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Abstract

Stem cell-based tissue engineering has the potential to use as an alternative for autologous tissue
grafts; however, the contribution of the scaffold degradation along with the transplanted stem cells
to /n vivotissue regeneration remains poorly understood. Near-infrared (NIR) fluorescence
imaging has great potential to monitor implants while avoiding autofluorescence from the adjacent
host tissue. To utilize NIR imaging for /n vivo monitoring of scaffold degradation and cell
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tracking, we synthesized 800-nm emitting NIR-conjugated PCL-ran-PLLA-ran-PGA (ZW-PCLG)

copolymers with three different degradation rates and labeled 700-nm emitting lipophilic

Page 2

pentamethine (CTNF127) on the human placental stem cells (CT-PSCs). The 3D bioprinted hybrid

constructs containing the CT-PSC-laden hydrogel together with the ZW-PCLG scaffolds
demonstrate that NIR fluorescent imaging enables tracking of /n vivo scaffold degradation and
stem cell fate for bone regeneration in a rat calvarial bone defect model. This NIR-based

monitoring system can be effectively utilized to study cell-based tissue engineering applications.
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Introduction

Due to limited donor tissue or organ availability for transplantation, the demand for

developing cell-based bioengineered tissues has rapidly risen [1, 2]. This strategy attempts to
create implantable functional tissue constructs by combining patients’ own cells with highly

porous natural and/or synthetic polymeric scaffolds. Since these scaffolds serve as a

template that supports the initial structural integrity and mechanical stability, as well as
cellular interaction, the /n vivo degradation behavior of the scaffolds during neo-tissue

formation in the tissue-engineered constructs must be controlled for successful outcomes [3,
4]. The tissue-engineered constructs should be maintained their structural integrity, while the
scaffold is gradually replaced by a newly formed tissue. Therefore, a better understanding of
the /n vivo scaffold degradation is significant in the scaffold design and fabrication for tissue

engineering applications.

Recent progress in stem cell-based tissue engineering raises hope for the development of

alternatives that can replace the need for autologous tissue grafts [5-7]. Stem cells can

differentiate into multiple cell types and hold a great therapeutic promise as a cell source to

promote tissue regeneration while maintaining the immunomodulation properties after

transplantation [8-10]. However, the therapeutic effect and regenerative mechanism of the
stem cell-based approaches are not fully understood. Determining the fate of transplanted
cells is an important step in estimating a translational therapeutic method using cell-based

tissue engineering strategies.

Molecular imaging modalities such as computed tomography (CT) [11-13], magnetic

resonance imaging (MRI) [14, 15], positron emission tomography (PET) [16], and single-
photon emission computed tomography (SPECT) [17] have been attempted to noninvasively
monitor the transplanted cells [11, 14-17], scaffold degradation behavior [12], and tissue
formation [13] after transplantation. Optical fluorescence imaging techniques have also been

utilized for monitoring /n vivo scaffold degradation [18-20] due to high-throughput

screening for a target, high sensitivity, and a wide range of affordable experimental formats;
however, the /n vitro results may be difficult to reflect /n vivo biodegradation behavior of the
implanted scaffolds because of the physicochemical and optical instability of the visible
wavelength fluorophores, as well as endogenous tissue autofluorescence [21]. To overcome
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these limitations, we previously demonstrated a near-infrared (NIR)-functionalized collagen-
based scaffold enabled to observe its degradation behavior /n vitroand in vivo by employing
invisible NIR fluorescence [22]. More importantly, we were able to quantify the /in vivo
degradation rate of implanted NIR-labeled scaffolds over 30 days of the implantation.
Unlike UV-visible fluorescence, NIR fluorescence provides relatively high spatial and
temporal resolution [23-25] and outperforms traditional UV-visible imaging with deeper
tissue penetration and minimum tissue absorption, scattering, and autofluorescence [26-28].

In this study, we aim to investigate the relationship between the scaffold degradation and
tissue regeneration in the stem cell-based tissue engineering using a dual-channel NIR
fluorescence imaging system (700 nm for cells and 800 nm for polymeric scaffolds). We
hypothesize that this dual-channel NIR fluorescence imaging can be utilized for
noninvasively monitoring the /n7 vivo degradation of implanted scaffolds and tracing
transplanted cells after the construct retrieval. To achieve this, we first designed and
synthesized NIR fluorophore- conjugated copolymers as scaffold materials with presenting
different degradation rates by controlling the composition ratio of e-caprolactone (CL),
lactide (LA), and glycolide (GA). In order to avoid any effects from the scaffold geometry
such as pore morphology, pore size, and porosity, we utilized our three-dimensional (3D)
printing capability [2] to fabricate cell-laden hybrid tissue constructs for the study. Lastly,
we validated these bioprinted tissue constructs containing NIR-labeled stem cells (700 nm)
and NIR-functionalized PCLG copolymers (800 nm) in a rat calvarial bone defect model.
Fig. 1 shows the schematic diagram of the NIR imaging system to noninvasively monitor the
scaffold degradation along with immunofluorescence for trafficking the stem cell fate for
bone regeneration.

Experimental procedures

2.1. Synthesis of NH,-functionalized PCL-ran-PLLA-ran-PGA (PCLG) copolymers

Three PCLG copolymers with different ratios of monomers were synthesized to control the
degradation rates. The 2-chlorocyclohexanone and e-caprolactone (CL) were purchased
from TCI Co., LTD. (Tokyo, Japan), and CL was purified by distillation with calcium
hydride (CaH) under reduced pressure (150 kPa). L-lactide (LA) and glycolide (GA) were
obtained from Boehringer Ingelheim (Ingelheim, Germany) and recrystallized twice in ethyl
acetate. Methoxy polyethylene glycol (MPEG, Mn = 750 g/mol), stannous octoate
[Sn(Oct),], and meta-chloroperoxybenzoic acid (MCPBA, 77%) were used as initiator,
catalyst, and oxidation reagent, respectively. All chemical reagents were obtained from
Millipore Sigma (St. Louis, MO) unless stated otherwise.

