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Abstract

Our previous study has revealed that silver nanoparticles (AgNPs) have potential to promote wound healing by accelerated
re-epithelization and enhanced differentiation of fibroblasts. However, the effect of AgNPs on the functionality of repaired skin is unknown.
The aim of this study was to explore the tensile properties of healed skin after treatment with AgNPs. Immunohistochemical staining,
quantitative assay and scanning electron microscopy (SEM) were used to detect and compare collagen deposition, and the morphology and
distribution of collagen fibers. Our results showed that AgNPs improved tensile properties and led to better fibril alignments in repaired skin,
with a close resemblance to normal skin. Based on our findings, we concluded that AgNPs were predominantly responsible for regulating
deposition of collagen and their use resulted in excellent alignment in the wound healing process. The exact signaling pathway by which
AgNPs affect collagen regeneration is yet to be investigated.

From the Clinical Editor: The aim of this study was to explore the tensile properties of healed skin after treatment with AgNPs. These
nanoparticles improved tensile properties and led to better fibril alignments in repaired skin, with a close resemblance to normal skin. The
exact signaling pathway by which AgNPs affect collagen regeneration is yet to be investigated.
© 2011 Elsevier Inc. All rights reserved.
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Wound healing is a complicated process that is characterized by
angiogenesis, granulation tissue formation, collagen deposition,
epithelialization and wound contraction.1,2 All these phases
involve complex biomolecular interactions among soluble cyto-
kines, formed blood elements, the extracellular matrix and cells.2

Ideally, repaired skin should be cosmetically and functionally
identical to normal skin, which requires that the repaired wound
not only be restored to normal anatomical structures, but also that it
reaches an acceptable level functionally. Collagen is the main
element that furnishes connective tissues with mechanical
integrity, and it plays an important role in load bearing. In skin,
collagen is producedmainly by fibroblasts in the dermal layer,with
collagen type I and type III being the most abundant.3 Injuries that
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nanoparticles results in better mechanical properties in wound healing. Nanom
would lead to damage to the structure thus result in the loss of skin
integrity. Hence, as a protection against external stimuli2 and to
provide a platform for re-epithelization, regeneration of collagen
after injury is an essential process.4 Furthermore, normal synthesis
and distribution of collagen in skin will also contribute greatly to
restoring skin functionality.

Our previous studies have already shown enhanced efficiency
of healing by the application of silver nanoparticles (AgNPs) on
skin wounds in both burn and excisional models in mice.5,6

Macroscopic observation and histological examination further
confirmed the remarkable resemblance of AgNP-treated skin to
normal skin after healing. Because collagen organization is the
foundation of skin's mechanical properties, a question has arisen
as to whether the mechanical function of healed AgNP-treated
skin is also similar to that of normal skin. Through in vitro and in
vivo studies, we showed that AgNPs could inhibit the
proliferation of fibroblasts and the production of collagen in
the early phase of healing. Nonetheless, the characteristics of
collagen in terms of the fibril network and organization in both
the later phase of healing and after healing remain unknown.
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Figure 1. TEM picture showing the morphology and size (Diameter: 5–15
nm) of AgNPs used in this study.
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Thus, the aim of this study was to explore the effect of AgNPs on
collagen formation and deposition at the point of complete
wound healing, as we hypothesized that AgNPs could modulate
collagen deposition, which would be reflected in the improved
mechanical properties of the regenerated skin.
Figure 2. (A) Picture showing the dumbbell-shaped specimen taken from
healed wound. The thickness of the sample was measured with the Venier
Caliper before loading. The skin thickness ranged from 0.3 to 0.5 mm. (B)
Specimens under applied tensile force at a rate of 1 mm/sec. The specimen
was closely monitored during the test to ensure rip occurred within the gauge
length, which was the region being exposed after loading.
Methods

Preparation of AgNPs

The synthesis of AgNPs has already been described.6 The final
concentration of solutionwas 1mM. Themean diameter of AgNPs
averaged 10 nm (and ranged from 5 to 15 nm), as confirmed by
transmission electron microscopy (TEM) as shown in Figure 1.

