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Abstract

This article promotes the use of High Intensity Focused Ultrasound (HIFU) as a tool for affecting
the local properties of tissue engineered constructs /n vitro. HIFU is a low cost, non-invasive
technique used for eliciting focal thermal elevations at variable depths within tissues. HIFU can be
used to denature proteins within constructs, leading to decreased permeability and potentially
increased local stiffness. Adverse cell viability effects remain restricted to the affected area. The
methods described in this article are explored through the scope of articular cartilage tissue
engineering and the fabrication of osteochondral constructs, but may be applied to the engineering
of a variety of different tissues.
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Introduction

In the field of tissue engineering there exists a need to generate tissues with specific local
tissue properties so to match native tissue architecture and therefore gain true functionality.
For example, engineered osteochondral grafts [1, 2] are being investigated as an alternative
to osteochondral allografts, which are of scarce supply [3, 4]. Native tissue contains a
mineralized subchondral plate, which anchors mature cartilage, separating it from the
underlying vascularized bone, providing a virtually impermeable interface. This subchondral
interface promotes the elevated interstitial fluid pressurization needed for load-bearing and
lubrication mechanisms in articular cartilage [5-9]. However, engineered osteochondral
tissues, consisting of a chondrocyte-seeded hydrogel atop a nonliving porous, bone-like
substrate, lack any sort of subchondral plate a priori. Incorporation of such an impermeable
layer from the start, such as via a denser porosity region in the bony substrate localized to
the gel-substrate overlap region [10], would block nutrient transport across the layer during
tissue culture. Since nutrient transport is critical for the development of engineered tissue
[11, 12], a technology is required that can stiffen or seal the bone-cartilage interface at an
optimal time during /n vitro growth.

High intensity focused ultrasound (HIFU) may offer such an ability. Like other forms of
ultrasound, HIFU is a minimally or non-invasive, non-contact, non-radiation, low-cost
technology. It is under investigation for its use in soft-tissue cancer therapy [13] and is
currently FDA approved for uterine fibroid ablation [14, 15]. HIFU can penetrate depths of
at least 10 cm and reach temperatures of at least 80°C [16, 17]. Studies have shown that
HIFU’s thermal and mechanical effects can lead to a loss of in vitro viability [18], yet the
thermal effects of HIFU remain the primary mechanism of damage [16] and repair tissues
enter the periphery of the treated region after two weeks [17].

In conjunction with heat, an additional substance may be necessary for inducing a change in
tissue properties. Heat-induced protein denaturation has been demonstrated in a number of
tissues and protein-incorporated gel phantoms, often leading to color change, coagulation,
and, after certain temperatures, irreversible stiffening [19-27]. Albumin is commonly used
in gel phantoms for tissue ablation studies via thermal treatment modalities, such as HIFU
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[23-26, 28]. Albumin from bovine serum (BSA) or egg white, a more economical option,
coagulates at 67+1°C via intermolecular -sheet formation, changing from a clear color to an
opaque white, providing easy visualization of the heated region [20, 24]. Outside of
phantoms, albumin has been utilized as a biological solder [29]. With respect to articular
cartilage, albumin is relevant; it is the chief protein component of synovial fluid [30]. For
these reasons, the addition of albumin may aid the alteration of internal properties of tissue
engineered constructs, especially prior to cellular protein elaboration.

While most research utilizing HIFU technology aims to induce pressures and/or thermal
elevation over large (cm scale) areas of dense tissue /17 vivo, such as in full tumor ablation,
here HIFU is investigated as a potential tool for precisely modulating the spatial properties
of small (mm scale) tissue engineered constructs during /n vitro growth, which increase in
density during culture (agarose gel scaffold is 98% wi/v water on initial seeding day). Here,
the aim of this study is to test the feasibility of HIFU as a method of altering local tissue
properties as a tool for tissue engineering, namely forming a biomimetic subchondral plate
in engineered osteochondral constructs by thermally affecting the interface region.