Three grams of 2-chlorocyclohexanone (22.6 mmol) was dissolved in 30 ml of
dichloromethane, and mCPBA (7.6 g, 44.1 mmol) was added to the solution at room
temperature. The reaction was conducted for 24 h. Then, the insoluble part of the reaction
was removed by filtering, and the solution was washed three times with a saturated NaHCO3
solution, brine, and DI water, respectively. The organic layer was treated with magnesium
sulfate (MgSQy,) to remove water, and the remaining organic layer was evaporated under the
reduced pressure. The isomeric materials, a-chloro-e-caprolactone and e-chloro-e-
caprolactone, were obtained from the crude mixture using silica column chromatography
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(ThermoFisher Scientific, Waltham, MA) with dichloromethane as a mobile phase.
Thereafter, isomers were separated using silica gel column chromatography and eluted in 7+
hexane:ethyl acetate at a ratio of 7:3 (v/v).

The molecular weight (Mw) and the dispersity (D) of the PCLG copolymers were measured
using gel permeation chromatography (GPC) (YL9170RI detector) (YL Instruments,
Anyang-si, Gyeonggi-do, Korea) with three columns (Shodex K-802, K-803, and K-804
polystyrene gel columns) at 40°C by polystyrene calibration and chloroform as an eluent at a
flow rate of 1.0 ml/min to measure the molecular weight (Mw) and the dispersity (D) of the
PCLG copolymers [29].

MPEG (0.016g, 0.021 mmol) and toluene (80 ml) were placed into a round-bottom flask.
Water was removed by azeotropic distillation with toluene at 130°C using a Dean-Stark
apparatus, and the final volume of toluene was 30 ml. CL (2.56 g, 22.4 mmol), CL-CI (0.24,
1.6 mmol), LA (6.93 g, 48.1 mmol), and GA (0.93 g, 8.0 mmol) were added to the MPEG
solution in toluene under the nitrogen atmosphere at room temperature, and then 0.3 ml of
0.1 M stannous octoate in toluene was added. After stirring for 24 h at 160° C, the reaction
solution was added to a solvent mixture of /+~hexane and ethyl ether (4:1, v/v) to precipitate
the synthesized copolymers. Solids were separated by decantation, redissolved in
dichloromethane, and filtered through a cellulose filter. The upheaped solution was dried
using a rotary evaporator under vacuum. The molecular weights of the CI-PCLG-1, CI-
PCLG-2, and CI-PCLG-3 copolymers were measured using IH-NMR (300 MHz, Bruker
Avance, Karlsruhe, Germany) by comparing the methylene proton signal of PCL at § = 2.31
ppm, the methylene proton signal of PLLA at § = 5.15 ppm, and the methylene proton signal
of PGA at & = 4.81 ppm, respectively, to the proton signals of MPEG (standard, 750 g/mol)
at & =3.62 ppm.

Chloro-PCLG (10 g, 0.02 mmol) was dissolved N, N-dimethylformamide (DMF) in a round-
bottom flask, and sodium azide (0.3 g, 4.6 mmol) was added and stirred at 70° C for 24 h for
the nucleophilic substitution of chloride with an azide group. After 24 h, the solution was
poured into a solvent mixture of n-hexane, ethyl ether, and methanol (45:45:10, v/viv) to
precipitate N3-PCLGs. After precipitation, the supernatant was decanted from the beaker,
and the solids were dissolved in DCM, filtered, and dried using a rotary evaporator and a
vacuum drying oven. Synthesized N3-PCLGs (10 g, 0.02 mmol) was dissolved in
tetrahydrofuran (THF) in a flask, triphenylphosphine (PPhs, 0.84g, 3.2 mmol) was added,
and the mixture was stirred for 20 h at room temperature. After 20 h, deionized water (DW)
was added to the reaction to hydrogenate the reactant for 4 h. After the reaction, the solution
was poured into a solvent mixture composed of n-hexane, ethyl ether, and methanol
(45:45:10, v/viv) to precipitate the reaction products. After removing the solvent, solidified
NH,-PCLG was redissolved in DCM and dried via rotary evaporation and drying under
vacuum. Azide and amide groups on the polymers were measured by FT-IR using a Thermo
Nicolet 6700 spectrometer (Thermo Electron Corporation, Runcorn, UK). The glass
transition temperature (Tq) was determined using differential scanning calorimetry (DSC;
Q1000, TA Instruments, Eschborn, Germany) performed from —80 to 200°C at a heating rate
of 5°C/min in a nitrogen atmosphere.
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2.2. ZW800-1C conjugation to PCLG copolymers

The 800-nm NIR fluorescence emitting ZW800-1C was synthesized as previously reported
[30]. ZW800-1C was activated with NHS and conjugated to NH,-PCLGs [31]. Two
equivalents of dipyrrolidino(A-succinimidyloxy)carbenium hexafluorophosphate in dimethyl
sulfoxide (DMSO) were mixed with 5 equivalents of diisopropylethylamine at room
temperature in the dark under agitation for 3 h. Then, the reaction mixture was precipitated
with an excess of ethyl acetate. The precipitate was washed with a 1:1 mixture of ethyl
acetate and acetone and dried overnight under vacuum. The primary amines on the NH,-
PCLG copolymers were conjugated with the ZW800-1C NHS ester at 1:0.01-1:2
(PCLG:ZW800-1C) molar ratios in PBS at pH 8.0 [32]. The unconjugated fluorophores
were thoroughly rinsed using Bio-Scale Mini Bio-Gel P-6 Desalting columns (Bio-Rad
Laboratories, Hercules, CA). The labeling ratio was calculated from the ratio of extinction
coefficients between the PCLG copolymer and ZW800-1C fluorophores using a
spectrophotometer (Ocean Insight, Largo, FL). The optical properties of ZW800-1C and the
fluorophore quantity conjugated to the PCLG copolymers were measured using a
fluorimeter at 770 nm excitation and 790 nm emission. The ZW800-1C-conjugated PCLG
copolymers (ZW-PCLGs) were confirmed visually by Pearl® Impulse (800-nm channel, LI-
COR Biosciences, Lincoln, NE, USA). We synthesized three ZW800-1C-conjugated PCLG
copolymers with different monomer ratios: ZW-PCLG-1, ZW-PCLG-2, and ZW-PCLG-3.

