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Abstract

Degradable tissue scaffolds are implanted to serve a mechanical role while healing processes

occur and putatively assume the physiological load as the scaffold degrades. Mechanical failure

during this period can be unpredictable as monitoring of structural degradation and mechanical

strength changes at the implant site is not readily achieved in vivo, and non-invasively. To address

this need, a multi-modality approach using ultrasound shear wave imaging (USWI) and

photoacoustic imaging (PAI) for both mechanical and structural assessment in vivo was

demonstrated with degradable poly(ester urethane)urea (PEUU) and polydioxanone (PDO)

scaffolds. The fibrous scaffolds were fabricated with wet electrospinning, dyed with indocyanine

green (ICG) for optical contrast in PAI, and implanted in the abdominal wall of 36 rats. The

scaffolds were monitored monthly using USWI and PAI and were extracted at 0, 4, 8 and 12 wk

for mechanical and histological assessment. The change in shear modulus of the constructs in vivo

obtained by USWI correlated with the change in average Young's modulus of the constructs ex

vivo obtained by compression measurements. The PEUU and PDO scaffolds exhibited distinctly

different degradation rates and average PAI signal intensity. The distribution of PAI signal

intensity also corresponded well to the remaining scaffolds as seen in explant histology. This

evidence using a small animal abdominal wall repair model demonstrates that multi-modality

imaging of USWI and PAI may allow tissue engineers to noninvasively evaluate concurrent
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mechanical stiffness and structural changes of tissue constructs in vivo for a variety of

applications.
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1. Introduction

Biodegradable polymeric scaffolds have been central to the tissue engineering approach

wherein cells infiltrate, proliferate, and elaborate extracellular matrix (ECM) as the scaffold

degrades and the newly formed tissue assumes the mechanical role from the degrading

scaffold. To design scaffolds which appropriately transfer their mechanical load over time to

the ingrowing tissue, temporal analysis is required that verifies the structural and mechanical

integrity of remodeling constructs. Current analysis methods are predominantly destructive,

requiring animal euthanasia and construct explantation for histological and direct

mechanical characterization [1-4]. In addition, different samples are necessarily measured at

different times and variance between specimens and animals weakens the analytical power.

Ideally, tissue engineers need a system that can non-invasively monitor remodeling in the

same specimen over time [5-8]. Non-invasive monitoring that couples structural degradation

and mechanical strength changes in tissue constructs would provide an important tool for

tissue engineers to evaluate and better design candidate scaffolds.

In our previous studies [7], ultrasound elasticity imaging (UEI) has been applied in vivo to

measure the mechanical strength changes of polymeric scaffolds. The polymeric scaffolds

were made from three biodegradable elastomers with varying degradation rates and

implanted in a rat muscular abdominal wall. Over a 12 wk period the UEI-determined

construct stiffness was in good agreement with compressional measurements and

histological determinations. However, UEI is limited in that: 1) it requires mechanical

compression which limits its applications to areas where clear physical access can be

achieved, 2) the measured strain inside the constructs needs to be normalized to the overall

strain applied to the body, which provides a source of error, and 3) the measured strain

inside the constructs can be sensitive to the stress distribution that depends on the applied

force and surrounding anatomy [8].

Ultrasound shear wave imaging (USWI) can be a better alternative for mechanical strength

measurements because this technique is based on remote palpation and provides absolute

elastic modulus reconstructed from the shear wave speed measurements. USWI has been

applied to quantify the shear modulus in tissue by generating transient ultrasound (US)

radiation force excitation. The propagation speed of the shear wave is related to the

underlying tissue shear modulus [9]. The local tissue shear modulus can be determined in

vivo from the displacement field of shear waves using an inversion of the Helmholtz

equation [10, 11].
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In addition to knowing the temporal mechanical changes occurring spatially at the site of an

implanted scaffold, it is desirable to monitor the scaffold degradation process in a coupled

fashion. The relative amount of scaffold remaining, whether scaffold degradation is

occurring preferentially in one area and whether tissue ingrowth appears to be matching

scaffold removal are examples of desired information. However, in vivo assessment of

scaffold structural degradation becomes challenging, particularly at the point when

fragmentation occurs and these fragments are imbedded within ingrowing tissue.