Excisional wound model

In this study, 6- to 8-week-old C57BL/6N mice, weighing 18-
22 grams were obtained from the Laboratory Animal Unit, The
University of Hong Kong. The animals were allowed diet and
water ad libitum in a room with alternating periods of 12 hours
light and 12 hours dark. The experimental protocol was approved
by the Committee of the Use of Live Animals in Teaching and
Research, University of Hong Kong (CULATR 1974-09).
Anesthesia for experimentation was achieved with an intraper-
itoneal injection of pentobarbital sodium solution (Abbott
Laboratories, Hong Kong) at a dose of 50 mg/Kg.

Mice were randomly divided into three groups: a normal
group, the AgNP group, and an untreated group (n = 5). A 2.0 ×
2.0 cm2 full-thickness excisional wound was created after
anesthesia. A dressing coated with AgNP solution (dose: 0.04
mg/cm2) was topically applied to the wound bed in AgNP group.
The wound dressings were changed daily until the wound was
healed. A simple sterile dressing was covered to wound bed in
the untreated group. The criterion of complete wound healing
was defined by the denuded wound surface being completely
covered by layers of keratinocytes, and when a new stratified
epidermis with underlying basal lamina was re-established from
the margins of the wound.7-9 Specimens in various groups were
harvested as soon as the wounds completely healed.
Tensile tests

The tensile tests were conducted by researchers who were
blind to the different treatment groups. The excised skin tissue
was cut into a dumbbell shape with the aid of a custom-made
metal template to ensure that breakage occurred at the gauge
length (the region with reduced cross-sectional area where
elongation was measured) instead of the gripped area during the
tensile test. The overall test specimen was 20 mm in length and 6
mm in width; the mid part measured 3 mm in width and 6 mm in
length (Figure 2, A). To ensure homogeneity of the specimens,
all samples were excised in the same orientation relative to the
mice anatomy along the anterior–posterior axis. Additionally,
the thickness of skin and the width of the gauge region were
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Figure 3. Force-displacement graphs for the normal, untreated and AgNP-treated groups. The force-displacement curve measured the tensile load applied on the
sample as the grips attached to the load cell progressively moved apart.
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measured with the Venier Caliper before loading. The tensile test
was performed using the Instron 5848 MicroTester (Instron,
Norwood, Massachusetts) with a 100N load cell at constant
strain rate of 1 mm/sec (Figure 2, B). Specimens were loaded
with the aid of a paper frame and held by the grips attached to the
load cell. For the test, the tested skin was first stretched to its
original dimension of 2 × 2 cm to mimic its natural state on the
mice body before tensile-force application. The test ended when
the sample was completely broken.

Masson trichrome staining and IHC

The healed skins were harvested, formalin-fixed and
embedded in paraffin. Next, 5 μm sections were microtome
sliced, de-waxed and rehydrated. Collagen fiber was stained
using the Masson trichrome method. In brief, the rehydrated
paraffined sections were mordant in preheated Bouin's solution
at 56°C for 15 minutes. The slides were cooled and washed in tap
water to remove the yellow coloring. The slides were stained in
working Weigert's iron hematoxylin solution for 5 minutes and
were then rinsed. , Next, the slides were stained with Biebrich
scarlet-acid Fucshin solution, Phosphotungstic/Phosphomolyb-
dic acid solution and Aniline Blue solution for 5 minutes in
tandem with rinsing between each stain. The slides were then
placed in acetic acid (1%) for 2 minutes, then rinsed, dehydrated
by alcohol, cleared in xylene and finally mounted. Images were
viewed under microscopy.

For immunostaining of collagen types I and III, healed skin
tissues were harvested and processed as previously. Endogenous
peroxidase was quenched by treatment in 3% hydrogen
peroxide/methanol for 10 minutes. Sections were then incubated
in a blocking solution containing 5% normal goat serum (Dako
Bioreasearch, Canada). For antigen retrieval of collagen type I
and type III, the sections were further blocked for nonspecific
binding with 10% normal goat serum before anticollagen I
primary antibody (rabbit-anti-mouse, Abcam, Cambridge, Mas-
sachusetts) (1:400) and anticollagen III primary antibody (rabbit-
anti-mouse, Abcam) (1:100) was added respectively. The
sections were incubated overnight at 4°C before being rinsed
in PBS, and then incubated with HRP-conjugated secondary
antibody (Santa Cruz Biotechnologies, Santa Cruz, California).
Positive signals were developed by using DAB (3,3′-diamino-
benzide tetrahydrochloride) and counterstained with hematoxy-
lin. Images were viewed under microscopy.