2.3. 3D bioprinting of ZW-PCLG copolymers

2.4,

To fabricate the ZW-PCLG scaffolds, our integrated tissue-organ printing (ITOP) system
that contains a 3-axis stage and controller with multiple dispensing modules was used [33].
The ZW-PCLG copolymer was loaded in a customized metal syringe with a heating unit.
The metal syringe with ZW-PCLGs was heated to 82.5°C for ZW-PCLG-1, 105°C for ZW-
PCLG-2, and 100°C for ZW-PCLG-3 during the printing process. The molten ZW-PCLGs
were extruded via a 300-um cone-shaped metal nozzle at 200 kPa for ZW-PCLG-1, 500 kPa
for ZW-PCLG-2, and 600 kPa for ZW-PCLG-3 of pneumatic pressure, resulting in a lattice
form, which was deposited in a layer-by-layer fashion at a velocity of 170 mm/min. For in
vitro study, the dimension of the ZW-PCLG scaffolds was 8 x 8 mm?2 with 2-mm thickness.

In vitro degradation test of ZW-PCLG scaffolds

The printed ZW-PCLG scaffolds (8 x 8 x 2 mm?3) were placed in 6-well plates containing 2
ml of PBS, and the plates were incubated on a shaker table (50 rpm) at 37°C for up to 8
weeks. For the NIR fluorescence imaging analysis, the ZW-PCLG scaffolds were washed
twice with PBS and imaged, and the extracted media were also imaged in Eppendorf tubes
using the 800-nm channel of Pearl® Impulse. The imaging data were collected and
quantified by Pearl® Impulse software. The mean fluorescence was normalized by the initial
NIR signal (n7= 6 per group and time point).

To confirm the NIR imaging outcomes, the ZW-PCLG scaffolds were collected at the
designated time points, freeze-dried, and weighed. The collected samples were dissolved in
deuterated chloroform (CDCl3) in the presence of tetramethylsilane (TMS) for proton
nuclear magnetic resonance (*H-NMR) analysis. The change in the molecular weight of
ZW-PCLG copolymers under /n vitro physiological condition was determined by comparing
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the intensity of the proton signals in PCL, PLA, and PGA segments at 1H-NMR peak (7= 3
per group and time point).

2.5. CTNF127 labeling to hPSCs (CT-PSCs)

The 700-nm NIR fluorescence emitting CTNF127 was synthesized as previously reported
[34]. To optimize cell labeling, the hPSCs were cultured with different concentrations of
CTNF127. Briefly, the cultured hPSCs were washed with PBS twice and incubated with 1-8
UM of CTNF127 (diluted in a-MEM without supplements) at 37°C. After 30-240 min,
hPSCs were washed three times with PBS to remove unlabeled CTNF127. After 0, 3, and 5
days in culture, the cell viability and proliferation were analyzed by Live/Dead staining kit
containing 2 mM calcein AM and 4 mM ethidium bromide (Life Technologies) and MTS
assay kit (Abcam, Cambridge, UK), respectively. Live/dead cells were imaged using a
fluorescence microscope (Zeiss Axio vert 200 M, Carl Zeiss, Oberkochen, Germany) and
analyzed using an imaging analyzer (IN Cell Analyzer 1000, GE Healthcare, Waltham, MA,
USA) (n=5 per group and time point). For cell proliferation, the optical density (OD) was
measured at 490 nm using a microplate reader (Spectra Max M5) (n7= 6 per group and time
point). To confirm the cell labeling, cellular NIR images were taken with a fluorescence
microscope (Nikon, TE2000-U, Melville, NY) equipped with a 175 W full-spectrum Xenon
lamp, QuantEM EMCCD camera (512SC, Photometrics, Tucson, AZ, USA), NIR-
compatible optics (CY5.5 and CY7 Filter Set), and a NIR-compatible 10x Plan Fluor
objective lens (Nikon) for NIR fluorescence analysis. Images were converted with white or
pseudo color (red/green) and analyzed by InnerView™ (INNERVIEW Co., Sungnam,
Korea). NIR fluorescence intensity from total cells in PBS was visualized by Pearl®
Impulse (700-nm channel) and analyzed by Pearl® Impulse software (/7= 6).

For printing process, the GelMA-based bioink that consists of 50 mg/ml GelMA, 3.75
mg/ml hyaluronic acid (HA), 12.5% (v/v) glycerol, 37.5 mg/ml of gelatin (Bloom 90-110),
and 0.2% (wi/v) Irgacure 2959 in a-MEM medium was used. The CT-PSCs were suspended
in the GelMA-based bioink at 1 x 108 cells/ml. This cell-laden GelMA bioink was loaded
into a plastic syringe with a 300-um Teflon nozzle and printed at 150 kPa of pneumatic
pressure. After printing, the printed CT-PSC-laden constructs were crosslinked by UV light
with a 320-500 nm filter (Exfo Omnicure S1000 lamp, Excelitas Technologies, Waltham,
MA, USA) at a power density of 10 mW/cm? at room temperature for 3 min. In order to
evaluate the dye stability for cell tracking, the printed CT-PSC-laden constructs were printed
based on the computer-aided design (CAD) design and placed in the CO5 incubator for up to
20 days in culture. During the culture, the NIR images of the cell-laden constructs were
taken using Pearl® Impulse for quantification (n7= 6).