Photoacoustic imaging (PAI) provides a means by which subtle structural changes or small

scaffold fragments may be detectable with proper optical contrast. PAI, which combines

optical excitation and US detection, has been applied in biomedical applications mostly for

the examination of native tissue [12, 13]. In a few studies, photoacoustic microscopy (PAM)

techniques have been applied to tissue engineering. The capacity to visualize cell

proliferation in a porous polymeric scaffold has been demonstrated in vitro using fibroblasts,

embryonic stem cells, and tumor cells [14, 15]. Vascular ingrowth into a tissue engineering

construct was displayed in vivo by Cai et al. [16]. However, these PAM approaches have

imaging depths only up to a few millimeters [8, 17] and would provide limited information

on changes in scaffolds implanted deep in a tissue. To our best knowledge, there have been

no reports applying a PAI technique to monitor the structural changes of implanted

polymeric scaffolds in vivo.

The objective of this study was to demonstrate the feasibility of combining USWI and PAI

in a multi-modality approach to temporally assess the mechanical and structural properties

of polymeric scaffolds implanted in a rat abdominal repair model. Two biodegradable

polymers with different stiffness and degradation profiles were utilized: poly(ester urethane

urea) (PEUU) for a soft material with moderate degradation rate and polydioxanone (PDO)

for a stiff material with faster degradation rate. Scaffolds were stained with indocyanine

green (ICG) for optical contrast. The mechanical and structural changes determined by non-

invasive imaging were compared to explanted samples subjected to direct mechanical and

histological analysis.

2. Materials and Methods

2.1. Scaffold Fabrication

PEUU was synthesized based on poly(caprolactone) diol (PCL, Mn=2000, Sigma) and

diisocyanatobutane (BDI, Sigma), followed by chain extension with putrescine (Sigma)

[18]. PDO was purchased from Sigma-Aldrich (CAS No. 31621-87-1, St. Louis, MO). Wet

electrospun PEUU and PDO scaffolds were fabricated by a combination of electrospinning

and electrospraying previously reported [19, 20]. Polymer solution from a mounted syringe

pump was fed at 1.5 mL/h through a stainless steel capillary (1.2 mm inner diameter) and

the capillary was perpendicularly located 15 cm from targeted a stainless steel mandrel (19

mm diameter) rotating at 250 rpm. At the same time, Dulbecco's Phosphate Buffered Saline

(DPBS) solution was fed at 12 mL/h through a capillary suspended 5 cm over the mandrel

during the electro-spinning. The mandrel was mounted on a stage that reciprocally translated

8 cm along the direction of the mandrel axis at a rate of 0.15 cm/s. Three high-voltage

generators were used to charge the polymer feeding capillary to 10 kV, the DPBS feeding
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capillary to 8kV and the mandrel (ground) to −4 kV. After 7 h, the fibrous sheet (sample

thickness: 0.8-1.0 mm) was removed from the mandrel and stored in DPBS at room

temperature overnight. Subsequently, the PEUU and PDO scaffolds were immersed in ICG

(PSA1355, H.W. SANDS CORP, FL, USA) solution (0.2g/L in acetone: H2O = 98:2) for 24

h to achieve ICG staining and washed with DPBS (at least 10 times) to remove unbound

ICG). Scaffolds were then stored in DPBS. Square wet electrospun patches of 1 cm by 1 cm

were cut and then were sterilized under ultraviolet (UV) irradiation prior to implantation.

Elution of ICG dye from the scaffold was examined in vitro. The scaffolds dyed with ICG

were kept in DPBS solution under a continuous rocking condition at 37°C. The

concentrations of ICG in the solution were measured at 1, 2, 4, 8 and 12 weeks using an UV

spectrum with an 800 nm absorption peak. The remained ICG amounts in the scaffolds were

measured after the ICG dye was extracted using a 70% ethyl alcohol solution.