HIFU treatment was conducted according to [27], utilizing a setup conducive to later
incorporation of Harmonic Motion Imaging (HMI), an ultrasound-based method of
monitoring elastographic changes in tissues [27, 31-33]. Briefly, this setup consists of an
imaging transducer centrally positioned inside a confocal therapeutic transducer (Fig. 1A)
and attached to a computer-controlled positioner (Melmex Inc. Bloomfield, NY, USA). The
two transducers were self-contained by attaching to a coupling cone containing degassed,
distilled water and sealed with an acoustically transparent latex membrane [34, 35], which
allows the membrane to be coupled to the sample through degassed culture media,
phosphate buffered saline (PBS), water, or ultrasound gel. For imaging, a 7.5 MHz single-
element pulse-echo transducer (Panametrics, Waltham, MA, USA) connected to a pulser/
receiver (Panametrics 5051PR or Olympus 5072PR, Waltham, MA, USA) was used to target
and monitor treatment produced by the therapeutic transducer. For thermal treatment, either
a 4.755 MHz (Riverside Research Institute, New York, NY, USA) or a 4.5 MHz (Imasonics,
Besancon, France) therapeutic transducer was used. Heating parameters vary; these
parameters represent an aspect of this treatment which will require further optimization. Two
function generators (Agilent (HP) 33120 A and 33220A, Palo Alto, CA, USA) were used to
drive the therapeutic transducer with an amplitude-modulated waveform, combining sine
waves: one of the therapeutic transducer’s excitation frequency at a varied amplitude with a
25 Hz wave of amplitude 5.086 Vpeak-to-peak- The signal was then amplified by 50 dB using
a power amplifier. For HIFU treatment, constructs or cell-seeded slabs were submerged in
degassed PBS or culture media.

Gel Construct Fabrication and Media Formulation

As in our previous cartilage tissue engineering studies, gels were cast with final
concentrations of 2% w/v agarose (Type VII or IX-A, Sigma-Aldrich, St. Louis, MO, USA)
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and 30 million cells/mL as gel-alone or osteochondral constructs according to [1]. In studies
where albumin was incorporated, equal volumes of egg white and 120 million cells/mL
solution were mixed, then equal volumes of that solution and 4% wi/v agarose were mixed,
yielding gels of 30 million cells/mL, 2% wi/v agarose, and 25% v/v egg white. In acellular
studies, cell solutions were replaced with PBS (Sigma-Aldrich). Passaged chondrocytes
enzymatically isolated from juvenile bovine calf carpometacarpal or knee joints were used
for all studies [36, 37].

Dulbecco’s Modified Eagle’s Medium (DMEM, Invitrogen, Carlsbad, CA, USA) with 10%
fetal bovine serum (FBS, Atlanta Biologics, Atlanta, GA, USA), 10 ng/mL PDGF, 1 ng/mL
TGF-B1 (Invitrogen), 5 ng/mL FGF-2 (Invitrogen), and 1% antibiotic-antimycotic
(Invitrogen) was used for all instances of passaging [37]. Constructs were cultured in
chondrogenic media (CM), consisting of DMEM with 50 ug/mL L-proline (Sigma-Aldrich),
100 pg/mL sodium pyruvate (Sigma-Aldrich), 1% ITS+ premix (BD Biosciences, Franklin
Lakes, NJ, USA), 100 nM dexamethasone (Sigma-Aldrich), 1% antibiotic-antimycotic, and
50 pg/mL ascorbic acid (Sigma-Aldrich) [37].

Spatiotemporal Control of HIFU/Power Optimization

An example of irreversible, heat-induced protein denaturation and stiffening in a gel
phantom is displayed and described in Fig. 1B-C.

Controlled patterning of thermally affected regions were induced in acellular, aloumin-
containing agarose (Type VII) phantoms by moving a therapeutic transducer in a 2D raster-
scan fashion.

Thermally affected regions were produced at various powers and durations on acellular,
albumin-containing osteochondral constructs (agarose Type VII) cast atop 810 mm titanium
disks (Stryker Orthopaedics, Mahwah, NJ, USA). The lowest combination inducing
consistent albumin color change was selected for subsequent osteochondral interface heating
studies.

Albumin Incorporation in Engineered Constructs

Passage 2 juvenile bovine chondrocyte-seeded constructs were cast using Type I1X-A agarose
creating the following groups: control samples (without albumin); egg white-containing
constructs; and 5% w/v BSA (cast by mixing equal volumes of 120 x 108 cells/mL
suspension and 20% w/v BSA in PBS, then mixing equal volumes of this solution with 4%
w/v agarose). For the duration of a 28-day period, constructs were mechanically tested in
unconfined compression (G*, dynamic modulus at 0.5 Hz) [6]. Constructs were lyophilized,
weighed dry (DW), and then digested in 0.5 mg/mL proteinase K (MP Biomedicals, Santa
Ana, CA, USA) for 16 h at 50 °C. Glycosaminoglycan (GAG) content was quantified with a
1,9-dimethylmethylene blue (Sigma-Aldrich) dye-binding assay [38].