2.6. 3D printed CT-PSC-laden ZW-PCLG constructs for calvarial bone reconstruction

To validate the noninvasive /n vivo monitoring of the scaffold degradation and stem cell
tracking for bone regeneration in a rat calvarial bone defect model, the ZW-PCLG
copolymers were printed together with the CT-PSC-laden GelMA-based bioink based on the
printing conditions described above (ZW-PCLG-1 + CT-PSCs, ZW-PCLG-2 + CT-PSCs,
and ZW-PCLG-3 + CT-PSCs). After printing, the upper and lower sides of the printed
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constructs were crosslinked by UV as described above. For calvarial bone reconstruction,
disk-shaped constructs of 7-mm diameter and 1-mm thickness were fabricated.

Rat calvarial bone defect model

All animal procedures were performed in accordance with a protocol (#A15-051) approved
by the Institutional Animal Care and Use Committee (IACUC) at Wake Forest University
Health Sciences. The calvarial bone defect model was created in Sprague Dawley rats (male,
8 weeks old, Charles River Laboratories Inc., Wilmington, MA). Under the general
anesthesia, the top of the cranium was exposed by a midline incision of skin and periosteum.
A cooled stainless-steel trephine burr (7-mm diameter) and a surgical drill were used to
create a 7-mm diameter calvarial bony defect. After the printed CT-PSC-laden ZW-PCLG
construct was implanted into the defect, the incision was closed with a 5-0 absorbable suture
for periosteum and 4-0 non-absorbable suture for the skin. The cutaneous suture was
removed 7-10 days after implantation. Animals were monitored weekly for 8 weeks using
the Pearl® Impulse system. Six experimental groups were conducted (7= 3 per group and
per time point, total 72 animals); (1) ZW-PCLG-1, (2) ZW-PCLG-2, (3) ZW-PCLG-3, (4)
ZW-PCLG-1 + CT-PSCs, (5) ZW-PCLG-2 + CT-PSCs and (6) ZW-PCLG-3 + CT-PSCs.

In vivo NIR fluorescence imaging

To noninvasively monitor the scaffold degradation, animals were anesthetized, and NIR
images of the implanted constructs were taken weekly using /n7 vivo imaging system (Pearl®
Impulse) quipped with a 700-nm channel (excitation 685 nm, emission 720 nm), 800-nm
channel (excitation 785 nm, emission 820 nm), and white channel (excitation white,
emission NA). Imaging data were collected and quantified by Impulse software (Pearl®
Software Images, LICOR). The region of interest (ROI) was the whole area where the signal
was expressed over the implanted construct. The mean of the fluorescence intensity (FL
mean; arbitrary unit) or the value normalized by the initial intensity was presented in the
results (7= 6 per group and time point).

2.9. Computed tomography (CT) analysis

CT scan was carried out to examine new bone formation in the calvarial bone defected
region. Animals were kept under general anesthesia during the procedure. The skull bone
was imaged using a Toshiba 32-Slice Aquilion computed tomography (CT) scanner
(Providian Medical Equipment LLC. Highland Heights, OH), which has the capability of
imaging 0.5 mm-thick tissue slices. The scanned images were then processed with Mimics
version 13 (Materialise, Leuven, Belgium), which provides 3D viewing capabilities.

2.10. Scanning electron microscopy (SEM) observation

The retrieved constructs were observed using SEM (S-2250N, Hitachi, Japan). Samples
were coated with platinum for 30 sec under an argon atmosphere, using a plasma sputter
coater (SC 500K, Emscope, UK). The images were acquired at an accelerating voltage of 25
kV with a 15-cm working distance.
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2.11. Molecular weight measurement

At the designed time points, the implanted constructs were retrieved and lyophilized. For gel
permeation chromatography (GPC) and *H NMR, the Iyophilized samples were dissolved in
dichloromethane (CH,Cl>) to extract the PCLG copolymers. After the addition of deionized
water, the resulting solution was sonicated at 25°C for 90 min. The CH,Cl, phase was
separated from the solution and evaporated. The extracted PCLG copolymers were dissolved
in chloroform (CHCl3) for GPC and deuterated chloroform (CDCl3) for IH NMR (/7= 3 per
group and time point).

2.12. Histological analysis and NIR cell tracking

The retrieved constructs were fixed for 48 h in 10% neutral-buffered formalin, then
decalcified in Richard Allan Scientific Decalcifying Solution (Thermo Scientific) for 24 h.
The samples were rinsed with DI water, dipped in 30% sucrose for 24 h, and cryo-embedded
in liquid nitrogen for sectioning. The samples were cryosectioned (10-um thick) and
analyzed by hematoxylin and eosin (H&E) and modified Tetrachrome staining. For NIR
imaging, the cryosectioned samples were observed under 700-nm and 800-nm NIR
fluorescence, respectively. The samples were treated with DAPI staining to visualize nuclei.

2.13. Statistical analysis

Data were analyzed with Student’s #test or one-way ANOVA using GraphPad Prism
software (GraphPad Software, Inc., La Jolla, CA). P< 0.05 was considered statistically
significant.

3. Results and discussion

3.1. Synthesis of NIR-functionalized copolymers with different degradation rates

The scaffold degradability has been considered to be a critical parameter that directly related
to successful tissue regeneration [35—-38]. It has also been reported that the metabolic
activity of the transplanted cells in the scaffold is influenced by scaffold degradation [36].
Biodegradable polyesters such as polylactide (PLA), polyglycolide (PGA), poly(lactide-co-
glycolide) (PLGA), and poly(e-caprolactone) (PCL) are the most commonly used as scaffold
materials for tissue engineering applications. We previously incorporated poly(L-lactic acid)
(PLLA) segment into the PCL to improve the water accessibility of PCL-based scaffolds,
resulting in accelerated degradation by hydrolysis [39-41]. This PLLA-ran-PCL copolymer
was capable of controlled release of growth factors or drugs based on the ratios of LA and
CL. In this study, we designed and synthesized three PCL-ran-PCL-Cl-ran-PLLA-ran-PGA
copolymers, PCLG1-Cl, PCLG2-CI, and PCLG3-ClI, by using different monomer ratios to
control the scaffold degradation (Table 1 and Fig. 2A). The molecular weights and monomer
ratios of each copolymer were calculated from the IH-NMR data by comparison with MPEG
as a standard (Fig. 2B). The calculated monomer ratios of the copolymers (PCLG-1,
PCLG-2, and PCLG-3) agreed well with the expected values. The contents of a-chloro-e-
caprolactone (CL-CI) were detected by 13C-NMR spectra through the comparing carbonyl
signal of CL-Cl at 6 = 167 ppm with that of PLLA at & = 169 ppm. The chlorines in the
synthesized copolymers (PCLGs-ClI) were displaced with azide for the introduction of amine
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via the reduction of the azide group. The introduced azide groups are detected with FT-IR at
a wavenumber of approximately 2100 cm™1 (Fig. 2C).