Collagen content measurement

Medugorac's method was referred to detect hydroxyproline
(Hyp) concentration in specimen.2,10,11 Hyp kit was purchased
from JianChen Gene Company (Nanjing, PR China) to detect the
production of Hyp and content of collagen. The healed skin
tissues (n = 5) were harvested and cut into pieces and then
incubated with tissue lysis buffer for 10 minutes and homoge-
nized. The tubes were centrifuged (13,000 rpm) at 4°C and
supernatant was collected. Total protein concentration was
evaluated by using protein assay kit according to the manufac-
turer's instructions (Bio-rad, Hercules, California). The average
value was taken from triplicate readings. The ratio between
collagen and total protein in specimen was calculated.

Scanning Electron Microscopy (SEM)

SEM was used as a tool for visualization and verification of
the tensile test result. Skin tissues were fixed in 10% neutral
buffered formalin for 2 hours at 4°C and washed well in several
changes of cacodylate buffer with 0.1M sucrose to remove
excess fixative. The tissues were then dehydrated in 30%, 50%,
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Figure 4. Graphs showing the stress-strain relationship of the tensile test. Dimensional variations were taken into account by normalization. Stress σ was
calculated with the equation F/A, where F is the load and A is the cross-sectional area of the mid-point within the gauge length. Strain ɛ was computed asΔL/L,
where ΔL is the length of extension and L is the original gauge length.
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70% and 90% ethanol in sequential order and finally dehydrated
in 100% ethanol. The samples were then dried in a Critical Point
Dryer and mounted on SEM specimen holders. A thin layer of
metallic film was coated onto the specimen for 30 seconds as the
last step of the preparation. Imaging was performed with Hitachi
S4800 FEG SEM. Imaging was performed on samples of
different groups before and after the tensile test to evaluate the
architecture of the collagen fibril matrix and to observe the
fracture pattern. The fibrils' size was measured with Image J
(NIH, USA).

Statistic analysis

Statistical analyses were performed using Student's paired t-
test. A p value of b 0.05 was considered significant. The results
showed the average value ± standard deviation.
Results

AgNP-treated skin had mechanical properties similar to those of
normal skin

We first used tensile tests to explore and compare the
mechanical properties of the healed skins in the normal
group, in the AgNP group and in the untreated group. Force-
displacement graph showed the results of the yielding load
and elastic stiffness (Figure 3). The yielding load was
indicated by the plateau on the curve, which represented
the failure point and thus the physical strength of the healed
skin. The average yielding load for normal (n = 7), AgNP
(n = 5) and untreated (n = 5) specimens was 4.25 ± 1.34N,
2.47 ± 0.31N and 0.64 ± 0.25N, respectively. The yielding
load of the skin in AgNP group was significantly higher
than that of untreated group (p b 0.001).
On the other hand, the linear gradient of the force-
displacement graph represented elastic stiffness of the tissues.
Results there showed that the average elastic stiffness for normal,
AgNP-treated and untreated specimens was 0.94 ± 0.34 N/mm,
0.84 ± 0.19N/mm and 0.19 ± 0.07 N/mm, respectively (Figure
3). Indeed, no significant difference was found between the
normal skin group and AgNP-treated group (P = 0.54); whereas
the untreated group was found to be statistically significant when
compared with both normal (P = 0.0007) and AgNP-treated
group (P = 0.0001). This would suggest that in terms of
mechanical properties, AgNP-treated skin showed remarkable
similarities to normal skin.
Better stress-strain relationship in AgNP-treated skin