2.2. Animal Preparation

Female Lewis 12-week old rats (200 g) were used under a protocol consistent with the

National Institutes of Health (NIH) guidelines for animal care and approved by the

University of Pittsburgh Institutional Animal Care and Use Committee. The surgery was

performed in a sterile environment using a procedure based on a previous study [7]. An

incision was made along the midline of the abdomen, and subcutaneous pockets were

created in each side of the abdominal wall. A full thickness square defect (1×1 cm)

involving all layers of the abdominal wall, including external oblique, internal oblique and

transverse abdominis muscle and peritoneum was created in each pocket. Two same type of

scaffold were implanted for each rat. Total of 36 rats were evenly divided into two groups

where 18 rats were implanted with PEUU and 18 with PDO. The rats were sacrificed in four

batches; at week 0 (n=3 for each group), at week 4 (n=5 for each group), week 8 (n=4 for

PEUU and n=5 for PDO group), and week 12 (n=5 for each group). Note that there is one

less rat at week 8 for PEUU group due to unexpected death for unknown reason between

week 4 and 8. After sacrifice, all scaffolds were harvested, for either compression testing or

histological assessments as summarized in Table 1.

2.3. Ultrasound Shear Wave Imaging

The experimental setup for USWI is shown in Fig. 1. USWI pulse/imaging sequences were

implemented on a commercial US scanner (US scanner I) (V-l, Verasonics Inc., Redmond,

WA, USA) connected with a clinical transducer (L7-4, ATL 5 MHz central frequency).

Using 128 transducer elements, four push pulses of 180 μs long were sequentially induced at

four depths 23.7, 28.6, 33.6 and 38.5 mm (white dots in Figs. 2A and 2B) to create a planar

shear wave. Immediately after, a very high frame rate imaging of 8000 Hz was performed by

transmitting unfocused plane-waves with 64 transducer elements of the probe to record the

propagating shear wave [11]. All backscattered radio frequency (RF) frames were stored in

each channel of 64, then transferred to a computer.

In vitro USWI was performed using a scaffold embedded in a tissue mimicking phantom

block. A piece of wet PEUU scaffold (1 × 1 × 0.6 cm) was placed 1 cm below the surface of

a plastic container (15 × 10 × 6 cm) filled with 10% PVA solution (Fig. 2A), mixed with US
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scatterers, cellulose powder 5% by weight of the PVA solution (Sigmacell, 20μ, Sigma-

Aldrich, St. Louis, MO). After two cycles of freezing at -20 °C for 12 h and thawing in room

temperature for 12 hours, the container was removed from the phantom block. The phantom

block was placed in a water tank and localized US push pulses were generated by a Philips

L7-4 clinical transducer. The same transducer then subsequently acquired RF frames during

4 ms while the created shear wave was propagating through the phantom block. Axial

displacements of the shear wave were calculated from the RF frames using the Loupas'

algorithm, 1-D autocorrelation function [21, 22]. The axial displacements at the focal depth

of the push pulses were averaged over 10 frames to improve the signal-to-noise ratio (SNR).

Finally, the shear modulus was then determined from the axial displacements field using an

inversion of the Helmholtz equation (Fig. 2B) [10, 11].

For in vivo USWI, rats were anesthetized in supine position on a heated platform with the

abdomen exposed to the US transducer, as depicted in Fig. 1. The US scan was performed

on a monthly basis from the first scan day until the animal was euthanized. The shear

modulus of PEUU and PDO scaffolds and neighboring native abdominal wall tissues were

measured at week 0, 4, 8 and 12.

2.4. Photoacoustic Imaging

The experimental setup for PAI is displayed in Fig.1. Q-switched Nd:YAG pulsed Laser

(Quantel, Bozeman, MT, USA) pumps an optical parametric oscillator (OPO) (Vibrant

HE532I, OpoTek, Carlsbad, CA, USA) to generate 5 ns pulses at 10 Hz. The laser beam of

OPO output was illuminated through the optic fiber bundle on the target. Light fluence on

the animal skin was measured 5 mJ/cm2 for both at 750 nm and 800 nm, which is below the

ANSI safety limit (20 mJ/cm2) [23]. The laser beam area was measured 30 mm × 20 mm,

which is large enough to uniformly illuminate the entire area of the scaffolds. A linear array

transducer (L14-5, 6 MHz) connected to a commercial US scanner (US scanner II)

(SonixTouch, Ultrasonix Corp., Canada) was used to receive the PAI signal and B-mode

images.