NH,-functionalized PCLG copolymers were obtained by reducing of PCLGs-N3 using PPhs.
We determined the disappearance of azide peaks in the spectra by the reduction in signal
intensity at 2100 cm™L. To introduce the NIR fluorophore in the PCLG copolymers, we used
chloro-caprolactone (CL-CI) as a monomer. The Cl is substituted to the azide group via
nucleophilic substitution, and the azide group is reduced to the amine or changed to other
functional groups. The NH»-functionalized PCLG copolymers could be utilized to conjugate
bioactive molecules such as small molecules, drugs, peptides, growth factors, and genes.

For NIR fluorescence imaging, 800-nm emitting ZW800-1C was conjugated on the PCLG
copolymers (ZW-PCLGS). The A-hydroxysuccinimide (NHS)-activated ZW800-1C ester
was reacted with the NH,-functionalized PCLG copolymers (Fig. 2D). It has previously
been reported that the ZW800-1C fluorophore has stable physicochemical and optical
properties against enzymes and shows no cytotoxicity in mice, rats, and pigs [22].
Furthermore, this NIR fluorophore has minimum serum protein binding, low nonspecific
tissue uptake, and rapid elimination from the body [42, 43]. In addition, we selected two
NIR fluorophores, ZW800-1C (800 nm) and CTNF127 (700 nm), for this present study
because there is no detectable overlap between fluorophores (Supplementary Fig. S1).

Evaluation of in vitro scaffold degradation

It is generally accepted that the structural parameters such as porosity and pore size and
morphology can influence the scaffold degradation behavior [44]. In order to avoid the effect
of these structural parameters, we used 3D bioprinting technology to fabricate the ZW-
PCLG-based scaffolds based on the CAD design (Fig. 3A). In this study, we utilized our
ITOP system that could fabricate stable, human-scale tissue constructs through multiple
dispensing of cell-laden hydrogels together with supporting polymeric materials [2]. To
confirm the thermal stability of the PCLG copolymers during the 3D printing process, we
analyzed the change in the molecular weight of the PCLG copolymers at 100°C. The
PCLG-2 copolymer was able to maintain its thermal stability based on the molecular weight
at 100°C for up to 6 h (Supplementary Fig. S2). After printing, the ZW-PCLG scaffolds
were green in color, which is the intrinsic color of ZW800-1C. The 800-nm fluorescence
emitted by the ZW-PCLG scaffolds was expressed in green pseudo color by the dual channel
imaging system. 3D printed ZW-PCLG scaffolds presented well-regulated and uniform
pores with a spacing of 150 um between the printed strands.

To optimize the NIR fluorophore conjugation to detect the NIR signal from the ZW-PCLG
scaffolds, various molar ratios (0.01, 0.05, 0.1, 0.5, and 2.0) of ZW800-1C:PCLG-NH,
copolymer were tested. The /n vitro degradation of the printed ZW-PCLG scaffolds with
different molar ratios of ZW-800-1Cwas determined by measuring the NIR fluorescence
signals from the scaffolds in PBS at 37°C for up to 30 days (Fig. 3B). The NIR signal from
the ZW-PCLG scaffold decreased gradually with ZW800-1C:PCLG-NH, ratios of 0.01,
0.05, 0.1, and 0.5 (Fig. 3C). In contrast, the scaffolds with a ratio of 2.0 showed a continuous
increase in NIR signal with time due to the aggregation caused quenching at the initial time
point. Based on this result, we selected the molar ratio of 0.5 for further experiments because
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this molar ratio in the ZW-PCLG scaffolds showed the highest fluorescence intensity with
the minimum quenching phenomenon.

To investigate whether the NIR imaging could measure the degradation rate of polymeric
materials under the /n vitro physiological condition, we monitored the NIR fluorescence
signals of the printed ZW-PCLG scaffolds (ZW-PCLG-1, ZW-PCLG-2, and ZW-PCLG-3)
for up to 8 weeks of incubation (Fig. 3D). Based on the NIR imaging quantification, a
gradual reduction of fluorescence intensity in the printed scaffolds was observed over time
(Fig. 3E), while an accumulated signal increased gradually in the incubation buffer (Fig. 3F).
For comparison, we also measured the molecular weights of PCLG copolymers using *H
NMR (Fig. 3G) and the mass reduction by weighing (Fig. 3H). At 8 weeks of incubation, the
remained NIR signals from the printed scaffolds were 32.8% for ZW-PCLG-1, 33.7% for
ZW-PCLG-2, and 87% for ZW-PCLG-3. Similarly, the molecular weights maintained were
52.2% for ZW-PCLG-1, 53.3% for ZW-PCLG-2, and 94.0% for ZW-PCLG-3 as measured
by IH NMR, and mass remained were 51.5% for ZW-PCLG-1, 64.5% for ZW-PCLG-2, and
91.5% for ZW-PCLG-3. These results indicated that the PCLG copolymers were
successfully synthesized with different degradation behaviors and conjugated with the NIR
fluorophore for further in vivo imaging analysis to determine scaffold degradation. The
synthesized PCLG copolymers could be degraded by, mainly, hydrolysis of their ester
linkages. The PCLG-3 copolymer was designed to be more hydrophobic compared with
PCLG-1 and PCLG-2, resulting in relatively slow degradation behavior.