In testing the mechanical properties, we considered the
possibility of intersample variation, particularly due to different
harvested-skin thickness (which varied from 0.3 to 0.5 mm),
which would have a significant impact on the results. In an
attempt to control for this, we converted the force-displacement
readings to stress and strain, by normalization of data, where the
tensile test was indicated by the linear slope in the format of the
stress-strain relationship curve (Figure 4). The yielding strength
in the stress-strain curve for normal skin, AgNP-treated skin
and untreated skin groups was 2.99 ± 0.64 MPa, 2.03 ± 0.42
MPa and 0.57 ± 0.31 MPa, respectively. As in the previous
tensile test, there was no statistical difference observed (P =
0.8501) between normal skin and AgNP-treated skin. On the
other hand, significant difference could be shown between
untreated and AgNP group (P = 0.0026), and between the
untreated and the normal group (P = 0.0004). The average
elastic modulus calculated from curve was 4.7 ± 1.33 MPa in
normal skin; 4.9 ± 1.73MPa in AgNP-treated skin; and 1.2 ±
0.8 MPa in the untreated group.
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Figure 5. Histological staining of healed skin in each experimental group. Masson Tritchrome staining showed the distribution and density of collagen protein in
healed skin in various groups. Under this staining, collagen protein was stained to blue, nuclei were staining to black and background (muscle, cytoplasm and
keratin) was stained red. IHC staining showed the expression of collagen type I and type III of healed skin in each group. (Scale bar: 20 um).
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Collagen in healed skin treated by AgNPs resembled
normal skin

Because of better mechanical properties in AgNP-treated
skin, we hypothesized that the collagen laid down in healed
tissues would be the most similar to that of normal skin. Hence,
cross-sectional morphology and collagen deposition of skin were
studied through different staining methods.

Masson tritchrome staining was employed to explore and
compare with the overall distribution and density of regener-
ated collagen in healed skin. Through that process, we
observed that normal skin possessed the largest amount of
connective tissue/collagen in the dermal layer. For the AgNP
group, although there was relatively less collagen, the
deposition amount was much more than that seen in the
untreated group (Figure 5, left column).

To further dissect out which types of collagen deposition
were found in healed tissues, we next explored the differential
expression of collagen types I and III, the most abundant
types in the extracellular matrix in mammal skin,12,13 using
the IHC. Our results revealed that collagen type I was more
abundant in healed skin than was collagen type III.
Furthermore, collagen type I expression in AgNP-treated
skin were seen to be more than that in the untreated group
(Figure 5, middle column). The expression of collagen type III
followed a similar trend in the three groups (Figure 5, right
column). Furthermore, better spatial distribution could be
observed in the AgNP group. In contrast, the untreated sample
exhibited a disorganized arrangement with much lower
intensity (Figure 5).

To quantify the amount of collagen in the three groups,
Hyp detection and protein assay were performed to calculate
the ratio of collagen to total protein in healed skin. Results
suggested that concentration of total protein in normal skin,
AgNP-treated skin and untreated skin was 90.47μg/ml,
74.16μg/ml and 65.50μg/ml, respectively. The corresponding
concentrations of collagen were detected as 63.86μg/ml,
47.40μg/ml and 21.78μg/ml, giving protein-to-collagen ratios
of 0.71, 0.64 and 0.33, respectively (AgNPs vs. normal: P =
0.234; AgNPs vs. untreated group: P = 0.006) (Figure 6).

Taken together, it would seem that the better mechanical
properties of healed skin treated with AgNPs could be explained
by their better resemblance to normal skin and more “normal”
deposition of collagen I.
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Figure 6. Graph showing the average concentration percentage of collagen in
skin. It was calculated to be 72.23%, 63.59% and 33.93% in normal, AgNP-
treated and untreated skin, respectively.
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Microscopic distribution and morphology of collagen fiber in
healed AgNP-treated skin