Post-HIFU effects on Solute Transport

An acellular albumin-containing gel (agarose Type V1) slab of thickness 2.3 mm was cast,
pinned across rubber stoppers, and placed in a degassed PBS/1% antibiotic-antimycotic
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solution. HIFU was applied using 11.6 W total acoustic power in a raster pattern to induce
thermally affected focal regions across a 14 x 14 mm square plane of the gel (15 x 15 points,
10 s/point). Cylinders (3 mm) were punched from affected gel region. Disks were washed
twice with PBS/10% antibiotic-antimycotic solution, then soaked in a saturated 0.5 mg/mL
70 kDa fluorescein-conjugated dextran (Invitrogen) solution, and then imaged using a
confocal microscope (Olympus Fluoview FV1000, Waltham MA, USA).

Temperature Measurement during HIFU Application

To gain an appreciation for the local heating temperatures associated with HIFU application,
thermocouple studies were performed on acellular egg white-containing agarose (Type VII)
gels cast on 10 mm titanium bases (gel-bony substrate) or as two layered slabs (gel-gel). A
40-gauge T-type bare wire thermocouple (Philips Research North America, Briarcliff Manor,
NY, USA) was placed into gel towards the osteochondral interface or between two layered
slabs [39]. The thermocouple was targeted by inducing low power heating for 2 s per point
in a raster fashion, then moving toward the point of highest temperature rise (performed in
the x-,y-, and z-directions). Temperature data was recorded for 60 s including a 20 s
application of 0.56 W or 11.6 W total acoustic power on three osteochondral constructs and
in three different locations between the layered slabs (n=3).

Viability & Culture of Cell-Seeded Gel Constructs after HIFU

To assess cell viability effects, an albumin-containing cellular agarose (Type VII) slab of 2.3
mm thickness was placed on a silicon rubber/absorber over polyurethane foam within a 100
mm culture dish and immersed in phosphate buffered saline. A 4.5 MHz HIFU transducer
was used at ~5.9 W total acoustic power (excitation time: 3 s/point) to raster thermally
affected regions into the slab. The transducer’s focus was aimed towards the bottom of the
slab. The slab was punched in thermally treated and untreated (control) areas using a 4 mm
biopsy punch; thermally affected regions were kept within each disk. For 6 weeks,
constructs were maintained with CM, changed every 2—3 days. Parallel samples from each
group were halved, stained with Live/Dead Kit (Invitrogen), and imaged using a confocal
microscope (Leica TCS SP5, Wetzlar, Germany) with n=1 sample per n=4 time points.

As a more robust follow-up, Passage 4 juvenile bovine chondrocytes were cast in agarose
(Type VII) with albumin on porous titanium bases of 4 and 10 mm diameter, with a gel
thickness of ~2 mm. To maintain sterility, constructs were sterilely placed in a custom
apparatus with degassed CM, and half were subjected to HIFU treatment. The custom
apparatus uses an acoustically transparent polydimethylsiloxane (PDMS) membrane to
separate constructs in sterile, degassed CM, from a reservoir of non-sterile degassed,
distilled water to which the HIFU system is acoustically coupled. The 10 mm osteochondral
constructs were thermally affected in a 3 X 3 pattern and 4 mm osteochondral constructs
were thermally affected at a single point using a power of 11.6 W total acoustic power for a
20 s duration. Following treatment, constructs were removed from the device in a sterile
hood, transferred to culture dishes, and cultured for 28 days in CM with 14 days of 10
ng/mL TGF-B3 supplementation [40]. On days 0 and 28, constructs were evaluated for GAG
content as described above. Cell viability was assessed with a Live/Dead stain imaged on a
confocal microscope (Olympus Fluoview F\/1000).
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Statistical Analyses

Results

Statistica (Statsoft, Tulsa, OK, USA) was used to perform one-way analysis of variance
(ANQVA) tests followed by Tukey’s honest significant difference (HSD) post-hoc test
(a=0.05) to determine statistical significance (p<0.05). Microsoft Excel (Redmond, WA,
USA) was utilized to calculate the 95% confidence interval (Cl) of group means and
differences between means. Data is displayed as mean + 95% CI.

Spatiotemporal Control of HIFU/Power Optimization

HIFU treatment could be induced at variable depths below the gel surface (Fig. 1D), and
formed into patterns based on the movement of the transducer and the duration of the
treatment. On porous titanium bases, 20 s of treatment at 11.6 W total acoustic power was
found to reliably produce a visible thermally affected region (Fig. 1E).