In vivo PAI was performed followed by USWI on the same animal prepared following the

same procedure described in section 2.3. To remove PAI signal from the animal skin and

background tissues, a two wavelength subtraction method (750 nm and 800 nm) was applied

[24]. The ICG has a distinct absorption peak at about 800 nm from 750 nm [25], while

changes in the absorption of melanin in skin are negligible in this range of wavelengths [26].

The PAI signal intensity was spatially averaged over the entire region of each construct and

the mean value was taken over 10 samples. A two tailed t-test was performed for the mean

PAI signal intensity of PEUU and PDO constructs.

In-vitro PAI was performed using ICG dyed PEUU and PDO scaffolds embedded in a PVA

phantom block. The PVA phantom block was fabricated following the same procedure

described in section 2.3. The scaffolds were embedded 2 cm below the top surface of the

phantom block. The phantom block was placed in a water tank and was illuminated by the

laser pulses at wave length 800 nm. The PAI signal intensity was averaged 3 times at each

scan to minimize the pulse-to-pulse energy variation and increase SNR. The PAI signal
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intensity was normalized to the measured average pulse energy (J-50MB-YAG Energy

Max™ Sensor, Coherent, Portland, OR).

2.5. Direct Mechanical Measurement (Compression Test)

The compression test was performed using an electromechanical testing machine (Insight,

MTS Systems, Eden Prairie, MN, USA) following the same procedure as previous study [7].

The Young's modulus was calculated at the first 10% strain from the slope of the stress-

strain curves. For PEUU scaffolds, six samples (6 constructs) were evaluated at week 0, four

samples were evaluated at week 8 and five samples each were evaluated at week 4 and 12.

For PDO scaffolds, six samples (6 constructs) were evaluated at week 0, five samples each

were evaluated at week 4, 8 and 12 (see Table 1). Using an additional group of 12 animals,

the native abdominal wall samples of 6 from 3 animals were evaluated at each week of 0, 4,

16 and 24.

2.6. Histology & Collagen Deposition Measurement

The Masson's trichrome (MT) staining for histological analysis was performed following the

same procedure as previously reported [7]. The constructs were fixed in 10% formalin

solution for 24 h right after the sacrifice, sectioned and stained with MT. For PEUU, five

samples each (5 constructs) were prepared at weeks 4 and 12 and four samples were

prepared at week 8. For PDO, five samples each were prepared at weeks 4, 8 and 12 (see

Table 1). Magnified images were taken from representative standard regions within the

samples. The average percentage of collagen area was calculated for each magnified image

using the same procedure as previously reported [7]. The average percentage of collagen

area in the total area was measured by ImageJ (National Institutes of Health, Bethesda, MD,

USA). The one-way analysis of variance (ANOVA) was performed for the average

percentage of collagen area of PEUU and PDO constructs at weeks 4, 8 and 12.

3. Results

USWI and PAI were performed in vitro on PEUU scaffolds dyed with ICG and embedded in

a tissue mimicking phantom block made of polyvinyl alcohol (PVA, Sigma-Aldrich, St.

Louis, MO). Fig. 2A illustrates the propagation of the shear wave laterally (across the US

beam direction) in a PVA phantom block containing a PEUU scaffold. Red color represents

axial (along the US beam direction) displacements away from the transducer and these axial

displacement maps were captured at 0.6, 1.3, 1.8 and 2.4 ms after generating US push pulses

at four depths marked by white dots in Figs. 2A and 2B. The embedded PEUU scaffold is

identified by white dashed circles. It is noted that the shear wave front (red) advances as

soon as it propagates into the scaffold area, reflecting an increase of the shear wave speed.

Fig. 2B presents a shear modulus map calculated from the displacement field of shear waves

using an inversion of the Helmholtz equation. The larger shear modulus estimated within the

scaffold clearly indicates that the embedded scaffold is stiffer than the surrounding PVA

phantom block. In Fig. 2C under visible light three scaffolds are seen embedded in a PVA

phantom block: a 1cm long undyed PEUU scaffold, and a 1 cm and a 1 mm long PEUU

scaffold dyed with ICG. PAI signal intensity from the embedded scaffolds laid over a B-

mode image is displayed in Fig. 2D. The high PAI signal intensity clearly identifies the ICG
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dyed scaffolds of 1 cm long and 1 mm long from the background and the neighboring

undyed scaffold, being co-registered well with the B-mode image (Fig. 2D) and the picture

(Fig. 2C). To optimize the contrast in color, the dynamic range of PAI signal intensity was

set to 20 dB. Similarly sized PDO scaffolds dyed with ICG were also well identified by PAI

under the same conditions (data not presented).