It is widely known that a major component of skin's tensile
property is the alignment and organization of the collagen fibers.
Based on the findings of the previous experiments, we next asked
if it would be possible that the microscopic distribution and
morphology of the collagen fiber of healed skin in each group
were different. SEM imaging revealed that the collagen fibrils'
arrangement in the normal group and in the AgNP-treated group
was regular, and both appeared to be organized. On the other hand,
the collagen fibrils were arranged in a relatively chaotic, loose and
randomly aligned fibril matrix in the untreated group (Figure 7, A-
C). Under higher magnification (Figure 7, D-F), the fibril detail
could be observed clearly. The average diameter of the surface
fibrils for each group was measured (n = 100). The average value
for normal (D), for AgNP-treated (E) and for the untreated (F)
group was 104.3 nm, 78.6 nm and 64.8 nm, respectively. In
addition to the fibril diameter, the D-periodicity of the collagen
fibril was also clearly observed as indicated on normal skin and on
AgNP-treated skin (Figure 7, D). Morphologically, the fibrils in
the untreated sample were apparently different from those of the
other two groups with a very irregular fibril outline and lateral
fusion with collagen beads along the fibrils.

Furthermore, when we examined the region near the fracture
site after specimens in each group were physically ripped, we
found that the collagen fibers in normal skin samples and in the
AgNP samples demonstrated a more regular and compact
pattern, and the untreated sample exhibited a sparse arrangement.
Intermingled fibrils were also found in the untreated samples
(Figure 8). This further indicated that in healed skin treated by
AgNPs, collagen fibers were arranged in a more regular fashion
than in the untreated group, which also contributed greatly to the
better mechanical properties.
Discussion

From a clinical standpoint, wound healing is a frequent
treatment priority. This is especially true for patients who suffer
from impaired healing, such as diabetics or those with infected
wounds after trauma. Over the years, scientists have sought
better methods to promote wound healing. They investigated
skin substitutes,14-17 the fetal wound model,18-21 modulation of
biomolecules22-25 and oxygen therapy,26,27 etc., for accelerated
and scar-free healing, particularly in treating large and life-
threatening wounds.

Our previous studies showed that AgNPs had the potential to
promote wound healing through facilitated anti-inflammatory
action.5 Furthermore, it would appear that in the excisional
wound model, AgNPs could contribute positively to the process
of re-epithelialization and enhanced differentiation of fibroblasts
into myofibroblasts, resulting in faster wound contraction during
healing.6 Despite these results, we were not sure whether AgNP-
treated skin resulted in potentially better functioning after
healing. One way to test this was to look at the mechanical
properties of healed skin tissues.

In this study, the strength of skin tissues was investigated by
tensile testing. Although tensile tests have been conducted on
skin in previous studies, none was performed on AgNP-treated
skin.28-31 Although the yielding load of the AgNP sample was
about 60% of that of normal skin in the tensile experiment, this
was already significantly better than that of the untreated skin
samples. Furthermore, after normalization, the yielding strength
was 68%, and the modulus was 104% of that of normal skin.
Moreover, it was clear that the loading patterns for the untreated
samples were inconsistent. All of the above evidence would
suggest that the microstructure of the untreated sample could be
different from that of other samples.

From the IHC examinations, more collagen expression was
observed in normal and AgNP groups than in the untreated group.
It was also seen that the cell distribution in the untreated group was
unlike that in the other groups, with random arrangement and
cryptogenic structures observed. These findings exactly corre-
sponded to the tensile test result in which normal and AgNP
groups showed better strengths than the untreated group showed.
The quantitative measurement of collagen content further verified
this observation. Hence, it was confirmed that skin's tensile
properties depended on the level of collagen expression, especially
type I collagen, and somehow related to the way cells and other
biomolecules were arranged during the healing process.

From the cosmetic appearance and histological examination,
it was not surprising to record similar tensile properties between
the normal and AgNP group. The tensile test results could be
explained objectively by visualizing their microstructures,
particularly the collagen network and features. It is generally
conceived that skin strength correlates directly with the overall
organization, content and physical properties of the collagen
fibril network.32 The basic unit of the structural hierarchy of
collagen tissue is a triple helix collagen molecule of approxi-
mately 300 nm.33 The collagen molecules self-assemble axially
in a regular pattern to form a D-periodic cross-striated fibril.33

The fibrils are then bundled together into a collagen fiber. In this
study, although the molecular level of collagen was not
examined in detail, the D-periodicity of fibrils can be clearly
seen on SEM in normal skin, as well as in AgNP-treated healed
skin. This is in contrast to the less prominent striated pattern in
untreated skins and likely to be due to the disorganized assembly
of the collagen molecules.