Albumin Incorporation in Engineered Constructs

Albumin-containing constructs grew to a similar extent as the controls (Fig. 2). Compared to
the control’s G*, the mean difference was 0.24+0.34 MPa for egg white-containing
constructs and 0.31+0.29 MPa for BSA-containing constructs. Compared to the control’s
GAG content per dry weight (g/g), the mean difference was 0.04+0.03 for egg white-
containing constructs and 0.02+0.03 for BSA-containing constructs.

Post-HIFU effects on Solute Transport

Fluorescence images of the constructs soaked in fluorescein-labeled dextran showed uniform
distribution of solute except for regions of rasterized thermally affected regions that
appeared dark where dextran was excluded (Fig. 3A). These dark regions corresponded to
those visualized by albumin color-change in transmitted light images.

Temperature Measurement during HIFU Application

With the application of 0.56 W total acoustic power, temperatures recorded at the gel-metal
interface were in the 26-40 °C range while those between the stacked gel layers were
between 23-25 °C (data not shown). With 11.6 W total acoustic power, the gel-metal
temperatures were 80-100°C, while the layered gel temperatures were 30-45°C (Fig. 4).

Viability & Culture of Cell-Seeded Gel Constructs after HIFU

Immediately after the ultrasonic treatment, the thermally affected constructs contained a
region of cell death (ethidium homodimer-1 staining, red; Fig. 5A), which corresponded
with the white regions of heated albumin. The surrounding regions remained viable (calcein-
AM staining, green). Control constructs remained viable throughout. Over the six week
period, the cell death region remained localized, with some spots of viability appearing in
the dead zone.

In the follow-up study, osteochondral constructs remained sterile following HIFU treatment.
Fig. 3B shows the sterile chamber and the egg white lesion induced in osteochondral
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constructs. Treatment was verified with the Live/Dead stain, showing dead regions which
remained localized for 28 days in culture (Fig. 5B) confirming previous results. On day 0,
GAG/DW (g/g) was 0.07+£0.019 (n=6) and 0.06+0.003 (n=3) for 4 mm and 10 mm diameter
constructs respectively. On day 28, this value increased to 0.23+0.045 (n=7) and 0.24+0.049
(n=4) for 4 mm and 10 mm diameter untreated constructs respectively. HIFU constructs
showed similar GAG levels (4 mm: n=7; 10 mm: n=4); the differences in means between
HIFU-treated constructs and untreated controls were 0.02+0.07 and 0.04+0.08 for 4 mm and
10 mm diameter constructs respectively. These studies repeat the incorporation of albumin
without negative biocompatibility effects.

Discussion

HIFU is a unique method for applying thermal heating to local tissue regions and at various
depths. Here we show that this technology can be applied to hydrogels used in tissue
engineering. Incorporation of albumin can easily be incorporated upon initial gel fabrication,
allowing for on-demand heat-induced denaturation without affecting tissue growth. Here we
also show that this denaturation can block transport.

This internal reorganization of the egg white-gel scaffold can be utilized in tissue
engineering, such as in the example of replicating a subchondral plate, a stiff, impermeable
surface between cartilage and bone. This effect may also be delivered by other incorporable
proteins. While this limited transport and increased stiffness may be desirable in a final
tissue engineered product, these conditions would impede the /in vitro development of the
tissue by limiting nutrient transport to cells elaborating extracellular matrix. The depth
penetrating aspects of ultrasound overcome this challenge by allowing for sterile on-demand
treatment during /n vitro tissue growth, ideally after a user predetermined amount of tissue
development.

Treating tissues with heat is not unprecedented. In orthopaedics, radiofrequency probes and
lasers have been utilized in the clinic, however both techniques are associated with cell death
[41-45]. Here we show that the concomitant cell death of HIFU treatment remains localized
over time with potential areas of recovery, which is reminiscent of the ability of engineered
cartilage to recover after mechanical injury [36]. However, if recovery is poor, further
extracellular matrix elaboration in the HIFU-treated area may be hindered. This suggests
that this undesired effect could potentially be balanced against the intended changes in tissue
properties.