The USWI and PAI were then applied in vivo to longitudinally monitor both the stiffness

and structural changes of implanted scaffolds. In addition, the UEI was also applied,

following the same protocol as described previously, using the same ultrasound scanner (US

scanner III) (Vevo2100, Visualsonics, Canada) [7]. Table 1 summarizes the animal groups,

scans of USWI, PAI, and UEI and number of the constructs for mechanical testing and

histology at each time point. Fig. 3 provides typical reconstructed shear modulus maps of

PEUU or PDO constructs in the rat abdominal wall and overlaid B-mode images over the

implant period. The scaffold and neighboring native abdominal wall areas of interest are

denoted as white and red dashed circles, respectively. Most of the stiffness changes for both

the PEUU and PDO scaffolds were observed between week 0 and 8. During this period, the

stiffness of PEUU first increased and then started decreasing at week 4, while PDO

continued to become softer up to week 8.

Fig. 4A displays the Young's modulus of the explanted constructs obtained by compression

testing at weeks 0, 4, 8, and 12. In a separate additional group of 12 animals, the Young's

modulus of the native abdominal wall remained constant around 3.9±0.2 kPa up to 20

weeks. Fig. 4B presents the average shear modulus obtained by USWI of the constructs (red

open triangle) and the adjacent, non-implanted tissue (blue open square) over time. The

shear modulus in each construct within the white dashed circle and neighboring native

abdominal wall area on the opposite side within the red dashed circle depicted in Fig. 3 was

spatially averaged, and then, the mean value was taken over 10 samples. It is noted that the

stiffness of PEUU scaffolds approximated that of the native surrounding tissues after 8-12

weeks of implantation. On the other hand, the stiffness of PDO scaffolds decreased

continually and became slightly below the neighboring native abdominal wall tissues after

week 8. Scatter plots indicating the correlation of the Young's modulus obtained by

compression test and shear modulus obtained by USWI from the same samples at the

corresponding time points are shown in Fig. 4C.

In Fig. 5, histology is presented with MT stained images for PEUU and PDO scaffolds at

weeks 4, 8 and 12. Areas with cellular infiltration contrast to the white areas of scaffold

regions without infiltration. In Fig. 5C, the collagen deposition was quantified by assuming

blue staining in the Fig. 5B images represented collagen. The collagen deposition was high

at week 4 and gradually decreased through week 12 (P<0.05) for PEUU group. For PDO

group, the overall collagen deposition changes from week 4 to week 12 were not significant

(P>0.05).

In Fig. 6, the PAI signal intensity maps for PEUU and PDO scaffolds, respectively, in the rat

abdomen at weeks 4, 8 and 12 are seen. For presentation purposes, the dynamic range of the

color maps was set to 20 dB. Figs. 6B and 6F present MT staining of PEUU and PDO

constructs, respectively, at weeks 4, 8 and 12. In Figs. 6C and 6G, magnified images from

Park et al. Page 7

Biomaterials. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



representative central areas in the scaffolds, where minimal cellular infiltration occurred, are

displayed. In Figs. 6D and 6H, magnified images of representative areas in the peripheral

region of the PEUU and PDO scaffolds are seen. Substantial cellular ingrowth (red) and

collagen elaboration (blue) was observed for both scaffolds.

PAI intensity maps overlaid on B-mode images are depicted in Fig. 7A for a rat implanted

with a scaffold made from PEUU (top panels) and PDO (bottom panels), and continually

monitored at week 0, 4, 8 and 12. The areas with high PAI signal intensity correspond with

scaffold regions experiencing minimal cellular infiltration. Fig. 7B shows the average of

PAI signal intensity of PEUU and PDO constructs at each time point. The PAI signal

intensity was spatially averaged over the entire region of each construct as shown in Fig. 7A,

and then, the mean value was taken over 10 samples. The background PA signal intensity in

Fig. 7B was obtained from the region neighboring the implantation site to provide baseline

PAI signal intensity for tissues without scaffolds. The average PAI signal intensity was

similar between PEUU (-25.4±2.8 dB) and PDO (-26.3±2.9 dB) at the time of implantation.