In vitro evaluation of CTNF127-labeled hPSCs

Stem cell-based tissue engineering requires /17 vitro expansion of stem cells with high
proliferative and osteogenic potentials to support new bone tissue formation. In this study,
we used human placental stem cells (hPSCs) as a cell source. These cells obtained with high
yield from placentas discarded after childbirth can be expanded quickly /n vitro and have a
remarkable ability to differentiate into multiple cell types, encompassing the three germ
layers, and to sustain undifferentiated proliferation for a prolonged time [45, 46].
Furthermore, it has been reported that hPSCs could facilitate the repair of bone defects by
secreting osteogenically-active factors [47, 48]. To evaluate the osteogenic differentiation
capacity of hPSCs, the cells were cultured under the osteogenic medium condition for up to
40 days. The results strongly supported the osteogenic differentiation capacity of hPSCs as
confirmed by Alizarin Red S and alkaline phosphatase (ALP) staining assay and von Kossa
staining (Supplementary Fig. S3).

To optimize the NIR labeling for cell tracking, 1-8 uM of CTNF127 fluorophores were
tested in hPSCs. Since CTNF fluorophores are lysosome-fixable cell tracking NIR
fluorophores with presenting enhanced cell permeation and retention, as well as high
stability in the biological condition, CTNF127 can efficiently track the host cells during
tissue regeneration [34]. Moreover, CTNF127 is composed of the polymethine backbone,
which is inherently nontoxic and biocompatible based on the decades-long clinical
evaluation of the FDA-approved fluorophore indocyanine green [34]. The lipophilic
polymethine core of CTNF127 allows passive diffusion across cell membranes and the
protonated primary amine holds the fluorophore inside the lysosome via ion trapping at a
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lower pH, preventing to reach the nucleus and enabling longitudinal monitoring of the
transplanted cells. Live/Dead staining assay revealed that cell viability (%) decreased at the
concentrations of 4 and 8 UM of CTNF127 at early time points, which was recovered after 3
days in culture (*£<0.05, Fig. 4A,B). An overall increase in the proliferation of hPSCs was
observed over the incubation time; however, 8 uM of CTNF127 reduced cellular density
compared to others (*/<0.05, Fig. 4C). In addition, 700-nm NIR fluorescence signals were
saturated and quenched in the cells incubated with 4 pM of CTNF127 (Fig. 4D,E). Based on
these results, to avoid aggregation caused by quenching and cytotoxicity, 2 uM of CTNF127
was selected for labeling hPSCs (CT-PSCs) for further experiments.

To detect the 700-nm NIR fluorescence signal from the CT-PSCs (treated with 2 uM of
CTNF127) in the 3D printed hydrogel constructs, the cells were printed with a gelatin
methacrylate (GelMA)-based bioink according to the CAD design (Fig. 4F). The GeIMA
was characterized by TH NMR before the use (Supplementary Fig. S4). The printed CT-
PSC-laden constructs had sequential increasing layer number from 1 to 6. The NIR
fluorescence intensity increased proportionally with the number of printed layers (Fig. 4G).
More importantly, the NIR fluorescence signal in the printed CT-PSC-laden constructs was
maintained approximately 76% during 20 days in culture (Fig. 4H). The results indicated
that CTNF127 fluorophore offered a strong NIR fluorescence signal after cell labeling with
minimum cytotoxic effects. Moreover, the continued fluorescent emission of CT-PSCs
within the hydrogel-based 3D construct could be suitable for evaluating the stem cell fate /in
vivo. In addition, we confirmed the stability of both ZW800-1C and CTNF127 under UV
exposure since the photocrosslinking was required to improve the GelMA-based hydrogel
constructs after 3D printing. The results showed the UV exposure did not disturb the
fluorescent intensity of both fluorophores (Supplementary Fig. 5S).

3.4. Quantitative real-time monitoring of in vivo degradation of ZW-PCLG scaffolds

For in vivovalidation, a hybrid construct of the CT-PSC-laden hydrogel and the ZW-PCLG
scaffold was fabricated by the ITOP system using the parameters determined in the previous
sections. Fluorescence signals were completely distinguished from CT-PSCs at 700-nm
wavelength and ZW-PCLG copolymers at 800-nm wavelength (Fig. 5A). After construct
implantation, the degradation behavior of ZW-PCLG-based scaffolds was noninvasively
monitored based on 800-nm fluorescence signal for up to 8 weeks (Fig. 5B). Our NIR
imaging system provided a clear fluorescence signal under the skin because the NIR beam
could penetrate the periosteum (0.1 mm) [49] and skin (1.2 mm) [50].The quantified NIR
fluorescence signals at 800 nm obtained from the implanted PCLG scaffolds presented a
constant reduction over time, indicating the scaffold degradation (Fig. 5D). The rate of
signal reduction was notably faster in the ZW-PCLG-1 and ZW-PCLG-2 scaffolds; however,
the ZW-PCLG scaffolds retained over 50% fluorescence signal at 8 weeks of implantation.

To visualize the scaffold degradation, the ultrastructure of the retrieved PCLG scaffolds were
observed by SEM (Fig. 5C). The results revealed that the printed ZW-PCLG-1 scaffold was
rapidly degraded and completely collapsed at 8 weeks of implantation. The printed ZW-
PCLG-3 showed the structural integrity at 8 weeks of implantation, indicating the slow
degradation behavior. To confirm these outcomes, change in the molecular weight was

Biomaterials. Author manuscript; available in PMC 2021 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

3.5.

Page 12

measured by GPC (Fig. 5E) and 1H NMR (Fig. 5F and Supplementary Fig. S6). These
results showed a similar tendency in comparison with the NIR-based noninvasive monitoring
for the Jin vivo scaffold degradation.

Together, molecular imaging can combine or replace traditional methods of scaffold
degradation such as molecular weight, macro- or micromorphology, mass loss, and
histological examination, which can minimize the use of numerous samples and animals at
various time points [22].