From a therapeutic ultrasound perspective, one of the fascinating aspects of these studies is
that these temperature elevations are induced in small, thin, non-dense materials. As
ultrasound energy is deposited where mismatches in impedance occur, abutting materials can
be used to assist the heating. Temperature measurements demonstrate this effect, showing
that at the same powers, temperatures induced at a gel-metal interface is much greater than
those at a gel-gel interface. In the case of introducing changes at an interface, this is quite
beneficial.
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To aid benchtop HIFU application, a custom chamber was fabricated to hold constructs (Fig.
3B, top). It can be sterilized and filled with media, degassed for ultrasound purposes. A thin
membrane, which separates the sterile and non-sterile environments, remains invisible to
ultrasound, allowing for the beam to travel through it. When tested, this concept allowed for
ultrasonic treatment, maintenance of viable cells as confirmed by live/dead staining and
subsequent /n vitro growth.

HIFU treatment will require further optimization in order to realize its full potential for
tissue engineering applications. The appropriate power level related to temperature elevation
and duration as well as the timing of the treatment will vary for different tissues and
applications. The effects of heating on cell matrix elaborated products may provide different
effects in conjunction with those due to heating the gel scaffold and egg white. Also,
additional research is required to determine how HIFU treatment modulates interface
strength. On balance with the encouraging data that has been presented herein, HIFU
appears to be a feasible tool for invoking changes in internal tissue properties on a
concentrated, localized scale. As HIFU is already used clinically, it is conceivable that HIFU
can also serve as a tool for additional regenerative medicine strategies /7 sifu. \We anticipate
that HIFU will become a useful instrument in the field of tissue engineering research.
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Highlights

e High Intensity Focused Ultrasound (HIFU) may be appropriated for controlled
heating of tissue volumes, which could be used to alter tissue properties of
engineered grafts during /n vitro culture.

e HIFU treatment of gel phantoms with incorporated egg white showed a decrease
in permeability and increase in stiffness in the affected regions.

»  Cell death from heating remained localized to the thermally affected region over
time.

« Itis expected that this heating technology may have many applications across
many tissue types in the field of tissue engineering.
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Figure 1.
(A) Schematic of HIFU treatment of osteochondral construct. The two-transducer system is

attached to a computer-controlled positioner. (B—C) Circular thermally affected region
induced in an egg white gel by HIFU with a 25 s duration in the center and 10 s duration in
the surrounding ring (~6 MPa peak /n situ positive pressure), which was then mapped using
HMI using a rastered step size of 1 mm across a 15 x 15 mm? region (peak-positive pressure
of 1.98 MPa, 500 ms/point duration). The circular egg-white pattern indicated that the
thermally affected region was three times stiffer than the surrounding gel. (B) Gross Image
and (C) HMI map of HIFU-induced thermally affected region. Color bar shows oscillatory
displacement in pm (lower displacements correspond to stiffer regions). (D) Thermally
affected region patterns beneath the surface of agarose-egg white gel (Top and Side views).
(E) Osteochondral constructs (Top and Side views) displaying thermally affected regions
created at different powers. Arrows indicate 11.6 W total acoustic power for 20 s. Scale bars
indicate millimeters.
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Unimpeded growth in constructs with incorporated albumin. (A) G* at 0.5 Hz (n=6 per

group) and (B) GAG content per dry weight (n=4-6 per group) of chondrocyte-seeded

agarose constructs: control, and egg white or BSA supplemented on day 28. Error bars show
95% CI. The dashed line represents the mean of day 0 values across groups (n=3-4 per

group).
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Figure 3.
(A) Setup showing HIFU-induced array of thermally affected regions (left, inset shows array

magnified). Fluorescein-dextran soaked construct viewed under transmitted light to visualize
thermally affected sites (top-right) and fluorescence (bottom-right) showing dextran
exclusion from those same sites. (B) Top: Sterile ultrasound chamber; Bottom:
Osteochondral constructs showing HIFU-induced egg white lesion (left) and no treatment
(right). Scale bar: 1 mm.
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Enhanced temperature elevations with incorporated base. Left: Gross image of
osteochondral construct with HIFU-induced denaturation region with thermocouple inserted
(Arrow). Scale bar indicates millimeters. Temperature readings across 60 s containing 20 s

of 11.6 W total acoustic power excitation at the gel-metal interface (Top-right) and between

layered gels (Bottom-right).
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Figure 5.
Cell viability effects remain localized over time. (A) Representative Live/Dead staining of

the axial cross-section immediately after HIFU (Day O, left), and an upper and lower (HIFU
treated) transverse plane 14 days post-HIFU (Day 14, right). Both images show localized
cell death due to ultrasound treatment. Asterisks indicate HIFU treated zone. Arrow
indicates area of possible cell recovery. (B) Live/Dead images of removed gel regions of g4
mm osteochondral constructs: control (left) and HIFU-treated (right) 28 days after treatment
date.
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