The PAI signal intensity from PEUU gradually decreased from week 0 to week 12, while the

PAI signal intensity from PDO sharply decreased from week 0 to week 8 the decrease was

minimal from week 8 to 12.

4. Discussion

Distinct differences in stiffness change over time between soft PEUU scaffolds with a

moderate degradation rate and stiff PDO scaffolds with a faster degradation rate were

imaged and analyzed. At week 0, PEUU was more compliant than PDO as shown in USWI

results and compression tests (Fig. 4). At week 4, the average shear modulus of PEUU

reached the peak value above the shear modulus of neighboring native abdominal wall

tissues, then it continued to decrease through week 8 and became close to the value of the

neighboring native abdominal wall tissues after being implanted for 12 weeks. On the other

hand, the average shear modulus of PDO constructs decreased monotonically for 8 weeks

and reached a plateau at or slightly lower than that of the neighboring native abdominal wall

tissues. Based on the compression tests, the Young's modulus of the native abdominal wall

remained unchanged. In general, a risk for a scaffold that degrades too rapidly is that the

ingrowing tissue is not adequate in quantity or structure to assume the mechanical properties

characteristic of nearby tissue, or to fulfill the mechanical role of the replaced tissue. For the

PDO scaffold, the mechanical properties deteriorated relatively quickly to a point where the

reconstructed site was eventually equal to or lower than the host tissue. It is possible that at

later time points this site could further weaken if the ingrowing tissue did not adequately

develop based on a too rapidly degrading scaffold. The histological determination of

collagen area was reasonably in good agreement with the overall stiffness change of the

constructs reflected by USWI for PEUU scaffolds. However, for PDO scaffolds that

degraded and thinned out rapidly over 12 weeks, the change in percent area of collagen

deposition may not well represent the stiffness change of constructs. Although the

underlying specific biological processes such as interplay of cells and extracellular matrix

were not investigated here, as show in Fig. 4, a consistent trend in overall mechanical

strength change among the same type of samples was observed. For both PEUU and PDO,

the shear modulus changes between each time point (presented in Fig. 4.) as measured by
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USWI were significant (p<0.05). The smallest change in shear modulus was about 0.5 kPa.

The Young's modui of PEUU and PDO scaffolds measured by compression testing were 6

kPa and 12 kPa, respectively at week 0 (Fig. 4). It is expected that the USWI can be used for

harder scaffolds with limitations due to attenuation of ultrasound and shear wave. For native

tissue imaging, the USWI has been applied to contracted muscle with Young's modulus of

270 kPa [27].

One of limitations in relating the mechanical parameters obtained from ultrasound imaging

and ex vivo evaluation is that a shear modulus is determined from USWI and the Young's

modulus from the compression tests (Fig. 4). For soft tissues, the Young's modulus and

shear modulus are related with a constant of the Poisson ratio, ν, which is close to 0.5. The

Young's modulus E can be considered to be approximately three times the shear modulus, μ

(E ≈ 3μ) [11]. However, the Poisson's ratio of the implanted constructs may have varied

during the scaffold degradation process and with tissue ingrowth, although with no dramatic

change in Poisson's ratio was anticipated. Notwithstanding this limitation, the trend of

changes over time in the average shear modulus of both constructs obtained by in vivo

USWI compared well with the Young's modulus obtained by ex vivo compression tests.

Further investigation on detailed mechanical and structural characteristics, including

porosity changes and tissue boundary conditions, could be considered to better define this

relationship.

