for gels with varying collagen type III concentration. The bars represent experimentally acquired data. The
red line is the bimodal Gaussian fit to the data. B) Standard curve for collagen type III concentration. The known concentration of collagen concentration is
plotted against the ratio of the area under the collagen type III peak ~0.8 to the total area under the Gaussian fit.

doi:10.1371/journal.pone.0130386.g001
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Fig 2. Masson’s Trichrome staining of representative sections subcutaneously injected. (A)
Representative sections stained with Masson’s Trichrome are shown for the various polystyrene particles
injected into mice. (Magnification 20×, images are 540 × 360 μm2) (B) Quantification of capsule thickness.
Error bars represent the standard deviation.

doi:10.1371/journal.pone.0130386.g002

Fig 3. A) Representative SHG images of the fibrotic capsule in tissue section with different subcutaneously
implanted polystyrene particles. SHG intensity is in blue pseudocolor. The scale bar represents 20μm. B)
SHG polarimetry profiles for tissue sections with on different latex beads. The y-axis corresponds to SHG
intensity in arbitrary units and the azimuthal angles correspond to polarization angles.

doi:10.1371/journal.pone.0130386.g003
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To quantify the shapes of polarimetry profiles, PA, D, and e values were calculated (S1 Fig,
for PA and e and Fig 4 for D). D = 1 represents a uniaxial collagen orientation, while orienta-
tion is completely random for collagen fibers with D = 0. Amino, carboxyl, and polystyrene
had the highest values for all three descriptors. D and e values for tissue sections with amidine
particles (0.464 ± 0.020 and 0.482 ± 0.101) were high compared to the control tissue sections.
The D descriptor for tissue sections with amidine, carboxyl, and polystyrene particles were sig-
nificantly higher compared to the control tissue sections, which was a section of skin not
injected with particles (p< 0.05) (Fig 4). Aldehyde/sulfate, sulfonate, dimethylamino,
hydroxyl, VBC and PMMA particles have collagen orientation comparable to the control.

Structural inhomogenities were also quantified using SHG imaging. The gradient line
obtained in Fig 1B was used to estimate the collagen type III % concentration in the fibrotic
capsule surrounding the modified polystyrene particles (Fig 5A, S2 Table). Jain and co-workers
[38] have previously examined matrigel, laminin, and collagen IV and found no SHG signal.
This was further demonstrated by Nguyen-Ngoc and Ewald [39], who also reported an absence
of signal fromMatrigel. The analysis in this study assumes that the SHG signal arises from col-
lagen type I and type III. Collagen type III peaks were observed for all tissue sections injected
with polystyrene particles. The collagen type I and type III histogram peak assignments are
given in S2 Table. Fibrotic capsules surrounding the unmodified polystyrene particles had the
lowest content of collagen type III (17.55 ± 3.45%). Control tissue sections showed

Fig 4. Shape descriptors of fibrotic capsules surrounding subcutaneously implanted polystyrene particles. For D = 1 collagen orientation is uniaxial,
while for collagen fibers with D = 0 orientation is completely random. All experiments were done in quadruplicate. Results are expressed as the mean
value ± standard deviation. (*) indicates p<0.05.

doi:10.1371/journal.pone.0130386.g004
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Fig 5. A) Histograms of wzzzwzxx
values obtained for tissue sections of subcutaneously implanted aldehyde/sulfate,

amidine, amino and dimethylamino polystyrene particles. The bars represent experimentally acquired data.
The red line is the bimodal Gaussian fit to the data. B) Collagen type III content of fibrotic capsules
surrounding subcutaneously implanted polystyrene particles.

doi:10.1371/journal.pone.0130386.g005
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35.05 ± 10.30% of collagen type III, which agrees with previously obtained results [11]. Ami-
dine, carboxyl, and PMMA particles showed the highest level of collagen type III in their
fibrotic capsule with around 50% of collagen type III (Fig 5B). The fibrotic capsules surround-
ing the amino, hydroxyl, and aldehyde/sulfate implanted particles had similar collagen type III
content as the control tissue. Tissue sections were also stained for the presence of collagen
types I and III (Fig 6) for qualitative confirmation of the SHG results. In the fibrous capsules
surrounding dimethylamino and carboxyl, higher collagen type III content was noticed com-
pared to polystyrene, hydroxyl, and the control skin tissue. While aldehyde/sulfate, amidine,
amino, PMMA, and VBC showed similar level of collagen type III. Due to differences in quan-
tum yields and molar absorptivities between the different fluorophores used, only qualitative
descriptions of the immunohistochemistry images were possible.

Discussion
Collagen orientation plays a crucial role in the growth and repair of the tissue that can dictate a
successful outcome of an implanted device. Thin, well oriented collagen fibers in most cases
are associated with scarring, which can lead to failure of the implanted device due to low vascu-
lar density [18,40]. It has been shown that the amount of collagen deposited and its organiza-
tion depends on the material in vitro and in vivo [34,41]. Collagen fiber orientation analysis
exhibited different patterns for all polystyrene beads, demonstrating the ability of surface
chemistry to alter in vivo fate.