In vivo evaluation of stem cell-mediated bone regeneration

New bone formation in the defected calvarial bone was assessed by CT after 8 weeks of
implantation (Fig. 6A). The CT analysis indicated that the printed ZW-PCLG-3 constructs
both with and without CT-PSCs showed the highest new bone formation compared with
others. In the histological examination, the modified Tetrachrome staining confirmed mature
bone (red) and osteoid (blue) formation (Fig. 6B). The printed ZW-PCLG-3 constructs with
CT-PSCs showed newly formed bone tissue in the implanted constructs, whereas the ZW-
PCLG-1 construct both with and without CT-PSCs showed fibrotic tissue ingrowth with no
evidence of new bone formation. In addition, the printed ZW-PCLG-3 constructs without
cells showed minimal bone tissue formation restricted to the periphery of the constructs.

To determine the stem cell-mediated bone regeneration along with scaffold degradation, the
histological sections were observed throughout the NIR fluorescence; 700 nm for CT-PSCs
and 800 nm for ZW-PCLGs (Fig. 6C). The histological outcomes showed that the slow
degradable ZW-PCLG-3 scaffolds maintained the structural integrity at 8 weeks of
implantation, and the ZW-PCLG-3 + CT-PSCs constructs allowed the highest new bone
formation, indicating that both stem cells together with the scaffold degradation behavior
could contribute in bone tissue regeneration. Particularly, we could still observe the
existence of the transplanted hPSCs in the newly formed bone by NIR fluorescent images
(Fig. 6D), which supported the direct differentiation of hPSCs into the osteogenic cells. In
contrast, the printed ZW-PCLG-1 scaffolds were rapidly degraded at 4 and 8 weeks after
implantation, resulting in the structural collapse that did not allow the new bone formation.
Even though new bone formation was enhanced by the hPSCs in the ZW-PCLG-3 scaffolds,
the ZW-PCLG-1 scaffolds with hPSCs did not show any newly formed bone. This was also
confirmed by fluorescent images with the same sections; weaker and more dispersed green
and red pseudo colors were detected in the ZW-PCLG-1 groups. In the ZW-PCLG-2 groups,
there was no evidence for new bone formation both with and without hPSCs. Even though
the ZW-PCLG-2 scaffolds maintained partial structural integrity, the porous structure
seemed to be tightened, resulting in the minimum cellular infiltration and fibrous tissue
formation. The results revealed that only slowly degradable PCLG-3 scaffolds could induce
new bone formation, and hPSCs could improve the newly formed bone only in the PCLG-3
scaffolds. Our findings in this study could suggest that maintaining the porous structure in
the scaffold during neo-tissue formation could be crucial for successful reconstruction.
Additionally, it has been reported that the byproducts during the degradation of the polymer
network could not elicit a negative cellular response [51].
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Although NIR fluorescence imaging offers great potential for noninvasive monitoring of
tissue regeneration, the limited penetration depth is a major limitation in reflectance-based
fluorescence imaging. Recent advances in imaging systems including fluorescence
tomography, fluorescence lifetime imaging, and photoacoustic imaging [52, 53] can further
improve the imaging depth, while the use of NIR-I1 window (1,000-1,700 nm) can
maximize the fluorescence signal intensity by reducing photon scattering in the neighboring
tissues [54, 55]. Otherwise, multimodal imaging combining NIR imaging with other
imaging modalities such as MRI, mesoscale imaging, and microCT could be useful to
improve the spatial resolution of soft/hard tissues in regenerative medicine [56, 57]. For
instance, chemical exchange saturation transfer (CEST) MRI has been utilized for
monitoring the degradation of a gelatin-based hydrogel system [58, 59].

4. Conclusions

We successfully synthesized the NH,-functionalized PCL-ran-PLLA-ran-PGA (PCLG)
copolymers using different ratios of CL, LA, and GA monomers. These PCLG copolymers
were designed to acquire different degradation rates by controlling the monomer ratios.
Moreover, we were able to introduce the NIR fluorophore (ZW800-1C, 800 nm) on the
PCLG copolymers by chemical conjugation for noninvasive monitoring of the 3D printed
PCLG-based scaffolds. In addition, we successfully utilized the 700 nm NIR channel by
labeling CTNF127 in the hPSCs for histological analysis. To investigate the effects of the
scaffold degradation along with the transplanted stem cells for bone tissue regeneration, we
fabricated the 3D tissue constructs by co-printing the CT-PSC-laden GelMA-based bioink
with the ZW-PCLGs and implanted in the rat calvarial bone defect model. The results
strongly suggested the NIR imaging could noninvasively monitor the degradation behaviors
of the 3D printed ZW-PCLG-based scaffolds /7 vivo. We demonstrated that the slowly
degradable PCLG scaffold with hPSCs showed the highest new bone formation compared to
the rapid degradable PCLG scaffolds as confirmed by the NIR-based noninvasive monitoring
of the scaffold degradation along with stem cell tracking. This system could provide a better
understanding of the regenerative mechanism using the stem cells, as well as a scaffold
design strategy for tissue engineering applications.
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Refer to Web version on PubMed Central for supplementary material.
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3D bioprinting

PCLG-NH, ZW800-1C NHS ester ZW-PCLGs
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Fig. 1.
Schematic illustration of NIR imaging system for monitoring /n vivo behaviors of polymeric

scaffolds and stem cells. (A) 800-nm emitting ZW800-1C-conjugated PCLG-based scaffold
(ZW-PCLGS), (B) 700-nm emitting CTNF127-labeled PSCs (CT-PSCs), and (C) NIR
imaging for tracking scaffolds and stem cells after transplantation.
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2.

Synthesis of ZW800-1C-conjugated PCL-ran-PLLA-ran-PGA (PCLG) copolymers. (A)
Scheme of copolymerization and NH -functionalized PCLGs, (B) H-NMR and13 C-NMR
spectra of CI-PCLG copolymers, (C) FT-IR spectra of NH,-functionalized PCLGs, (D)
Conjugation of NHS-activated ZWB800-1C ester to NH,-functionalized PCLGs.