UEI was also performed on both PEUU and PDO scaffolds and the results were compared

with USWI and our previous UEI study [7] as summarized in Table 1. The change in

stiffness (normalized strain) of PEUU and PDO constructs by the UEI correlated well with

the stiffness (Young's modulus) by compression tests (R = 0.8 and P<0.05). The overall

stiffness changes in PEUU scaffolds by UEI over time were also consistent with our

previous report [7]. Some of the limitations with UEI, where the developed strain can be

subject to the applied loading, can be overcome using USWI, which is advantageous for

further translation into clinical application. There are, however, some limitations of USWI to

be overcome before such translation. While the viscoelastic behavior is expected given the

porous structure of the scaffolds, with USWI, only the purely elastic properties can be

measured. In this study, based on the Voigt model, only shear storage modulus was

reconstructed by using an inversion of the Helmholtz equation and shear loss modulus was

not considered [28].

The PAI signal intensity closely agreed with the histologically observed remaining scaffold

in explanted tissue sections. The data in Fig. 6 suggest PAI can identify structural changes as

they develop in the scaffolds. The ICG dye employed to create optical absorption of the

scaffolds in the near infrared range for PAI is approved by the US Food and Drug

Administration [29] and has been used for clinical applications including angiography and

surgical applications [30]. Recently, a polyurethane sheet containing ICG has been prepared

and antimicrobial activity against Gram-positive bacteria under laser light exposure was

reported [31]. In terms of the overall degradation process, no observable difference was

observed in this study using PEUU scaffolds dyed with ICG relative to the previous study

using bare PEUU scaffolds [32]. However, further detailed investigation might be needed to

evaluate the effects of ICG on tissue regeneration and repair. In a separate test, ICG-dyed
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scaffolds were submerged in phosphate buffered saline, and the accumulated eluting

amounts of ICG from the scaffolds were measured. The total accumulated ICG eluted from

the scaffold during a three month period was 10.4 (±1.9)% (n = 3), although most of the

elution (5 to 7%) was observed at the initial time points (1 and 2 weeks) and after that the

elution was minimal. This suggests that the measured loss in the PAI signal is mostly related

to clearance of ICG together with the polymer as scaffold degradation ensues.

The imaging depth for PAI is limited by light diffusion from tissue scattering [17]. The

imaging depth for USWI is limited by attenuation of acoustic radiation force [9]. For both

USWI and PAI at near infrared, the typical imaging depth is up to 5 cm [9-11, 17]. Both

techniques could be applied to engineered tissues or organs within 5 cm of a probe, such as

for vascular grafts, bladder, and kidney [33-35].

In future studies, we will combine the USWI and PAI techniques into a single platform

system to obtain an automatically co-registered structural PAI image and mechanical USWI

image. The use of this combined system for real-time in-vivo animal studies will

significantly reduce the variability of measurements between animals, and consequently

shorten the study period. Such a technology could be utilized as a clinical tool to monitor the

development of tissue engineering treatments.

5. Conclusions

The change in shear modulus of the constructs obtained by USWI for both PEUU and PDO

scaffolds in vivo compared well with the change in Young's modulus of the constructs

obtained by ex vivo compression tests. The PAI signal intensity map closely agreed with

histological determination of the remaining scaffold area in explanted samples at

corresponding time points for both PEUU and PDO constructs. The different degradation

rates between PEUU and PDO constructs were well reflected both in average PAI signal

intensity and in average shear modulus over time. The reported findings and observations in

this study using a small animal abdominal wall repair model demonstrate that a non-invasive

multi-modality approach using USWI and PAI may allow tissue engineers to sequentially

evaluate the remodeling of tissue scaffolds both in terms of mechanics and structural

changes in vivo for diverse applications.
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Fig. 1.
Experimental setup for PAI, USWI and UEI. A Nd:Yag pulsed laser pumps an optical

parametric oscillator (OPO) to generate 5 ns pulses at 10 Hz. The OPO output laser beam is

directed to the optic fiber and illuminates the constructs area (approximately 5 mJ/cm2 of

fluence for both 750 and 800 nm). A linear array transducer (L14-5, 6 MHz) connected to a

commercial US scanner was used to receive the PAI signal and B-mode images. For USWI

and UEI, the laser system was not used.
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Fig. 2.
In vitro USWI and PAI on PEUU dyed with indocyanine green (ICG) embedded in a

polyvinyl alcohol (PVA) phantom block. (A) Shear wave propagation in the lateral direction