Here, we used SHG radar graphs for analyzing collagen fiber orientation in the fibrotic cap-
sule surrounding implanted polystyrene particles. Quantifying the shape of the polarimetry
profiles further describes the alignment of the collagen. Yasui et al. have quantified collagen
orientation by calculating the PA for different collagenous structures [30,40]. This anisotropy
parameter has been found to be useful in characterizing collagen orientation [26,42]. We found
that for our work, the PA value cannot precisely describe asymmetrically shaped polarimetry
profiles and distinguish between differently shaped profiles. For example, polarimetry profiles
for carboxyl and dimethylamino in Fig 4B have very similar PA values (0.029 ± 0.002 and
0.022 ± 0.003, respectively); however, the profiles for both particles are quite different, as seen
by visual inspection of the polarimetry profiles and through examining the D values of
0.38 ± 0.01 and 0.15 ± 0.01, respectively. The same trend can be observed for sulfonate and
VBC particles. The eccentricity of the polarimetry profile shows a slight correlation with shape
factor D (R2 = 0.720). We chose to use the D values to interpret our images since this parameter
measures how close the polarimetry profile is to a perfect circle meaning that the collagen is
isotropic, whereas the eccentricity parameter examines whether a shape is circular or elliptical.

To determine the composition of collagen deposited in fibrotic capsules, collagen type III
content was quantified. Collagen type I is known to confer tensile strength in connective tis-
sues, while collagen type III has a thinner diameter and is mostly found during the early stages
of wound healing. Collagen type III is also responsible for fibrillogensis [13,43,44]. Here, we
showed the ability of SHG microscopy to assess the composition of a fibrous capsule using the
nonlinear susceptibility tensor ratio wzzz

wzxx
. Information about collagen type III concentration in

the fibrous capsule surrounding the various polystyrene beads was extracted from the gradient
curve obtained from collagen gels with defined collagen combinations. Our estimated values of
% collagen III showed a wide range across the samples. There are some particles having slightly
over 50% of collagen type III and particles with the same concentration as the control tissue.
There are several factors that can affect collagen type III concentration. Increased collagen type
III secretion is usually observed in acutely or chronically inflamed tissues [45]. It has also been
shown that co-culturing fibroblast cells with macrophages increases collagen type III secretion
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Fig 6. Representative immunofluorescence images of mouse tissues subcutaneously injected with various polystyrene particles.Green is
collagen type I, red is collagen type III, and blue is DAPI. The scale bar represents 100 μm.

doi:10.1371/journal.pone.0130386.g006

Fig 7. Heat map comparison of fibrotic capsule thickness, % of collagen type III, and the D shape
factor.

doi:10.1371/journal.pone.0130386.g007
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[46]. In tissue/biomaterial interactions, it is thought that the deposition of different collagen
types depends on blood elements such as platelet-derived growth factor interactions with the
surface of the material and the interaction of inflammatory cells [47].

The higher ratio of collagen type III over collagen type I that we observed for some particles
might be associated with prolonged inflammation and thicker capsule walls [20,43]. In general,
there was no correlation between collagen type III content and collagen orientation in fibrous
capsule (R2 = 0.000), which may be due to different cytokine or growth factor expression pro-
files induced by these particles [35,47,48]. There was a correlation between the fibrotic capsule
thickness and collagen type III content (R2 = 0.762), which is expected based on previous
results showing that a decrease in collagen type III leads to excessive scar formation [15]. Colla-
gen orientation had no correlation with fibrotic capsule thickness (R2 = 0.001).

One of the goals for many tissue engineering and biomaterial applications is to induce
healthy tissue formation [49]. As discussed above, thin, isotropic collagen surrounding the
implant with similar collagen type III content as healthy skin is the ideal scenario for subcuta-
neous implants. A comparison of the effect of polymer surface chemistry studied here can be
seen in Fig 7 as a heat map. For the control skin sample, the fibrotic capsule thickness was
omitted. Dimethylamino functionalized polystyrene appears to induce a thin layer of isotropic
collagen. Based on Fig 7, the collagen synthesized around the dimethylamino implant appears
to be higher than the healthy skin sample. However, in examining the values and their associ-
ated errors in Fig 5B, dimethylamino is statistically similar to the healthy skin, suggesting that
these particles can be effective in successfully resolving the foreign body response and can stim-
ulate organization of collagen similar to normal skin. On the opposite end of the spectrum,
amino and polystyrene particles elicit a thick fibrotic capsule composed of anisotropic collagen.
All of the particles yielded a continuum of responses, demonstrating the ability to engineer the
foreign body response to an implanted material.

Conclusions
The results of this study demonstrate the ability of SHG microscopy to estimate the fibrotic
capsule structural inhomogenities and collagen orientation. This is important progress in the
ability to modulate the foreign body response through biomaterials. We calculated the anisot-
ropy of the collagen orientation using traditional polarization anisotropy and two shape fac-
tors. Since unwounded collagen in skin has an isotropic distribution, polarimetry profiles were
quantified using a shape descriptor that measures how similar the radar plot is to a perfect cir-
cle. A wide range of collagen type III composition, collagen fiber orientation, and fibrotic cap-
sule thickness was observed for all ten of the materials studied here. Dimethylamino
functionalized particles induced a thin fibrotic capsule that was randomly oriented with a colla-
gen type III content similar to healthy skin. The unmodified polystyrene resulted in a thick
fibrotic capsule that was well-aligned and had a very low collagen type III content, all of which
are undesirable outcomes. These findings and using SHGmicroscopy to analyze both the colla-
gen orientation and composition of the fibrotic capsule have the potential to improve the per-
formance of implanted medical devices where fibrotic capsule formation is undesirable.

Supporting Information
S1 Fig. Eccentricity and polarization anisotropy values for tissue sections with different PS
particles.
(TIF)
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S1 Table. Peak position values from bimodal Gaussian distribution of different gel mix-
tures.
(TIF)

S2 Table. Peak position values of wzzz
wzxx

from bimodal Gaussian distribution for tissue sections

with different PS particles.
(TIF)
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