Biomaterials. Author manuscript; available in PMC 2021 November 01.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

A

Page 20

Design Printed NIR D Day3 Week2 Week3 Week4 Week5 Week 8
construct (800 nm)

E F
& 1201 s
S 1004 g
.‘(‘_) 804 2
2 3
® 60 g
g 401 -& ZW-PCLG-1 8
2 20{ + ZWPCLG-2 k-
N @
LT 2 4 6 8 0 2 4 6
Time (weeks) Time (weeks)
C 129 = pay3
[ Day10 G H
[ Day 20
= 919 C3 pay30 = 120+ 120-
3 s g
s > + 1004 < 1004
c 5 °
g 6 5 801 2 80
(7] 3 ]
5 Z 601 £ 604
o
L 39 3 40 = 2wpcLes o 401 = zwecLG1
& 5o = zwecLe2 @ 50l = 2wPCLG2
g - ZW-PCLG-3 S - ZW-PCLG-3
- 0 T T T 1 0 T T T
0.01 0.05 0.10 0.50 2.00 0 2 4 6 8 0 2 4 6
Time (weeks) Time (weeks)

Ratio of ZW-800-1C:PCLG-NH,

Fig. 3.

Fa%rication and /n vitro degradation testing of ZW-PCLG copolymers. (A) The ZW-PCLG
scaffolds were printed based on CAD design and visualized by 800-nm emission. (B, C)
Optimization of ZW800-1C:PCLG ratios for NIR-based monitoring: (B) /n vitroNIR
fluorescent images and (C) quantitative fluorescence intensity of the printed ZW-PCLG
scaffolds with different ZW800-1C:PCLG ratios (0.01-2.0) under physiological condition.
(D-H) /n vitro degradation test of ZW-PLCGs with different monomer ratios: (D) NIR
fluorescent images of the printed ZW-PCLG scaffolds under physiological condition.
Quantification of (E) NIR fluorescence intensity remained in the scaffolds and (F) the
accumulated fluorescence signal in the buffer. (G) Molecular weight changes measured by
1H NMR and (H) the remained mass of the ZW-PCLG scaffolds.
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Fig. 4.

CNTF127 labeling of hPSCs for cell tracking. (A) Live/Dead stained images of hPSCs after
CTNF127 treatment with different concentrations. (B) Cell viability (%) and (C) cell
proliferation after CTNF127 treatment with different concentrations. (D) NIR fluorescence
images of CTNF127-labeled hPSCs (CT-PSCs) with different CTNF127 concentrations (top,
scale bar = 250 um; bottom, scale bar = 1 cm). (E) Quantification of NIR fluorescence
intensity with different CTNF127 concentrations. (F) The CT-PSCs-laden GelMA-based
bioink was printed based on CAD design and visualized by 700-nm emission. (G)
Quantification of NIR fluorescence intensity with different number of cell-laden printing
layer. (H) Quantification of the remained NIR fluorescence signal in the printed CT-PSCs-
laden constructs for up to 20 days in culture.
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Fig. 5.
In vivo noninvasive NIR monitoring for scaffold degradation. (A) The hybrid construct

containing the CT-PSCs-laden hydrogel and the ZW-PCLG was printed based on CAD
design and visualized by 700-nm and 800-nm emission, respectively. Scale bar =5 mm (B)
NIR images of the ZW-PCLG scaffolds in the defected calvarial bone of rats at 1, 2, 4, and 8
weeks post-implantation. Scale bar = 1 cm (C) SEM images of the retrieved PCLG scaffolds
at 2, 4, and 8 weeks post-implantation. Scale bar = 500 pm. (D) Quantification of the
remained NIR fluorescent intensity in the ZW-PCLG scaffolds. Molecular weight changes
measured by (E) GPC and (F) 1H NMR.

Biomaterials. Author manuscript; available in PMC 2021 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

w CT images

Tetrachrome

(@)

ZW-PCLG-2 ZW-PCLG-1
+ CT-PSCs + CT-PSCs

ZW-PCLG-3
+ CT-PSCs

Page 23

ZW-PCLG only ZW-PCLG + CT-PSCs

ZW-PCLG-1 ZW-PCLG-2 ZW-PCLG-3 ZW-PCLG-1 ZW-PCLG-2 ZW-PCLG-3

!

ZW-PCLG-3
+ CT-PSCs

ZW-PCLG-3
+CT-PSCs

Fig. 6.

C'IEz and histological examinations of the CT-PSCs and PCLG scaffolds. New bone formation
in the calvarial bone defect was examined by (A) CT (scale bar = 2 mm) and (B) modified
Tetrachrome staining (scale bar = 1 mm). (C) The remained PCLG scaffolds and hPSCs
were detected by H&E staining and NIR imaging (P = PCLG). Green pseudo color at 800
nm indicates the remained PCLG scaffold, and red pseudo color at 700 nm indicates hPSCs.
(D) High power images to confirm hPSCs within bone matrix in ZW-PCLG-3 + CT-PSCs.
The blue color indicates DAPI-stained nuclei. Scale bar = 500 um.
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Table 1

Synthesis of PCLG copolymers by different monomer ratios.

PCLGs [CLYICL-CLY/[LAV[GA] Molar ratio®  Yield (%)° Mp, caia (@/mo)®  Dispersity (9)°
PCioL70G20 (PCLG-1) 10/2/68/20 98 490,000 19
PCLgoG1o (PCLG-2) 32/2/58/10 97 520,000 20
PCaoL10Go (PCLG-3) 88/2/10/0 98 570,000 16

Initiator is methoxy poly(ethylene glycol) (MPEG) (750, M\w/Mp = 1.12). Condition; [Sn(Oct)2]/[Initiator] = 1.2
aDetermined by 14 NMR spectroscopy.
brrHexane/diethyI ether (4/1) insoluble part.

cMeasured by gel permeation chromatography (GPC) (Based on standard polystyrene). CL: caprolactone, CL-CI: chloro-caprolactone, LA: lactic
acid, GA: glycolic acid.
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