(across the ultrasound beam direction) is seen. Color represents axial (along the ultrasound

beam direction) displacements in a PVA phantom block containing a PEUU scaffold

identified by the dashed circles. The locations of applied ultrasound pushing pulses are

marked white dots. (B) A shear modulus map calculated from the axial displacement field

using an inversion of the Helmholtz equation. (C) Three PEUU scaffolds seen in visible

light, left to right, a 1 cm undyed scaffold, and 1 cm and 1 mm scaffolds dyed with ICG. (D)

Corresponding PAI signal intensity laid over a B-mode image.
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Fig. 3.
Typical reconstructed shear modulus maps of the PEUU and PDO scaffolds implanted in the

rat abdominal wall and overlaid B-mode images over time. The scaffold and neighboring

native abdominal wall tissue areas of interest are denoted as white and red dashed circles,

respectively.
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Fig. 4.
Comparison of elastic modulus obtained by USWI and direct compression measurements.

(A) Young's modulus of PEUU and PDO constructs obtained by compression tests at weeks

0, 4, 8 and 12. Lines between two adjacent points are simple connection, not interpolation of

data. (B) Average shear modulus of the constructs (red open triangle) and neighboring

native abdominal wall tissues (blue open square) obtained by USWI over time. (C) Scatter

plots of the Young's modulus and shear modulus from the same samples at corresponding

time points. R denotes the correlation coefficient and P represents the p-value for the

correlation between the Young's modulus (A) and shear modulus (B).
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Fig. 5.
Histology. (A) Masson's trichrome (MT) stains for PEUU and PDO constructs at weeks 4, 8

and 12. (B) Representative magnified images taken from the selected area in the box in Fig.

4A. (C) Mean percent area of collagen deposition in the scaffolds as quantified from stained

sections. (+ standard deviation)
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Fig. 6.
PAI of PEUU and PDO constructs. PAI maps and overlaid B-mode images for the PEUU

(A) and PDO (E) constructs in the rat abdomen at weeks 4, 8 and 12. Masson's trichrome

(MT) staining of PEUU (B) and PDO (F) constructs. Magnified images of representative

areas (green box) in the central region of PEUU (C) and PDO (G) constructs. Magnified

images of representative areas (black box) in the peripheral regions of PEUU (D) and PDO

(H) constructs.
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Fig. 7.
Longitudinal monitoring of structural changes of constructs by PAI. (A) PAI intensity map

overlaid in the B-mode images for a rat implanted with PEUU (top panels) constructs and a

rat implanted with PDO (bottom panels) constructs at weeks 0, 4, 8 and 12. Areas with high

PAI signal intensity correspond to regions of remaining scaffolds with minimal tissue

infiltration. (B) Average of PAI signal intensity of PEUU and PDO constructs at each time

point. The background PAI signal intensity in Fig. 6B was obtained from the neighboring

region to determine the baseline PAI signal intensity from tissues without scaffolds.

Park et al. Page 19

Biomaterials. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Park et al. Page 20

T
ab

le
 1

St
ud

y 
de

si
gn

T
yp

e 
of

 S
ca

ff
ol

d
W

ee
ks

A
ni

m
al

s*
 s

ac
ri

fi
ce

d
Sa

m
pl

es
 s

tu
di

ed
 f

or
 U

SW
I,

 P
A

I,
 a

nd
 U

E
I

Sa
m

pl
es

 f
or

 c
om

pr
es

si
on

 t
es

ts
Sa

m
pl

es
 f

or
 h

is
to

lo
gy

PE
U

U

0
3

10
 (

of
 3

6)
6

0

4
5

10
 (

of
 3

0)
5

5

8
4

10
 (

of
 1

8)
4

4

12
5

10
 (

of
 1

0)
5

5

PD
O

0
3

10
 (

of
 3

6)
6

0

4
5

10
 (

of
 3

0)
5

5

8
5

10
 (

of
 2

0)
5

5

12
5

10
 (

of
 1

0)
5

5

* A
ll 

an
im

al
s 

w
er

e 
sc

an
ne

d 
be

fo
re

 s
ac

ri
fi

ce

Biomaterials. Author manuscript; available in PMC 2015 September 01.