Collagen fibers fail under stress via three steps of deforma-
tion: collagen molecular deformation, fibril deformation and
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Figure 8. SEM pictures showing region near the fracture site (x 10,000). Although collagen fibers (indicated with red arrows) were observed in all samples, the
normal skin sample and the AgNP sample demonstrated a more regular and compact pattern, and the untreated sample exhibited a sparse arrangement.
Intermingled fibrils (indicated with blue dotted arrow) were also found on the untreated samples.

Figure 7. Collagen fibrils matrices were shown in the SEM imaging. In lower magnification (x 10,000), it was observed that the fibrils arrangement between the
normal (A) and AgNP-treated groups (B)were very similar in comparison with that of the untreated group (C). The normal and AgNP-treated groups had much
more organized structure in contrast to the loose and randomly aligned fibril matrix of the untreated sample. In higher magnification (x 60,000), the average
diameter of the surface fibrils for each group was measured. In addition, the D-periodicity of the collagen fibril was also clearly observed as indicated on normal
skin (D). Fibrils in untreated sample were apparently different from those of the other groups with very irregular fibril outline and lateral fusion with collagen
beads along the fibrils.
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tissue deformation.34 As observed in this study, the fibrils in
untreated samples were aligned in an irregular manner, which
implied that the length of fibrils varied significantly within a
distance. When tensile stress was applied, the fibrils experienced
deformation at different moments, and the total number of fibrils
resisting the tensile force was reduced. Eventually fibrils failed in
small bundles rather than in a large healthy collagen fiber. The
benefit of fibrillar arrangement in collagen fiber was thus lost.
This explained why the untreated group had much lower
resistance to tensile loading than the other groups had.

The fluctuation in the load-displacement curve of the
untreated samples can also be explained with the above theory.
Yielding was recorded whenever bundles of fibrils were torn,
and that was graphically represented by the multiple peaks on the
curve. Unlike the untreated samples, collagen fibrils in normal
and in AgNP-treated skins broke almost simultaneously due to
their homogenous arrangement, thus resulting in smoothly
loading curves with a single peak. In addition, the average
diameter of collagen fibril in untreated group was only 82% and
62% of that of AgNP- and normal-skin fibril, respectively. This
contributes directly to the low strength of the untreated samples.

Apart from evaluation of the tensile test result, a “spaghetti
and lentils” appearance was observed in the SEM pictures. In
normal and AgNP samples, very nicely arranged spaghetti-
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like collagen fibers were seen, whereas aggregated and
randomly oriented fibers were found in untreated samples.
“Lentils"-like collagen beads were also observed to attach to
the “spaghetti” in untreated samples. These findings can be
attributed to the uncontrolled deposition of collagen during
the natural wound-healing process. On the other hand, the
characteristics of collagen fibers in the AgNP group were
essentially different and greatly resembled those found in
normal skin. This was concrete evidence that AgNPs
modulate collagen deposition in wound healing, and this
also explained why AgNP-treated wounds demonstrated fetal
wound healing rather than forming scars.

This study investigated the tensile property of the healed skin
tissue treated with AgNPs in an excisional wound model. The
findings further provided evidence that AgNPs not only had a
beneficial effect on acceleration of the wound-healing process,
but also improved the tensile properties of the repaired skin, with
a close resemblance to normal skin. We postulate that this effect
is achieved by the ability of AgNPs to regulate the deposition of
collagen and inhibiting uncontrolled growth of collagen, as well
as directing proper collagen matrix alignment and spatial
arrangement. This may be achieved through a regulated
differentiation of fibroblasts and collagen production.6 However,
the molecular pathway for which AgNPs affect collagen
regeneration is yet to be investigated. To conclude, this study
provides additional insight into the role of AgNPs in the process
of wound healing and leads clinicians one step closer to the
clinical application of these fascinating biomaterials.
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